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CHAPTER 1

Quotient categories

1. Introduction

You are already familiar with the formation of quotient groups and quotient
rings. There is an analogous notion of a quotient category. Roughly speaking,
one forms a quotient category by making some collection of objects in a category
isomorphic to zero. For example, if Z is a closed subvariety of a variety X, one
can form a quotient of QcohX in which all the Oz-modules become isomorphic to
zero—see Theorem 2.1. Just as a quotient group has a universal property!, so does
a quotient category.

Given an abelian category A and a suitable subcategory T, there is an abelian
category A/T and functors

with the following properties:

o 7% is left adjoint to my;

7* is an exact functor;
M =20 if and only if M isin T;
T, 2 id;
if B is an abelian category and F : A — B a functor such that F(M) =0
for all M in T, then there is a unique functor a* : A/T — B such that
F = ao*r*.

Localizations of rings and modules provide important examples of quotient
categories. Let R be a commutative ring and z € R. The natural homomorphism
¢ : R — R, induces functors

e
T

ModR ModR,
—

I+

where f*M = M ®g R, and f,N is simply N viewed as an R-module via ¢. Now
w*M is zero if and only if every element of M is annihilated by a power of f. Let
T be the full subcategory of ModR consisting of such modules. Then ModR, is
equivalent to the quotient (ModR)/T. You already know the following:

e the functor — ®pg R, is left adjoint to Hompg_(R.,—) = f;

f N is a normal subgroup of G and 6 : G — G’ is a group homomorphism such that
0(N) = id, there is a unique homomorphism a : G/N — G’ such that § = aw where 7 : G — G/N
is the quotient map.
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e localization of modules is an exact functor;
e if N € ModR,, then N, = N,
e if ) : R — S is a ring homomorphism such that ¥(f) is a unit in S, then
there is a unique homomorphism p : R, — S such that ¢ = p¢.
In this situation, if X = Spec R and Z is the zero locus of f, then ModR = Qcoh X
and ModR, = Qcoh(X — 7).
The fact that X — Z is an affine scheme is because Z is the zero locus of a
single function.
In contrast, C2\{0} is not an affine variety, so there is no ring obtained by
inverting elements of C[X,Y] that adequately captures the geometry of C?\{0}.
Nevertheless, we can take a quotient of ModC[X,Y] to obtain the modules on

C2\{0}.
2. Application

We will use the universal property of the quotient category to prove the follow-
ing result.

THEOREM 2.1. Let Z be a closed subscheme of a scheme X. Then there is an
equivalence of categories

hX
Qeoh(X — 7) = (Scj’ﬁ

where the right-hand-side denotes the quotient category by the full subcategory con-
sisting of the modules whose support is contained in Z.

Proof. Associated to the open immersion
j:X—-Z—-X

are its inverse and direct image functors, j7* and j., which fit into the following
diagram:

QcohX/Qcohz X

We must prove the existence of an equivalence a*.
Since j* is left adjoint to j, there are natural transformations

€:id — juj* and n: i 4 —id.
If F is a sheaf on X — Z, then its extension to X followed by its restriction to X —Z
gives back F so
7% g« 2id.
On the other hand, for each M € QcohX there is an exact sequence

EM

0 ker e M Jxj*M —— coker ey — 0.
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Because j is an open immersion, j* is an exact functor, so applying it to this
sequence produces an exact sequence

. . Jtem) .. .
0 H]*(kersM) —— M ————— %5, M %j*(cokersM) — 0.

in Qcoh(X — Z). However, j*j. 2 id, so j*(eas) is an isomorphism. The exactness
of the sequence therefore implies that
j*(kereps) = j*(cokerens) =0.

Since the restrictions of ker(eps) and coker(eps) to X — Z are zero they belong to
Qcohz X.

We now apply the universal property of the quotient category to deduce the
existence of a functor a* such that

It follows that
(2-1) oo j. =5 5. 2id.

Because ker e, and coker ey, are supported on Z, n* vanishes on both these mod-
ules. Because 7* is exact it follows that 7*(epr) : #*M — 7*j,.j* M is an isomor-
phism. In other words,

ﬂ_*]*j* o~ 7T*.

Hence

(2-2) T jeoaf Eatjoa ot ¥ j 0 E 't 2id.

It follows from (2-1) and (2-2) that o* is an equivalence of categories. O

3. A look ahead: projective schemes

The projective space [P over a field k is by definition the set of lines through
the origin in k"*!. A little more formally, it is the orbit space

kn—i—l _ {0}
%
for the natural action of the multiplicative group k*.
Let S = k[zo, . .., zy] be the polynomial ring in n+1 variables with its standard
Z-grading, i.e.,
degx; =1

for all 4. If k is infinite, e.g., if it is algebraically closed, a function f € S is constant
on the orbits if and only if it is homogeneous. In a similar fashion an S-module
is “constant on the orbits” if and only if it is a graded S-module. The graded
S-modules form an abelian category, GrModS. Associated to a graded S-module
M is a quasi-coherent sheaf M on P". However, if M is supported at zero, i.e., if
every element of M is annihilated by a suitably high power of m = (xq,..., %),
then M = 0. Thus, if T is the subcategory of GrModS consisting of such M the
functor M +— M factors through the quotient category GrModS/T. Quotienting
out T is the algebraic analogue of removing the origin from £"*! before forming
P,
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THEOREM 3.1 (Serre). 2 There is an equivalence of categories

GrModS
—T

In other words, there is an adjoint pair of functors

QcohP™ =

5
s

— T
GrModS QcohP™
—

T

with 7* exact and n*m, = id. Hence, to prove results about sheaves F on P" one
can often work with the graded S-module 7, F. Likewise, results about graded
S-modules give results about quasi-coherent sheaves on P™. For example, let S()
denote the graded S-module which is S but with 1 € S placed in degree ¢. In the
category of graded S-modules we have an isomorphism S(i) ®gs S(j) = S(i + j)
which, after applying 7*, gives

O(1) ® O(j) = O + j).

In particular, Opn = 7*S. The cohomology sheaves H'(P",F) are by definition
the right derived functors of the global section functor I'(P™, —) which is, of course,
equal to Hom(Opn, —). But Hom(Opr,F) = Hom(7*S, F) which is isomorphic to
Homg(S, 7. F) by the adjointness. Now, F = 7*M for some graded S-module M
so, since Homg (S, —) is an exact functor, the H!(P", F)s can be computed in terms
of the right derived functors of m,.7* applied to M. For i > 1,

H'(P", F) = H (M)

the local cohomology of M at the maximal ideal m = (xq, ..., ).

Looking further ahead, we will find that this idea of passing back and forth
between sheaves and graded modules is fruitful in a wide range of situations. For
example, smooth toric varieties when the grading group is Z" and certain smooth
Deligne-Mumford stacks where the grading group is now allowed to have torsion.

For example, to compute the Picard group of the moduli stack M ; of pointed
elliptic curves reduces to a computation involving the polynomial ring in two vari-
ables of degrees 4 and 6. The answer is Z/12 and one eventually sees that the proof
of this uses the fact that the polynomial ring is a UFD and that lem(4,6) = 12.

4. Serre subcatgeories
Throughout this section A denotes an abelian category.

Definition 4.1. A non-empty full subcategory T of an abelian category A is a
Serre subcategory if, for all short exact sequences 0 — M’ — M — M" — 0 in
A, M belongs to T if and only if both M’ and M” do. Objects in T are said to
be torsion and an object is torsion-free if the only subobject of it belonging to T is

zerod. O

2Serre’s theorem is more general than this: there is an equivalence in which S is replaced by
any quotient S/I in which I is a graded ideal P™ is replaced by the scheme-theoretic zero locus of
1.

3Thus zero is the only object which is both torsion and torsion-free.
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For the rest of this section T will denote a Serre subcategory of A.

Since T is closed under subobjects and quotients the inclusion T — A preserves
kernels and cokernels; in other words kernels and cokernels in T agree with those
in A. Since T is closed under extensions it is closed under finite direct sums and
products, and these agree with those in A. It follows that T is an abelian category,
and the inclusion functor is exact.

If M, and M, are submodules of M that are torsion, so is their sum since it is
a quotient of My & Ms.

ExXAMPLE 4.2. Let S be a multiplicatively closed subset of a commutative ring
R. We say that a module is S-torsion if every element in it is annihilated by an
element of §. The S-torsion modules form a Serre subcategory of ModR.

More generally, suppose that R is a ring having ring of fractions Fract R and S is
an intermediate ring, R C S C Fract R. If g5 is flat, then {M € ModR | M ®p S =
0} is a Serre subcategory of ModR. %

The general principle behind Example 4.2 is that if F : A — B is an exact
functor, then the full subcategory of A consisting of those M such that F'M = 0 is
a Serre subcategory.

5. Direct limits of abelian groups

A direct limit is a generalization of the union of an ascending chain of sets but
the maps from one set to the next need not be injective.

A directed system of abelian groups is a collection of abelian groups G,,, n € Z,
and homomorphisms ¢, : G,, = Gp4+1. When m < n we define

Gmn = Pp_10...0¢p : Gy — Gy

A direct limit of (G, ¢,) is an abelian group G together with homomorphisms
®,, : G, — G such that

(1) @, = P, © Gy, Wwhenever m < n;

(2) if ¥ : G, — G', n € Z, are homomorphisms such that &/ = ®/ o ¢
whenever m < n, then there is a unique homomorphism p : G — G’ such
that @, = p®,, for all n.

The direct limit, which exists by the next result, is denoted by
h_r)nG,V
PROPOSITION 5.1. Direct limits of abelian groups exist and are unique up to
unique isomorphism.

Proof. Let (G, ®,) be a directed system.

Write
P = @ G,
neEZ
and let ¢,, : G,, — P be the natural inclusion. Let N be the subgroup of P generated
by all elements of the form

tn(9) = tnt10n(9), g€ Gn, n€Z.

Let 7 : P — P/N be the natural map.
Define ®,, := mt,,. We will show that (P/N, ®,,) is a direct limit.
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Let m < n. Since mij41¢; = 7 , it follows that

q)n¢mn = 7an¢n—1 o ¢m = 7T*Ln—l¢n—2 o ¢m, = =Ty = (I)m

Now we show that (P/N, ®,,) has the required universal property. Suppose that
(G', @) satisfies the hypothesis in condition (2) above. By the universal property
of the direct sum there is a unique homomorphism ¢ : P — G’ such that ®], = ¢u,,.
Now ¢(N) = 0 because

w(mm - anﬂasn(g)) — B!(g) — ®py16m() = 0.

Hence there is a homomorphism p : P/N — G’ such that ¢ = pm. It follows that
= YLy = pTLy = pP,.
We leave the proof of uniqueness to the reader. ([l

There is nothing special about the role of the integers as the indexing set. It
can be replaced by any directed set®. For example, let p be a prime ideal in a
commutative ring R and make R — p a directed set by declaring that f < g if f|g;
there is a homomorphism Ry — R, whenever f < g and it is easy to see that R, is
the direct limit of the rings Ry where f ranges over the elements in R — p.

We will need to take direct limits over directed sets.

PROPOSITION 5.2. Let (G, ¢n) be a directed system. Then

(1) every element in li_n)lGn is the image of an element in some G;;
(2) the image in hi}IlGn of an element g € G, is zero if and only if ¢nm(g) =0
form > n.

Proof. We retain the notation used in the previous proof.
(1) Let z € lim G,,. Then z is the image of an element in the direct sum &G,
so there are elements g; € G;, m < j < n, such that

z=m(+,0,0,gm,...,9n,0,0,--+) = i T 15(g5) = i ®;(g;)-
, pt
But ©;(g;) = Pndjn(g;), so
=d, <z": ¢jn(9j)>-
. (2) If ¢pm(g) =0, then @,,(g) = @i;gbnm(g) = 0; i.e., the image of g in lii>nGn
1S zero.

To prove the converse, let g € G,, and suppose that ®,,(z) = 0. Then ¢,(g) € N
so there is a finite set of elements g; € G)j such that

tn(g) = Z Lj (gj) — ti+195(95)
= —t¢j-1(gj-1)

ZL] — ¢j-1(g- 1))

It follows that
tn(9) = tn(gn — Pn—1(gn-1)) and tj(9; — @j-1(gj—1)) = 0 when j # n.

1A partially ordered set I is directed if given i,j € I, there is k € I such that ¢ < k and j < k.
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But ¢; is injective, so g; = ¢j_1(g;—1) when j # n. Also g;_1 = 0 for j < 0, so
g; =0 for all j < n—1. Hence t,(g9) = tn(gn). It follows that gn41 = dnlgn) =
¢n(g) and, by induction, gnir = ¢nnir(g) for all & > 1. However, g,4; = 0 for
k>0, 50 ¢pm(g) =0 for m > n. O

6. The quotient functor

LEMMA 6.1. Fiz M and N in A and let I be the set> of all pairs (M',N') of
submodules M' C M and N' C N, such that M/M’' and N' are torsion. Then I is
a directed set with respect to the partial order

(M',N") < (M",N") if M" ¢ M' and N’ C N".
Proof. If (M;, Ny) and (Maz, N3) belong to I so does (M1 N Ms, N1 4+ Na); but this
element of I is > both (M, N1) and (Ms, Na). O

Exercise: Show that M/M; N M, is torsion if M/M; and M /M, are.

Definition 6.2. Let A be an abelian category and T a Serre subcategory. The
quotient category A/T is defined as follows:

e its objects are the objects of A;
e if M and N are A-modules then
(6-1) Homa /v(M,N) := H_I)nHomA(M’,N/N’),
where the direct limit is taken over the set I in Lemma 6.1;
e the composition of morphisms in A/T is induced by that in A. %
PROPOSITION 6.3. Definition 6.2 makes sense.

Proof. First, the direct limit in (6-1) exists. Fix M and N in Aand let I be the
directed set in Lemma 6.1. If (M',N’) < (M",N"), the natural maps M" — M’
and N/N' — N/N" induce maps
Homa(M', N/N') — Homa(M",N/N’) — Homa(M" ,N/N").

Thus Hom(M’, N/N') is a directed system of abelian groups indexed by I so has a
direct limit.

By the Remark at the end of section 5, every morphism in Homa v(M, N) is
the image of a morphism in Homa(M’, N/N’) for some (M',N') € I.

The composition of morphisms

HOHIA/T(N, Z) X HOIHA/T(M, N) — HOIIlA/T(M, Z)

in A/T is defined as follows. Let f € Homp,7(N,Z) and g € Homa (M, N).
By the previous paragraph, f and g are images of morphisms g : M’ — N/N’
and f : N — Z/Z' in A where M/M’', N', N/N", and Z' belong to T. Define
M" := g~ Y(N' + N"”/N'"), check that M/M" is torsion, and define

g/ . M// — N/+N///N/
to be the restriction of g to M"”. Both f(N'NN") and Z"” := Z'+ f(N'NN") are

torsion. Now define
f/ . N///N/ AN" — Z/Z//

50ne needs a hypothesis that A has a small set of generators to ensure that I really is a
set—that hypothesis implies that the collection of subobjects of a given object is a small set.
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to be the map induced by f. Define h to be the composition

MY 9 N'EN' o~ N 'z
N/ N/mN// Z//?

where the middle map is the natural isomorphism. Finally, one checks that h, the
image of h in Homa 7(M, Z), depends only on f and g and not on a choice of
representatives f and g.

Third, Homp v(M, M) contains an identity morphism, namely the image of
idps in the direct limit. O

Since (M,0) € I, Homa(M,N) is one of the terms in the directed system.
There is therefore a homomorphism

Homa (M, N) — Homa (M, N)

of abelian groups. It is straightforward to check that this map respects the com-
position of morphisms in A and A/T. In particular, it sends identity maps in A to
identity maps in A/T.

Definition 6.4. Let T be a Serre subcategory of A. The quotient functor
A= A/T
is defined by n*M = M on objects, and 7* f = the image of f in the direct limit,

on morphisms. O

It follows from the definitions that A/T is an additive category and that 7* is
an additive functor.

LEMMA 6.5. Let f be a morphism and M an object in A. Then
(1) @ f =0 if and only if the image of f is torsion;
(2) M 220 if and only if M is in T.

Proof. (1) Let f € Homa(M, N). By Proposition 5.2, 7*f = 0 if and only if the
image of f in some later term Homa (M', N/N') of the directed system is zero. The
image of f in this is the composition

M’ M—1oN &

which is zero if and only if fM’ C N’. Hence 7*f = 0 if and only if there are
subobjects M’ C M and N’ C N such that M/M' and N’ are torsion and fM’ C
N’; i.e., if and only if there is M’ C M such that M/M’ and fM’ are torsion. But
fM/fM' is torsion whenever M /M’ is torsion so the condition that fM’ is torsion
is equivalent to the condition that fM is torsion. Hence 7* f = 0 if and only if fM
is torsion.

(2) An object in an abelian category is zero if and only if the identity map on
it is zero. But id«pr = 7*(idps) so 7*M = 0 if and only if 7*(idps) = 0; by (1) this
happens if and only if M is torsion. O

PROPOSITION 6.6. Let f: M — N be a morphism in A. Then
(1) 7*f is epic if and only if coker f is torsion;
) 7 f is monic if and only if ker f is torsion;
) the kernel and cokernel of m* f are 7*(ker f) and w*(coker f) respectively;
) © f is an isomorphism if and only if both ker f and coker f are torsion.



6. THE QUOTIENT FUNCTOR 11

Proof. Let v : K — M and n: N — N/fM be the kernel and cokernel of f.

(1) (=) Suppose 7* f is epic. Since nf =0, 7*pox*f = 0; hence 7*n = 0. It
follows that the image of 7 is torsion.

(<) Suppose N/fM is torsion. Let ¢ : #*N — 7*P be a map such that
¢pon*f =0. To show 7* f is epic we must show that ¢ = 0. We can write ¢ = 7*g
where g : N — P/P’ and N/N' and P’ are torsion. Let f’ denote the restriction
of f to f~'N’. Since f'M’' = N’ N fM, the composition gf’ makes sense and
7*(gf") = m*gom*f’ = 0. Hence gf'M’ is torsion. But gN’/gf’ M’ is isomorphic
to a quotient of N'/N' N fM which is torsion because N/fM is. It follows that
gN' is torsion, whence 7*¢g = 0.

(2) The proof is analogous to that of (1). It can be found on page 366 of
Gabriel’s paper [?, p. 366].

(3) We already know that the composition

T w f

K M TN

is zero, so to show that 7*K is the kernel of 7*f we must prove the following:
if ¢ : #*L — 7*M is such that 7*f o ¢ = 0, then there is a unique morphism
Y w*L — 7K such that ¢ = 7*1 0.

Now ¢ = n*g where g : L’ — M /M’ and L/L" and M’ are torsion. There is a
commutative diagram

\l NI J

0—— K/K N M ————— M/M' ———— N/fM’

with exact rows. Since 7*f o *g = 0, f'gL’ is torsion. Let L” = g~!(im’). Then
L" is the kernel of the composition

M/M' M/M'

so L'/L" = f'gL' which is torsion. Since L/L’ is also torsion, L/L" is torsion.
It follows that 7*g is equal to 7*(g|r~). But gL” C im:’ so g|p~ factors through
K/KNM'; say gl = oa. Hence ¢ =g = 7/ o m*a..

But the vertical arrows K — K/KNM’ and M — M /M’ become isomorphisms
after applying 7 because M’ and KNM' are torsion. Hence 7*1/ = 7%, so ¢ factors
through 7* K, as required. This completes the proof that 7* K is the kernel of 7* f.

The proof that 7*C' is the cokernel of 7* f is somewhat similar and we leave it
to the diligent reader.

(4) A morphism in an abelian category is an isomorphism if and only if it is
both epic and monic. However, we don’t know yet that A/T is abelian. Certainly,
if 7* f is an isomorphism it is both monic and epic so the kernel and cokernel of f
are torsion.
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To prove the converse, suppose that the kernel and cokernel of f are torsion.
By the first isomorphism theorem there is an isomorphism g fitting into the diagram
g
m
im f 7 N

M M/K ——

where a and 3 are the obvious maps and f = fg~'a. By hypothesis and (3), 7%«

and 7% are isomorphisms, so 7* f is also an isomorphism. O

THEOREM 6.7. Let T be a Serre subcategory of A. Then A/T is abelian and the
quotient functor 7 : A — A/T is exact.

Proof. Proposition 6.6 showed that every morphism in A/T has a kernel and a
cokernel so it remains to show that the natural map from the coimage to the image
of a morphism is an isomorphism.

Let f: M — N. Let + : K — M and  : N — N/fM be the kernel and
cokernel of f. By definition, coim(7* f) = coker(n*¢) which is equal to 7*(coker ¢)
by Proposition 6.6. Similarly, im(7* f) = n*(kern). Applying 7* to the natural iso-
morphism coim f — im f therefore produces an isomorphism coim 7* f — im 7™ f.
Hence A/T is abelian.

The fact that 7*(ker f) = ker 7* f and 7*(coker f) = coker 7* f implies at once
that 7* sends exact sequences to exact sequences. (I

THEOREM 6.8. Let A and B be abelian categories and T C A a Serre subcate-
gory.
(1) Let F: A — B be an exact functor such that FM = 0 for all torsion M.
Then there is a functor G : A/T — B, unique up to natural isomorphism,
such that the diagram

A——T AT

commutes.

(2) A functor G : AJT — B is ezact if and only if Gn* is exact.

Proof. (1) The main thing is to define G on morphisms. To do that it suffices to
show for a fixed M and N in A that there are maps

Homa(M', N/N') — Homg(FM, FN)

as M’ and N’ run over all submodules of M and N such that M/M’' and N’ are
torsion that are compatible with the directed system.

Since M /M’ is torsion F' vanishes on it and applying F' to the inclusion M’ —
M produces an isomorphism FM’' — FM. Similarly, the natural map FN —
F(N/N') is an isomorphism. Hence there is a commutative diagram

Homa (M, N) ——— Homg(F' M, FN)

J |

Homa (M', N/N') —— Homg(FM', F(N/N")).
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But 3 is an isomorphism so we get a map 3~ '« : Homa(M’, N/N') — Homg(FM, FN).
It is easy to see that these are compatible with the directed system so there is a
map
li_r)nHomA(M’,N/N’) — Homg(FM, FN).

We now use this map to define G : A/T — B on morphisms. On objects we set
Gr*M = FM.

The uniqueness of G is left to the reader.

(2) Left to the reader. O

PROPOSITION 6.9. [?, Corollaire 1, page 368] If 0 — L — M — N — 0 is an
exact sequence in A/T, then there is an exact sequence 0 — L — M — N — 0 in
A, and a commutative diagram

0 L M N 0
| | |
0 L M TN 0

in which the vertical maps are isomorphisms.
The quotient functor preserves direct sums.

EXAMPLE 6.10. The quotient functor A — A/T need not preserve products.
Let Ab denote the category of abelian groups and T be the subcategory of torsion
groups. Then the product of all Z/nZ, n > 2, is not torsion because it contains a
copy of Z, but each Z/nZ is torsion. %

PrOPOSITION 6.11. Let G : A — B be an exact functor between abelian cat-
egories, and let T = kerG. Let 7 : A — A/S be the quotient functor, and let
G : A/S — B be the unique functor such that G = Gr*.

(1) If F is a left adjoint to G, then G is an equivalence of categories if and
only if the unit idg — GF is an isomorphism.

(2) If H is a left adjoint to G, then G is an equivalence of categories if and
only if the co-unit HG — ida is an isomorphism.

7. The torsion submodule

Definition 7.1. If an object M has a largest torsion subobject, that subobject
is denoted by 7M and is called the torsion submodule of M. We will often indicate
the existence of a largest torsion submodule by saying “suppose TM exists”. %

LEMMA 7.2. If TN exists, then Homa(M, N/TN) = 0 for all torsion modules
M. In particular, N/TN is torsion-free.

Proof. Suppose that M is in T and that f : M — N/7N. Write N’ for the
kernel of the composition N — N/7N — coker f. Then there is an exact sequence
0—-7N — N — N'/TN = im f — 0. Since M is torsion so is im f, and hence
so is N" as T is Serre. Since 7N is the largest torsion submodule of N, N’ C 7N.
Therefore im f = 0, whence f = 0 as required. (|

LEMMA 7.3. Let M and N be A-modules. If TIN exists, then
(7-1) Homp /v(M,N) = lii>nHomA(M’, N/TN)
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where the direct limit is taken over
J:={(M',7N) | M' C M and M/M’ is torsion}.
Proof. It is easy to see that J is cofinal in the set I defined in Lemma 6.1. O

A direct sum of torsion modules need not be a torsion module. For example,
consider the category of k-vector spaces and declare a vector space to be torsion if
it has finite dimension.

LEMMA 7.4. The following conditions on a Serre subcategory T C A are equiv-
alent:

(1) every A-module has a largest torsion subobject;
(2) the inclusion functor T — A has a right adjoint;
(3) every direct sum of torsion objects is torsion.

Proof. Let i, : T — A denote the inclusion functor.

(1) = (2) We construct a right adjoint 7 to i, as follows. If M is in A, then
7M is defined to be the largest torsion subobject of M. If f : M — N, then
f(rM) is a quotient of 7M so is torsion, and therefore contained in 7N. We
define 7f : TM — 7N to be the restriction of f. It is easy to check that 7 is
a functor A — T. It is a right adjoint to i, because if M is torsion the image
of any map f : M — N is contained in 7N. In other words, the natural map
Homa (M, 7N) — Homa (M, N) is an isomorphism, so

Homa (i« M, N) = Homa (M, N) = Homa (M, 7N) = Homt (M, 7N).

(2) < (1) Let 4" : A — T be a right adjoint to 4,. For every N in A, the map
en :iyi'N — N is monic so i' N, which is torsion, embeds in N.

Let M C N be torsion. The inclusion of M in N can be viewed as an element
of Homa(i,M, N). However, the adjunction isomorphism v : Homy(M,i'N) —
Homa (i, M, N) satisfies v(a) = ey o (), so every map .M — N factors as a
composition

M —— i i'N —~— N.
In particular, the inclusion of M in N factors in this way. Therefore M is contained
in i'N and we conclude that i'N is the largest torsion submodule of N.

(1) = (3) Suppose M;, i € I, are in T. Let N be the largest subobject of ®M;
that is torsion. It must contain each M; and hence their sum; but that sum is &M,;.

(3) = (1) If My, i € I, is the set of all torsion submodules of a module M, then
their sum is a quotient of their direct sum, so is torsion. Ths sum must, of course,
be the largest torsion submodule of M. ([l

Definition 7.5. Let T be a Serre subcategory of A. If the inclusion functor
T — A has a right adjoint, then that adjoint is called the torsion functor and is
denoted by 7. O

8. Localizing subcategories

Definition 8.1. A Serre subcategory T of an abelian category A is a localizing
subcategory if the quotient 7* : A — A/T has a right adjoint. We write 7, for the
right adjoint when it exists. %

The key result is that when A has injective envelopes T is a localizing category
if and only if it is closed under direct sums (Theorems 8.3 and 8.7).
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PROPOSITION 8.2. Suppose T is a localizing subcategory of A. Let* : A — A/T
be the quotient functor and and 7, its right adjoint. Let F be an A/T-module. Then
(1) w.F is torsion-free;
(2) if f € Homa (M, N) and 7*f is an isomorphism, then the map

Hom(f, m.F) : Homa (N, 7. F) — Homa (M, 7. F)

is an isomorphism;
(3) the map m* : Homa(M, m,.F) — Homp 7 (7" M, n* 7, F) is an isomorphism
for all A-modules M ;
(4) if Z is torsion, every exact sequence of the form 0 — 7, F - N — Z — 0
splits;
(5) 7T*7T* = idA/T;
(6) 7. is fully faithful.
Proof. (1) If M is torsion, then Homa(M, 7. F) = Homp 1(7*M,F) = 0 so 7, F
is torsion-free.

(2) By adjointness there is a commutative diagram
Homa (N, 7. F) ——— Homp/7(7*N,F)

Hom(f,Tr*]:)l lHom(ﬂ'*f,]:)

Homa (M, 7, F) ——— Homp v (7*M, F)

in which the horizontal maps are isomorphisms. By Proposition 6.6(4), 7* f is an
isomorphism, so the right-hand vertical map is an isomorphism; hence the left-hand
map is an isomorphism.

(3) Since 7, F is torsion-free, 7(m,.F) exists—it is zero. Thus, by (7-1), the map
f+— @*f is the natural map
(8-1) Hompa (M, 7. F) — lim Homa (M', 7. F)
where the direct limit is taken over the M’ C M such that M/M’ is torsion. By
(2), all the maps Homa(M', 7, F) — Homa(M"”,7,F) in the direct system are
isomorphisms, whence so is (8-1).

(4) Let f : m.F — N be the map in the exact sequence. Then the map
Hom(f, m.F) : Homa(N, 7. F) — Homa(m.F, 7. F) is an isomorphism by (2), so
there exists g : N — 7, F such that fog=idy.

(5) Let € : "7, — ida,7 be the counit. We must show that e : 77, F — F is
an isomorphism for each F in A/T. By Yoneda’s Lemma, it suffices to prove that

Hom(G,ex) : Homa,7(G, 7. F) — Homa 7(G, F)

is an isomorphism for all G in A/T. Such a G is equal to 7*M for some A-module
M, so we must show show that the bottom map in the following diagram is an
isomorphism:

Homa (M, 7. F) —>— Homp/7(7*M,F)

(8-2) ﬂl l:
Homp /7(G, m*mF) ———  Homa,7(G,F)

This diagram commutes by (6-7) in Proposition ??.6.5, and the left-hand vertical
map is an isomorphism by (3), so the bottom map is an isomorphism too.
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(6) This follows from (5) and Theorem ?7.6.6. O

THEOREM 8.3. Let T be a localizing subcategory of A. Then there is a torsion
functor 7 : A — T and for each M in A there is an exact sequence

0 TN N v mem*N ——— cokerny — 0

in which ny s an essential map, and coker ny a torsion module.

Proof. If W = kerny, and Z = cokernyy, then there is an exact sequence

), Tt M ™7z 0
in A/T. By Proposition ??.6.5, ez=pr 0 m*(nar) = idg=as. However, part (5) of the
previous result shows that e,y is an isomorphism. Hence 7*(n,s) is an isomor-
phism. Therefore 7*W = n*Z = 0, whence W and Z are torsion.

By Proposition 8.2(1), m.m*M is torsion-free, so W contains every torsion sub-
module of M. Thus W is the largest torsion submodule of M.

If T is a submodule of m,m*M such that T Ny (M) = 0, then T' embeds in
Z, so is torsion. But w,7m* M is torsion-free, so T = 0. Thus 1y (M) is essential in
mem M. ([

0O —— W — oM

LEMMA 8.4. An essential extension of a torsion-free module is torsion-free.

Proof. Let @ be an essential extension of a torsion-free module N. If M C Q is a
torsion module, so is M N N. Therefore M NN = 0, whence M = 0. [l

ExAMPLE 8.5. An essential extension of a torsion module need not be torsion.
Let R be a ring having a non-split extension 0 — S — M — S8 — 0 of two
non-isomorphic simples (2 x 2 triangular matrices is such a ring). If T consists
of all direct limits of finite length R-modules all of whose composition factors are
isomorphic to S, then T is a localizing subcategory. Although S is torsion its
essential extension M is not. O

The example also shows that applying 7* to an essential monic need not produce
an essential monic.

LEMMA 8.6. Applying 7, to an essential monic produces an essential monic.

Proof. Because it is a right adjoint m, preserves monics. Let L — M be an
essential monic in A/T. Suppose there is a direct sum 7, L ® N C m.M. Applying
7 to this produces a direct sum L@ 7*N C M, so 7*N = 0. But N is torsion-free
because m, M is, so we deduce that N = 0. O

THEOREM 8.7. Let T be a Serre subcategory of A. Suppose that a torsion
functor T : A — T exists. If A has injective envelopes, then
(1) T is a localizing subcategory of A;
(2) for each N in A, m,w*N is isomorphic to the largest submodule of the
injective envelope of N/TN which extends N/TN by a torsion module.

Proof. To show that the quotient functor # : A — A/T has a right adjoint it
suffices, by Proposition ?7.77, to show that the functor

M +— Homp /7(7" M, 7*N)
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is representable for each N in A. The representing object will be the module H we
define next.

Fix N in A. Write N = N/TN. Let H be the largest essential extension of a
torsion module by N. Explicitly, if & : N — E is the inclusion of N in an injective
envelope, H is the kernel of the composition

E — coker o — coker o/ 7(coker o).

This gives rise to an exact sequence

0 TN N L . @ coker f —— 0

in which ker f and coker f are both torsion. In particular, 7*f : #*N — 7*H is an
isomorphism in A/T. By Lemma 7.2, N is torsion-free, hence so is H by Lemma
8.4. Moreover, E/H = coker a/T(coker ) is also torsion-free by Lemma 7.2.

Since 7* f is an isomorphism so is the map

Hom(m*M, 7" f) : Homp v (7*M,7*N) — Homp /7(7" M, 7" H).

Thus, it suffices to show that H is a representing object for the functor
M — HOHIA/T(T['*M, 7T*H)

We will do this by showing that 7 : Homa (M, H) — Homp,r(7*M,n*H) is an
isomorphism.
Since H is torsion-free,

Homp 1 (7* M, 7" H) = lim Homa (M’, H)

where the direct limit is taken over those M’ C M for which M /M’ is torsion. We
will show for such an M’ that the natural map Homa (M, H) — Homa(M', H) is
an isomorphism. Since Homa (—, H) is left exact and M /M’ is torsion whereas H is
torsion-free, it follows from Lemma 7.2 that this map is injective, so it remains to
prove it is surjective. To see this, let f* € Homa(M’, H) and consider the diagram

0 M M M/M' ——— 0
3l
0 H E E/H — 0.

Since F is injective there is a morphism f : M — FE extending the composition
M’ — H — E. It follows that there exists a morphism g : M/M’ — E/H making
the diagram commute. But E/H is torsion-free and M /M’ is torsion, so g = 0 by
Lemma 7.2. Therefore the image of f is contained in H and f’ is the restriction
of f. Hence the map Homa (M, H) — Homa(M’', H) is surjective, and hence an
isomorphism. ([

COROLLARY 8.8. Let T be a Serre subcategory of A. Suppose that A has direct
sums and injective envelopes. Then T is localizing if and only if it is closed under
arbitrary direct sums.

Proof. (=) By hypothesis, 7* has a right adjoint so it commutes with direct
sums (Corollary ??.??). Therefore, if N, are torsion modules, then 7*(®&N,) =
®r*N, = 0, whence &N, isin T.

(<) The direct sum of all the torsion submodules of a given module is torsion.
But the sum of those submodules is a quotient of their direct sum, so is also torsion.
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Hence every module has a largest torsion submodule. It follows from Lemma 7.4
and Theorem 8.7 that T is localizing. [

9. Cohomology in A and A/T

A comparison of homological issues in A and A/T requires an understanding of
the relation between injectives in the two categories.

THEOREM 9.1. Suppose T is a localizing subcategory of A, and that A has
injective envelopes.

(1) m. sends injectives to injectives, and injective envelopes to injective en-
velopes.

(2) The injectives in A/T are {m*Q | Q is a torsion-free injective in A}.

(3) A/T has enough injectives.

(4) If Q is a torsion-free injective A-module, then Q = m,* Q.

Proof. (1) Because it is right adjoint to an exact functor 7, preserves injectives
(Proposition ?7). Then by Lemma 8.6 it preserves injective envelopes.

(2) If @ is a torsion-free injective, then Homa(—, @) is an exact functor van-
ishing on T so, by Theorem 6.8, the rule

(9-1) 7" M — Homa (M, Q)

defines an exact functor on A/T. By Theorem 8.7(2), Q = m,7*Q so, by Proposition
8.2(3),

Homa (M, Q) = Homp 1 (7" M, 7*Q).
Therefore the functor defined by (9-1) is equivalent to Homa /v(—,7*Q). But (9-1)
is an exact functor, so 7@ is injective.

Let Q be an injective in A/T. Then 7, Q is injective by (1), and is torsion-
free by Proposition 8.2(1). Moreover, 77, Q = Q by Proposition 8.2(5), so every
injective in A/T is of the form 7*@Q for some injective A-module Q.

(3) Let F be an A/T-module, and let f : m.F — @ be the inclusion of m,F
in its injective envelope. Since 7. F is torsion-free, so is ) (Lemma 8.4). But 7* f
is monic, so 7*@Q is an injective containing 7m,F = F. Thus A/T has enough
injectives. ([l

Next we show how that the right derived functors of 7 and =, are closely related
when T is a localizing subcategory that is closed under injective envelopes.

Clearly, T is closed under injective envelopes if and only if every essential
extension of a torsion module is torsion. This condition is sometimes described in
the literature as a stable torsion theory (see [?, p. 46] and [?, p. 20] for example).

THEOREM 9.2. Let T be a localizing subcategory of A. Suppose that A has
enough injectives and that T is closed under injective envelopes. Then

(1) every injective in A is a direct sum of a torsion injective and a torsion-free
injective;

(2) fori > 1, the right-derived functors of T and m. satisfy

R M = Rz, (n* M)

for all A-modules M ;

(3) there is an ezact sequence 0 — M — M — m,7*M — R'TM — 0.
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Proof. (1) Let E be an injective in A. Since E contains a copy of the injective
envelope of 7F, and since that injective is torsion by hypothesis, 7FE is injective.
Therefore it is a direct summand of F, say £ = 7E @ Q. Clearly @ is a torsion-free
injective.

(2) Let M — E* be an injective resolution of M. For each j, write I for the
torsion submodule of E7, and set Q7 = E7/I7. Then there is an exact sequence of
complexes

0—-I*"—FE —Q*"—0
which gives a long exact sequence
RN hi—l(Q.) N hz(I-) N hz(E-) N hL(Q.) N hi+1(I.) .
in homology. However, hi(I*) = RitM, and h'(E*) = 0 for i > 1. Therefore, for
i>1, R M = hH(Q*).

By Theorem 9.1, 7*@Q7 is injective in A/T, and m,7* Q7 = Q7. Since 7 is exact,
m*M — m*E* is an injective resolution in A/T. However, the complexes 7Q* and
7*E* are isomorphic. Therefore, 7* M — 7*@Q* is an injective resolution in A/T, so

Rim, (m* M) 2 B (m Q%) = h(Q*).

This completes the proof of (2), and (3) is given by the left-hand segment of the
long homology sequence. O

PRrOPOSITION 9.3. If T is a stable torsion theory, then w* sends a minimal
injective resolution to a minimal injective resolution.

Proof. Let N — E*® be a minimal injective resolution in A. As in the previous proof
let I* be the torsion subcomplex of E*® and write Q* = E*/I®. Thus 7*N — 7*Q*
is an injective resolution in A/T; the fact that this is a minimal resolution follows
from the next paragraph.

Consider the following diagram in A, where F and E’ are injective, and I and
I’ are their torsion submodules:

0 I E Q 0
[ 7
0 I E Q' 0

Suppose that fE is essential in E'; we will show that fQ is essential in Q’. It suffices
to show that if I' C M C E’', and M # I’, then M N (fE + I') is strictly larger
than I’. Because the torsion theory is stable, I’ is itself injective, so M = I' & C
for some non-zero C. Since fENC # 0, M N (fE + I') is strictly larger than I'.

Thus M /I’ has non-zero intersection with the image of f. O

ExAMPLE 9.4. Let R be a commutative ring, and m a maximal ideal in R. A
module M is supported at m if each element of M is killed by a power of m. Such
modules form a Serre subcategory of ModR. This is a localizing subcategory, and
the torsion functor 7 is

7 = limHomp(R/m", —).
The right derived functors of 7 are therefore

Rt = @Eth}é(R/mn, -).
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We write H (M) for Ri7M, and call this the i*" local cohomology module of M
with respect to 7.

The corresponding quotient category of ModR is the category of quasi-coherent
modules on the open complement in Spec R of m. This is called the punctured
spectrum of R. If we write X for Spec R, U for the punctured spectrum, and
j + U — X for the inclusion map, then j* = 7n* and j. = m.. Therefore, if
M € ModR, and M = j*M is its restriction to U, then R'j,M = HLY(M) for
1> 1.

For example, when X = A% and U = A%\{0}, one sees that R'j.Oy # 0
because HZ(R) is isomorphic to the injective envelope of R/m (ref???). O

LEMMA 9.5. Let T be a localizing subcategory of A.
(1) If M is noetherian, so is 7" M.
(2) Suppose that every A-module is the union of its noetherian submodules. If

M is a noetherian A/T-module, then there is a noetherian A-module M
such that M = 7* M.

Proof. (1) Replacing M by M/7M, we may assume that M is torsion-free. Let
Ni C Ny C ... be an ascending chain of submodules of 7*M. Because 7, is left
exact, m N7 C m.N3 C ... is an ascending chain of submodules of m,7*M. Thus
N1 NM C mNoNM C...is an ascending chain of submodules of M. Since M
is noetherian, it follows that this chain stabilizes. However, since 7 is left exact, it
commutes with intersection. Thus, for large i,

N;=rmm N;NT*M = 7(mN; N M) = w(me N1 N M) = Ny
Hence the original chain stabilizes, and we conclude that 7* M is noetherian.
(2) By hypothesis, m..M is the union of its noetherian submodules, say .M =
lim M;, where each M; is noetherian. Because 7 has a right adjoint, it commutes
with direct limits, so M & nmnr, M = hi>n7r*Ml Each 7*M; is a submodule of M.
By hypothesis, M is noetherian, so for some i, M = 7*M;. |



APPENDIX A

Categories

These notes are a refresher course.

Much of the action in algebraic geometry takes place within the category
of quasi-coherent sheaves on a scheme. The quasi-coherent sheaves on a quasi-
projective scheme X form an abelian category that is denoted by QcohX.

Abelian categories are common place objects in algebra. The standard example
of an abelian category is the category of modules over a ring. Abstracting the
properties of this category leads to the definition of an abelian category. Every
abelian category can be embedded as a full subcategory of a module category so
the intuition one has from module categories carries over to abelian categories.
There are some differences, and therefore some pitfalls. For example, a sum of
simple modules in an abelian category need not be isomorphic to a direct sum of
simples.

Although one’s intuition from modules is useful one has to become accustomed
to working without elements. Arrows are now an important part of one’s equipment.

A Grothendieck category is a special kind of abelian category that is closer still
to a module category. Not only can it be realized as a full subcategory of a module
category, but this can be done in such a way that the embedding functor has an
exact left adjoint. In other words, every Grothendieck category is a localization of a
module category in the sense of Chapter 77?. A Grothendieck category has enough
injectives, meaning that every object embeds in an injective object. This allows one
to do homological algebra. One of the axioms for a Grothendieck category is that it
be cocomplete. In particular, it has direct limits. It turns out that a Grothendieck
category is also complete. The sheaves of abelian groups on a topological space form
a Grothendieck category, and so do the quasi-coherent O x-modules on a noetherian
scheme X.

1. Special kinds of morphisms and objects

Definition 1.1. A morphism f in a category C is

e monic, or a monomorphism, if g = go whenever fg; = fgo;

e epic, or an epimorphism, if g = go whenever g; f = gaf;

e an isomorphism if there exists g such that fog =id and go f = id. If
such a g exists it is unique, and is denoted by f~!; we call it the inverse
of f. Objects X and Y are isomorphic in C if there exists an isomorphism
f:X—=YinC O

Definition 1.2. Let X be an object in a category C.

A subobject of X is an equivalence class of pairs (A, «) consisting of an object A
and a monomorphism « : A — X; two such pairs (4, «) and (A’, ') are equivalent
if there is an isomorphism ¢ : A’ — A such that o/ = au.

21
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A quotient object of X is an equivalence class of pairs (B, 3) consisting of an
object B and an epimorphism 3 : X — B; two such pairs (B, ) and (B’,a’) are
equivalent if there is an isomorphism ¢ : B — B’ such that 8’ = (3. O

Definition 1.3. An object Z in a category C is

e an initial object if Hom¢(Z, X) is a singleton for all X € Ob(C);

e a terminal object if Homc (X, Z) is a singleton for all X € Ob(C);

e a zero object if it is both an initial and a terminal object.
A zero object is denoted by 0 and, for every pair of objects X and Y, the composition
of morphisms X — 0 — Y is called the zero morphism and is denoted by 0, or Oxy
if necessary. o

Initial, terminal, and zero objects are all unique up to unique isomorphism.
Hence the definition of the zero morphism Oxy does not depend on the choice of
zero object.

2. Products and Coproducts

Definition 2.1. A product of objects X;, i € I, is an object MX; together with
morphisms p; : MX; — X, j € I, such that for any morphisms ¢; : Y — X, j € I,
there is a unique morphism f :Y — MX; making the diagrams

AN

nX; 4>X

commute for all j € I.
We write X; x -+ x X,, for a product of a finite set of objects X1,...,X,, ¢

ExampPLE 2.2. If X x X exists its universal property implies the existence of a
unique map A : X — X x X whose composition with each projection X x X — X
is the identity idx. We call A the diagonal map. %

Definition 2.3. A coproduct of objects X;, ¢ € I, is an object LIX; together with
morphisms ¢; : X; — UX;, j € I, such that for any morphisms o; : X; — Y, j €1,
there is a unique morphism g : UX; — Y making the diagrams

X; 4>MX

N A

commute for all j € I. O

The definitions do not assert that products and coproducts exist.

3. Functors

A functor F : C — D between two categories is a function that assigns to
each object X in C an object FX in D and to each morphism f : X — Y in C
assigns a morphism Ff : FX — FY in such a way that F(f og) = Ff o Fg and
F(idx) =idpx for all f, g, and X in C.

Some have said that a mathematicians job is to find new functors.
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Among the most famous examples is the fundamental group which is a functor
from the category of topological spaces to groups. It allows one to obtain topological
results by algebraic methods. For example, it follows easily from the definition that
a functor sends isomorphic objects to isomorphic objects. Hence, two topological
spaces having non-isomorphic fundamental groups are not homeomorphic.

A functor F : C — D is full if the map Hom¢(X,Y) — Homp(FX, FY),
f — Ff,is surjective and is faithful if this map is injective. If F' is both full and
faithful we say it is fully faithful. If F' is fully faithful then D (almost!) contains a
copy of C.

4. Natural transformations

Definition 4.1. Let F, F' : A — B be functors. A natural transformation 7 : F' =
F is a class of morphisms 7, : FM — F'M, one for each object M € A, such that
for each f € Homa (M, N) the diagram

M 2

(4_1) lel J(TN

M —— F'N
FIf

FN

commutes.
If each 7,/ is an isomorphism, 7 is said to be a natural equivalence or isomorphism,
F and F’ are said to be naturally equivalent or just isomorphic, and we write F = F”.
Categories C and D are equivalent if there are functors F : C — D and F' : D —
C such that FF' =~ 1dp, and F'F = Idc. O

5. Yoneda’s Lemma

Let C be a category and D the category of contravariant functors C — Sets.
The Yoneda functor

C—D

sends an object X to the functor Homc(—, X) and a morphism f : X — Y to
the natural transformation Homc(—, f) : Homc(—, X) — Homc(—,Y") defined by
Homc(—,f)(g) = fog for g€ HOmc(S,X).

LEMMA 5.1. The Yoneda functor is fully faithful, i.e., its “image” is equivalent
to C and if 7 : Homc(—, X) — Homc(—,Y) is a natural transformation there is a
unique morphism f: X — Y such that Ts = fo— for all S.

A functor F in D is representable if F' = Homc(—, X) for some X. Any two
representing objects are isomorphic via a unique isomorphism, i.e., if we have two
natural isomorphisms 7; : ' — Hom¢(—, X;), (¢ = 1,2), there is a unique isomor-
phism f: X3 — X5 such that Homc(—, f) o 71 = 7o.

The product and coproduct of a family of objects M; in C can be characterized
by the existence of isomorphisms

Homc (N, MM;) = M Homc(N, M;)

and
Homc (UM;, N) =2 NMHomc(M;, N)
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for all objects N in C. In other words, the existence of a product or coproduct can
be phrased as the representability of a functor. For example, if the product exists
it represents the functor

N — MHomc¢ (N, M;).

6. Adjoint pairs of functors

It has been said that categories were invented to define functors, that functors
were invented to define natural transformations, and that natural transformations
were invented to define adjoint pairs of functors.

Definition 6.1. Let f*:C — D and f, : D — C be functors. We say that f* is
a left adjoint of f,. and that f, is a right adjoint of f* if the functors Homc(—, f.—)
and Homp(f*—, —), taking C°P x D — Set, are naturally equivalent.

We write f* 4 f. to denote the fact that f, is right adjoint to f*. We call
(f*, f) an adjoint pair if f* 4 f.. We call (f*, f., f') an adjoint triple if f* - f, and
fe AL O

PROPOSITION 6.2. Let f*: C — D and f. : D — C be functors. Then (f*, f«)
is an adjoint pair if and only if for all M in C and N in D there are bijections

(6-1) vpn - Home(M, foN) — Homp(f*M, N)
such that if « € Homc(M, M) and 8 € Homp (N, N'), the diagram
Homc (M, f,N) —X~, Homp(f*M’, N)

(—)oal l(—)o(f*a)

(6-2) Homc (M, f.N) —** Homp(f*M,N)
(f*ﬂ)O(—)l lf""(—)

Home (M, f,N') 22", Homp(f* M, N')
commutes.

The commutativity of (6-2) is equivalent to the condition that

(6-3) v(doa)=v(A\)o ffa
and
(6-4) V(f.Bo ) = Bov(N)

for all A\: M’ — f,N. There are similar identities involving v-1,

The maps vj;y give a morphism of bifunctors
v : Homc(—, fi—) — Homp(f*—, —).

The commutativity of (6-2) says that this morphism is a natural transformation in
each variable.

The paradigmatic algebraic example of an adjoint pair is provided by the tensor
and Hom functors.

EXAMPLE 6.3. If gBg is an R-S-bimodule, then — @ B is a left adjoint to
Homg (B, —). In particular, if M is a right R-module and N is a right B-module,
then the map that sends A to the map m ® b — (A(m))(b) is an isomorphism

Homp(M,Homg(B,N)) —— Homg(M ®g B, N).
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One checks that the diagrams in Definition 6.1 commute by using the explicit form
of the map. O

EXAMPLE 6.4. A ring homomorphism f : R — S induces an adjoint triple of
functors (f*, f., f') as defined in Example ??. We mean that (f*, f.) and f., f')
are both adjoint pairs. The fact that (f*, f.) is an adjoint pair is a special case of
Example 6.3 with the bimodule being pSs. The fact that (fs, f*) is an adjoint pair
is also a special case of Example 6.3 with the bimodule being ¢Sgr. We call f* and
f+« the inverse image and direct image functors associated to f.

If g : S — T is another ring homomorphism, then g, o f. = (g o f). and

frogr=(gof). %
PROPOSITION 6.5. Let (f*, fi) be an adjoint pair of functors with f*:C — D
and v : Homc(—, f.—) — Homp(f*—, —) the associated isomorphism of bifunctors.

There are natural transformations
e: f*fe —idp n:ide — fof*
defined as follows. If M is in C and N is in D, then

(6-5) v = v (idpear) : M — fof*M
and

(6-6) ey =v(dsn): [ fxN — N.
If a € Homc (M, f.N) and 8 € Homp(f*M, N) then
(6-7) v(ia) =en o f*(a)

and

(6-8) v=H(B) = f.(B) o mur.

THEOREM 6.6. Let (f*, f) be an adjoint pair of functors with associated counit
e: f*f. —id. Then
(1) f« is full if and only if every epr is split monic;
(2) f« is faithful if and only if every epr is epic;
(3) f« is fully faithful if and only if every ey is an isomorphism.

7. Additive categories
Definition 7.1. A category is

e pre-additive if all its Hom sets are abelian groups, and composition of
morphisms is bilinear,

e additive if it is pre-additive and has finite products and coproducts, and
contains a zero object. O

LEMMA 7.2. Let f be a morphism in an additive category. Then
(1) f is monic if and only if fg =0 implies g =0, and
(2) f is epic if and only if gf = 0 implies g = 0.

Remark. In an additive category a coproduct of the empty family is an initial
object and a product of the empty family is a terminal object. Therefore the axiom
that an additive category has a zero object follows from the other axioms.
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7.1. Direct sum. A coproduct in an additive category is called a direct sum
and is denoted by €D rather than L.

The next result says, among other things, that in an additive category a finite
direct sum of objects is canonically isomorphic to their product. Give an example
to show this is not true of infinite direct sums.

PROPOSITION 7.3. Let {M; | i € I} be a small set of objects in an additive
category, and suppose that their product and direct sum exist. Let

OéjZMj—>®MZ‘ and pJﬂMzHMJ

be the morphisms guaranteed by the definitions. For each pair of indices (i,j) define
(5; : Mi — Mj by

§i = _
J id]yji Zfi:j.

(1) there are unique maps €; : M; — MM, such that p;ej; = 5{ foralli,j€l;
(2) there are unique maps vy; : €@ M; — M; such that vja,; = 5; foralli,jel;
(3) there is a unique map

\I/:@Mi—w‘lMi

such that Yo, = ¢; for all i € I;
(4) p;¥ =1, foralljel;
(5) if I is finite, then ¥ is an isomorphism.

7.2. Kernels and cokernels.

Definition 7.4. Let f: M — N be a morphism in an additive category o. A

e kernel of f is a pair (4, «), consisting of an object A and a morphism
a: A — M such that fa =0 and, if o’ : A’ — M is a morphism for which
fa’ =0, then there is a unique morphism p : A’ — A such that o/ = ap.

e cokernel of f is a pair (B, (), consisting of an object B and a morphism
B: N — B such that 8f =0 and, if 3/ : N — B’ is a morphism for which
B’ f = 0, then there is a unique morphism p : B — B’ such that 5’ = pg.
0

If a kernel or cokernel exists it is unique up to unique isomorphism.

LEMMA 7.5. Let f: M — N be a morphism in an additive category. Then
(1) f is a monomorphism if and only if ker f = (0 — M);
(2) f is an epimorphism if and only if coker f = (N — 0).
PROPOSITION 7.6. Let f : M — N be a morphism in an additive category.
Then

(1) if ker f exists, it is a subobject of M ;
(2) if coker f exists, it is a quotient object of N.
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7.3. Images and coimages. Let f : M — N be a morphism in an additive
category having kernels and cokernels. Let ¢ : ker f — M and n: N — coker f be
the kernel and cokernel. The image and coimage of f are defined to be

im f :=kern
coim f := coker .

We now show there is a canonical map ¢ : coim f — im f making the rectangle
in the diagram

K =ker f ‘ M ! N ! C = coker f
| |
comf——— — — -+ im f

commute. Since fi = 0, f factors through coker ¢; this gives a map f : coim f — N
such that fa = f. Now 0 = nf = nfa; but «a is epic so nf = 0; hence f factors
through ker7. This gives the map ¢ satisfying 3¢ = f.

The reason you may not have encountered the coimage before is that in an
abelian category the map ¢ is always an isomorphism so one only uses the word
“image”.

8. Abelian categories

Definition 8.1. An additive category is abelian if every morphism has a kernel
and a cokernel, and the natural map coim f — im f is an isomorphism for all f. ¢

Every morphism f : M — N in an abelian category may be factored as f = Soa
with a an epimorphism and # a monomorphism.

PROPOSITION 8.2. A map in an abelian category is an isomorphism if and only
if it is both a monomorphism and an epimorphism.

Proof. If f: M — N is monic and epic, then its kernel and cokernel are zero, so
coim f = M and im f = N, whence M = N. (I

Gabriel-Popescu



