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Introduction

These Notes are an elementary introduction to the language of categories
and sheaves.

In Chapter 1 we recall some basic notions of linear algebra over a ring,
putting the emphasis on the operations: kernels and cokernels, products and
direct sums, Hom and tens, projective and inductive limits. We also study
with some details the Koszul complexes in this framework.

Chapter 2 is a very sketchy introduction to the language of categories
and functors, including the notion of derived functors. Many examples are
treated, in particular in relation with the categories Set of sets and Mod(A)
of A-modules.

In Chapter 3, we study abelian sheaves on topological spaces. We define
the cohomology of sheaves by using the derived functors of the functor of
global sections and show who to calculate this cohomology in some situation,
in particular on real or complex manifolds with the help of the De Rham and
Dolbeault complexes.
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Chapter 1

Linear algebra over a ring

We start by recalling some basic notions on sets and on modules over a (non
necessarily commutative) ring.

1.1 Sets and maps

The aim of this section is to fix some notations and to recall some elementary
constructions on sets.

If f: X — Y is a map from a set X to a set Y, we shall often say
that f is a morphism from X to Y. If f is bijective we shall say that f
is an isomorphism and write f: X =Y. If there exists an isomorphism
f: X =Y, we say that X and Y are isomorphic and write X ~ Y.

We shall denote by Homg,, (X,Y), or simply Hom (X,Y’), the set of all
maps from X to Y. If g: Y — Z is another map, we can define the compo-
sition go f: X — Z. Hence, we get two maps:

go: Hom (X,Y) — Hom (X, Z),
of: Hom (Y, Z) — Hom (X, 7).

Notice that if X = {z} and Y = {y} are two sets with one element each,
then there exists a unique isomorphism X =Y. Of course, if X and Y are
finite sets with the same cardinal = > 1, X and Y are still isomorphic, but
the isomorphism is no more unique.

In the sequel we shall denote by () the empty set and by {pt} a set with
one element. Note that for any set X, there is a unique map ) — X and a
unique map X — {pt}.

Let {X;}ier be a family of sets indexed by a set I. The product of the

7



8 CHAPTER 1. LINEAR ALGEBRA OVER A RING
X;’s, denoted [],.; X;, or simply [, Xj, is the defined as

(1.1) [ = {{zitier; 2 € X; for all i € T},

If I ={1,2} one uses the notation X; x X,. If X; = X for all ¢ € I, one uses
the notation X’. Note that

(1.2) Hom (1, X) ~ X',

For any set Y, there is a natural isomorphism

(1.3) Hom (Y, [ [ Xi) = [ [ Hom (Y, X;).

For three sets I, X,Y, there are natural isomorphisms

(1.4) Hom (I x X,Y) ~ Hom(/,Hom (X,Y))
~ Hom (X,Y)’.

If {X;}ier is a family of sets indexed by a set I, one may also consider their
disjoint union, also called their coproduct. The coproduct of the X;’s is
denoted [[,.; Xi or | ],.; X; or simply | |, X;. If I = {1,2} one uses the
notation X; U X,. If X; = X for all i € I, one uses the notation X, Note
that

(1.5) X xI~XWD,

For any set Y, there is a natural isomorphism

(1.6) Hom ([ ] X;, V) = [ [ Hom (X;,Y).

Consider two sets X and Y and two maps f,g from X to Y. We write for
short f,g: X = Y. The kernel (or equalizer) of (f,g), denoted Ker(f, g), is
defined as

(1.7) Ker(f,g) = {z € X; f(z) = g(z)}.
Note that for a set Z, one has
(1.8) Hom (Z,Ker(f,g)) ~ Ker(Hom (Z, X) = Hom (Z,Y)).

Let us recall a few elementary definitions.
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e A relation R on a set X is a subset of X x X. One writes 2Ry if
(z,y) € R.

e The opposite relation R°P is defined by #R°Py if and only if yRx.

e A relation R is reflexive if it contains the diagonal, that is, xRx for all
r e X.

e A relation R is symmetric if xRy implies yRz.
e A relation R is anti-symmetric if 2Ry and yRz implies x = y.
e A relation R is transitive if 2Ry and yRz implies 2R z.

e A relation R is an equivalence relation if it is reflexive, symmetric and
transitive.

e A relation R is a pre-order if it is reflexive and transitive. If moreover it
is anti-symmetric, then one says that R is an order on X. A pre-order
is often denoted <. A set endowed with a pre-order is called a poset.

o Let (I,<) be a poset. One says that (I, <) is filtrant (one also says
“directed”) if I is non empty and for any 4,7 € I there exists k with
1 < kandj<k.

e Assume (I, <) is a filtrant poset and let J C I be a subset. One says
that J is cofinal to [ if for any ¢ € I there exists j € J with i < 7.

If R is a relation on a set X, there is a smaller equivalence relation which
contains R. (Take the intersection of all subsets of X x X which contain R
and which are equivalence relations.)

Let R be an equivalence relation on a set X. A subset S of X is saturated
if x € S and Ry implies y € S. A subset S of X is an equivalence class of
R if it is saturated, non empty, and z,y € S implies xRy. One then defines
a new set X/R and a canonical map f: X — X/R as follows: the elements
of X/R are the equivalence classes of R and the map f associates to x € X
the unique equivalence class S such that x € S.

1.2 Modules and linear maps

All along these Notes, a ring A means an associative and unital ring, but A
is not necessarily commutative.
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All along these Notes, k denotes a commutative ring. Recall that a k-
algebra A is a ring endowed with a morphism of rings ¢: kK — A such that
the image of k is contained in the center of A (i.e., p(z)a = ap(x) for any
x € k and a € A). Notice that a ring A is always a Z-algebra. If A is
commutative, then A is an A-algebra.

Since we do not assume A is commutative, we have to distinguish between
left and right structures. Unless otherwise specified, a module M over A
means a left A-module.

Let a € A. We denote by a- the left action of @ on A and by -a the right
action.

Recall that an A-module M is an additive group (whose operations and
zero element are denoted +,0) endowed with an external law A x M — M
(denoted (a,m) +— a-m or simply (a, m) — am) satisfying:

(ab)ym = a(bm)
bym = am + bm
+m') = am + am/

where a,b € A and m,m’' € M.

Note that M inherits a structure of a k-module via ¢. In the sequel, if
there is no risk of confusion, we shall not write .

We denote by A° the ring A with the opposite structure. Hence the
product ab in A°P is the product ba in A and an A°®-module is a right A-
module.

Note that if the ring A is a field (here, a field is always commutative),
then an A-module is nothing but a vector space.

Examples 1.2.1. (i) The first example of a ring is Z, the ring of integers.
Since a field is a ring, Q, R, C are rings. If A is a commutative ring, then
Alzy, ..., x,], the ring of polynomials in n variables with coefficients in A, is
also a commutative ring. It is a sub-ring of A[[x1,. .., x,]], the ring of formal
powers series with coefficients in A.

(ii) Let k be a field. Then for n > 1, the ring M, (k) of square matrices of
rank n with entries in k£ is non commutative.

(iii) Let k be a field. The Weyl algebra in n variables, denoted W, (k), is the
non commutative ring of polynomials in the variables z;, 9; (1 <i,j < n)
with coefficients in k and relations :

(24,25 = 0, [0;,0;] =0, [9), 2] = 6t

where [p, q] = pq — qp and (5; is the Kronecker symbol.
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The Weyl algebra W,,(k) may be regarded as the ring of differential op-
erators with coefficients in k[zy,...,z,]|, and klzy,...,z,] becomes a left
W, (k)-module: x; acts by multiplication and 0; is the derivation with re-
spect to z;. Indeed, an element P(x,0) of W, (k) may be written uniquely

as a polynomial in 0y, - - , 0, with coefficients in k[z1, ..., x,]:
P(z,0) = Y an(2)0".
|or|<m
Here ao = (o, ..., ) € N |a| = a1 + -+ + ap, as(x) € k|21, ..., 2, and

aa — 8](-11 .. ,a;_):n
A morphism f: M — N of A-modules is an A-linear map, i.e., f satisfies:

{ fm+m') = f(m)+ f(m') m,m e M
flam) = af(m) mée M,ac A.

A morphism f is an isomorphism if there exists a morphism g : N — M
with fog=idy,go f =idy.

If f is bijective, it is easily checked that the inverse map f~': N — M
is itself A-linear. Hence f is an isomorphism if and only if f is A-linear and
bijective.

A submodule N of M is a subset N of M such that n,n’ € N implies
n+n € Nand n € N,a € A implies an € N. A submodule of the
A-module A is called an ideal of A. Note that if A is a field, it has no
non trivial ideal, i.e., its only ideals are {0} and A. If A = C[z], then
I ={P € C[z]; P(0) = 0} is a non trivial ideal.

If N is a submodule of M, it defines an equivalence relation mRm’ if
and only if m —m’ € N. One easily checks that the quotient set M /R is
naturally endowed with a structure of a left A-module. This module is called
the quotient module and is denoted M/N.

Let f: M — N be a morphism of A-modules. One sets:

Kerf = {meM; f(m)=0}
Imf = {neN; thereexistsme M, f(m)=n}.

These are submodules of M and N respectively, called the kernel and the
image of f, respectively. One also introduces the cokernel and the coimage

of f:
Coker f = N/Imf, Coim f = M/Kerf.

Note that the natural morphism Coim f — Im f is an isomorphism.
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A family of elements {m;};c; of an A-module M is a system of generators
of M if any m € M may be written as a finite sum m = ) ._; a;m; with
a; € A. One says that M is of finite type, or is finitely generated, if it admits
a finite system of generators. This is equivalent to saying that there exists s
surjective linear map ANo— M, for some N, € N. If a system of generators
consists of a single element {m}, then one says that m is a generator of M.

Example 1.2.2. Let W, (k) denote as above the Weyl algebra. Consider
the left W, (k)-linear map W, (k) — k[zy,...,2,], W,(k) 5 P — P(1) €
k[z1,...,2,]. This map is clearly surjective and its kernel is the left ideal
generated by (0y,---,0,). Hence, one has the isomorphism of left W, (k)-
modules:

(1.9) Wa(k)/ > Wo(k)d; 5 K[z, ..., 2.

J
Of course, the polynomial 1 is a generator of the W, (k)-module k[z1, ..., z,],
but one easily check that if k has characteristic 0, then any non-zero poly-
nomial P(x) is a generator of k[xy, ..., x,].

1.3 Operations on modules

Linear maps

Let M and N be two A-modules. Recall that an A-linear map f: M — N
is also called a morphism of A-modules. One denotes by Hom , (M, N) the
set of A-linear maps f: M — N. This is clearly a k-module. In fact one
defines the action of k on Hom (M, N) by setting: (Af)(m) = A(f(m)).
Hence (Af)(am) = Af(am) = Xaf(m) = arf(m) = a(Af(m)), and \f €
Hom , (M, N).

There is a natural isomorphism Hom ,(A, M) ~ M: to u € Hom ,(A, M)
one associates u(1l) and to m € M one associates the linear map A —
M,a — am. More generally, if I is an ideal of A then Hom ,(A/I, M) ~
{m € M;Im = 0}.

Note that if A is a k-algebra and L € Mod(k), M € Mod(A), the
k-module Hom, (L, M) is naturally endowed with a structure of a left A-
module. If N is a right A-module, then Hom, (N, L) becomes a left A-
module.
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Products and direct sums

Let I be a set, and let {M;};c; be a family of A-modules indexed by I. The
set [ [, M; is naturally endowed with a structure of a left A-module by setting

{mi}i +{mi}i = {mi +mi}i,

For each j € I there is a natural linear map m;: [[, M; — M;, called the
j-th projection. It is given by {m;}icr — m;.

The direct sum €, M; is the submodule of [ [, M; whose elements are the
{m;}i’s such that m; = 0 for all but a finite number of i € I. In particular, if
the set I is finite, the natural injection @, M; — [[, M, is an isomorphism.
For each j € I there is a natural linear map o;: M; — @@, M;. 1t is given by
m; — {m;}ier, where m; = 0 for i # j.

Tensor product

Consider a right A-module N, a left A-module M and a k-module L. Let us
say that amap f: N x M — L is (A, k)-bilinear if f is additive with respect
to each of its arguments and satisfies f(na,m) = f(n,am) and f(nA,m) =
A(f(n,m)) for all (n,m) € N x M and a € A, \ € k.

Let us identify a set I to a subset of k() as follows: to i € I, we associate
{I;}jer € kK given by

Lif i
(1.10) =4 0 T
0if j#1.

The tensor product N ®, M is the k-module defined as the quotient of

k(V*M) by the submodule generated by the following elements (where n, n’ €
N,m,m' € M,a € A\ € kand N x M is identified to a subset of k(V*M)):

(n+n',;m)— (n,m) — (n',m)
(n,m+m’) — (n,m) — (n,m’)
(navm) - (n7am)

A(n,m) — (nA,m).

The image of (n,m) in N ®, M is denoted n ® m. Hence an element of
N ®, M may be written (not uniquely!) as a finite sum  ; n; ®@m;, n; € N,
m; € M and:

(m+n)@m=n@m+n @m
n@m+m)=n@m+nem
na®m=ngam

A(n®@m) =nA@m=n® Am.
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Denote by 3: N x M — N ®, M the natural map which associates n @ m
to (n,m).

Proposition 1.3.1. The map B is (A, k)-bilinear and for any k-module L
and any (A, k)-bilinear map f: N x M — L, the map f factorizes uniquely
through a k-linear map ¢: N ®, M — L.

The proof is left to the reader.
Proposition 1.3.1 is visualized by the diagram:

NxM-—L-Nw, M
r

f v

L.

Consider an A-linear map f: M — L. It defines a linear map idy X f: N X
M — N x L, hence a (A, k)-bilinear map N x M — N ®, L, and finally a
k-linear map

idy@f: No, M = N, L.

One constructs similarly g ® id,; associated to g: N — L.
There is are natural isomorphisms A ®, M ~ M and N ®, A~ N.
Denote by Bil(N x M, L) the k-module of (A, k)-bilinear maps from N x M
to L. One has the isomorphisms

(1.11) Bil(N x M,L) ~ Hom, (N ®, M,L)
~ Hom ,(M,Hom, (N, L))
~ Hom ,(N,Hom, (M, L)).

For L € Mod(k) and M € Mod(A), the k-module L ®_ M is naturally
endowed with a structure of a left A-module. For M, N € Mod(A) and
L € Mod(k), we have the isomorphisms (whose verification is left to the
reader):

(1.12) Hom ,(L ®, N,M) =~ Hom ,(N,Hom, (L, M))
~ Hom, (L,Hom ,(N,M)).

If A is commutative, there is an isomorphism: N ®, M ~ M ®, N given
by n ® m — m ® n. Moreover, the tensor product is associative, that is, if
L,M,N are A-modules, there are natural isomorphisms L ®, (M ®, N) ~
(L®, M)®, N. One simply writes L ®, M ®, N.
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Inductive and projective limits

We shall study inductive and projective limits in a very special situation,
sufficient for our purpose.

Definition 1.3.2. Let I be an poset. A projective system [ indexed by [
with values in Mod(A), denoted §: I°° — Mod(A), is the data

for any ¢ € I of an A-module M;,

for any pair ¢ < j of an A-linear map v;;: M; — M,

these data satisfying

v = idyy, for any 7 € I and v;; o v, = vy, for any 7 < j < k.

The projective limit of 3, denoted 1&1 M; (or simply @ M, if there is no risk

of confusion) is the A-module given by:
lim M; = {r ={zi}ier € HMi;uij(:vj) = x; for any i < j}.

Hence, @ M, is a submodule of [, M; and there are natural linear maps
T lgl Mz — Mj.

Definition 1.3.3. Let [ be a poset. An inductive system « indexed by [
with values in Mod(A), denoted a: I — Mod(A), is the data

for any ¢ € I of an A-module M;,

for any pair ¢ < j of an A-linear map wu;;: M; — M;

these data satisfying

w;; = idyy, for any ¢ € I and uyj o uj; = uy; for any i < j < k.

Now we assume that [ is filtrant. One defines the inducive limit of o, denoted
liﬂMi (or hﬂMl if there is no risk of confusion), as follows. Consider the

submodule N of &,., M; given by:
N = {Z xj, j € Mj;, J finite; there exists k > J with . ; ug;(x;) = 0}.
jeJ

(Here, we identify M; to a submodule of €,.; M;, in other words, we do not
write the symbols ¢;.) Then

@Mi:@Mi/N.

i€l
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Hence, %ﬂ M; is a quotient module of @, M; and there are natural linear
maps o;: M; — QM,

The filtrant inductive limit hﬂMl (together with the maps o;, j € [ is
characterized by the two properties

o if € M, and o,(x) = 0, then there exists k > j such that u;(x) =0,

e for any y € lim M; there exists j € I and = € M; such that y = o;(z).

Consider the set |_|ZZ M; and the relation on this set M; > z; ~ x; € M, if
there exists k € I, k > i, k > j and uy;(x;) = ug;(z;). It follows easily from
the fact that I is filtrant that ~ is an equivalence relation and one checks
that

Example 1.3.4. Assume that for any ¢ < j, the map u;;: M; — M, is
injective, Then, identifying M; to a submodule of M; by this map, we have

' The next result is obvious.

Proposition 1.3.5. Let I be a filtrant poset and let J C I be a cofinal subset.
Then the natural linear map ligMj — thl 1S an isomorphism.

= il
Example 1.3.6. Denote by léfx]gn the submodule of k[z] consisting of poly-
nomials of degree < n.

(a) For i < j, denote by uj;: k[z]<" — k[z]=/ the canonical injection. Then
ling k[2]=" = klz].

(b) For ¢ < j, denote by v;;: k[z] ; — k[2]=" the canonical projection. Then
k[[z]] = lim k[z]=".

(Recall that k[[x]] denotes the module of formal series with coefficients
in k.)

Example 1.3.7. Let X be a topological space and denote by C°(X) the C-
vector space of C-valued continuous functions on X. Let X, be an increasing
sequence of open subsets of X satisfying |J, X,, = X. For p > n we define
the linear map vy,: C°(X,) — C°(X,,) as the restriction map which, to a
continuous function defined on X, associates its restriction to X,,. Then

C(X) i>1‘£100(Xn).
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Example 1.3.8. Let X be a topological space and let Z be a closed subset.
Consider the poset (J, <) of open neighborhoods of Z, ordered by inclusion.
Let (1,<) := (J,<°P), the set J with the opposite order. Since U,V € I
implies U NV € I, the poset (I, <) is filtrant. One sets

CY(2) =l C°(U),

where the map C°(U) — C%V) (U < V in I, that is, V C U) is again
the restriction map. One calls an element of C%(Z) a germ of continuous
function on Z. Hence, a germ of continuous function on Z is represented by
a pair (U, f) where U is an open neighborhood of Z and f € C°(U), with
the relation that (U, f) and (V, g) define the same germ on Z if there exists
an open neighborhood W of Z with W Cc UNV and f|lw = g|w.

This example is particularly important when Z = {z} for some x € X.
It gives the notion of the germ of a function at a point z € X.

1.4 Complexes and cohomology

Complexes

Definition 1.4.1. (a) A complex of A-modules (M*,d") is a sequence of
A-modules {M"},cz and linear maps {d},: M,, — M1 }nez satisfying

(1.13) diyodi;t =0 for all n € Z.
(Note that this condition means that Im d;* C Kerd}, for all n € Z).

(b) A morphism of complexes f*: M* — N° is the data of morphisms
fr: M™ — N™ satisfying f**! o dy, = d% o f" for all n.

One often writes d" instead of d}j; and one visualizes a complex as:
m—1 m
(1.14) s M e gt

A morphism of complexes f°: M° — N° is visualized by a commutative
diagram:

(1.15) e M By

lf’n Lfn-&-l

N7 dy Nn+1_>”.
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One defines naturally the direct sum of two complexes.

A complex is bounded (resp. bounded below, bounded above) if M" =
0 for |n| >> 0 (resp. n << 0, n >> 0).

One also encouters complexes which are only defined for n € [a, ]
where a < b are integers:

M* =M*— ... — M
In this case one identifies M ° with the complex extended by O:

M = 50> M > - 5> M 0.

In particular, one identifies a module M to a complex “concentrated in
degree 07:

M = =0—=M-=0—---.

Consider modules and linear maps M’ o M % M". This sequence is
a complex if go f = 0, that is, if Im f C Kerg. One says that this
sequence is exact if Im f = Ker g.

More generally, a sequence of morphisms X? & X7 with dit o
di = 0 for all i € [p,n — 1] is exact if Imd" =% Ker d'™! for all i €

[p,n —1].

A short exact sequence is an exact sequence 0 — X' x4 xn .
Hence, this is a complex such that Im f = Ker g, f is injective and g is
surjective.

Example 1.4.2. Recall that an A-module M is finitely generated if there

exists an exact sequence AN Iy M = 0. let us denote by N the kernel of
f. This is an A-module. Assume that N is itself finitely generated. Hence
there exists an exact sequence ANt — N — 0 from which we deduce an exact
sequence

AN AN 5 M 0.

In this case, one says that M is of finite presentation.

Note that if A is left Noetherian, any finitely generated A-module is of

finite presentation. (In fact, this property can be taken as a definition of
being Noetherian.) In such a case, one constructs inductively a “finite free
resolution” of M:

coe s AN o AN AN M 0,
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Shift functor

Let C be an additive category, let X € C(C) and let p € Z. One defines the
shifted complex X [p] by:

(X[p])" = X7
Ty = (1P

Definition 1.4.3. Consider a complex (M*,d"). The n-th group of coho-
mology of M* is the A-module H"(M*) := Kerd"/Im d"~'.

In particular a complex (M *°,d") is exact if and only if H*(M*) ~ 0 for
all n € Z. Also note that H"(M ") [p] = H""P(M*).

A morphism of complexes f*: M* — N° induces for all morphisms for
all n (we keep the same notation f" to denote these morphisms)

" Kerdy, — Kerdy, f": Imdj; ' — Imdy !
hence morphisms

froHY(M®) — H'(N*).

Split exact sequences

Proposition 1.4.4. Let
(1.16) 0= M LML M >0

be a short exact sequence in Mod(A). Then the conditions (a) to (e) are
equivalent.

(a) there exists h: M" — M such that g o h = id .
(b) there exists k: M — M’ such that ko f =idyy.

(c) there exists ¢ = (k,g) and ¢ = (f + h) such that X 5 M’ & M" and

M @ M"Y M are isomorphisms inverse to each other.

(d) The complezx (1.16) is isomorphic to the complex 0 — M’ — M' & M" —
M" — 0.

Proof. (a) = (c). Since g = go hog, we get go (idy —h o g) = 0, which
implies that idy; —h o g factors through Ker g, that is, through M’. Hence,
there exists k: M — M’ such that idy; —hog = fok.

(b) = (c) is proved similarly.
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(¢) = (a). Since go f =0, we find g = gohog, that is (goh —idy~)og = 0.
Since g is an epimorphism, this implies g o h — idy» = 0.

(¢) = (b) is proved similarly.

(d) is obvious by (c). q.e.d.

Definition 1.4.5. In the above situation, one says that the exact sequence
splits, or that the sequence is split exact.

Example 1.4.6. (i) If k is a field, all exact sequences in Mod(k) split.
(ii) The exact sequence of Z-modules

057237 —7/27 —0

does not split.

Exactness of limits

Consider a family of exact sequences of A-modules
(1.17) M — M; — M
indexed by a set I.

Proposition 1.4.7. The sequences below are exact:

(1.18) P M - Pm -G m
(1.19) 12— [ = T Mt

The proof is obvious and left to the reader.

One often translates Proposition 1.4.7 by saying that direct sums and
products are exact functors on A-modules.

One defines in an obvious way the notions of a projective or inductive
system of complexes.

Proposition 1.4.8. Consider a projective system of exact sequences
(1.20) VNG VAEING Vi

indezed by a poset I. Then the sequence

(1.21) O%TgnM{Ql'&nMii)@Mi”

15 exact.
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One often translates Proposition 1.4.8 by saying that projective limits are
left exact functors on A-modules.

Proof. (i) Recall that lim M; is a submodule of [ 1, M; and similarly with M/
instead of M;. On the other hand, [], M/ is a submodule of [ ], M;. It follows
that lim M/ is a submodule of lim M;. hence, f is injective.

(i) Let x = {x;}; € lim M; with g(x) = 0. Then g;(z;) = 0 for all ¢ and

by the exactness of (1.19), there exists a unique y = {y;}; € [[, M with
fi(yi) = x;. One checks immediately that y € L m M/. Hence, z = f(y).
q.e.d.

One shall be aware the exactness of the sequence 0 — M/ — M; — M/ — 0
does not imply the exactness of the sequence 0 — l&lM o l&lM —
L m M — 0.

Example 1.4.9. Consider the k-algebra A := k[z] over a field k. Denote
by I = A -z the ideal generated by z. Notice that A/I"™ ~ k[z]=", where
k[z]=" denotes the k-vector space consisting of polynomials of degree < n.
For p < n denote by v,,: A/I"+A/I? the natural epimorphisms. They
define a projective system of A-modules. We have seen that

lim A/ 1" = K{[a],

the ring of formal series with coefficients in k. On the other hand, for p < n
the monomorphisms I"—I? define a projective system of A-modules and one
has

lim ™ ~ 0.
%
Now consider the projective system of exact sequences of A-modules

0—-I"—A— A/I" = 0.

By taking the projective limit of these exact sequences one gets the sequence
0 — 0 — k[z] — k[[z]] — 0 which is no more exact.

There is a nice criterion, known as the Mittag-Leffler condition (see [9]),
which makes that the projective limit of exact sequences remains exact.

Proposition 1.4.10. Let 0 — {M’} {M,} 2% {M"} = 0 be a projective
system of exact sequences of A-modules indexed by N. Assume that for each
n, the map M, , — M) is surjective. Then the sequence

OAY&HM;L@MniH'&nM,’;—)O

15 exact.
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Proof. Let us denote for short by v, the morphisms M, — M,,_, which define

the projective system {M,}, and similarly for v, v/ Let {z}}, € @M”

Hence z; € M)/, and v, (z,) = 7, ;.

We Shall ﬁrst show that v,: g, (q;;;) — gt (z!_)) is surjective. Let
Tno1 € Goty(zh_y). Take , € g,'(a7). Then g, 1(vn(wn) — @n1)) =
0. Hence v,(x,) — p-1 = fa_1(2),_;). By the hypothesis f,_1(z)_,) =
fa—1(v)(21)) for some !, and thus v, (z, — fn(z))) = Tp1.

Then we can choose z,, € g, (z”) inductively such that v, (z,) = z,_1.

q.e.d.

Proposition 1.4.11. Consider an inductive system of exact sequences
(1.22) 0— M L My 25 M — 0

indezed by a filtrant poset I. Then the sequence

(1.23) Oeth{thMiiﬂiﬁmMi”eO

18 ezact. l l Z

One often translates Proposition 1.4.11 by saying that filtrant inductive
limits are left exact functors on A-modules.

Proof. (i) The fact that the sequence

lim M} — lim M; — lim M — 0

is exact is proved similarly as in Proposition 1.4.8.

(i) Let us prove that the map f is injective. Consider a finite sequence
{7} }jej with z; € M satisfying f(>_; ) = 0 in lim M;. Since f(zj xh) =
Z f(x), there exrsts k with k > j for all j € J such that ), f(x ) =0in
Mk Therefore fk(z %) = 01in M), and since f; is injective, Z 2 =0 in
Mj and ), 25 =0 in lglM’ q.e.d.

1.5 Koszul complexes

If L is a finite free k-module of rank n, one denotes by /\j L the k-module
consisting of j-multilinear alternate forms on the dual space L* and calls it
the j-th exterior power of L. (Recall that L* = Hom (L, k).)

Note that A" L ~ L and A" L ~ k. One sets A\’ L = k.
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If (e1,...,e,) is a basis of L and I = {i; < --- <i;} C {1,...,n}, one
sets
6[:€i1/\"'/\€ij.

For a subset I C {1,...,n}, one denotes by |/| its cardinal. Recall that:

J
/\Lisfreewithbasis {ea Ao Neil < <idg < -0 < iy <n}.

If iy, ..., 4, belong to the set (1,...,n), one defines ¢;, A---Ae; by reducing
to the case where 7; < --- <4, using the convention e; A e; = —e; Ae;.
Let M be an A-module and let ¢ = (¢1, ..., ¢,) be n endomorphisms of
M over A which commute with one another:
[@i?@j] = 07 1 S /La] S n.

(Recall the notation [a,b] := ab — ba.) Set MU = M ® N\’ k™. Hence
M®© = M and M™ ~ M. Denote by (ei,...,e,) the canonical basis of k.
Hence, any element of M) may be written uniquely as a sum

One defines d € Hom , (MW, MU+ by:
dim®er) = Z(pz(m) ®e; Neg
i=1

and extending d by linearity. Using the commutativity of the ¢;’s one checks
easily that d o d = 0. Hence we get a complex:

(1.24) K*(M,): 0— MO % ... p™ 0.

Definition 1.5.1. The complex K°(M,¢) in (1.24) in which M©® is in
degree 0 is called the Koszul complex of M (associated with the sequence

© = (1, ,¢n))-

When n = 1, the cohomology of this complex gives the kernel and cokernel
of ¢1. More generally,

HY (K" (M,p)) ~ Kerpin...NKergp,,
H"(K* (M) ~ M/(p1(M)+ -+ @a(M)).

Set ¢' = {¢1,...,¢n_1} and denote by d’ the differential in K * (M, ). Then
v, defines a morphism

(1.25) P K (M, o) — K*(M,¢)
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Main theorem
Theorem 1.5.2. There exists a long exact sequence
(126) = Hj(K. (M7 Qpl)) 50_71> Hj(K. (M7 90/)) — Hj—H(K. (M7 90)) —

Proof. Let us set for short
Jj+1
Z7(p) = Ker(d’: M®/\k” — M®/\k”
7j—1

B () = Im(d’ " M®/\k"—>M®/\k”
H(p) == H(K" (M, p)) = Z°(¢)/ B’ (¢),

and define similarly Z7(¢’), B?(¢') and H?(¢'). We shall construct an exact
sequence

= HI() 25 HI() 2 HIT () = HPP (@) 25 HIPN () = -

(i) Construction of Ae,. Let a € Z/(¢'). We set Ae,(a) = a A e,. We have
Nen(d'b) = d(b Aey,). Hence Ae,: H(¢') — HIT(p) is well defined.

(ii) Construction of Ve,. Let a = >, are; € Z7(p). Weset Ve, (a) =, dje;
where a; = ay if n ¢ I and a; = 0 otherwise. We have Ve, (db) = d'(Ve,(b)).
Hence Ve, : H' (o) — HT(¢') is well defined.

(iii) Ae, o0, = 0. Indeed, let a € Z7(¢'). Since d'a = 0, we have ¢, (a) Ae, =
on(a) N e, +da=da.

(iv) pn o Ve, = 0. Let a € Z7T(p). Let us write a = a’' + a”e,. Then
Ve, (a) = a’. We have 0 = da = d'a’ + ¢, (a') Ne, +d'a” Ne,. Hence d'a’ =0
and @, (a") = d'd".

(v) Ker(Ae,) = Imp,. Let a € Z/(¢') and assume that a A e, = db. Set
b=b+V Ne,. Then a Ne, = dV + dV" Ne, + p,(V') A e,. Therefore,
d't =0 and d'V' + ¢, (V') = a, that is, a — d'V" = p, (V).

(vi) Keryp, = Im(Ve,). Let a € Z7t(¢') and assume that @,(a) = d'b.
Setting ¢ = a+bAe,, we have Ve, (c) = a and dc = d'a+¢,(a)Ne,+d'bNe, =
0.

(vii) Ker(Ve,) = Im(Ae,). Let a € Z7M1(p) and assume that Ve, (a) = d'b.
Set a =d' +a”" Ne,. Then a’ =d'band a —a”’ Ne, =d'b=db— p,(b) Ae,.
Therefore a — (a” 4+ ¢, (b)) A e, = db. q.e.d.

Definition 1.5.3. (i) If for each j, 1 < j <n, ¢, is injective as an endo-
morphism of M/(p1(M) + -+ + p;—1(M)), one says (p1,...,¢,) is a
regular sequence.
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(ii) Ifforeach j, 1 < j <n, ¢; is surjective as an endomorphism of Ker ;N
...NKerp;_4, one says (¢1,...,¢,) is a coregular sequence.

Corollary 1.5.4. (i) Assume (¢1,...,0n) 1S a reqular sequence. Then
1K (M, 0)) ~ 0 for j # n.

(i) Assume (@1, ..., pn) is a coreqular sequence. Then H'(K*(M,p)) ~ 0
for 7 #0.

Proof. Assume for example that (1, ..., ¢,) is a regular sequence, and let us
argue by induction on n. The cohomology of K * (M, ¢’) is thus concentrated
in degree n — 1 and is isomorphic to M /(o1 (M) + -+ 4+ ¢,_1(M)). By the
hypothesis, ¢, is injective on this group, and Corollary 1.5.4 follows. q.e.d.

Second proof. Let us give a direct proof of the Corollary in case n = 2 for
coregular sequences. Hence we consider the complex:

0= MI5MxM5 M0

whete d(z) = (¢p1(2), 22(2)), (3, 2) = paly) — ¢1(2) and we assume @ is
surjective on M, ¢ is surjective on Ker ;.

Let (y,2z) € M x M with ¢2(y) = p1(2). We look for x € M solution
of p1(z) =y, @o(x) = z. First choose 2’ € M with pi(2') = y. Then
p2001(2) = p2(y) = ¢1(2) = propa(a’). Thus p1(z—p2(2’)) = 0 and there
exists t € M with p1(t) =0, ¢o(t) = z—¢a(2’). Hencey = ¢1(t+2'), 2=
ot + ') and x =t + 2’ is a solution to our problem. q.e.d.

Example 1.5.5. Let k be a field of characteristic 0 and set for short O,, :=
k[zy,. .., 2,
(i) Denote by z;- the multiplication by z; in O,,. We get the Koszul complex:

0004 ... 0m 0

where:
n
d(ZaI ®er) = ZZIJ car ®ej Aey.
I j=1 I
The sequence (z1-, ..., z,) is a regular sequence in O,,, considered as an O,,-
module. Hence the Koszul complex K* (O, (z1-,...,2,")) is exact except in

degree n where its cohomology is isomorphic to k.

(ii) Denote by 0; the partial derivation with respect to x;. This is a k-linear
map on the k-vector space O,,. We get the Koszul complex

050054 .. 4 om_ g
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where:
d(z aj@eyr) = Z Z Oj(ar) ®e; Ney.
I j=1 I
The sequence (0;,...,0,) is a coregular sequence, and the above complex

is exact except in degree O where its cohomology is isomorphic to k. Writing
dx; instead of e;, we recognize the “de Rham complex”.

(iii) Set for short W, := W, (k) and denote by -9; the multiplication on the
right by d; on W,,. These are linear maps on W,, considered as a left W,-
module. We get a Koszul complex K* (W, (-01,...,-0,))

0 WO L . Lm0

where:

d(2a1®61) :ZZCLI' 8j ®6j/\€[.
j=1 1

1

The sequence (-01,...,0y,) is clearly a regular sequence. Hence the Koszul
complex is exact except in degree n where its cohomology is isomorphic to

Wa /(32 Wi - 0;) = O
(iv) Denote by 0; - the multiplication on the left by 9; on W,,. These are linear

maps on W, considered as a right W,-module. We get a Koszul complex
K*(Wy, (01 ...,0,"))

0 WO L 4w g

where:

n

d(Za1®eI) :ZZaj car ®ej Aey.
=1

1 1

We have seen that any element P of WW,, may be written uniquely as a polyno-
mial P(z,0) = 3, <, @a(2)0*. Any such a polynomial may also be written
uniquely as P(z,0) = 3, <., 0"ba(z).

It follows that the sequence (0;-,...,0,) is again a regular sequence.
Hence the Koszul complex K* (W, (d1-,...,0,)) is exact except in de-
gree n where its cohomology is isomorphic to the right W,,-module €2, :=

W/ (5, Wi - 9y).
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Co-Koszul complexes

One may also encounter co-Koszul complexes. For I = (iy, ..., 1), introduce
eler = 0 ifj & {iy,... ir}
gt (—1)l+1€][ = (—1)l+16i1 VANPRWAN é\” VANIRAN €i, if@il =€j

where e;, A...Aé, A...\e;, means that e; should be omitted in e;; A...Ae;, .
Define § by:

d(m®er) = Z pi(m)e;ler.

Here again one checks easily that § o 0 = 0, and we get the complex:
(1.27) Ko(M,9): 0= M®™ % ... 5 M©® 0,

Definition 1.5.6. The complex K.(M, ) in (1.5.7) in which M™ is in
degree 0 is called the co-Koszul complex of M (associated with the sequence

© = (1, ,¢n))-

Proposition 1.5.7. The Koszul complex (1.24) and the co-Koszul com-
plex (1.27) (in which M™ is in degree 0) are isomorphic.

Proof. Consider the isomorphism A’ k™ ~ A\"~7 k" which associates e;m®ez
to m®eyr, where I = (1,...,n)\ I and ¢; is the signature of the permutation

which sends (1,...,n) to I U 7 (any ¢ € I is smaller than any j € f) Then,
up to a sign, * interchanges d and 9. q.e.d.

Proposition 1.5.8. Let (ay,...,a,) be n elements of A which commute with
one another, that is, [a;,a;] =0, 1 <4i,j <n. Let M be an A-module. Then
the a;’s define right or left endomorphisms of A and we have

K*(A (a1, .,a,)) @, M =~ K (M, (a,..., a,")),

Hom (K" (A, (-a1,...,-a,)), M) Ke(M,(ay-...,a,"))[n]
K*(M,(a1-,...,a,"))[n].

12

12

The verification is left to the reader.

Exercises to Chapter 1

Exercise 1.1. Let I be a (non necessarily finite) set and (X;);c; a family of
sets indexed by 1.
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(i) Construct the natural map [[, Homg,, (Y, X;) — Homg (Y, ][, X;) and
prove that this map is injective but is not surjective in general. (Hint: use
Y =10.).

(iii) Construct the natural map [ [, Homg,, (X;,Y) = Homg,, (][, Xi,Y) and
prove that this map is neither injective nor surjective in general. (Hint: for
the injectivity, use Y = pt.)

Exercise 1.2. Let M be an A-module and denote by I the ordered set of
all finitely generated submodules of M. Hence, for N, L € I, N < L if and
only it N C L.
(i) Prove that I is filtrant.
(ii) Calculate lim N .

NeT
(iii) Calculate lim M/N.

NeT
Exercise 1.3. We follow the notations of Example 1.3.6. Prove that the
natural map

lig Hom, (k[2] ", k[z]) — Hom,(k[z], kz])
is injective but not surjective.

Exercise 1.4. Let A = Wy(k) be the Weyl algebra in two variables. Con-
struct the Koszul complex associated to ¢ = -x1, o = -0y and calculate its
cohomology.

Exercise 1.5. Let k be a field, A = k[z,y] and consider the A-module
M = @, k[z]t', where the action of x € A is the usual one and the action
of y € A is defined by y - 2"t/t! = 2™ for j > 1, y - 2™t = 0. Define the
endomorphisms of M, ¢1(m) = xz-m and ¢s(m) = y - m. Calculate the
cohomology of the Kozsul complex K * (M, ).



Chapter 2

The language of categories

In this chapter we introduce some basic notions of category theory which are
of constant use in various fields of Mathematics, without spending too much
time on this language.

Some references: [4, 5, 8, 14, 15, 16, 18, 19].

2.1 Categories
Definition 2.1.1. A category C consists of:
(i) a set Ob(C) whose elements are called the objects of C,

(ii) for each X,Y € Ob(C), a set Hom,(X,Y’) whose elements are called
the morphisms from X to Y,

(iii) for any X,Y,Z € Ob(C), a map, called the composition, Hom ,(X,Y") x
Hom (Y, Z) — Hom (X, Z), and denoted (f,g) — go f,

these data satisfying:
(a) o is associative,

(b) for each X € Ob(C), there exists idy € Hom (X, X) such that for all
f€Hom,(X,Y) and g € Hom,(Y, X), foidx = f, idx og = g.

Remark 2.1.2. There are some set-theoretical dangers, illustrated in Re-
mark 2.1.10, and one should mention in which “universe” we are working.

We do not give in these Notes the definition of a universe, only recalling
that a universe U is a set (a very big one) stable by many operations and
containing N.

29
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Although we skip this point, when taking products, direct sums or, more
generally, limits, we should mention that these limits are indexed by “small”
categories.

Notation 2.1.3. One often writes X € C instead of X € Ob(C) and f: X —
Y (orelse f: Y < X) instead of f € Hom,(X,Y). One calls X the source
and Y the target of f.

A morphism f: X — Y is an isomorphism if there exists g: X < Y such
that f o g = idy and go f = idx. In such a case, one writes f: X =5 Y or
simply X ~ Y. Of course g is unique, and one also denotes it by 1.

A morphism f: X — Y is a monomorphism (resp. an epimorphism) if
for any morphisms ¢g; and go, fo g1 = f o gs (resp. g1 o f = go 0 f) implies
g1 = go. One sometimes writes f: X»—Y or else X < Y (resp. f: X—Y)
to denote a monomorphism (resp. an epimorphism).

Two morphisms f and g are parallel if they have the same sources and
targets, visualized by f,g: X =2 Y.

One introduces the opposite category C°P:

Ob(C) = Ob(C), Hom g, (X, Y) = Hom (Y, X),

the identity morphisms and the composition of morphisms being the obvious
ones.

A category C’ is a subcategory of C, denoted C' C C, if: Ob(C’) C Ob(C),
Hom,(X,Y) C Hom,(X,Y) for any X,Y € C’, the composition o in C’ is
induced by the composition in C and the identity morphisms in C" are induced
by those in C. One says that C’ is a full subcategory if for all X, Y € (',
Hom,, (X,Y) = Hom,(X,Y).

A category is discrete if the only morphisms are the identity morphisms.
Note that a set is naturally identified with a discrete category.

A category C is finite if the family of all morphisms in C (hence, in par-
ticular, the family of objects) is a finite set.

A category C is a groupoid if all morphisms are isomorphisms.

Examples 2.1.4. (i) Set is the category of sets and maps (in a given uni-
verse), Set/ is the full subcategory consisting of finite sets.

(ii) Rel is defined by: Ob(Rel) = Ob(Set) and Hompg,(X,Y) = P(X xY),
the set of subsets of X x Y. The composition law is defined as follows. For
f: X —=Yandg:Y — Z, go fis the set

{(z,2) € X x Z; there exists y € Y with (z,y) € f, (y, 2) € g}.

Of course, idy = A C X x X, the diagonal of X x X.
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(iii) Let A be a ring. The category of left A-modules and A-linear maps is
denoted Mod(A). In particular Mod(Z) is the category of abelian groups.
We shall often use the notations Ab instead of Mod(Z) and Hom ,(, *)
instead of Homyy q04)(*, *)-
One denotes by Modf(A) the full subcategory of Mod(A) consisting of
finitely generated A-modules.
(iv) One associates to a pre-ordered set (I, <) a category, still denoted by I
for short, as follows. Ob(I) = I, and the set of morphisms from i to j has a
single element if 7 < j, and is empty otherwise. Note that I°P is the category
associated with I endowed with the opposite order.
(v) We denote by Top the category of topological spaces and continuous
maps.
(vi) We shall often represent by the diagram e — e the category which
consists of two objects, say {a,b}, and one morphism a — b other than id,
and id,. We denote this category by Arr.
(vii) We represent by e —= e the category with two objects, say {a,b},
and two parallel morphisms a = b other than id, and id,.
(viii) Let G be a group. We may attach to it the groupoid G with one object,
say {a} and morphisms Hom,(a,a) = G.
(ix) Let X be a topological space locally arcwise connected. We attach to it
a category X as follows: Ob()~() = X and for x,y € X, amorphism f: x — y
is a path form z to y.

Definition 2.1.5. (i) An object P € C is called initial if for all X € C,
Hom (P, X) ~ {pt}. One often denotes by ()¢ an initial object in C.

(ii) One says that P is terminal if P is initial in C°P, i.e., for all X € C,
Hom (X, P) ~ {pt}. One often denotes by pt. a terminal object in C.

(iii) One says that P is a zero-object if it is both initial and terminal. In such
a case, one often denotes it by 0. If C has a zero object, for any objects
X,Y € C, the morphism obtained as the composition X — 0 — Y is
still denoted by 0: X — Y.

Note that initial (resp. terminal) objects are unique up to unique isomor-
phisms.

Examples 2.1.6. (i) In the category Set, ) is initial and {pt} is terminal.
(ii) The zero module 0 is a zero-object in Mod(A).

(iii) The category associated with the ordered set (Z, <) has neither initial
nor terminal object.
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Products and coproducts

Let C be a category and consider a family {X;};c; of objects of C indexed by
a set [.

Definition 2.1.7. (a) The product of the family {X;}.es, if it exists, is the
data of an object Z € C together with morphisms m;: Z — X, (i € I)
such that, for any Y € C, the natural morphism

Hom (Y, Z) — | [ Hom (Y, X;)

given by (f: Y = Z) — {mo f: Y — X;}ics is an isomorphism.

(b) If (Z,{m;}icr) exists, it is unique up to unique isomorphism (see below)

and Z is denoted by [], X;.

(¢) In case I has two elements, say I = {1, 2}, one simply denotes this object
by X1 x X,. In case X; = X for all i € I, one writes: X/ := IL X

Let us prove the unicity of (Z,{m;}icr). Consider the category A defined
as follows.

e the objects Y are the families Y = {fi: Y = X,}icr with Y € C,

e given two objects Y = {fi:Y = X;}; and W = {g;: W — X;}i, a
morphism w: Y — W is a morphism u: Y — W such that f; = g; o u
for all <.

Then (Z,{m;}icr) is a terminal object in A.
The coproduct in C is the product in C°P. Hence:

Definition 2.1.8. (a) The coproduct of the family {X;};cs, if it exists, is
the data of an object Z € C together with morphisms o;: X; — Z (i € I)
such such that, for any Y € C, the natural morphism

Hom(Z,Y) — [ [ Hom(X;,Y)

given by (f: Z —=Y)— {foo;: X; = Y}y is an isomorphism.

(b) If (Z,{0:};) exists, it is unique up to unique isomorphism and it is de-
noted by [[, X;.

(c) In case I has two elements, say I = {1, 2}, one simply denotes this object
by X; U X,. In case X; = X for all i € I, one writes: XD := 1L X:.
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By this definition, the product or the coproduct exist if and only if one
has the isomorphisms, functorial with respect to Y € C:

(2.1) HomC(Y,HXi) ~ HHomC(Y, X)),

(2.2) HomC(HXi,Y) ~ HHomc(Xi,Y).

The isomorphism (2.1) may be translated as follows. Given an object Y and
a family of morphisms f;: Y — X, this family factorizes uniquely through
1, Xi. This is visualized by the diagram

X;
fi /
Y o[ X
\\
X

The isomorphism (2.2) may be translated as follows. Given an object Y and
a family of morphisms f;: X; — Y, this family factorizes uniquely through
1, Xi. This is visualized by the diagram

Example 2.1.9. (i) The category Set admits products and the two defini-
tions (that given in (1.1) and that given in Definition 2.1.7) coincide.

(ii) The category Set admits coproducts namely, the disjoint union.

(iii) Let A be a ring. The category Mod(A) admits products, as defined in
§ 1.2. The category Mod(A) also admits coproducts, which are the direct
sums defined in § 1.2. and are denoted €.

(iv) Let X be a set and denote by X the category of subsets of X. (The set
X is ordered by inclusion, hence defines a category.) For 5,5y € X, their
product in the category X is their intersection and their coproduct is their
union.
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Remark 2.1.10. In these notes, we have skipped problems related to ques-
tions of cardinality and universes but this is dangerous. In particular, when
taking products or coproducts. Let us give an example.

Let C be a category which admits products and assume there exist X, Y &€
C such that Hom,(X,Y’) has more than one element. Set M = Mor(C),
where Mor(C) denotes the set of all morphisms in C, and let 7 = card(M),
the cardinal of the set M. We have Hom,(X,Y") ~ Hom,(X,Y)" and
therefore card(Hom,(X,Y™) > 27. On the other hand, Hom,(X,Y") C
Mor(C) which implies card(Hom,(X,Y™) < .

The “contradiction” comes from the fact that C does not admit products
indexed by such a big set as Mor(C). (The remark was found in [5].)

2.2 Functors

Definition 2.2.1. Let C and C’' be two categories. A functor F': C — ('
consists of a map F': Ob(C) — Ob(C’) and for all X,Y € C, of a map still
denoted by F': Hom,(X,Y) — Hom,, (#(X), F(Y)) such that

F(idx) =idpx), F(fog)=F(f)oF(g).

A contravariant functor from C to C’ is a functor from C°? to C'. In other
words, it satisfies F'(go f) = F(f) o F'(g). If one wishes to put the emphasis
on the fact that a functor is not contravariant, one says it is covariant.

One denotes by op : C — C° the contravariant functor, associated with
idcop.

Examples 2.2.2. Let A be a k-algebra and let N be a right A-module.
Then N ®, *: Mod(A) — Mod(k) is a functor. Clearly, the functor N ®, «
commutes with direct sums, that is,

N @, (@ M;) =~ @(N ®, M;),

(2

and similarly for the functor « ®, M.

(ii) Let I be a set. The map {M;}icr — []
(Mod(A))! to Mod(A).

(iii) Let I be a poset. An inductive system of A-modules indexed by [
(see § 1.3) is nothing but a functor I — Mod(A) and a projective system is
a functor 7°° — Mod(A).

;e M; defines a functor from

Definition 2.2.3. Let F: C — C' be a functor.
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(i) Onme says that F is faithful (resp. full, resp. fully faithful) if for X, Y € C
Hom (X,Y) = Hom,(F(X), F'(Y)) is injective (resp. surjective, resp.
bijective).

(ii) One says that F is essentially surjective if for each Y € C’ there exists
X € C and an isomorphism F(X) ~Y.

(iii) One says that F' is conservative if any morphism f: X — Y in C is an
isomorphism as soon as F(f) is an isomorphism.

Clearly, a fully faithful functor is conservative (see Exercise 2.2).
Examples 2.2.4. (i) Let C be a category and let X € C. Then Hom (X, ¢)
is a functor from C to Set and Hom(+, X) is a functor from C°? to Set.
(ii) The forgetful functor for: Mod(A) — Set associates to an A-module M
the set M, and to a linear map f the map f. The functor for is faithful and
conservative but not fully faithful.

(iii) The forgetful functor for: Top — Set (defined similarly as in (ii)) is
faithful. It is neither fully faithful nor conservative.
(iv) The forgetful functor for: Set — Rel is faithful and conservative.

The Yoneda lemma

Let X € C. Then X defines a functor

he(X): C°P — Set Y — Hom (Y, X)
and we get a functor
(2.3) he: C — Fet(CP, Set), X +— he(X).
We state without proof the main result of category theory:

Theorem 2.2.5. (The Yoneda lemma) The functor he in (2.3) is fully faith-
ful.

Bifunctors

One defines in an obvious way the product of two categories C; and Cy by
setting

Ob(C; x Cy) = Ob(Cy) x Ob(Cy),

Hor1r1C1Xc2((X1,X2)7 (Y1,Y3)) = Hom, (Xi,Y7) X Homcz(Xg,Yg).
A bifunctor F': C; x Co — C’ is a functor on the product category.

Examples 2.2.6. (i) Hom(+, *) : C°® x C — Set is a bifunctor.
(ii) If A is a k-algebra, Hom ,(*, +): Mod(A)°® x Mod(A) — Mod(k) and
* ®, *: Mod(A°) x Mod(A) — Mod(k) are bifunctors.
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Morphisms of functors

Definition 2.2.7. Let Iy, Iy are two functors from C to C’. A morphism of
functors §: Fy — F} is the data for all X € C of a morphism 6(X) : Fy(X) —
F5(X) such that for all f: X — Y, the diagram below commutes:

F(X) 22 By (x)

F1(f)l
oYy
AY) 2L By(y)

Notation 2.2.8. We denote by Fct(C,C’) the category of functors from C to
C'.

Let I be a set. Then C! ~ Fct(I,C) where the set I is considered as a
discrete category.

Examples 2.2.9. Let k be a field and consider the functor

*: Mod(k)°® — Mod(k),
V — V* = Hom, (V, k).

Then there is a morphism of functors id — * o * in Fet(Mod(k), Mod(k)).
(ii) We shall encounter morphisms of functors when considering pairs of ad-
joint functors (see (2.7)).

In particular we have the notion of an isomorphism of categories. A
functor F': C — C' is an isomorphism of categories if there exists G : C' — C
such that: Go F = id¢ and F o G = ide. In particular, for all X € C,
G o F(X) = X. In practice, such a situation rarely occurs and is not really
interesting. There is a weaker notion that we introduce below.

Definition 2.2.10. A functor F': C — C’ is an equivalence of categories if
there exists G: C' — C such that: G o F' is isomorphic to ide and F o G is
isomorphic to ide:.

We shall not give the proof of the following important result below.

Theorem 2.2.11. The functor F: C — C' is an equivalence of categories if
and only if F' is fully faithful and essentially surjective.

If two categories are equivalent, all results and concepts in one of them
have their counterparts in the other one. This is why this notion of equiva-
lence of categories plays an important role in Mathematics.
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Examples 2.2.12. (i) Let k be a field and let C denote the category defined
by Ob(C) = N and Hom,(n,m) = M, ,(k), the space of matrices of type
(m,n) with entries in a field k (the composition being the usual composition
of matrices). Define the functor F: C — Mod/ (k) as follows. To n € N,
F(n) associates k" € Mod/ (k) and to a matrix of type (m,n), F associates
the induced linear map from k" to k™. Clearly F' is fully faithful, and since
any finite dimensional vector space admits a basis, it is isomorphic to k™ for
some n, hence F' is essentially surjective. In conclusion, F' is an equivalence
of categories.

(ii) let C and C’ be two categories. There is an equivalence

(2.4) Fet(C,C")°P ~ Fet(CP, (C')°P).
(iii) Let I, J and C be categories. There are equivalences

(2.5) Fet(I x J,C) ~ Fet(J, Fet(1,C)) ~ Fet(I, Fet(J,C)).

Adjoint functors

Definition 2.2.13. Let F': C — C' and G: C' — C be two functors. One
says that (F, Q) is a pair of adjoint functors or that F' is a left adjoint to G,
or that G is a right adjoint to F' if there exists an isomorphism of bifunctors:

(2.6) Hom, (F(+), +) ~ Hom(+, G(+))

If G is an adjoint to F', then G is unique up to isomorphism. In fact,
G(Y) is a representative of the functor X — Hom ,(F(X),Y).
The isomorphism (2.6) gives the isomorphisms

Hom, (F o G(+),+) ~Hom,(G(*),G(*)),
Hom, (F(+),F(*)) ~Hom,(*,Go F(*)).

In particular, we have morphisms X — G o F(X), functorial in X € C, and
morphisms F o G(Y) — Y, functorial in Y € C’. In other words, we have
morphisms of functors

(27) FOG—>1dcl, ldc—)GOF

Examples 2.2.14. (i) Let X € Set. Using the bijection (1.4), we get that
the functor Homg, (X, *): Set — Set is right adjoint to the functor « x X.
(ii) Let A be a k-algebra and let L € Mod(k). Using the first isomorphism
in (1.12), we get that the functor Hom, (L, *): Mod(A) to Mod(A) is right
adjoint to the functor « &, L.
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(iii) Let A be a k-algebra. Using the isomorphisms in (1.12) with N = A,
we get that the functor for: Mod(A) — Mod(k) which, to an A-module
associates the underlying k-module, is right adjoint to the functor A ®,
«: Mod(k) — Mod(A) (extension of scalars).

2.3 Additive and abelian categories

Additive categories

Definition 2.3.1. A category C is additive if it satisfies conditions (i)-(v)
below:

(i) for any X,Y € C, Hom,(X,Y) € Ab,

(ii) the composition law o is bilinear,

)
)

(iii) there exists a zero object in C,

(iv) the category C admits finite coproducts,
)

(v

the category C admits finite products.

Note that Hom,(X,Y) # 0 since it is a group and for all X € C,
Hom (X, 0) = Hom (0, X) = 0. (The morphism 0 should not be confused
with the object 0.)

Notation 2.3.2. If X and Y are two objects of C, one denotes by X &Y
(instead of X 1Y) their coproduct, and calls it their direct sum. One denotes
as usual by X x Y their product. This change of notations is motivated by
the fact that if A is a ring, the forgetful functor Mod(A) — Set does not
commute with coproducts.

One easily proves that if C satisfies the axioms (i)-(ii)-(iii), then the con-
ditions (iv) and (v) are equivalent and moreover the objects X @& Y and
X x Y are isomorphic. Setting Z = X &Y ~ X x Y there exist morphisms
morphisms 71: X — Z,i9: Y = Z, p1: Z — X and py: Z — Y satisfying

proty =idyx, pioix =0
p2oiyg =1idy, pooiy =0,
ihop; +igopy =1idy.

Example 2.3.3. (i) If A is a ring, Mod(A) and Mod!(A) are additive cate-
gories.
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(ii) Ban, the category of C-Banach spaces and linear continuous maps is
additive.

(iii) If C is additive, then C° is additive.

(iv) Let I be category. If C is additive, the category Fct(/,C) of functors
from I to C, is additive.

(v) If C and C’ are additive, then C x C’ is additive.

Let F': C — C' be a functor of additive categories. One says that F' is
additive if for X,Y € C, Hom,(X,Y) = Hom, (F(X), F(Y)) is a morphism
of groups. We shall not prove here the following result.

Proposition 2.3.4. Let F': C — C’ be a functor of additive categories. Then

F is additive if and only if it commutes with direct sums, that is, for X and
Y incC:

F0O) ~ 0
F(X®Y) ~ F(X)® F(Y),

Unless otherwise specified, functors between additive categories will be
assumed to be additive.
Generalization. Let k be a commutative ring. One defines the notion of
a k-additive category by assuming that for X and Y in C, Hom,(X,Y) is a
k-module and the composition is k-bilinear.

Complexes in additive categories

The notions of complexes introduced in § 1.4 extend to additive categories.
Let C denote an additive category. A complex (X °,dy) in C is a sequence
of objects X™ and morphisms d" (n € Z):

_ dnfl an
e X S X S X

such that d" o d"~! = 0 for all n € Z.
A morphism of complexes is visualized by a commutative diagram similar
to (1.15):

dTL
e o Xn X _xntl .

(2.8) | L "o L st

e Sy Y yn+tl ..

One defines naturally the direct sum of two complexes and we get a new
additive category, the category C(C) of complexes in C.
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A complex is bounded (resp. bounded below, bounded above) if X" =0
for |n] >> 0 (resp. n << 0, n >> 0). One denotes by C*(C)(x = b,+, —)
the full additive subcategory of C(C) consisting of bounded complexes (resp.
bounded below, bounded above).

One considers C as a full subcategory of C*(C) by identifying an object
X € C with the complex X ° “concentrated in degree 0”:

X'= 2 0=2X—=0—---
where X stands in degree 0.

Definition 2.3.5. let (X°,dy) be a complex in C. For r € Z, one defines
the shifted comnplex (X °[r], dy,) by setting

(X" [])' = X", diyyy = (—1)7dy"
Kernels and cokernels
Let C be an additive category and consider a morphism f: Xy — X; in C.
Definition 2.3.6. The kernel of f, if it exists, is the data of an object
Ker(f) € C together with a morphism h: Ker(f) — X, such that, for any

Y € C and any morphism u: Y — X, satisfying f o u = 0, the the natural
morphism

(2.9) Hom (Y, Ker(f)) — Ker(Hom (Y, Xo) L% Hom (Y, X;)
is an isomorphism.
The terminology Ker(f) is justified by the next result.
Lemma 2.3.7. If (Ker(f), h) exists, it is unique up to unique isomorphism.
Proof. Let C denote the category defined as follows.
e The objects of C are the pairs (Y, u) where u: Y — X satisfies fou = 0,

e a morphism w: (Y,u) — (Y’,«) in C is a morphism v: Y — Y’ such
that v’ o w = u.

Then (Ker(f),h) is a terminal object in C. q.e.d.
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The isomorphism (2.9) may be translated as follows. Given an objet Y and a
morphism u: Y — X such that f ou = 0, the morphism u factors uniquely
through Ker(f). This is visualized by the diagram

Ker(/) hox, e xy

Y

Lemma 2.3.8. Let (Ker(f),h) be the kernel of f. Then h is a monomor-
phism.

Proof. Consider a pair of parallel arrows a,b: Z = Ker(f) such that hoa =
hob. Then ho (a —b) =0 and in particular, f o ho (a — b) = 0. Therefore
h o (a — b) factors uniquely through Ker(f). The unicity implies a — b = 0.
q.e.d.

The cokernel in C is the kernel in C°?. Hence:

Definition 2.3.9. The cokernel of f, if it exists, is the data of an object
Coker(f) € C together with a morphism k: X; — Coker(f) such that, for
any Y € C and any morphism w: X; — Y satisfying w o f = 0, the the
natural morphism

(2.10)  Hom(Coker(f),Y) — Ker(Hom(Xo,Y) <% Homo(X;,Y)
is an isomorphism.

If (Coker(f), k) exists, it is unique up to unique isomorphism.

If (Coker(f), k) exists then k is an epimorphism.

The isomorphism (2.10) may be translated as follows. Given an objet Y
and a morphism v: X; — Y such that vo f = v o g, the morphism v factors
uniquely through Coker(f). This is visualized by diagram:

Xo X, ke Coker(f)

Y

Example 2.3.10. (i) Let A be a ring. The category Mod(A) admits kernels
and cokernels. As already mentioned, the kernel of a linear map f: M — N
is the A-module f~1(0) and the cokernel is the quotient module M/ Im f.
(ii) Assume that A is not Noetherian, that is, there exists an ideal I of A
which is not finitely generated. Then A and A/I belong to Modf(A) but the
natural map A — A/I does not have a kernel in Mod®(A).
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Let C be an additive category which admits kernels and cokernels. Let
f: X — Y be a morphism in C. One defines:

Coim f := Cokerh, where h: Ker f — X
Imf := Kerk, where k: Y — Coker f.

Consider the diagram:

Ker f X / Y —% + Coker f

Coim f -">TIm f

Since foh = 0, f factors uniquely through f, and ko f factors through ko f.
Since ko f = ko fos =0 and s is an epimorphism, we get that ko f = 0.
Hence f factors through Ker & = Im f. We have thus constructed a canonical
morphism:

(2.11) Coim f <= Im f.

Examples 2.3.11. (i) For a ring A and a morphism f in Mod(A), (2.11) is
an isomorphism.

(ii)) The category Ban admits kernels and cokernels. If f: X — Y is a
morphism of Banach spaces, define Ker f = f~'(0) and Coker f = Y/Im f
where Im f denotes the closure of the space Im f. It is well-known that there
exist continuous linear maps f: X — Y which are injective, with dense and
non closed image. For such an f, Ker f = Coker f = 0 although f is not an
isomorphism. Thus Coim f ~ X and Im f ~ Y. Hence, the morphism (2.11)
is not an isomorphism.

Definition 2.3.12. Let C be an additive category. One says that C is abelian
if:

(i) any f: X — Y admits a kernel and a cokernel,

(ii) for any morphism f in C, the natural morphism Coim f — Im f is an
isomorphism.

In an abelian category, a morphism f is a monomorphism (resp. an epi-
morphism) if and only if Ker f ~ 0 (resp. Coker f ~ 0). If f is both a
monomorphism and an epimorphism, then it is an isomorphism.
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Examples 2.3.13. (i) If A is a ring, Mod(A) is an abelian category. If A is
Noetherian, then Modf(A) is abelian.

(ii) The category Ban admits kernels and cokernels but is not abelian. (See
Examples 2.3.11 (ii).)

(iii) If C is abelian, then C° is abelian. (Recall that for a morhism f: X —
Y in C, Ker f° ~ Coker f, where f?: Y — X is the morphism in C°P
associated with f.)

(iv) If C is abelian, then the categories of complexes C*(C) (* = ub, b, +, —)
are abelian. For example, if f: X — Y is a morphism in C(C), the complex
Z defined by Z™ = Ker(f": X™ — Y™), with differential induced by those of
X, will be a kernel for f, and similarly for Coker f.

(v) Let I be category. Then if C is abelian, the category Fct(/,C) of functors
from I to C, is abelian. If F,G: I — C are two functors and ¢: F' —
G is a morphism of functors, the functor Ker ¢ is given by Kerp(X) =
Ker(F(X) — G(X)) and similarly with Coker ¢. Then the natural morphism
Coim ¢ — Im ¢ is an isomorphism.

(vi) If C and C’ are abelian, then C x C’ is abelian.

Consider a complex in an abelian category: X’ X % X", Since
go f =0, the morphism ¢ factorizes as

(2.12) Im f — Kerg.

Definition 2.3.14. (i) One says that a complex X' X 2 X" s exact
if Im f =% Ker g.

(i) More generally, a sequence of morphisms X? 25 --- — X" with di+! o
d" = 0foralli € [p,n—1] is exact if Im d* = Ker d"™* for all i € [p, n—1].

(iii) A short exact sequence is an exact sequence 0 - X' — X — X" — 0

Any morphism f: X — Y may be decomposed into short exact sequences:

0 — Ker f - X — Coim f — 0,
0—Imf—Y — Coker f — 0,

with Coim f ~ Im f.
Proposition 2.3.15. Let
(2.13) 0-X L X% x50

be a short exact sequence in C. Then the conditions (a) to (e) are equivalent.
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(a) there exists h: X" — X such that g o h = idx».

there exists k: — such that ko f = idx.
b) th k: X — X' h that ko f =id

(c) there exists p = (k,g) and ¢ = (f + h) such that X 5 X' @& X" and

X e X Y X are isomorphisms inverse to each other.

(d) The complex (2.13) is isomorphic to the compler 0 — X' — X' & X" —
X" — 0.

The proof is the same as that of Proposition 1.4.4.

Definition 2.3.16. As in the case of modules, in the above situation, one
says that the exact sequence splits, or that the sequence is split exact.

Note that an additive functor of abelian categories sends split exact se-
quences into split exact sequences.

Cohomology

The cohomology objects of a complex in an abelian category are defined
similarly as in § 1.4.

Consider a complex (X*,d") in C, that is, an object of C(C). Recall
from (2.12) that there are natural morphisms

(2.14) Imd" ' — Kerd".
The n-th group of cohomology of X * is the object of C given by
H"(X ") := Coker(Imd" ' — Kerd") = Kerd"/Imd" "

One says that a complex is exact in degree n if H*(X ") ~ 0 and that a
complex is exact if it is exact in all degrees.

Long exact sequence associated with a short exact sequence

Theorem 2.3.17. Let 0 — X'* L X* % X" 0 be an exact sequence in
C(C). Then there ezists a long sequence

H'(f)

We shall only give the proof when C = Mod(A).
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Sketch of proof. Let us represent the exact sequence of the statement as a
double complex :

0 xi-1 ft xi-1 9! X1 0
(2.16) it iy’ '

0 X/i ‘

X 9 X 0

Hence, in this double complex, the rows are exact and the columns are the
complexes X’*, X* and X”*. The morphisms f and ¢ define for each ¢ a
sequence

Hi Hi
(f) (9)

Hi (X/> Hz' (X) Hi (X//)
and one easily checks that this sequence is exact.

Let us explain how to construct the maps §°. Let 2! € X"~! with
d"x"~' = ( which represents an element of H*~1(X”*). Since the rows of
the diagram (2.16) are exact, there exists z'~! with g(z'~') = 2”*~!. Then
g odi M (x7!) = 0 and it follow that there exists 2 € X" with fi(z" = 2
and d'xz’* = 0. Then the class of 2" € H'(X’*) will depend only on the class
of =1 € H'"1(X"*) and the maps 6"’s so constructed will have the required

properties. q.e.d.

2.4 Exact functors

Let F': C — C’ be an additive functor of abelian categories and let f: X — Y
be a morphism in C. Recall that we have an exact sequence Ker(f) MNx 4
Y. Since F' is a functor, F'(f) o F'(h) = 0 and it follows that the morphism
F(Ker(f)) — F(X) factorizes through Ker(F'(f)):

F(Ker(/)
(2.17) e Fi’” \0\
Ker(F(f) ——= F(X) >V,

In other words, there is a natural morphism

(2.18) F(Ker(f)) — Ker(F(f)).
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Similarly, there exists a natural morphism
(2.19) Coker(F'(f)) — F(Coker(f)).

Remark 2.4.1. In general, the morphisms in (2.17) and (2.19) are not iso-
morphisms (see Example 2.4.5). In particular, an additive functor of abelian
categories F': C — C' does not send exact sequences to exact sequences. How-
ever, F' being additive, it sends split exact sequences to split exact sequences.

Definition 2.4.2. Let F': C — C’ be a functor of abelian categories. One
says that:

(i) F is left exact if it commutes kernels, that is, for any morphism f: X —
Y, F(Ker(f)) = Ker(F(f)),

(ii) F is right exact if it commutes with cokernels, that is, for any morphism
f: X =Y, Coker(F(f)) = F(Coker(f).

(iii) F is exact if it is both left and right exact.
Lemma 2.4.3. Consider an additive functor F: C — C'.
(a) The conditions below are equivalent:

(i) F is left exact,

(i) for any exact sequence 0 — X' — X — X" in C, the sequence
0— F(X') = F(X)— F(X") is exact in C',

(iii) for any exact sequence 0 — X' — X — X" — 0 in C, the sequence
0— F(X') = F(X) = F(X") is exact in C'.

(b) The conditions below are equivalent:

(i) F is exact,

(i) for any exact sequence X' — X — X" in C, the sequence F(X') —
F(X) — F(X") is exact in C',

(iii) for any exact sequence 0 — X' — X — X" — 0 in C, the sequence
0— F(X') = F(X) = F(X") — 0 is exact in C'.

There is a similar result to (a) for right exact functors.
Proof. The proof is left as an exercise. q.e.d.

Proposition 2.4.4. (i) The functor Hom,: C°® x C — Mod(Z) is left ex-
act with respect to each of its arguments.
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F
ii) Consider a pair of functors C—=C" and assume (F,G) are adjoint.
G

Then F' is right exact and G is left exact.

(iii) Let I be a category and leti € I. The functor Fet(1,C) — C, F' — F\(i)
s exact.

(iv) Let A be a ring and let I be a set. The two functors [[ and @ from
Mod(A)! to Mod(A) are ezact.

(v) Let A be a ring and I a poset. The functor Hm  from Fct(1°P, Mod(A))
to Mod(A) is left exact.

(vi) Let A be a ring and let I a be filtrant poset. The functor lléfl from
Fct(1,Mod(A)) to Mod(A) is exact.

Proof. (i) follows from (2.9) and (2.10).
(ii) Let us prove that G is left exact. Let f: V — W be a morphism in C’
and let X € C. Then

Hom (X, G(Ker f)) ~ Hom,(F(X),Ker f)
Ker Hom . (F(X), f)
~ KerHom,(X,G(f)) ~ Hom (X, Ker G(f)).

12

To conclude, we apply Theorem 2.2.5.
The proof that F is right exact follows by reversing the arrows.
(iii) is obvious and left as an exercise.
(iv) is Proposition 1.4.7.
(v) is Proposition 1.4.8.
(vi) is Proposition 1.4.11. q.e.d.

Note that it follows from Example 1.4.9 that the functor l&n is not right
exact.

Example 2.4.5. Let A be a ring and let NV be a right A-module. Since the
functor N ®, + admits a right adjoint, it is right exact. Let us show that
the functors Hom ,(+, +) and N ®, * are not exact in general. In the sequel,
we choose A = k[z], with k a field, and we consider the exact sequence of
A-modules:

(2.20) 0= A5 A— AJAz — 0,

where -z means multiplication by .
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(i) Apply the functor Hom ,(+, A) to the exact sequence (2.20). We get the
sequence:

0 — Hom ,(A/Az,A) - A= A—0

which is not exact since x- is not surjective. On the other hand, since z- is
injective and Hom ,(+, A) is left exact, we find that Hom ,(A/Az, A) = 0.
(ii) Apply Hom ,(A/Ax, +) to the exact sequence (2.20). We get the se-
quence:

0 — Hom ,(A/Axz, A) — Hom ,(A/Axz, A) — Hom ,(A/Az, A/Ax) — 0.
Since Hom ,(A/Az, A) = 0 and Hom ,(A/Az, A/Az) # 0, this sequence is

not exact.
(iii) Apply « ®, A/Az to the exact sequence (2.20). We get the sequence:

0— AJAz =5 AJAr — AJzA®, A/Az — 0.

Multiplication by x is 0 on A/Ax. Hence this sequence is the same as:
0— AJAz > AJAz — AJAz ®, AJAz — 0

which shows that A/Ax ®, A/Az ~ A/Az and moreover that this sequence
is not exact.

(iv) Notice that the functor Hom ,(+, A) being additive, it sends split exact
sequences to split exact sequences. This shows that (2.20) does not split.

Injective and projective objects

Definition 2.4.6. Let C be an abelian category.

(i) An object I € C is injective if the functor Hom,(+,I): C°® — Mod(Z)
is exact.

(ii) An object P € C is projective if the functor Hom,(P, «): C — Mod(Z)
1s exact.

Hence, I is injective in C if and only if [ is projective in C°P.

Example 2.4.7. Let A be aring. Then free A-modules are projective objects
in the category Mod(A). (See Exercise 2.8.)

Injective objects are useful, thanks to the next result.
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Lemma 2.4.8. Consider the diagram of solid arrows in which the row is
exact:

(2.21) hl g

and assume that I is injective. Then the doted arrow may be completed
making the diagram commutative.

Proof. Let us apply the exact functor Hom,(+,I) to the sequence 0 — Y —

X. We get that the map Hom (X, I) 2R Hom (Y, I) is surjective. Therefore,
there exists g € Hom (X, I) such that go f = h. q.e.d.

Proposition 2.4.9. Consider an exact sequence 0 — X' x4 x50
and assume that X' is injective. Then the sequence splits.

Of course there is a similar result when assuming X" is projective.

Proof. By Lemma 2.4.8 applied with Y = I = X’ and h = idx,, we get a
morphism h: X — X’ such that ho f = idx,. Then apply Proposition 2.3.15.
q.e.d.

Corollary 2.4.10. Let C and C' be abelian categories and let F': C — C' be
an additive functor. Consider an exact sequence 0 — X' — X — X" — 0 in
C and assume that X' is injective. Then the sequence 0 — F(X') — F(X) —
F(X") = 0 is exact.

2.5 Derived functor

In this section we explain the construction of the derived functor of a left
exact functor and give its main properties, without proofs.

Let C be an abelian category and denote by Z the additive category of
injective objects of C.

Definition 2.5.1. One says that C admits enough injective objects if for any
X € C there exists IY € Z and an exact sequence 0 — X — 9.

Assume that C admits enough injective objects and denote by Z!' the
cokernel of the morphism X — I°. There exists I' € Z and an exact sequence
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0 — Z' — I'. By composing the morphisms I’ — Z' and Z' — I' we get
an exact sequence

0> X —>I1°= 1!

and by iterating this construction we get a long exact sequence
0= X0 0o 5" — ...

in which all [’’s are injective objects.
Denote by I° the complex

I"=0->1">I'">... 5" ...

One says that I° is an injective complex and that X is quasi-isomorphic to
I*, or, for short, that X is qis to I° or that X — I® is a qis.

Let X, Y € Candlet X — I° and Y — J° be two qis, with I* and
J° injective compelexes. One shows that if f: X — Y is a morphism in C,
then there exists a morphism of complexes f°: Iy — Iy making the diagram
below commutative:

0 X 10 It e "
(2.22) fL lfo jfl lf"
0 Y Jo J! e Jr

Let F': C — C’ be a left exact functor of abelian categories and assume that
C admits enough injective objects.

Definition 2.5.2. Let j € Z. The j-th derived functor of F' is defined as
follows.

(i) For X € C, choose an injective complex Iy and a qis X — I%. One
sets RF(X) = H/(F(Iy)).

(ii) For a morphism f: X — Y, choose a morphism f°: Iy — I, making
the diagram 2.22 commutative and set RF(f) = H/(F(f")).

One can prove that,

(i) up to isomorphism, R’ F(X) depends only of X and not of the choice
of the injective resolution Iy,

(ii) if ¢* is another morphism making the diagram (2.22) commutative, the
morphisms H7(F(f*)) and H’(F(g*)) are be the same.
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One deduces that there exists a well-defined functor R'F': C — C’ such that,
for any X and any qis X — I* where I*® is an injective complex, R/ F(X) is
isomorphic to H/(F(I*)).

By its construction, we have:

e RVF is an additive functor from C to C’,

o RIF

12

e RVF(X) ~0for j # 0if X is injective, by the construction of R’ F(X).

Definition 2.5.3. An object X of C such that R/F(X) ~ 0 for all j > 0 is
called F-acyclic.

Hence, injective objects are F-acyclic for all left exact functors F.

Theorem 2.5.4. Let 0 — X' 5 X % X" =5 0 be an exact sequence in C.
Then there exists a long exact sequence:

0= F(X)—= FX)—= = RFX) = RF(X)— RFX") - -

Sketch of the proof. One constructs an exact sequence of complexes 0 —
X" = X°* — X"”" — 0 whose objects are injective and this sequence is

quasi-isomorphic to the sequence 0 — X' END QNG (AN B C(C). Since
the objects X" are injective, we get a short exact sequence in C(C’):

0= F(X" )= F(X")=> F(X"" ) =0
Then one applies Theorem 2.3.17. q.e.d.

Definition 2.5.5. Let J be a full additive subcategory of C. One says that
J is F-injective if:

(i) for any X € C there exists J° € J and an exact sequence 0 — X — J°.

(ii) for any exact sequence 0 - X' - X — X" - 0inC with X' € J, X €
J, then X" € 7,

(iii) for any exact sequence 0 — X' — X — X” — 0 in C with X’ € 7, the
sequence 0 — F(X') — F(X) — F(X") — 0 is exact.
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By considering C°P, one obtains the notion of an F-projective subcategory,
I being right exact.

Theorem 2.5.6. Assume J is F-injective and contains the category Zc of
injective objects. Let X € C and let 0 — X — Y " be a resolution of X
with Y € CH(J). Then for each n, there is an isomorphism R"F(X) ~
H"(F(Y")).

In other words, in order to calculate the derived functors R"F(X), it is
enough to replace X with resolution by F-injective objects.

The Ext and Tor groups

Assume that C has enough injectives and let Y € C. The j-th right de-
rived functor of the left exact functor Hom (Y, «): C — Mod(Z) is denoted
Ext’ (Y, «). Hence,

Ext? (Y, X) ~ H'(Hom,(Y, Iy)),

where Iy is an injective resolution of X.

If C has enough projectives, one can also define the j-th right derived
functor of the left exact functor Hom,(+, X): C°® — Mod(Z). One denotes
it again by Extjc( +, X). Hence,

Ext’ (Y, X) ~ H'(Hom,(Py, X)),

where Py is an projective resolution of Y.
When C admits both enough injective and projective resolutions, these
two constructions coincide. In other words, there are isomorphisms

H’(Hom,(Y,Iy)),~ H’(Hom (P, X)).

let N € Mod(A°P). The left derived functor of the right exact N ®, -,

denoted Torf(N , *) is calculated as follows. Let M € Mod(A). Choose a
projective resolution Py, of M. Then

Tor (N, M)~ H (N ®, Py).

In fact, it is enough to take flat (see Exercise 2.8) resolutions instead of
projective ones.

One can also calculate Tor]A(N , M) by choosing a projective resolution
Py of N. In fact, one has the isomorphism

Hﬁj(PJ\.f Xy M) =~ Hﬁj(N ®4 PJ\;[)
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Example 2.5.7. Let k be a field and let A = k[zy,...,x,]. We identify k
with the A-module A/(A-z;+---+ A-x,). By Example 1.5.5, there is a qis
K*(A, (x1,...,2,))[n] — k. Since the components of this Koszul complex
are free A-modules, we get:

Extil(k,A) ~ H/(Hom ,(K*(A, (21,...,2,)) [n], A))
~ K*A, (z1,...,2,)),

where the second isomorphism follows from Proposition 1.5.8. Therefore,
Ext]A(k, A) is zero for j # n and is isomorphic to k for j = n.

Example 2.5.8. We follow the notations of Example 1.5.5 and we shall
calculate the groups Toer”(Qn, O,,). We have seen that there is a qis

K (Wi, (81,00 )] = Q.

Since the components of this Koszul complex are free W,-modules, we get
by Proposition 1.5.8:

Tor}""(Q,,0,) ~ H (K" (Wy,(01-,...,0,"))[n] &, Oy)
~ HI (K (O, (01-,...,0,-))[n]).

We find the De Rham complex of O, shifted by n. Therefore Tor]W” (Qn, On)
is zero for j # n and is isomorphic to k for j = n.

Exercises to Chapter 2

Exercise 2.1. Prove that the categories Set and Set°” are not equivalent
and similarly with the categories Set’ and (Set/)°p.

(Hint: if F': Set — Set® were such an equivalence, then F()) ~ {pt} and
F({pt}) ~ 0. Now compare Homg, ({pt}, X) and Homg_,., (F'({pt}), F (X))
when X is a set with two elements.)

Exercise 2.2. Let F': C — C’ be a faithful functor and let f be a morphism
in C. Prove that if F(f) is a monomorphism (resp. an epimorphism), then f
is a monomorphism (resp. an epimorphism).

Exercise 2.3. Let F': C — C' and G: C' — C” be two functors.

(i) Prove that if G o F' is faithful, then F is faithful.

(ii) Prove that if G o F' is fully faithful and G is faithful, then F is fully
faithful.
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Exercise 2.4. (i) Is the natural functor Set — Rel: full, faithful, fully
faithful, conservative?

(ii) Prove that the category Rel of relations is equivalent to its opposite
category.

Exercise 2.5. (i) Prove that in the category Set, a morphism f is a mono-
morphism (resp. an epimorphism) if and only if it is injective (resp. surjec-
tive).

(ii) Prove that in the category of rings, the morphism Z — Q is an epimor-
phism.

(iii) In the category Top, give an example of a morphism which is both a
monomorphism and an epimorphism and which is not an isomorphism.

Exercise 2.6. Let C be a category. We denote by id¢: C — C the identity
functor of C and by End (id¢) the set of endomorphisms of the identity functor
ide : ¢ — C, that is, End(ide) = Hom ¢ (ide,ide). Prove that the
composition law on End (id¢) is commutative.

Exercise 2.7. Consider two complexes in an abelian category C: X[ —
X; — XY and X} — X5 — XJ. Prove that the two sequences are exact if
and only if the sequence X| @ X} — X; & Xy — X @ X7 is exact.

Exercise 2.8. (i) Prove that a free module is projective.

(ii) Prove that a module P is projective if and only if it is a direct summand
of a free module (i.e., there exists a module K such that P @ K is free).
(iii) An A-module M is flat if the functor « ®, M is exact. (One defines
similarly flat right A-modules.) Deduce from (ii) that projective modules are
flat.

(iv) Prove that a filtrant inductive limit of flat modules is flat.

Exercise 2.9. If M is a Z-module, set MY = Hom (M, Q/Z).

(i) Prove that Q/Z is injective in Mod(Z).

(ii) Prove that the map Hom, (M, N) — Hom (N, M) is injective for any
M, N € Mod(Z).

(iii) Prove that if P is a right projective A-module, then PV is left A-injective.
(iv) Let M be an A-module. Prove that there exists an injective A-module
I and a monomorphism M — I.

(Hint: (iii) Use formula (1.12). (iv) Prove that M ~— M"Y is an injective
map using (ii), and replace M with MYY.)
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Exercise 2.10. Let C be an abelian category and consider a commutative
diagram of complexes

0 0 0
T
0— X} — Xog— X/
Il
0— X! —X; — X/
N
0— X}, — Xy — X/

Assume that all rows are exact as well as the second and third column. Prove
that all columns are exact.
(Hint: assume C = Mod(A) for a ring A.)

Exercise 2.11. We follow the notations of Examples 1.5.5 and 2.5.8. Cal-
culate Ext} (Op, Op).

Exercise 2.12. We follow the notations of Examples 1.5.5 and 2.5.8 and
recall Exercise 1.4. Set By = Wy /(Wy - 21+ Wa - 0,) and By = Wy /(W - 25 +
Wy - 0y). Calculate Ext]WQ(Bl, By).



26

CHAPTER 2. THE LANGUAGE OF CATEGORIES



Chapter 3

Sheaves

In this chapter we expose basic sheaf theory in the framework of topological
spaces.

Recall that all along these Notes, k denotes a commutative unital ring.
Some references: [7, 11, 13, 18|.

3.1 Presheaves

Let X be a topological space. The family of open subsets of X is ordered by
inclusion. We denote by Opy the associated category. Hence:

{pt} U CV,

Hom Opx (UV) = { 0 otherwise.

Note that the category Opy admits a terminal object, namely X, and finite
products, namely U x V =UNV.

Definition 3.1.1. One sets PSh(kx) := Fct((Opyx)°?, Mod(k)) and calls an
object of this category a presheaf of k-modules, or simply a presheaf. In
other words, a presheaf on X is a functor from (Opy)°® to Mod(k).

Hence, a presheaf ' on X associates to each open subset U C X a k-
module F'(U), and to an open inclusion V' C U, a linear map pyy : F(U) —
F(V), such that for each open inclusions W C V' C U, one has:

puv = idy, PWU = PWV © PvU-

A morphism of presheaves ¢ : F' — G is thus the data for any open set U of
a linear map ¢(U) : F(U) — G(U) such that for any open inclusion V C U,

57
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the diagram below commutes:

»(U)

F(U) 22 GU)
F(V) 25 G(V)

The category PSh(ky) inherits of most of the properties of the category
Mod(k). In particular it is abelian. For example, if F' and G are two
presheaves, the presheaf U +— F(U) @ G(U) is the direct sum of F and G
in PSh(ky). If ¢ : ' — G is a morphism of presheaves, then (Ker ¢)(U) ~
Kerp(U) and (Coker ¢)(U) ~ Coker p(U) where o(U) : F(U) — G(U).
Hence, a complex F/ — F — F” is exact in the category PSh(ky) if
and only if, for any U € Opy, the sequence F'(U) — F(U) — F"(U) is
exact in the category Mod(k). In particular, for U € Opy, the functor
PSh(kx) — Mod(k), F'— F(U) is exact by Proposition 2.4.4.

Notation 3.1.2. (i) One calls the morphisms pyy, the restriction mor-
phisms. If s € F(U), one better writes s|y instead of pyy(s) and calls
sly the restriction of s to V.

(ii) One denotes by F|y the presheaf on U defined by V' +— F(V'), V open in
U and calls F|y the restriction of F' to U.

Hence, we have the functor
(')|U: PSh(kX) —>PSh(kU)7 FF—)F|U
Clearly, this functor is exact.

Examples 3.1.3. (i) Let M € Mod(k). The correspondence U — M is a
presheaf, called the constant presheaf on X with fiber M. For example, if
M = C, one gets the presheaf of C-valued constant functions on X.

(ii) Let C°(U) denote the C-vector space of C-valued continuous functions on
U. Then U + C°(U) (with the usual restriction morphisms) is a presheaf of
C-vector spaces, denoted C%.

Definition 3.1.4. Let x € X, and let I, denote the poset consisting of open
neighborhoods of x. Since U,V € I, implies U NV € I,, the poset IP is
filtrant. We consider I, as a full subcategory of Opy.

For a presheaf I’ on X, one sets:

(3.1) F, = lig F(U).

UeIl?

One calls F, the stalk of I at x.
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Let x € U and let s € F(U). The image s, € F, of s is called the germ
of s at . Note that any s, € F, is represented by a section s € F(U) for
some open neighborhood U of z, and for s € F(U),t € F(V), s, = t, means
that there exists an open neighborhood W of x with W C U NV such that
pwu(s) = pwv(t). (See Example 1.3.8.)

Proposition 3.1.5. The functor F' — F, from PSh(kx) to Mod(k) is ezact.
Proof. The functor F' — F, is the composition
PSh(kx) = Fet(Op¥, Mod(k)) — Fet(IP, Mod(k)) — Mod(k).

The first functor associates to a presheaf [’ its restriction to the category IoP.
It is clearly exact. Since the poset I2P is filtrant, the functor hgl is exact.
q.e.d.

3.2 Sheaves

Notation 3.2.1. For a family U := {U; };c; of open subsets of X indexed by
a set I, one sets U;; = U; NU;, Ui, = U; NU; N Uy, ete.
One says that U is an open covering of U if | J,U; = U.

Let F' be a presheaf on X and consider the two conditions below.

S1 For any open subset U C X, any open covering U = |J,U;, any s €
F(U) satistying s|y, = 0 for all 7, one has s = 0.

S2 For any open subset U C X, any open covering U = |J, U;, any family
{si € F(U;),i € I} satisfying si|v,, = s;|v,, for all 4,7, there exists
s € F(U) with s|y, = s; for all 4.

Definition 3.2.2. (i) One says that F is separated if it satisfies S1. One
says that F' is a sheaf if it satisfies S1 and S2.

(ii) Ome denotes by Mod(kx) the full k-additive subcategory of PSh(cory)
whose objects are sheaves and by ¢x : Mod(kyx) — PSh(ky) the for-
getful functor.

(iii) One writes Hom, (. *) instead of Hom; 4 ) (% )
e If F is a sheaf of k-modules, then F(0)) = 0.

o If {U;}ics is a family of disjoint open subsets and F' is a sheaf, then

F(Uz Ui) = H1F<Uz)
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e If Fis a sheaf on X, then its restriction F'|; to an open subset U is a
sheaf.

Notation 3.2.3. Let F' be a sheaf of k-modules on X.

(i) One defines its support, denoted by supp F, as the complementary of the
union of all open subsets U of X such that |y = 0. Note that F'| x\suppr = 0.
(ii) Let s € F(U). One can define its support, denoted by supp s, as the
complementary of the union of all open subsets U of X such that s|y = 0.

The next result is extremely useful. It says that to check that a morphism
of sheaves is an isomorphism, it is enough to do it at each stalk.

Proposition 3.2.4. Let ¢ : F' — G be a morphism of sheaves.

(i) ¢ is a monomorphism of presheaves if and only if, for all x € X,
v, F, — G is injective.

(ii) ¢ is an isomorphism if and only if, for all x € X, ¢,: F, — G, is an
1somorphism.

Proof. (i) The condition is necessary by Proposition 3.1.5. Assume now ¢,
is injective for all © € X and let us prove that ¢: F(U) — G(U) is injective.
Let s € F(U) with ¢(s) = 0. Then (¢(s)). = 0 = ¢.(s;), and ¢, being
injective, we find s, = 0 for all x € U. This implies that there exists an open
covering U = U,;U;, with s|y, = 0, and by S1, s = 0.
(ii) The condition is clearly necessary. Assume now ¢, is an isomorphism
for all z € X and let us prove that ¢: F(U) — G(U) is surjective. Let
t € G(U). There exists an open covering U = U;U; and s; € F(U;) such that
tlu, = 30(50

Then, ©(s:)|vinu; = ¢(8;)|v.nv;, hence by (i), si|v,nv; = sj|v,nv, and by
S2, there exists s € F(U) with s|y, = s;. Since ¢(s)|y, = t|y,, we have
p(s) =t, by SL. q.e.d.

Examples 3.2.5. (i) The presheaf C% is a sheaf.

(ii) Let M € Mod(k). The presheaf of locally constant functions on X with
values in M is a sheaf, called the constant sheaf with stalk M and denoted
M. Note that the constant presheaf with stalk M is not a sheaf except if
M = 0.

(iii) More generally, let S be a closed subset of X. One defines the constant
sheat Mg with stalk M on S as the sheaf of functions which are locally
constant on S with values in M and are 0 on X'\ .S. When S = {z} for some
xr € X, the sheaf M, is called the sky-skrapper sheaf at x with stalk M.
Hence, I'(U; M{,y) is isomorphic to M or 0 according wether € U or not.
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(iv) On a real manifold X of class C*°, we have the sheaf C¥ of complex

valued functions of class C* and the sheaves C)O(o’(p ) of p-forms with coefficients
in C*. These sheaves are also denoted Q% (hence, Q% = C%¥).

(v) On a complex manifold X, we have the sheaf Ox of holomorphic func-
tions, and the sheaves 2% of holomorphic p-forms with coefficients in Ox.
(hence, Q% = Ox).

(vi) On a topological space X, the presheaf U ngb(U ) of continuous
bounded functions is not a sheaf in general. To be bounded is not a local
property and axiom S2 is not satisfied.

(vii) Let X = C, and denote by z the holomorphic coordinate. The holomor-

phic derivation % is a morphism from Ox to Ox. Consider the presheatf:

F:U— owy%ow),

that is, the presheaf Coker(Z : Ox — Ox). For U an open disk, F(U) =0

since the equation 2 f = g is always solvable. However, if U = C \ {0},

F(U) # 0. Hence the presheaf F' does not satisfy axiom S1.

Consider the forgetful functor
(32) Lx MOd(kX) — PSh(kx)

which, to a sheaf F' associates the underlying presheaf. When there is no
risk of confusion, we shall often omit the symbol ¢tx. In other words, we shall
identify a sheaf and the underlying presheaf.

We shall admit the next result.

Theorem 3.2.6. The forgetful functor vx in (3.2) admits a left adjoint
(3.3) @ Mod(ky) — PSh(ky).

More precisely, one has the isomorphism, functorial with respect to F €
PSh(ky) and G € Mod(cory)

(3.4) Hom pgy ) (F, txG) =~ Hom,  (F*, G).

Moreover (3.4) defines a morphism of presheaves 0 : F' — F* and 0, : F, —
F¢ is an isomorphism for all x € X.

Note that if F'is locally 0, then F'* = 0. If F'is a sheaf, then 6§ : F' — F¢
is an isomorphism.

If F' is a presheaf on X, the sheaf F'* is called the sheaf associated with
F.
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Remark 3.2.7. Assume that the presheaf F'is separated, that is, satisfies S1.
Then the morphism of presheaves 6: F — F® is a monomorphism. Indeed,
if s € F(U) satisfied 6(s) = 0, this implies that s, = 0 for all z € U and F’
being separated, s = 0.

Example 3.2.8. Let M € Mod(k). Then the sheaf associated with the
constant presheaf U + M is the sheaf My of M-valued locally constant
functions.

Theorem 3.2.9. (a) The category Mod(ky) is abelian and the functor vx :
Mod(kyx) — PSh(ky) is fully faithful and left exact.

(b) The functor “: PSh(kx) — Mod(kx) in (3.3) is ezxact.

Proof. (a)-(i) Recall that the functor ¢x is fully faithful by the definition of
the category Mod(kx).

(a)-(ii) Let ¢: F' — G be a morphism of sheaves and let txp: txF — 1xG
denote the underlying morphism of presheaves. Set K :=Kertxp. Hence, K
is the presheaf U — Ker(o(U): (F(U) — G(U)). Since F is separated, K
is separated. Let U = |J, U; be an open covering of an open subset U of X
and let {s; € K(U;),i € I} satisfying s;|v,, = s;]v,, for all 4,j. There exists
s € F(U) with s|y, = s; for all 4. Since ¢(s;) = 0 for all i and G is a sheaf,
©(s) =0, hence s € K(U).

We have thus proved that Kertxp is a sheaf. Let us prove that Kerixy
is the kernel of ¢. Consider a morphism of sheaves ¢: H — F such that
po1) = 0. The morphism v factorizes uniquely through the presheaf Ker txp,
that is, through K and it follows that K is the kernel of ¢ in Mod(ky).

(a)-(iii) Set L := Cokertx¢. Hence, L is the presheaf U — Coker(yp(U))
where ¢(U) is the map F(U) — G(U) associated to . Consider a morphism
of sheaves ¢: G — H such that ¥ o ¢ = 0. The morphism 1 factorizes
uniquely to the presheaf L and it follows from Theorem 3.2.6 that ¢ extends
uniquely to a morphism of sheaves L* — H. Therefore, the sheaf L* is the
cokernel of ¢ in Mod(ky).

(a)-(iv) It follows from (a)-(ii) and (a)-(iii) that for z € X, the germ (Ker ¢),
of the kernel of ¢ is the kernel of ¢,: F, — G, and similarly, the germ
(Coker ¢),. of the cokernel of ¢ is the cokernel of p,: F, — G,. It follows
that a similar result holds for the image and coimage, and therefore the map
(Coim ¢), — (Im ), is an isomorphism for all . Hence, Coim ¢ — Im ¢ is
an isomorphism by Proposition 3.2.4.

(b)-(i) Let us show that * commutes with kernels.
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The commutative diagram

0 ——Keryp F G

L

0 — Ker(¢?*) — F*—G*

defines the morphism Ker ¢ — Ker ¢®, hence, the morphism v : (Ker p)* —
Ker ¢. Since the functor F' +— F, commutes both with Ker and with ¢, v,
is an isomorphism for all x and v is an isomorphism by Proposition 3.2.4.

(b)-(ii) Since * is left adjoint to vx, it is right exact. q.e.d.

Recall that the functor F — F% commutes with the functors of restriction
F +— F|y, as well as with the functor F' — F.

Proposition 3.2.10. (i) Let ¢ : F — G be a morphism of sheaves and
let x € X. Then (Kery), ~ Kerp, and (Coker ), ~ Cokery,. In
particular the functor F — F,, from Mod(kyx) to Mod(k) is exact.

(i) Let ' & F Y P be a complex of sheaves. Then this complex is exact
if and only if for any © € X, the complex F. 2% F, LZN F! is exact.

Proof. (i) The result is true in the category of presheaves. Since ¢y Ker ¢ ~
Ker tx and Coker ¢ ~ (Coker tx )%, the result follows.

(ii) By Proposition 3.2.4, Im ¢ ~ Ker v if and only if (Im ¢), ~ (Ker), for
all x € X. Hence the result follows from (i). q.e.d.

By this statement, the complex of sheaves above is exact if and only if for
each section s € F'(U) defined in an open neighborhood U of = and satisfying
¥ (s) = 0, there exists another open neighborhood V' of z with V' C U and a
section t € F'(V) such that ¢(t) = s|y.

On the other hand, a complex of sheaves 0 — F' — F' — F" is exact if
and only if it is exact as a complex of presheaves, that is, if and only if, for
any U € Opy, the sequence 0 — F'(U) — F(U) — F"(U) is exact.

Examples 3.2.11. Let X be a real manifold of dimension n. The (aug-
mented) de Rham complex is

(3.5) 0= Cx»Cy@ % e =0

where d is the differential. This complex of sheaves is exact.
(ii) Let X be a complex manifold of dimension n. The (augmented) holo-
morphic de Rham complex is

(3.6) 05Cx—0% L 5L 50

where d is the holomorphic differential. This complex of sheaves is exact.
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Definition 3.2.12. Let U € Opy. We denote by I'(U; ») : Mod(kx) —
Mod (k) the functor F' +— F(U).

Proposition 3.2.13. The functor I'(U; «) is left exact.

Proof. The functor I'(U; «) is the composition

Mod(ky) <5 PSh(ky) 2% Mod(k),

where Ay is the functor F' +— F(U). Since tx is left exact and Ay is exact,
the result follows. q.e.d.

The functor I'(U; ) is not exact in general. Indeed, consider Example 3.2.5
(v). Recall that X = C, z is a holomorphic coordinate and U = X \ {0}.

Then the sequence of sheaves 0 - Cx — Ox % 0 x — 0is exact. Applying
the functor I'(U; « ), the sequence one obtains is no more exact.

3.3 Hom and ®

Definition 3.3.1. Let F, G € PSh(kx). One denotes by Hom pgy, (£ G)
or simply Hom (F, ) the presheaf on X, U +— Hom pgy 1 (F|v, Glv) and
calls it the “internal hom” of F' and G.

Proposition 3.3.2. Let F,G € Mod(kx). Then the presheaf Hom (F,G) is
a sheaf.

We shall skip the proof.
The functor Hom, («, ) being left exact, it follows that

Hom (=, ) : Mod(kx ) x Mod(kyx) — Mod(kx)
is left exact with respect of each of its arguments. Note that
Hom, (e, ) =T(X;+)oHom(+,*).

Since a morphism: ¢: F' — G defines a k-linear map F, — G, we get a
natural morphism (Hom (F,G)), — Hom (F,,G,). In general, this map is
neither injective nor surjective.

Definition 3.3.3. Let F,G € Mod(kx).

sh
(i) One denotes by F'@G the presheaf on X, U — F(U) & _G(U).
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sh
(ii) One denotes by F' &y G the sheaf associated with the presheaf F ®G
and calls it the tensor product of F' and G. If there is no risk of
confusion, one writes F'® G instead of F &, G.

The functor

LIS LI MOd(kx) X MOd(kx) — MOd(kx)

psh
is the composition of the right exact functor ® and the exact functor . This
functor is thus right exact and if k is a field, it is exact. Note that for x € X
and U € Opy:

i) (F®G), ~ F, ®G,,

(i

ii) Hom (F,G)|y ~ Hom (Fl|y,G|v),
(iii) Hom (kx,F) ~ F,
)

(iv) kx ® F ~ F.

Example 3.3.4. Let CY denote as above the sheaf of real valued C*-
functions on a real manifold X. If V' is a finite R-dimensional vector space
(e.g., V. = C), then the sheaf of V-valued C*-functions is nothing but

CY @, Vx.

3.4 Locally constant and locally free sheaves

Locally constant sheaves

Definition 3.4.1. (i) Let M be a k-module. Recall that the sheaf Mx is
the sheaf of locally constant M-valued functions on X. It is also the
sheaf associated with the constant presheaf U +— M.

(ii) A sheaf F' on X is constant if it is isomorphic to a sheaf M, for some
M € Mod(k).

(iii) A sheaf F' on X is locally constant if there exists an open covering
X =, U; such that F|y, is a constant sheaf of U;.

Recall that a morphism of sheaves which is locally an isomorphism is
an isomorphism of sheaves. However, given two sheaves F' and G, it may
exist an open covering {U; }ier of X and isomorphisms F|y, = G|y, for all
1 € I, although these isomorphisms are not induced by a globally defined
isomorphism F — G.
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Example 3.4.2. Consider X = R and consider the C-valued function ¢
exp(t), that we simply denote by exp(t). Consider the sheaf Cx - exp(t)
consisting of functions which are locally a constant multiple of exp(t). Clearly
Cx -exp(t) is isomorphic to the constant sheaf Cx, hence, is a constant sheaf.
Note that this sheaf may also be defined by the exact sequence

0— Cy-explt) = CF 5 CF =0

0
where P is the differential operator — — 1.

ot
Examples 3.4.3. (i) If X is not connected it is easy to construct locally
constant sheaves which are not constant. Indeed, let X = U; U U, be a

covering by two non-empty open subsets, with Uy NUy = (). Let M € Mod(k)
with M # 0. Then the sheaf which is 0 on U; and My, on U, is locally
constant and not constant.
(ii) Let X = C\ {0} with holomorphic coordinate z and consider the differ-
ential operator P = z% — «, where « € C\ Z. Let us denote by K, the
kernel of P acting on Ox.

Let U be an open disk in X centered at 2y, and let A(z) denote a primitive

of a/z in U. We have a commutative diagram of sheaves on U:

Therefore, one gets an isomorphism of sheaves K|y == Cx|y, which shows
that K, is locally constant, of rank one.

On the other hand, f € O(X) and Pf = 0 implies f = 0. Hence
['(X;K,) = 0, and K, is a locally constant sheaf of rank one on C\ {0}
which is not constant.

Locally free sheaves

A sheaf of k-algebras (or, equivalently, a kx-algebra) A on X is a sheaf of
k-modules such that for each U C X, A(U) is endowed with a structure of
a k-algebra, and the operations (addition, multiplication) commute to the
restriction morphisms. A sheaf of Z-algebras is simply called a sheaf of rings.
If A is a sheaf of rings, one defines in an obvious way the notion of a sheaf
F of (left) A-modules (or simply, an A-module) as follows: for each open set
UcC X, F(U)isan A(U)-module and the action of A(U) on F(U) commutes
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to the restriction morphisms. One also naturally defines the notion of an A-
linear morphism of .A-modules. Hence we have defined the category Mod(.A)
of A-modules.

Examples 3.4.4. (i) Let A be a k-algebra. The constant sheaf Ay is a sheaf
of k-algebras.

(ii) On a topological space, the sheaf C% is a Cx-algebra. If X is open in R",
the sheaf C§ is a Cx-algebra. The sheaf Dby is a CF-module.

(iii) If X is open in C", the sheaf Ox is a Cx-algebra.

The category Mod(.A) is clearly an additive subcategory of Mod(kx).
Moreover, if ¢ : FF — G is a morphism of A-modules, then Ker ¢ and Coker ¢
will be A-modules. One checks easily that the category Mod(.A) is abelian,
and the natural functor Mod(A) — Mod(kyx) is exact and faithful (but not
fully faithful). Now consider a sheaf of rings A.

Definition 3.4.5. (i) A sheaf £ of A-modules is locally free of rank r
(resp. of finite rank) if there exists an open covering X = U;U; such
that L£|y, is isomorphic to a direct sum of r copies (resp. to a finite
direct sum) of Aly,.

(ii) A locally free sheaf of rank one is called an invertible sheaf.

Gluing sheaves

Let X be a topological space, and let U = {U, };c; be an open covering of X.
One sets U;; = U; N U;, Uy, = Uy N Uy. First, consider a sheaf ' on X, set
F; = Fly,, 0;: Fly, == F};, 0j; = 0;00;". Then clearly:

‘9“' = id on Ui,
(37) Qij o gjk: = sz on Uijk‘ }

The family of isomorphisms {6;;} satisfying conditions (3.7) is called a 1-
cocycle. Let us show that one can reconstruct F' from the data of a 1-cocycle.

Theorem 3.4.6. Let U = {U,}ier be an open covering of X and let F; be
a sheaf on U;. Assume to be given for each pair (i,j) an isomorphism of
sheaves 0j; : Fi|y,;, = Fjlu,,, these isomorphisms satisfying the conditions
(3.7).

Then there exists a sheaf F' on X and for each i isomorphisms 60; :
Fly, = F; such that 0; = 0;; 0 ;. Moreover, (F,{6;}icr) is unique up to
unique isomorphism.

This result is out of the scope of the course and we shall not prove it here.
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Remark 3.4.7. (i) If the F;’s are locally constant, then F'is locally constant.
(ii) In the situation of Theorem 3.4.6, if A is a sheaf of k-algebras on X and if
all F;’s are sheaves of A|y, modules and the isomorphisms §;; are .A|U,L.j—linear,
the sheaf F' constructed in Theorem 3.4.6 will be naturally endowed with a
structure of a sheaf of A-modules.

Example 3.4.8. Assume k is a field, and recall that k* denote the multi-
plicative group k \ {0}. Let X = S! be the 1-sphere, and consider a covering
of X by two open connected intervals U; and U,. Let Uf; denote the two
connected components of Uy N U,. Let a € k*. One defines a locally con-
stant sheaf L, on X of rank one over k by gluing kg, and ky, as follows. Let
95 : kU1’U152 — kU2|U152 (5 = :|:) be defined by 9+ = 1, 0_ = a.

Assume that k = C. One can give a more intuitive description of the
sheaf L,, as follows. Let us identify S' with [0, 1]/ ~, where ~ is the relation
which identifies 0 and 1. Choose g € C with exp(2inf) = . If § ¢ Z, the
function 6 — exp(2im360) is not well defined on S' since it does not take the
same value at 0 and at 1. However, the sheaf Cx - exp(2i7(30) of functions
which are a constant multiple of the function exp(2iw36) is well-defined on
each of the intervals U; and Us, hence is well defined on S!, although it does
not have any global section.

Example 3.4.9. Consider an n-dimensional real manifold X of class C*, and
let {X;, f;} be an atlas, that is, the X; are open subsets of X and f; : X; =5 U;
is a C°°-isomorphism with an open subset U; of R". Let UZJ = fi(X;;) and
denote by f;; the map

(3.8) fii = filx, 0 it

The maps f;; are called the transition functions. They are isomorphisms of
class C*°. Denote by J; the Jacobian matrix of amap f:R*" DU =V C
R". Using the formula Jyor(x) = Jy(f(x)) o Jp(x), one gets that the locally
constant function on X;; defined as the sign of the Jacobian determinant
det Jy,; of the f;;’s is a 1-cocycle. It defines a sheaf locally isomorphic to Zx
called the orientation sheaf on X and denoted by orx.

gy J
ui Ui = U

Remark 3.4.10. In the situation of Theorem 3.4.6, if A is a sheaf of k-
algebras on X and if all F;’s are sheaves of A|y, modules and the isomor-
phisms 0;; are Aly, -linear, the sheaf F' constructed in Theorem 3.4.6 will be
naturally endowed with a structure of a sheaf of A-modules.

Example 3.4.11. (i) Let X = P!(C), the Riemann sphere. Then Qy := Q%
is locally free of rank one over Ox. Since I'(X;{x) = 0, this sheaf is not
globally free.
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(ii) Consider the covering of X by the two open sets U; = C, Uy = X \ {0}.
One can glue Ox|y, and Ox|y, on Uy N Uy by using the isomorphism f
2Pf(p € Z). One gets a locally free sheaf of rank one. For p # 0 this sheaf
is not free.

3.5 Flabby sheaves and soft sheaves

Flabby sheaves

Definition 3.5.1. On a topological space X, an object F' € Mod(kx) is
flabby if for any open subset U of X the restriction map I'(X; F') — I'(U; F)
is surjective.

Of course, If F' is flabby and U is open in X, then F|y is flabby on U.

Proposition 3.5.2. Let 0 — F' & F By B 50 be an ezact sequence of
sheaves, and assume F" is flabby. Then the sequence

0T F) ST F) ST F) =0
1S exact.

Proof. Let 8" € T'(X;F") and let 0 = {(U;s); U open in X, s € I'(U; F),
B(s) = s"|y}. Then o is naturally inductively ordered. Let (U;s) be a
maximal element, and assume U # X.

Let z € X \ U, let V be an open neighborhood of = and let ¢t € I'(U; F)
such that G(t) = s”|y. Such a pair (V;t) exists since 5 : F, — F/ is
surjective. On UNV,s—t e N(UNV; F'). Let r € I'(X; F') which extends
s—t. Then s—(t+r) = 0 on UNV/, hence there exists a section § € ['(UUV; F)
with 3|y = s, §|y =t +r, and 5(5) = s”. This is a contradiction. q.e.d.

Proposition 3.5.3. Let X = J,.;U; be an open covering of X and let
F € Mod(ky). Assume that F|y, is flabby for alli € I. Then F is flabby.

In other words, flabbyness is a local property.

Proof. Let U be an open subset of X and let s € F(U). Let us prove that s
extends to a global section of F'. Let & be the family of pairs (¢, V') such that
V is open and contains U and t|; = s. We order & as follows:(¢, V') < (¢, V')
if V. V' and t'|y = t. Then & is inductively ordered. Therefore, there exists
a maximal element (¢, V). Let us show that V' = X. Otherwise, there exists
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x € X \V and an i € I such that x € U;. Then t|y,nv € F(U; N V) extends
to a section t; € F(U;). Since t;|y,nv = t|lu,nv, the section t extends to a
section on V U U; which contredicts the fact that V' is maximal. q.e.d.

Proposition 3.5.4. Let 0 — F' — F — F” — 0 be an ezact sequence of
sheaves. Assume F' and F are flabby. Then F" is flabby.

Proof. Let U be an open subset of X and consider the diagram:
NX; F)—=T(X;F")—=0
X ¥
[(U; F) —2~T(U; F") —=0
Then « is surjective since F' is flabby and f is surjective since F” is flabby,

in view of the preceding proposition. This implies ~ is surjective, hence F”
is flabby. q.e.d.

Soft sheaves

In this subsection all spaces are assumed to be locally compact. For a com-
pact subset K of X we set

F(K) =T (K; F) = lim T(U; F).

KcU

Definition 3.5.5. Assume X is locally compact. A sheaf F' on X is soft if
for any compact subset K of X, the map I'(X; F') — I'(K; F') is onto.

Of course, If F' is soft and U is open in X, then F|y is soft on U.

Proposition 3.5.6. Assume X is locally compact and let F' € Mod(kx) be
soft. Let K1 and Ky be two compact subsets of X and set for short K5 =
KN Ky. Then the sequence

(3.9) 0 F(K,UK,) S F(K) & F(Ky) S F(K, N Ky) — 0
is exact. Here a(u) = (u|x,, u|K,) and B(v1,vs) = v1|K,, — Vo|Kys-

Proof. We have to prove that § is surjective. Since any s € F(K; N Ks)
extends as a section s € F(X), we may choose s; = 5|k, and s; = 0. q.e.d.

Lemma 3.5.7. Assume X is locally compact. Let 0 - F' — F — F" — 0
be an exact sequence of sheaves and assume F' is soft. Let K be a compact
subset of X. Then the sequence below is exact:

0—T(K; F) S T(K; F) 5 T(K; F") — 0.
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Proof. Let {K;}?_, be a finite covering of K by compact subsets such that
there exist s; € I'(K;; F') with 5(s;) = §"|k,. We argue by induction on n,
and reduce the proof to the case n = 2. Then $1|k,nx, — S2|Kk,nK, belongs
to I'(K; N Ky; F'). We extend this element to s € I'(X; F’) and replace sq
by so + s’. Hence there exists t € I'(K; U Ky; F) with 5(t) = s” and the
induction proceeds. q.e.d.

Proposition 3.5.8. Assume X is locally compact and countable at infinity.
Let0 — F' — F — F” — 0 be an exact sequence of sheaves and assume that
F" is soft. Then the sequence below is exact.

0= T(X; F) S T(X,F) ST, F") > o.

Proof. Let { K, },en be an increasing sequence of compact subsets of X, with
X =U,K, and K, contained in the interior of K,,;. By Lemma 3.5.7 the
sequences

0> T(K,; F') > T(K,;F)—=T(K,;;F")—0

are all exact. Moreover the morphisms I'(K,11; F') — ['(K,; F’) are all
surjective since F” is soft. Hence the sequence obtained by taking the projec-
tive limit will remain exact by Proposition 1.4.10. This completes the proof
since for any sheaf G, G(X) ~ m & (K), where K ranges over the family of
compact subsets of X. K q.e.d.

Proposition 3.5.9. . Let 0 - F' — F — F"”" — 0 be an exact sequence of
sheaves, and assume F' and F are c-soft. Then F" is soft.

The proof is similar to that of Proposition 3.5.4.

Proposition 3.5.10. Assume X is locally compact and countable at infinity.
Let X = {U;c; Ui be an open covering of X and let F' € Mod(kx). Assume
that F|y, is soft for alli € 1. Then F is soft.

In other words, to be soft is a local property.
Proof. The proof is similar to that of Proposition 3.5.3. q.e.d.

Example 3.5.11. (i) On a locally compact space X, any sheaf of C%-
modules is soft.

(ii) Let X be a real manifold of class C*°, let K be a compact subset of X
and U an open neighborhood of K in X. By the existence of “partition of
unity”, there exists a real C*®°-function ¢ with compact support contained
in U and which is identically 1 in a neighborhood of K. It follows that any
sheaf of C'{P-modules is soft.

(iii) Flabby sheaves are soft.
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3.6 Cohomology of sheaves

We shall admit here that the category Mod(kyx) of sheaves of k-modules on
X admits enough injective objects and moreover that injective sheaves are
flabby. Hence, we may derive any left exact functor defined on this category.

Definition 3.6.1. Let F' € Mod(kx) and let U be an open subset of X.
One sets

HI(U; F):= RT(U; «)(F).

In other words, H’(U; F) is the j-th derived functor of the functor T'(U; )
calculated at F'.

Recall that the groups H’(U; F) are calculated as follows. Choose an
injective resolution of F':

0=+ F—F = F' —...
and denote by F'* the complex

F'=0—F" = F'—...
Then

H)(U; F) ~ H'(T(U; F*).

Moreover, it follows from the results of § 3.5 and Theorem 2.5.6 that we may
replace the injective resolution by a flabby resolution, or, when X is locally
compact and countable at infinity, by a soft resolution.

Cousin problem and Mayer-Vietoris sequence

Consider two open subsets U; and U; of X and set for short Ujs := Uy N Us.
The Cousin problem, which was first formulated for holomorphic functions
on the complex line, is translated as follows for a sheaf F' on X:

given s € F(Uyp), can we write s as s = S|y, — S2|v,, With

s € F(U;) (i =1,2).
Consider the exact sequence
0— F(ULUU) S F(Uy) @ F(Us) % F(Uy,)

in which a(s) = (s|y,, s|u,) and b((s1, $2)) = s1|u,, — S2|v,,. Hence the Cousin
problem is that of the surjectivity of the map b. The answer is given by the
long exact sequence below.
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Theorem 3.6.2. The Mayer-Vietoris long exact sequence. There exists a
long exact sequence

(310) 0= F(U1UU:) % F(U)) & F(Uy) L F(Us) = H'U, UU; F)

— Hl(Ul,F) @HI(UQ,F) — Hl(Ulg,F) —
Proof. If F' is injective, the map b is surjective. It follows that if F*® is a
complex of injective sheaves, the sequence of complexes

0= F (WUl S F(U) @ F (Uy) % F*(Up) = 0

is exact. Now choose a complex of injective sheaves F'* and a qis F' — F°.
Since H/(V; F) ~ HY(T'(V; F*)) for any open set V, the result follows from
Theorem 2.3.17 . q.e.d.

De Rham cohomology

Let X be a real C*-manifold of dimension n (this implies in particular that
X is locally compact and countable at infinity). If n > 0, the sheaf Cy is
not acyclic for the functor I'(X; -) in general. In fact consider two connected
open subsets U; and U, such that U; N U, has two connected components,
V1 and V5. The sequence:

0— F(Ul U UQ;Cx) — F(Ul; (Cx) D F(UQ;(C_)() — F(Ul N UQ;C)() — 0

is not exact since the locally constant function ¢ = 1 on Vi, ¢ = 2 on V,
may not be decomposed as ¢ = 1 — o, with ¢; constant on U;. By the
Mayer-Vietoris long exact sequence, this implies:

Hl(Ul U UQ;C)() 7é 0.

On the other hand, we have seen in Example 3.5.11 that any sheaf of
CS¥-modules is soft.

Denote by C?(p ) or else, 2%, the sheaf on X of differential forms of
degree p with C¥ coefficients. These sheaves are soft and in particular I'(X; )
acyclic.

Consider the complex of sheaves on X:

DRy = 05 0% % ... 5 Q% =0

We call it the De Rham complex on X with C*> coefficients.
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Lemma 3.6.3. (The Poincaré lemma.) Let I = (]0,1[)" be the unit open
cube in R™. The complex below is exact.

0= C =)L ... - M) = 0.

Proof. Consider the Koszul complex K*(M, ¢) over the ring C, where M =
C>(I) and ¢ = (0y,...,0,) (with 8; = 52). This complex is nothing but
the complex:

0O L ... o M) = 0.
Clearly H°(K*(M,p)) ~ C, and it is enough to prove that the sequence
(O41,...,0,) is coregular. Let M; ; = Ker(d;) N--- N Ker(d;). This is the
space of C*°-functions on I constant with respect to the variables zy, ..., z;.
Clearly, 0;4; is surjective on this space. q.e.d.

Lemma 3.6.3 implies:

Lemma 3.6.4. Let X be a C*®-manifold of dimension n. Then the natural
morphism Cx — DRx is a quasi-isomorphism.

Corollary 3.6.5. (The de Rham theorem.) Let X be a C*-manifold of
dimension n. Then H'(X;Cx) is isomorphic to H(T'(X;DRy)).

Note that this result in particular implies that H’(T'(X; DRy)) is a topo-
logical invariant of X.

Cohomology of complex manifolds

Assume now that X is a complex manifold of complex dimension n, and let
X® be the real underlying manifold. The real differential d splits as 0 + 0,
and one denotes by C;O’(p D the sheaf of C*® forms of type (p,q) with respect
to 0,0. Consider the complex, called the Dolbeault complex (or also the
Dolbeault-Grothendieck complex):
DBy =0 — OV 2 ... o0,

The complex Poincaré lemma (that we shall not proved here) is formulated
as:

Lemma 3.6.6. Let X be a complex manifold. Then the natural morphism
Ox — DBy is a quasi-isomorphism.

P9 are soft, it follows that we have isomorphisms

Since the sheaves Cx
(3.11) HI(X: Ox) = HI(I(X: DBy)).

In other words, the Dolbeault complex is a tool to calculate the cohomology
of the sheaf Ox.
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Exercises to Chapter 3

Exercise 3.1. Prove that the category Mod(ky) admits direct sums and
products (indexed by small sets).

Exercise 3.2. Let F € Mod(ky). Define F' € Mod(ky) by F = D.cx Fray-
(Here, Fy; € Mod(kx) and the direct sum is calculated in Mod(kx), not in

PSh(kx).) Prove that F, and (F), are isomorphic for all x € X, although

F and F' are not isomorphic in general.

Exercise 3.3. Assume k is a field, and let L be a locally constant sheaf
of rank one over kx (hence, L is locally isomorphic to the sheaf ky). Set
L* =Hom (L, kx).

(i) Prove the isomorphisms L* ® L = kx and kx = Hom (L, L).

(ii) Assume that k is a field, X is connected and I'(X; L) # 0. Prove that
L ~kyx. (Hint: T'(X; L) ~ I'(X;Hom (kx, L).)

Exercise 3.4. Let M, N € Mod(k). Prove that
(i) (M ®N)x ~ Mx ® Ny,
(i) (Hom (M, N))x =~ Hom, (Mx, Nx).

Exercise 3.5. let X = U; UU; be a covering of X by two open sets. Let F'
be a sheaf on X and assume that:

(i) Uip = Uy NUy is connected and non empty,

(i) F

v, (1 =1,2) is a constant sheaf.
Prove that F' is a constant sheaf.

Exercise 3.6. Let I denote the interval [0,1]. Let F' be a locally constant
sheaf on I. Prove that F is a constant sheaf.

Exercise 3.7. Let X be a discrete topological space. Prove that any sheaf
on X is flabby.

Exercise 3.8. We denote here by X the complex line C and we shall admit
that, although it is not soft, the sheaf Ox satisfies the Cousin property on
any open subset U of X.

(i) Let w be an open subset of R, and let U; C U, be two open subsets of C
containing w as a closed subset. Prove that the natural map
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OUy \ w)/O(Us) — O(U; \ w)/O(U;) is an isomorphism. One denotes by
B(w) this quotient.

(ii) Construct the restriction morphisms to get the presheaf w — B(w) and
prove that this presheaf is a sheaf. (This is the sheaf Bg of Sato’s hyperfunc-
tions on R.)

(iii) Prove that the restriction maps B(R) — B(w) (w open in R) are surjec-
tive, that is, the sheaf By is flabby.

(iv) Let Q an open subset of C and let P =3 7", aj(z)(£) be a holomor-
phic differential operator (the coefficients are holomorphic in €2). Recall the
Cauchy theorem which asserts that if (2 is simply connected and if a,,(z) does
not vanish on 2, then P acting on O(f2) is surjective. Prove that if w is an
open subset of R and if P is a non identically zero holomorphic differential
operator defined in a connected open neighborhood of w, then P acting on

B(w) is surjective.



Bibliography

[1] M. Atiyah and I.G. Macdonald, Introduction to commutative algebra,
Addison-Weisley (1969)

[2] M. Berger and B. Gostiaux, Geométrie différentielle, Armand Colin Ed.
(1972)

[3] R. Bott and L.W. Tu, Differential forms in algebraic topology, Graduate
Texts in Math. 82, Springer (1982)

[4] H. Cartan and S. Eilenberg, Homological algebra, Princeton University
Press (1956)

[5] J-P. Freyd, Abelian categories, Harper & Row (1964).
[6] C. Godbillon, Eléments de topologie algébrique, Hermann (1971)

[7] R. Godement, Topologie algébrique et théorie des faisceauzr, Hermann

(1958)

[8] A. Grothendieck, Sur quelques points d’algébre homologique, Tohoku
Math. Journ. 119-183 (1957)

9] A. Grothendieck, Elements de géométrie algébrique III, Publ. IHES 11
(1961), 17 (1963)

[10] L. Hérmander, An introduction to complex analysis, Van Norstrand
(1966)

[11] B. Iversen, Cohomology of sheaves, Springer (1987)

[12] M. Kashiwara, D-modules and microlocal calculus, Translations of Math-
ematical Monographs, 217 American Math. Soc. (2003).

[13] M. Kashiwara and P. Schapira, Sheaves on manifolds, Grundlehren der
Math. Wiss. 292 Springer-Verlag (1990)

7



78 BIBLIOGRAPHY

[14] — | Categories and sheaves, Grundlehren der Math. Wiss. 332
Springer-Verlag, (2005)

[15] J-P. Lafon, Les formalismes fondamentaux de [’algébre commutative,
Hermann

[16] S. MacLane, Categories for the working mathematician, Graduate Texts
in Math. 5 Springer 2nd ed. (1998)

[17] G. De Rham, Variétés différentiables, Hermann, Paris (1960)

[18] P. Schapira, Algebra and Topology, Categories and Homological Algebra,
http://www.math.jussieu.fr/” schapira/publications/

[19] C. Weibel, An introduction to homological algebra, Cambridge Studies
in Advanced Math. 38 (1994)

Institut de Mathématiques, Université Paris 6, France
Mathematics Research Unit, University of Luxemburg
email: schapira@math.jussieu.fr

Homepage: www.math.jussieu.fr/”~ schapira



