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Eicaywyn

H dewpla twv topayduevey cuvaptntdv (derived functors) oe affehovéc xotn-
yopleg anoteAel yior Vepehwdn évvola T opoloyixic dAyefpac 1 onola dlateeyel
Ohat toL oy ypove pardnuatind, ewixdtepa TNV ahyeBpxy Yewuetplo, oxdpa xaL TN
Yewpntnd, puowd. Q¢ enduevo Bhua, 1 Jewpio v Topaydpevev (derived) xatn-
YopLwY elvar €vaL LloyLeo epyaleio Tou anhonolel oNUAVTIXG TNV ouoloyixY) dhyeBpa.
H perétn, howndy, yetaronileton amd to avtixelpeva pog xatnyoplac otny HEAETN
Twv chain complexes, mou anotelAolVTHL and AVTIXEUEV TNG XANTNYOoplAC, EPODL-
aouéva pe pla toyupdtepn évvola looduvoplas (awth twv quasi-ismoprhisms). H
Yewplo avti, €xel tic pilec Tneg otny doudewd [Tohoku] twv Alexander Grothendieck
xot, Tou padnty tou, Jean-Louis Verdier, n omolo pag divel Ty duvatdtnta vor ex-
(PEACOUNE EVVOLEC UE AMAG X0 MEQIGCOTEQO XATAVONTO TEOTO ANOPELYOVTAUC TNV
¥eYion Tep(mAOXWY PUOUATIXGY axoAoUTHOY.

H 8éa niow and Tic derived categories eivon 1 e€fc: «Ta complexes elvar kaAd,
€vd) 1 opoloyla twy complexes eivar kaxiy. ‘Onwe avopépidnxe xot napandve, Yo
Yé€hape tor chain complexes w¢ €80mOL6 - AUETIBANTO GTOLYEID TWV YWEWY, ETELDT
€youv OAn TNV TANEogopia oL Woc elvar yeown yia TNV ouoTonia EVOS YOEOU,
- 1 opohoylo mepléyel Aydtepn mAnpogopla - ondte €tol mponide 1 TopUTAVE
Wéa. Ao, hotndv, ta otoryela tne derived category efvan ta chain complexes,
yeerolopacte Evay Tpono va tauti{ouue autd Tol omola elvor lopopQIXd, 0dNYoU-
HAOTE €101, oTNY évola TV quasi-isomorphisms ot onolot nallouv évav onuoavtind
EONO OTNV XOTACKELT] TNG VEOG aUTHC xatnyoplag, SivovTtde pag thv loyuedteen
évvola looduvauiog mou avapépoue. Edxdtepa, oyotomxd complexes elvan quasi-
LOOUOPPLXY.

O x0plog oxonde authc e dimhwpotixrc epyaciag elvar 1 oamddelEn Tou Yew-
phuoTog g pacuatxic oxoloudiag tou Grothendieck 5.2.2 1 onola unohoyilel
toug derived functors tne obvideone Vo cuvapTNTRY, Yvwellovtac uévo toug de-
rived functors xotéva cuvaptnt. H @oaopatixr axoloudla tou Leray 5.5.8 xou
N @oaopatxr) axoloudla twv Lyndon-Hochschild-Serre efvan 800 ex twv molhdv
GAAWY EBUOY TEQLTTWOEWY NS paopatixfic axoroudiog tou Grothendieck.

Y10 tedevtalo xe@dhouo g epyaciac Yo dodpe 800 amodellelc auTol TOU
ATOTEAEOUATOC, 1) TEWTY YENOWOTOLOVTNSC UOVOV YVOOES omd TNy Vewpla @ao-
HOTIXEY 000wV xou 1) BE0TERT), IO GUEST] XU ATAOTIOUNUEVT], OTN YAWOON TWV
derived categories. Aev o frav Addog vo cupnepdvoupe Twe ol derived cate-
gories poc mopé€youv €vay o anAd TEOTO Vo XEVOUUE UTOAOYIGHOUS oL ontolol Yo
ATy TOAUTAOXOTEROL AV YLVOVTOUGAY HETE PUOUATIXDY aXOAOUTHOY.

Ilio cuyxexpyéva, oTo TEOTO XePdhato YuuduacTe xdmoloug Pacixols oplo-
polC %o XaTaoXEVES OTwe elvan 1 (Guv)opoloyia, 1 oyéon opotomioe, o axplPh
Tplywva xau o tprywvioles xotnyopie, détovtac étot to Yepéhia yio ta axdroudo
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xepdhato. 3to dedtepo xe@diono xortaoxevdlovue Toug aplotepols derived func-
tors (xou duixd toug 8e€lolc), delyvouue Twe eivar xahd optopgévol xan onhlOuao e
ue T xatdhAnhec mpotdoeic xou moplopata. Ev cuveyela, oto tpito xegdioo,
nafpvoupe pol LE amd TOV XOOUO TWV PUOUATIXDY X0 oUthay, xatohofaivovTtag
e opilovton xou cUYXAVOUY EVE TapdAANAct BAETOVUE - S TOPUDElYHATO - TS
xdmotot A1 Yvwo té anotehéopota (Onwe to Snake Lemma) omodetxviovtan ebxoha
uE Xpron autol Tou Véou epyaAelou. MTO TETUPTO EPANOLO, TOTUXOTOOVUE TNV
xatnyoplo opotomlac wac ofehlovic xatnyoplag we Tpog Toug quasi-isomorphisms
nafpvovtog €tol tnv derived category, 6mou e&nyolue xou T owTH AetToupYet,
onhady, mold elvan Tor avtixeluevoe, ol pop@lopol xan 1 oOvieon HopPPLOUGY TNS.
Telxd, oto méunto xepdhato, amodetxvioupe to Yewpnua tou Grothendieck, 6mewg
TEQLYPAPTUE TUPATEVE, XL €V GUVEYE(DL XAVOUUE Wial GUYTOUY) OVIPORE GTNY (Pas-
poti axoloudior Tou Leray toviCovtag v duecon enaywyy) Tng and outhiv Tou
TEWTOL.

Adva, 30 Maptiouv 2021



Introduction

The theory involving derived functors on abelian categories is a fundamental
concenpt of homological algebra that has a lot of applications on modern math-
ematics, especially on algebraic geometry, and even on theoretical physics. De-
rived functors, being an important tool, it was necessary to take the next step
and extend our theory, introducing ourselves to derived categories, which sim-
plify a lot of homological algebra. Instead of looking at the objects of a category,
we study their chain complexes which are equipped with a stronger concept of
equivalence (that of quasi-isomorphisms). All this has its roots in [Tohoku], the
work of Alexander Grothendieck and, his student, Jean-Louis Verdier, which
provided us with essential tools to avoid using the, more complex, spectral se-
quences.

The motto - idea, one will find in every paper concerning the derived cat-
egories, is “Complexes Good, Homology of Complexes Bad”. As stated above,
we needed chain complexes as a natural invariant because they have all the
information we want about the homotopy of a space - homology holds little
information about that - thus the motto. With this, quasi-isomorphisms, which
are isomorphisms of the induced maps on homology, come in to play a crucial
role into the construction of derived categories, identifying the isomorphic com-
plexes in our new category, which is the stronger equivalence relation we needed.
Namely, homotopic complexes are also quasi-isomorphic.

The main goal of this thesis is to prove Grothendieck’s Spectral Sequence
Theorem 5.2.2 which computes the derived functors of the composition of two
functors, by knowing the derived functors of each functor. The Leray spectral
sequence 5.5.8 and the Lyndon-Hochschild-Serre spectral sequence are just a
couple out of the many special cases of Grothendieck’s spectral sequence.

We will see two proofs of this result. The first time using some basic knowl-
edge about spectral sequences and hypercohomology and the second time, a
more direct - simplified proof, using derived category language. It wouldn’t be
false to assume that the derived category has provided us with a simpler way
of doing calculations which are rather complicated if done using the spectral
sequence formula.

More precisely, in Chapter 1 we are reminded of some basic definitions and
structures such as (co)homology, homotopy, exact triangles and triangulated
categories, thus setting the stage for the following chapters. In Chapter 2 we
construct the left derived functors (and dually the right ones), we show that they
are well defined and equip ourselves with the needed propositions. In Chapter
3 we take a quick glance into the spectral sequences world, understanding how
they are defined, how they converge as well as seeing some examples of already
known results (like the Snake Lemma) being easily proven using our new tool.
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Next, we localize the homotopy category of an abelian category with respect to
quasi-isomorphisms, thus obtaining the Derived Category in Chapter 4, where
we also explain how this works (object, morphism, composition - wise). Finally,
in Chapter 5, we have all the tools we need to prove Grothendieck’s Spectral
Sequence Theorem, using both spectral sequences and derived categories, the
later making the proof as easy as a corollary. As a direct application of this, we
take a quick look at Leray’s Spectral Sequence.

Athens, April 23, 2021



Chapter 1

Basic Definitions

1.1 Complexes, Homology & Functors

Definition 1.1.1. Let o/ be an abelian category. A complex is a sequence of
objects (called terms) and morphisms (called differentials),

dnt1 dn dn—1
An+1 An An—l ”

(1.1)
with the composite of adjacent morphisms being 0:

dpodpy1 =0, foralneZ
We write (Ae,de) (or simply A) for the sequence described above.

In the category of left R-Modules pMod the condition d,d,,+1 = 0 is equiv-
alent to Imd,+1 C Kerd,,.

Definition 1.1.2. Let o/ be an abelian category. We will define the cate-
gory Ch(<) of complexes in o/ as the category which has as objects complexes
(A, ds) whose terms and differentials are in <, as morphisms chain maps

F=(fa): (Ae,ds) —> (A, dL)

making the following diagram commute:

dni1
Anir A, At — .

lfﬂJrl lfﬂ lfnfl (12)
S, ! ;

d
n+1 n
A A A —

n n—1

(i.e. fpodpt1 = d;L+1  fuy1 forallneZ )
and as composition (g,) o (fn) = (gn o fn) (i.e. coordinatewise composition).

Remark 1.1.3. (i) Ch(&) is an abelian category when </ is. The proof is
really simple, i.e. the zero object is the complex -+ — 0 — 0 —
0 — ... and the kernel of a morphism is the complex whose terms are
the Kerf,,, n € Z.
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(it) FEvery exact sequence is a complex, for the equalities Imd,11 = Kerd,
imply dpy1d, = 0.

Since Ch(&) is an abelian category when 7 is, its Homomorphism sets are
abelian groups, i.e. addition is given by

f+9=(fntgn), where f=(fn) and g=(gn).
Example 1.1.4.

o IfAc Ob() and k € 7 is a fized integer, then the sequence p*(A) whose
k-th term is A and other terms are 0 and differentials are zero maps is a
complez, called concentrated in degree k.

e FEvery morphism f : A — B is a differential and the induced complex is
called concentrated in degrees (k,k —1).

o A short exact sequence can be made into a complex by adding 0s to the
left and right:

00 ALBLY S0 0 .
We assume that A is term 2, B is term 1 and C is term 0.

e FEuvery sequence of objects (M) occurs in a complex, namely, (M,,ds) in
which all the differentials d,, are 0.

Now we observe that the idea of describing a module by generators and rela-
tions gives rise to a complex. Remember that every R-module M is a quotient
of a free R-module, thus M = F/K, where F is free and K is the submodule of
relations, that is, 0 = K — F — M — 0 is exact; i.e. K = Ker(F — M). If X
is a basis of F' then, (X|K) is called a presentation of M. Basically, (X|K)
is a complete description of M up to isomorphism but, in practice it gives us
little information. A presentation though, allows us to treat equations in M as
if they were equations in the free R-module F'. Computations in F', especially
those involved in whether elements of F' lie in K, become much simpler when
K is also free and thus it has a basis (submodules of free modules need not be
free). However, if R is principal ideal domain then, every submodule of a free
module is free, and so K has a basis Y. In that case we say that (X|Y) is a
presentation.

For a general ring R we can iterate the idea of presentations in the following
form: if M ~ F/K, where F is a free, then K = F;/K; for some free F; (thus
K is the relations among the relations). Now 0 — Ky — F; — K — 0 is exact.
Splicing this to the earlier exact sequence gives exactness of

0K - S5FSsM=0

where d : F; — F' is the composite F; — K C F and Imd = K = Ker(F — M).

Now, we can repeat this and get Ky ~ F5/K, for some free F,. Contin-
uing this construction gives an infinitely long exact sequence of free modules
and homomorphisms, called a resolution of M, which serves as a generalized
presentation, it is a way of treating equations in M by a sequence of equations
in free modules. Keep in mind that resolutions are exact sequences, and exact
sequences are complexes.
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Definition 1.1.5. A projective resolution of A € Ob(</), where & is an
abelian category, is an exact sequence P

in which each P, is projective (see A). If o is pMod or Modgr, then a free
resolution of a module A is a projective resolution in which each P, is free; a
flat resolution is an exact resolution in which each P, is flat.

If P is a projective resolution of A, then its deleted projective resolution
s the complex Py

4)P2d—2)P1d—1>P0*>0

A projective resolution (or free or flat) is a complex if we assume that it has
been lengthened by adding Os to the right. Of course, a deleted resolution is no
longer exact if A # 0, for Imd; = Kere # Ker(Py — 0) = Fp.

Deleting A loses no information: A = Cokerd;; the inverse operation, restor-
ing A to P4, is called augmenting. Deleted resolutions should be regarded as
glorified representations.

Proposition 1.1.6. FEvery (left or right) R-module A has a free resolution
(which is necessarily a projective resolution and a flat resolution).

Proof. There are a free module Fjy and an exact sequence
0— K1 5 Fy 5 A—0.

Similarly, there are a free module Fi, a surjection 1 : F; — Kj, and an exact
sequence
0—)K21—2>F1 6—1)K1—>0

Splice these together: define d; : F; — Fy to be the composite i121. It is plain
that Imd; = K7 = Kere and Kerd; = K», yielding the exact row

FR—2 R+ A4—0

e EI\K/Z:

OHKQ

This construction can be iterated for all n > 0, and the ultimate exact sequence
is infinitely long.
Now for the parenthetical statement: free = projective = flat.

We have proven more.

Corollary 1.1.7. If & is an abelian category with enough projectives, then
every object has a projective resolution.

Remark 1.1.8. An abelian category <7 is said to have enough projectives if,
for every object A € of there is a projective object P € &/ and an epimorphism
P — A, or equivalently, a short exact sequence

0—-B—-P—A—0.
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Definition 1.1.9. An injective resolution of A € Ob(</), where &/ is an
abelian category, is an exact sequence E

0 1
0ALE S B2
in which each E™ is injective (see A).

If E is an injective resolution of A, then its deleted injective resolution
is the complex EA

0 1
0B S E S R
Deleting A loses no information, for A = Kerd’.

Proposition 1.1.10. Every (left or right) R-module A has an injective resolu-
tion.

Proof. Similar to the previous proof, but instead of kernels we use cokernels.
O

Deleted injective resolutions should be regarded as duals of presentations.

Corollary 1.1.11. If & is an abelian category with enough injectives, then
every object has an injective resolution.

Remark 1.1.12.

e FEvery sheaf with values in </ has an injective resolution.
e Most categories of sheaves do not have enough projectives.

o We may lengthen an injective resolution by adding Os to the left, but this
does not yet make it a complex, for the definition of complexes the in-
dices must decrease if we go to the right. The simplest way to satisfy the
definition is to use negative indices: define C_,, = E™, and

0-A—-Co—C_1—-C_5—...
is a complez.
Definition 1.1.13. Given a projective resolution P in an abelian category <,
s Py P P PSS A,
define Ky = Kere and K,, = Kerd,,, for n > 1. We call the K,, the nth syzygy

of P.
Given an injective resolution E

dO dTI,
0ALE S E' ... 5 Er S prtl

define VO = Cokern and V" = Cokerd™™ !, for n > 1. We call V" the nth
cosygyzy of E.

Example 1.1.14. Let & be an abelian category
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(i) Let F: o7 — Ab (the category of abelian groups) be a covariant additive
functor, and let A

o= A, ﬂ>An,1 — ...
be a complex. Then (FA,Fd) =FA is

F(dn)

is also a complex, for 0 = F(0) = F(dndn+1) = F(dy)F(dpt1) (the equa-
tion 0 = F(0) holds because F is additive). Note that even if the original
complez is exact, the functored complex FA may not be exact.

(i) If F is a contravariant additive functor, it is also true that F' A is a complex
but we have to arrange notation so that differentials lower indices.

Definition 1.1.15. If A is a complex in Ch(</), where &/ is an abelian cate-
gory, define
n — chains = A,

n — cycles = Z,(A) = Kerd,
n — boundaries = B,,(A) = Imd,, 1.
Notice that A,,, Z,, and B, all lic in <.
In RkMod the equation d,,d,+1 = 0 in a complex is equivalent to the condi-

tion Imd,,+1 C Kerd,,, hence B, (A) C Z,(A) for every complex A. This is also
true in an abelian category:

Definition 1.1.16. If A is a complex in Ch(<), where </ is an abelian cate-
gory, and n € Z, its n-th homology is

Hn(A> = Zn<A)/Bn(A)-

Now H,(A) lies in Ob(«) if quotients are viewed as objects. However, if we
recognise o as a full subcategory of Ab, then an element of H,(A) is a coset
z + By, (A), which we call a homology class, and often denote it by cls(z).

Example 1.1.17.

(i) A complex A is an exact sequence if and only if H,(A) = 0 for all n.
Thus, homology measures the deviation of a complex from being an exact
sequence. An exact sequence is often called an acyclic complex; which
means no cycles that are boundaries.

(i) There are two fundamental exact sequences arising from a complex A
for each n € Z,

0—>Bni>Zn—>Hn(A)—>O
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and
. d/
0= Z, % A, = B,_1 — 0,

where iy, jn are inclusions and jp_1in_1d, = dy; that is d), is just d,, with
its target changed from A, _1 to Imd,, = B,,_1.

(ii) If A is a complex with all d,, =0, then H,(A) = A, for alln € Z, for
H,(A) = Kerd, /Imd,, 11 = Kerd,, = A,.

In particular, the subcomplexes Z of cycles and B of boundaries have all
differentials 0, and so H,(Z) = Z,, and H,(B) = B,

Metatheorem 1.1.18. Let &7 be an abelian category.

(i) If a statement is of the form “p implies q”, where p and q are categorical
statements about a diagram in <7, and if the statement is true in Ab, then
the statement is true in <.

(ii) Consider a statement of the form “p implies q”, where p is a categori-
cal statement concerning a diagram in </, and q states that additional
morphisms exist between certain objects in the diagram and that some cat-
egorical statement is true of the extended diagram. If the statement can be
proved in Ab by constructing the additional morphisms through diagram
chasing, then the statement is true in <.

Proposition 1.1.19. If & is an abelian category, then H, : Ch(«/) — & is
an additive functor for each n € Z.

Proof. In light of the Metatheorem, it suffices to prove this proposition when
o/ = Ab. We have defined H,, on objects, it remains to define H,, on morphisms.
If f: A — A’is a chain map, define H,(f) : H,(A) — H,(A’) by

H,(f):cls(zn) — cls(fnzn).

We must show that f,,z, is a cycle and that H,(f) is independent of the choice
of cycle z,; both of these follow from f being a chain map, that is, from com-
mutativity of the following diagram:

d dn
e Apyg /S A, s Ay —— L

lfn«#l J/fn lfn—l
, d, d

’ n !
e A AL A s

n—1
First, let z be an n-cycle in Z,(A), so that d,z = 0. Then commutativity of
the diagram gives d), f,z = fn_1dnz = 0, so that f,z is an n-cycle.
Next, assume that z + B, (A) =y + B, (A), hence z —y € B, (A);
=Y = dn+1a

for some a € A, 11. Applying f,, gives

Jnz = fny = fadni1a = d%fn+1a € Bn(A/).
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Thus, cs(fnz) = cls(fny), and H,(f) is well-defined.

Let us now see that H,, is a functor. It is obvious that H,,(14) is the identity.
If f and g are chain maps whose composite g f is defined, then for every n-cycle
z, we have (with obvious abbreviations)

H,o(gf) : cls(z) = (gf)ncls(z)
= gnfn(cls(z))
= H,(g)(cls(fnz))
= H,(9)Hn(f)(cls(z)).
Finally, H,, is additive: if f,g: A — A’ are chain maps, then
Hy(f +g) = cls(2) = (fa + gn)cls(z)

=ds(fnz + gnz)
= (Hn(f) + Hn(g))cls(2).

O

The previous proposition says that if A is a complex in an abelian category
of , then H,(A) € Ob(«) for all n € Z. In particular, if &7 is the category of
all sheaves of abelian groups over a space X, then H,,(A) is a sheaf.

Definition 1.1.20. We call H,(f) the induced map, and we usually denote
it by fo, or simply f..

The following construction is fundamental. It gives a relation between dif-
ferent homologies. The proof is a series of diagram chases, which is legitimate
because of the Metatheorem.

Proposition 1.1.21. Let & be an abelican category. If
0-A 5454 50

is an exact sequence in Ch(gf), then, for each n € Z, there is a moprhism in

o
B« Ho(A") — H,_1(A")

defined by

O s cls(2]) = cls(in ! dupyt2l).

Definition 1.1.22. The morphisms 0, : H,(A") — H,,_1(A’) are called con-
necting homomorphisms.

The first question we ask is what homology functors do to a short exact
sequence of complexes. The next theorem is also proved by diagram chasing.

Theorem 1.1.23. (Long Exact Sequence) Let o/ be an abelian category. If
04545450
is an eract sequence in Ch(<?), then, there is an exact sequence in </

s Hy (A7) 2 HL (A S H(A) B Hy (A7) 2 H (A <
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Proof.

O

The Long Exact Sequence theorem is often called the exact triangle be-

cause of the diagram
Ho(A) H,(A)
\ /
)
Corollary 1.1.24. (Snake Lemma) Let < be an abelian category. Given a

H.(A//
commutative diagram in </ with exact rows,

i

0 A’ A Al 0
f g h
0 B’ B B” 0

there is an exact sequence in </
0 — Kerf — Kerg — Kerh — Cokerf — Cokerg — Cokerh — 0.

Proof. If we view each of the vertical maps f, g and h as a complex concentrated
diagram in degrees 1, 0, then the given commutative diagram can be viewed as
a short exact sequence of complexes. The homology of each of these complexes
has only two nonzero terms (H; = Kerf, Hy = Cokerf and the other H,, = 0).
The lemma now follows from the long exact sequence.

O

Theorem 1.1.25. (Naturality of 0) Let o/ be an abelian category. Given a
commutative diagram in Ch(</) with exact rows,

0 A/ 7 A D A// 0
f g h
0 B - B B’ 0
7 q

there is a commutative diagram in o/ with exact rows

L —— Ho(A) —= H,(A) —2 H,(A") —2 H,_(A) — ...

lfx lg* lh* lf*
. —— H,(B) —— H,(B) —— H,(B") — H, 1(B) — ...
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Proof. Exactness of the rows is the Long Exact Theorem, while commutativity
of the first two squares follows from H,, being a functor. To prove commutativity
of the square involving the connecting homomorphisms, let us first display the
chain maps and differentials in one (3D) diagram:

n—1 ‘ ) n—1 |
; | , | . |
* 1 * ~ * v
) S 2 A B g A R > Bl -meen » 0
& 5 &
w e w
0 —— Bn 1 F Bn1 q BZ,1 — > 0

If cls(2") € H,(A"), we must show that f.0cls(z") = Oh.cls(z"). Let a € A,
be a lifting of 2", that is, pa = 2z”. Now Jcls(z") = cls(z'), where iz’ = da.
Hence, f.0cls(z") = clscls(fz"). On the other hand, since h is a chain map, we
have gga = hpa = hz”. In computing 0’'cls(hz"), we choose ga as the lifting of
hz"”. Hence, &'cls(hz”) = cls(u'), where ju' = dga. But jfz' = giz’ = gda =
dga = ju', and so fz' = ', because j is injective.

[

1.2 Homotopic Chain Maps

There are interresting maps of complexes that are not chain maps.

Definition 1.2.1. Let A and B be complezes, and let p € 7. A map of degree
p, denoted by s : A — B, is a sequence s = (Sp) with sy, : Ay, — By for all n.

For example, a chain map is a map of degree 0, while the differentials of A
form a map d: A — A of degree -1.
We know introduce a notion that arises in topology.

Definition 1.2.2. A chain map f : A — A’ is null-homotopic, denoted by
f =~ 0 (where 0 is the zero chain map) if , for all n, there is a map s = (s,) :
A — A’ of degree +1 with

fn = d;l+15n + Sp—1dn.

dnt1 dn,
n+1 n 1 r

w / y” A pm

’ n /
dn+1 d

Definition 1.2.3. Two chain maps f,g: A — A’ are homotopic, denoted by
f~g if, f—g~0.

Theorem 1.2.4. Homotopic chain maps induce the same morphism in homol-
ogy: if f,g: A — A" are chain maps and f ~ g, then for all n,

fe, = s, t Hi(A) — H,(A)
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Proof. If z is an n-cycle, then d,z = 0 and
JnZ = gnz =d, 1502 + Sn_1dnz = d;, 1 5p2.

Therefore, f,z — gnz € By(A’), and so fi, = gs,.

n

O

Definition 1.2.5. A complex A has a contracting homotopy if its identity
14 is null-homotopic. A complexr A is contractible if its identity 1 = 14 1is
null-homotopic; that is, there is s : A — A of degree +1 with 1 = sd + ds.

Proposition 1.2.6. A complex A having a contracting homotopy is acyclic,
that is, it is an exact sequence.

Proof. 1a : H,(A) — H,(A) is the identity map, while 0, : H,(A) — H,(A)
is the zero map. Since 1o ~ 0, however, these maps are the same. It follows
that H,(A) = {0} for all n, that is, Kerd,, = Imd,, 1 for all n, and this is the
definition of exactness.

O

Definition 1.2.7. The homotopy category of complexes K(<7) is the category
whose objects are the objects of Ch(<), i.e. Ob(K(«/)) = Ob(Ch(<)), and
morphisms Homg ) (A, A) = Homgpiary (A, A/ ~.

That definition makes sense, i.e. that the composition is well-defined in
K(&), follows from the following assertions which are easily verified.

Proposition 1.2.8.

(i) Homotopy equivalence between morphisms A — A’ of complexes is an
equivalence relation.

(ii) Homotopically trivial morphisms form an ideal in the ring of morphisms

of Ch(<).
(iii) If f ~g: A — A’ then H,(f) = H,(g) for all i.

(iv) f: A — A and g : A — A are given such that f o g ~ idg and
go f ~ idy , then f and g are quasi-isomorphisms (which means that

the induced morphisms H,(A) EiN H,(A") £ H,(A) of homology

groups, of f and g, are isomorphisms for all n, see 4.1.1) and actually,
Hn(f_l) = Hn(g)'

1.3 Cohomology As a Dual to Homology

The Cohomology is dual to homology in the sense that it is obtained by reindex-
ing with superscripts. Namely, we take the so called cochain complex with
rising indices by: A" = A_,,.

Definition 1.3.1. Let o7 be an abelian category. A cochain complex A in of
is a sequence of objects (terms) A™ € &/ and morphisms (differentials):

o dnfl d’n.
ce AT L A Sy AT

with the composite of adjacent morphisms being 0.
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Morphisms, which now are called cochain maps (and later on the quasi-
isomorphisms, see 4.1.1) are defined exactly as for chain complexes. All the
cochain complexes of &7 form the category Co(«) of cochain complexes in 7.
Now we have the following for an cochain complex A:

(i) Z™(A) = Ker(d™) are the n-cocycles,
(ii) B"(A) =Im(d"~!) are the n-coboundaries,
(iii) and the subquotient H"(A) = Z™(A)/B™(A) is the n-cohomology of A.

1.4 Triangulated Categories

One of the most important things that we lost in passing to the homotopy
category (K(«7) = the category whose objects are complexes of objects in &7
and morphisms are chain maps modulo the homotopy equivalence relation) is
the ability to say that a sequence of morphisms is exact: we no longer have
notions of kernel and cokernel, since it is not an abelian category. Verdier’s
initial contribution to the development of derived category was the observation
that a form of exactness is still preserved, in the notion of exact triangles.

Definition 1.4.1. Let & be an additive category. The structure of a triangulated
category is given by an additive equivalence

T:9 — 9,
the shift functor, and a set of distinguished (or “exact”) triangles
A— B—C—T(A)

subject to the axioms TR1 - TR/ below:

Before we actually explain the axioms TR, we’ll introduce the notation
All] == T(A) for any A € Ob(2) and f[1] = T(f) € Hom(A[l], B[1]), for
any f € Hom(A, B). Similarly, one writes A[n| :=T"(A) and f[n] := T"(f) for
n € Z. Thus a triangle will also be denoted by A — B — C — A[1].

A morphism between two triangles is given by a commutative diagram:

A B C All]
T
A’ B c’ A'[1]

It is an isomorphism if f, g, h are isomorphisms.

Now we need to define what a distinguised triangle actually is. For this, we
need to start by explaining how the autofunctor [n] : Co(«/) — Co(&) works.
It is defined by:

[]A® := A**" and [n)d%. = (—1)"d%E",

for (A®,d%.) € Co().
We usually write A[n] and d4[n] meaning [n]A

* and [n|d%. respectively.
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Example 1.4.2. For [1] : Co(&/) — Co(«), a morphism f : A — B in

Ch(<7):
A" da B d’/i“ Ant2
J{fn an{»l an*’z
n n+1 n+2
B d% B d;“"l B
[1]f = f[1] - A[1] — B[1], becomes:
_d"L+1 _dn+2
S AL A A2 A, An+3

anﬁ»l an+2 an«l»f}

. Bn+1 Bn+2 Bn+3
_d%-Fl _dgb+2

Let f: A— B and g: B — C be two morphisms in K(&). Then we have
AL B O Ifthereis a morphism h : C' — A[l] in K(7), then the sequence:

A— B—C— A[l]

is said to be a triangle in K(«7) and we sometimes write such triangle as:

A ! B
1)
h g
C
A morphism of triangles («, 8,7, a[l]) is the commutative diagram of the
top and bottom triangles:

A ! B g c h All]

@ B v a(l)
A’ B ’ AL
I g Cf «@ [ ]

in K(«). When «, 8, are isomorphisms of K(&), then the triangles are said
to be isomorphic triangles.

For an arbitrary given morphism f : A — B of complexes, we can construct
a complex Cy and morphisms 3 and a so that

AL BL o2 An
may become a triangle. Define the complex Cf by

Cp = A" @ B" = A[l]" ® B"



1.4 TRIANGULATED CATEGORIES - 13

and d¢, : CF — C?H by

" <x"+1> - {dA[l]” 0} (x”“) B ( —d3 (2t ) c o+l
Ny ) AR\ yn ) ") +dp(y7) I

Then we have

dtody, e —dy o dyt (et — (Y e cmt2
¢ TN un FrEA(=dit @) + dt (fr (@) + d (y™) 0 !
from the commutativity of the diagram:

+1
d’y d’y

A" Arntl Ant?

an an«#l an#»Q

B" ——— Bl s Bt
dg d’y

We have proven tha Cy is a complex. For Cy = A[l1] @ B, define 5 : B — C

and a: Cy - A[l]in A - B LN Oy = A1), by B := LO} and a := [14p1,0].
B

Then A — B & C; = A[1] becomes a triangle. Notice that 0 — A — B LR

Cy = A[1] — 0 is an exact sequence in Ch().
A triangle A — B — C — AJl] is said to be a distinguished triangle when

for a morphism A’ L B of complexes there is an isomorphism of triangles

A B Cy

in K(&).

The complex C} is said to be the mapping cone of f : A — B. Notice
that C'y depends upon the homotopy equivalence classes. Namely, if we have
fi = fo, then there is an isomorphism Cy, ~ Cy, in K(<7).

We will write “(f1,¢1,h1) on (4, B,C) ” meaning the distinguished triangle

AL B oy oan),

Now here are the Axioms for a triangulated category:

TR1 (i) Any triangle of the form
A A0 AN

is distinguished.
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(ii) Any triangle isomorphic to a distinguished triangle is distinguished.

(iii) Any morphism f : A — B can be completed into a distinguished
triangle:

AL B oy A
TR2 The triangle
AL BL ol oap
is a distinguished triangle if and only if

h —f(1] B[].]

is a distinguished triangle.

TR3 Suppose there exists a commutative diagram of distinguished triangles
with vertical arrows f and g:

A B

]

!/ !

Q
=

>
<;

=

>

Q 4mzm-
»
=

Then the diagram can be completed into a commutative one, i.e. to a
morphism (f, g, h) of triangles, by a (not necessarily) unique h : C — C".

TR4 (Octahedron Axiom). Suppose that there are three distinguished triangles
(fi,91,01) on (A, B,C"),
(f2,92,h2) on (B,C,A'),
(fif2,93,h3) on (A,C,B").
Then there is a forth one
(f4:94,ha) on (C',B', A")
such that in the following octahedron we have,

1. the four distinguished triangles form four of the faces,

2. the remaining four faces commute, that is hy = h3fy : ¢’ — B —
A[l] and go = g4g93 : C — B’ — A,

3. hafa = fage: B— B,
4. flhg = h294 : B’ — B.
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The first two axioms TR1 and TR2 seem very natural. Essentially, they are
saying that the set of distinguished triangles is preserved under shift and isomor-
phisms and that there are enough distinguished triangles available. The third
one, TR3, seems a little less so, due to the non-uniqueness of the completing mor-
phism. Note, a priori we have not required that in a triangle A -+ B — C' — A[1]
the composition A — C' is zero. But this can be easily deduced by combining
TR1 and TR3.

Definition 1.4.3. An additive functor
F:9—9
between triangulated categories 9 and 9D’ is called exact if the following two
conditions are satisfied:
(i) There is a natural transformation

FoTy =Ty oF.

(i) Any distinguished triangle A — B — C — A[l] in & is mapped to a
distinguished triangle F(A) — F(B) — F(C) — F(A)[1] in 2, where
F(A[1]) is identified with F(A)[1] via the functor isomorphism in (4).






Chapter 2

Derived Functors

Derived Functors is the source we need to get short exact sequences of complexes.
The main idea is to replace every module by a deleted resolution of it. Given a
short exact sequence of modules, we shall see that this replacement gives short
exact sequence of complexes. We then apply either Hom or ®, and the resulting
homology modules are called Ext or Tor.

2.1 The Comparison Theorem

We know that a module has many presentations; since resolutions are general-
ized presentations, the next result is foundamental.

Theorem 2.1.1. (Comparison Theorem). Let &/ be an abelian category.
Given a morphism f: A — A’ in o/ consider the diagram

P, p b p =, 0
I T R T
/ / / !

Py —s P~ By~ A 0

where the rows are complexes. If each P, in the top row is projective, and if
the bottom row is exact, then there exists a chain map f : Py — P, mak-
ing the completed diagram commute. Moreover, any two such chain maps are
homotopic.

Remark 2.1.2. The dual of the theorem is also true. Given a morphism g :
A’ — A, consider the diagram of the negative complezes

0 A EO 1 2
S A
0 A’ X0 X! X2

If the bottom row is exact and each E™ in the top row is injective, then there
ezists a chain map X4 — E4 making the completed diagram commute.

Proof. Tt suffices to prove the result for &7 = Ab.
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(i)

We prove the existence of fn by induction on n > 0.

For the base step n = 0, consider the diagram

P

r z

N .

fo . lfg
L

Py —— A —— 0.
g

Since ¢’ is surjective and P, is projective, there is a map fo : Py = P}
with &' fo = fe.
For the inductive step, consider the diagram

dn41 d
—— P, —— P,

lfn =

/ / /
n+1 d P P -1
n+1

Pn+1

If ImfndnH C Imd;lﬂ, then we have the diagram

and projectivity of P41 gives an : Phy1 — P, with dn 1fn+1 =
fn dpy1. To check that this holds, note the exactness of P, of the bottom
row of the original diagram gives Imdn 41 = Kerd),, and so it suffices to
prove that dnfn n+1 = = 0. But dnfn n+1 = fn—1d7zdn+1 =0.

We prove the uniqueness of f up to homotopy. If h: P4 — P/ is another
chain map with €’hg = fe, we construct the terms s, : P, — P, of a
homotopy s by unduction on n > —1. That is we will show that

By = fr = diy 1850 + Spi1dn.

For the base step, first view A and 0 as being terms —1 and —2 in the
top complex, and define dy = € and d_; = 0. Also view A’ and 0 as being
terms —1 and —2 in the bottom complex, and define df, = ¢’ and d_; = 0.
Finally, define f_1 =f=h_yand s_5 =0.

il v/

P . /A/

/ /
1

With this notation, defining s_; = 0 gives h_y — f_1 = f— f = 0 =
/
0S—1 4+ s_od_1.
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For the inductive step, it suffices to prove, for all n > —1, that
Im(hn+1 - fn+1 - Sndn+1) C Imd;+27

for then we have a diagram with exact row

Pn+1
Snt+1 7 N
el lhnﬂ*fnﬂ*sndnﬂ
L
/ /
n+2 4 Imdn+2 0’
n+2

and projectivity of P}, gives a map sp41 : P,y1 — P, satisfying the
desired equation. As in the proof of part (i), exactness of the bottom
row of the original diagram gives Imd;, ,, = Kerd, , |, and so it suffices to

prove dy, 1 (hny1 — fn+1 — Spdpy1) = 0. But
/n+1(hn+1 - fn+1 - Sndn+1) = d;1+1(h‘n+1 - fn+1) - d;1+13ndn+1

= d%+1(hn+1 - fn+1) — (hn — fn — Sp—1dn)dnt1
= d’ll’L+l(hn+1 - fn-l—l) - (hn - fn)dn—i-l

and the last term is zero because h and f are chain maps.

We introduce a term to describe the chain map f just constructed.

Definition 2.1.3. If f : A — A’ is a morphism and P4 and PA: are deleted
projective resolutions of A and A’, respectively, then a chain map f : P4 — P,

is said to be over f if fe =& fo.

P2, p b p =4 0
I |5 I |7

/ / / /
Py~ Pl — By~ A 0.

Given a morphism f : A — A’, the comparison theorem implies that a chain
map over f exists between deleted projective resolutions of A and A’. Moreover,
such a chain map is unique up to homotopy.

2.2 Left Derived Functors

Given an additive covariant functor T : &/ — 2 between abelian categories,
where o/ has enough projectives, we construct the left derived functors L,T :
o — B, for all n € Z. We will define it firstly on objects and then on mor-
phisms.

Choose a projective resolution P (we will later prove that the definition
doesn’t depend on the choice of projective resolution)
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for every object A. From the deleted resolution P 4, form the complex TP 4,
take homology, and define

Let f : A — A’ be a morphism. By the comparison theorem, there is a chain
map f: P4 — Pa over f. Then Tf : TP4 — TP 4 is also a chain map, and
we define (L, T)f : (L,T)A — (L,T)A’ by

(LaT)f = Ho(Tf) = (T ).,

In more detail, if z € KerT'd,,, then

(LoT)f : 2+ ImTdy 11— (Tfn)z +ImTd, ,
that is,

(LT f : cls(z) — cls(T fz2).

In pictures, look at the chosen projective resolutions:

Py Py Py A 0
T
P P P A 0.

Fill in a chain map f over f, delete A and A’ and apply T to this diagram,
then take the map induced by T'f in homology.

Theorem 2.2.1. IfT : o — A is an additive covariant functor between abelian
categories, where o/ has enough projectives, then L,T : of — A is an additive
covariant functor for every n € Z.

Lemma 2.2.2. If f,g: A — A’ are chain maps, and let F : o/ — & be an
additive functor. If f ~ g, then Ff ~ Fg.

Proof. We will prove that L,, T is well defined on morphisms, it is then routine to
check that is an additive covariant functor (H,, is an additive covariant functor
Ch(o) — o).

If h: P4 — P4 is another chain map over f, then the comparison theorem
says that h ~ f, therefore, Th ~ Tf, and so H,(Th) = Hn(Tf) by Theorem
1.2.4

O

Definition 2.2.3. Given an additive covariant functor T : of — 9B between
abelian categories, where &/ has enough projectives, the functors L,T are called
the left derived functors of T.

Proposition 2.2.4. If T : o — P is an additive covariant functor between
abelian categories, then (L,T)A = 0 for all negative n and for all A.



2.2 LEFT DERIVED FUNCTORS - 21

Proof. (L,T)A = 0 because for all negative n the n-th term of P4 is 0.
O

The functors L, T are called left derived functors because of the last propo-
sition. Since L, T = 0 on the right, that is, for all negative n, these functors are
of interest only on the left; that is, for n > 0.

Definition 2.2.5. If B is a left R-module and T = [] ®r B, define
Tor®([J,B) = L,T.
Thus if P
N NN N - NNy N
is the chosen projective resolution of a right R-module A, then

Ker(d, ® 1

The domain of TorZ([J, B) is Modpg and its target is Ab. In particular if
R is commutative, then A® B is an R-module, and so the values of Tor*([], B)
lie in pkMod.

We can also form the left derived functors A ®x [], obtaining functors
rMod — Ab.

Definition 2.2.6. If A is a right R-module and T = A ®@r [, define
torf(A, ) = L,T.
Thus, if Q
= Qe Qo B B0
is the chosen projective resolution of a left R-module B, then
torf(A,B) = H,(A®r Qp) = m.

One known result of Homological Algebra which we will later prove on 2.2.21

is:

Theorem 2.2.7. If A is a left R-module and B is a right R-module, then, for
alln >0
TorE(A, B) = torf(A, B).

Now we show that L,, T is independent of the choice of projective resolution.

Proposition 2.2.8. Let o7 be an abelian category with enough projectives. As-
sume that new choices P4 of deleted projective resolutions have been made, and
denote the left derived functors arising from these new choices by Ly, T.

If T:o — % is an additive covariant functor, where € is an abelian cate-
gory, then the functors L, T and ﬁnT, for each n > 0, are naturally isomorphic.
In particular, for all A, the objects

(L,T)A = (L,T)A

are independent of the choice of projective resolution of A.
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Proof. Consider the following diagram:

Py P Py A 0
I
]52 pl ]50 A 0,

where the top row is the chosen projective resolution of A used to define L, T
and the bottom is that used to define L, T By the comparison theorem, there is
a chain map ¢ : P4 — P over 14. Applying T gives a chain map T : TP 4 —
TP 4 over T14 = 174. This last chain map induces morphisms for each n,

74 = (T0). : (LaT)A — (L, T)A.

We now prove that each 74 is an isomorphism (proving the last statement in
the theorem) by constructing its inverse.

Turn the preceding diagram upside down, so that the chosen projective reso-
lution P 4 is now the bottom row. Again, the comparison theorem gives a chain
map, say, k : P4 — 15,4. Now the composite k¢ is a chain map from P 4 to itself
over 14. By unigeness in the statement of the comparison theorem ¢ ~ 1p ,.
Similarly, 1k >~ 1p . It follows that, T'(kt) ~ 1rp, and T'(tk) ~ 155 . Hence,
Lz rya = (Tk)s = (T1)«(Tk)x and 1,14 = (The) = (T'h)x(Tt)«. There-
fore, 74 = (T't), is an isomorphism. We now prove that the isomorphisms 74
constitute a natural isomorphism; that is, if f : A — B is a morphism, then the
following diagram commutes:

(L,T)A —2 (L,T)A
(LnT)fl l(inT)f
(LnT)B —— (L,T)B

To evaluate the clockwise direction, consider the diagram

o Py A 0
:

Py Py A 0
lf

Q1 Qo B 0,

where the bottom is the new chosen projective resolution of B. The comparison
theorem gives a chain map P4 — Q g over fl, = f. Going counterclockwise,
the picture will now have the original chosen projective resolution of B as its
middle row, and we get a chain map P4 — Q g over 1pf = f. The uniqueness
statement in the comparison theorem tells us that these two chain maps are
homotopic, and so they induce the same morphism in homology. Thus, the
appropriate diagram commutes, showing that = : L,T — ﬁnT is a natural
isomorphism.

O
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Corollary 2.2.9. The modules TorE(A, B) are independant of the choice of
projective resolution of A and the modules torf*(A, B) are independent of the
choice of projective resolution of B.

Corollary 2.2.10. Let T :g Mod —s Mod be an additive covariant functor. If
P is a projective module then (L,T)P = {0} for all n > 1. In particular if A
and P are right R-modules with P projective, and if B and Q are left R-modules
with Q projective, then for alln > 1,

Tor®(P,B) = {0} and torf(A,Q) = {0}.

Proof. Since P is projective, a projective resolution is P, the complex with 1p
concentrated in degrees 0, —1. The corresponding deleted projective resolution
Pp is the complex with P concentrated in degree 0. Hence, TP p has the nth
term {0} for all n > 1, and so (L, T)P = H,(TPp) = {0} for all n > 1.

O

Corollary 2.2.11. Let o/ be an abelian category with enough projectives. Let
P
s PP S A0

be a projective resolution of A € Obje/. Define Ky = Kere and K,, = Kerd,
for allm > 1. Then

(Lp1TYAX (L, T)Ko & (L1 T)K = ... 2 (L1/T)K, 1
In particular if o = Modg and B is a left R-module,
TorZ, (A, B) = Torf(Ko,B) = ...~ Torf(K,_1, B).
Similarly, if A is a left R-module and P’
RN N N Ny SN

be a projective resolution of a left R-module B, and define Vo = Kere' and
V.. = Kerd,, for alln > 1. Then,

torf | (A, B) 2 torf (A, Vo) =2 ... =2 torf (A, V,—1)
Proof. By exactness of P, we have Ky = Kere = Imd;, and so Q
s P P S Ky 0
is a projective resolution of K if we relabel the indices (replace each n by n—1

and define @, = P11 and §,, = d,,+1 for all n > 0 ). Since the value of L, T
on a module is independent of the choice of projective resolution, we have

~ KerTo,  KerTd, 1
o ImT5n+1 o Iden+2

(LaT)Ko = H,(TQy,) = Hy1(TPA) = (Lyst T)A.

The remaining isomorphisms are obtained by iteration.
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We are now going to show that there is a long exact sequence of left derived
functors. We begin with a useful lemma; it says that if we are given a short
exact sequence 0 — A" — A — A” — 0 as well as projective resolutions of
A’ and A” , then we can “fill in the horseshoe”; that is, there is a projective
resolution of A that fits in the middle.

Proposition 2.2.12. (Horseshoe Lemma). Given a diagram in an abelian
category o/ with enough projectives,

|

|

P Py
| |
P; Py
| |
0 A A A" 0,

i q

where the columns are projective resolutions and the row is exact, then there
exist a projective resolution of A and chain maps so that the three columns form
an ezxact sequence of complexes.

Remark 2.2.13. The dual theorem, in which projective resolutions are replaced
by injective resolutions, is also true.

Proof. We show first that there are a projective @y and a commutative 3 x 3
diagram with exact columns and rows:

0 0 0
| !

0 K} Vo Ky 0
| |

0 Py — Qo —— R 0

A Ak

0 A s Ay A 0
|l
0 0 0

Define Qo = Py @ Pl it is projective because both P} and P} are projective.
Define ig : P, — P)e P by ' — (2/,0) and define qo : P Py — P by
(', 2") — a”. Tt is clear that

AN q0 1z
0=+P —Qo—Fy —0

is exact. Since P} is projective, there exists a map o : P’ - A with qo = ¢”.
Now define ¢ : Qo — A by ¢ : (2/,2") — ie's’ + oz’ (the map o makes the
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square with base A % A” commute). Surjectivity of & follows from the Five
Lemma (which will be proven later on as an example on spectral sequences
3.4.2). It is a routine exercise that if Vj = Kere, then there are maps K| — Ky
and Ky — K{ (where K = Kere’ and K| = Kere”), so that the resulting 3 x 3
diagram commutes. Exactness of the top row is also a simple exercise and its
omited.

We now prove, by induction on n > 0, that the bottom n rows of the desired
diagram can be constructed. For the inductive step, assume that the first n
steps have been filled in, and let V;, = Ker(Q,, = Qn—1), while K/, = Kerd,,
and K]/ = Kerd!. As in the base step, there is a commutative diagram with
exact rows and columns.

0 0 0
00— K,y Vit K ——0

0 P,'Il+1 In+1 Qn+1 dn+1 P,é/+1 S
dln-%—lj/ Snt1 ldibrl
0 K/, Vo K/ 0
0 0 0

Now splice this diagram to the nth diagram by defined §,,41 : Qi1 — @n as
the composite Qn+1 — Vi = Qn.

O

Corollary 2.2.14. Let 0 - A" - A — A” — 0 be an exact sequence of left
R-modules. If both A’ and A” are finitely presented, then A is finitely presented.

Proof. There are exact sequences 0 - K|, - P, - A’ - 0and 0 —» K] —
Py — A” — 0, where P}, P}/, K{, K{ are finitely generated and P}, P} are
projective. As in the begining of the proof of the previous proposition, there is
a 3 x 3 commutative diagram, with ()¢ projective, whose rows and columns are
exact.

0 0 0

| |
K}, Vo Kl 0
| |

By Qo By 0
| |

A A A" 0
I

0 0 0
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Both Qo and Vj are finitely generated, being extensions of finitely generated
modules, and so A is finitely generated.

O

Theorem 2.2.15. Given a commutative diagram of right R-modules having
exact rows,

0 Y/ QN - Ny 0
fl lg lh
0 ' —— C c” 0
i q

there is a commutative diagram with exact rows for every left R-module B,

TorE(A', B) e, TorB(A, B) —2— Torl(A", B) SN Tor® (A", B)

A b I I

Tor®(C', B) —— Tork(C,B) —— Tor(C",B) —— Tor ,(C’, B)
n ix n qn n o n

The similar statement for torl*(A, [1) is also true.

Proof. Exactness of 0 -+ A" — A — A" — 0 gives exactness of the sequence of
deleted complexes 0 = P4 — P4 = Pav — 0. If T = [] ®p B, then 0 —
TPy — TPy — TP 4 — 0 is still exact, for every row splits because each term
of P4 is projective. Therefore the naturality of connecting homomorphisms 0
applies at once.

O

We now show that a short exact sequence gives a long exact sequence of left
derived functors.

Theorem 2.2.16. Let o/ be an abelian category with enough projectives. If

0= A5 AL A" 50 is an exact sequence in &/ and T : o — B is an
additive covariant functor, where % is an abelian category, then there is a long
exact sequence in B

/ (LnT)i (LHT)P

o (LaT)A (LnT)A (L T)A" 22

n—lT)i

(LprT) A LoD

which ends with

n—1T)p

(LpaT)A L2y g 2oty

con = (LoT)A" — (LoT)A — (LeT)A” — 0.

Proof. Let P’ and P” be the chosen projective resolutions of A’ and zfl" , Te-
spectively. By the Horseshoe Lemma, there is a projective resolution P of A
with )

0Py LPs L P 0.
Here, j is a chain map over ¢ and ¢ is a chain map over p. Applying T gives the
sequence of complexes

0— TPy, 25 TP 4 1% TP, — 0.
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This sequence is exact, for each row 0 — P, ELR P, 2 P’ — 0 is a split exact

sequence (because P! is projective, and addltlve functors preserve split exact
sequences). Thus, there is a long exact sequence

o Hy(TP'y) T2 (18 T2 m, (7e,) 25 |, (TP,) s

that is, there is an exact sequence
o (LA T (LA CO0 (A 2 (L, Ty A

The sequence does terminate with 0, for L_1T is zero for all negative n, by
Proposition 2.2.4.

We do not know that P 4 arises from the projective resolution of A originally
chosen, and so we must change it into the sequence we seek. There are chain
maps Kk : P4 — 13,4 and A : f’A — P 4, where both k, A are chain maps over 14
in opposite direction. Indeed, as in the proof of Proposition 2.2.8, TkTA and
TAT'k are chain maps over 174 in opposite directions, whose induced maps in
homology are isomorphisms, in fact (T'A), : L, T — L,T is the inverse of (TK)+.
Now ¢ is a chain map over i and p is a chain map over p, while , A are chain
maps over 14.

The diagram displaying these chain maps is not commutative.

P, 1P, 25 P,

b

Consider the diagram after applying 7" and taking homology.

v (TP T g Py Y g

<NK>*H<TA%*

n(TP4)

(TPA//) _— ...

The noncommutative diagram remains noncommutative after applying T, but
the last diagram is commutative. Now, T/\TjAz T because both are chain maps
TPy, — TP 4 over T, hence, (TATj). = (T%)., because homotopic chain maps
induce the same homomorphism in homology. But (T'ATj). = (T'A)«(T5)«, and
SO
(TN)«(TH)s = (T1)s = (LpT)i.
Similarly, (T'q)«(Tk)« = (TP). = (L,T)p.
The proof that

(L)AL oy a S0P Ty A

is exact can be completed easily.
O

Corollary 2.2.17. If T :r Mod —s Mod is an additive covariant functor, then
the functor LT is right exact.
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Proof. If A— B — C — 0 is exact then so is (LoT)A — (LoT)B — (LoT)C —
0.
O

Theorem 2.2.18.

(i) If an additive covariant functor T : of — B is right exact, where of , B
are abelian categories and </ has enough projectives, then T is naturally
isomorphic to LoT .

(ii) The functor [] ®gr B is naturally isomoprhic to Torf ([, B), and the
functor A ®@r [ is naturally isomorphic to tor'(A,[J). Hence for all
right R-modules A and left R-modules B, there are isomorphisms

Torl'(A,B) 2 A®gr B = torll(A, B).

Proof.
(i) Let P
be the chosen projective resolution of A. By definition (LoT)A = CokerTd;.
But right exactness of T" gives a right exact sequence

TP, X 7Ry I8 1A 0.

Now Te induces an isomorphism o4 = CokerT'd; — TA, by the First
Isomorphism Theorem, that is,

CokerTd, = TPy/ImTd, = TPy/KerTe 7% ImTe = T A.

It is easy to prove that 0 = (0a)acobjModay) : LoT — T is a natural
isomorphism.

(i) Immediate from part (i), for both [] ®r B and A ®g [] are additive
covariant right exact functors.

O

Corollary 2.2.19. If0 - A’ — A — A" — 0 is a short exact sequence of right
R-modules, then there is a long exact sequence for every left R-module B,

<o sTorf (A", B) = Torf (A, B) — Torl (A", B)
— TorE(A', B) = TorE(A, B) — Torf(A”, B)
—+ A ®rB—+A®r B — A" ®r B — 0.

The similar statement holds for tor® ([, B).

Thus the Tor sequence repairs the loss of exactess after tensoring a short
exact sequence.

We prove now that Tor and tor are the same, and we begin with a variation
of the snake lemma.
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Lemma 2.2.20. Given the commutative diagram with exact rows and columns
in an abelian category o

Kerf —— 0 Kerh
Keran —2— [/ —% 5 M’ N’ 0
l f g h
0 L M N 0
Kerb L —b 5 p N 0
0 0 0

then Kerf ~ Kera and Kerh ~ Kerb.

Proof. Tt is a routine exercise (using a variation of the Snake Lemma) to obtain
exactness of
Kerg — Kerh — Coker f — Cokeryg.

Now Kerg = {0}, Cokerf = L”, Cokerg = M", and we may assume Coker f —

Cokerg is b. Thus, 0 — Kerh — L” L M s exact, and we conclude that
Kerh ~ Kerb.

We may assume that i and j are inclusions. Commutativity of the square
with coker corner Kera gives fj = 0, that is Kera = Im j C Kerf = Im 1.
Commutativity of the square with corner Kerf gives az = 0, that is, Kerf =
Im i € Keraw = Im j. Therefore Im ¢ = Im j and Kerf = Kera.

O

Theorem 2.2.21. Let A be a right R-module and B be a left R-module and P

and Q /

be projective resolutions. Then H,(Pa ®r B) ~ H,(A®gr Qp) for alln > 0,
that is,
Torf(A, B) ~ torf'(A, B).

Proof. The proof is by inclusion on n > 0.
The base step n = 0 is true, by Theorem 2.2.18 (ii). Let us display the
syzygies of P by “factoring” it into short exact sequences:

A

DI

There are exact sequences 0 - K; — P, — K;_1 — 0 for all ¢ > 0 if we write
A= K_1 (so that 0 - Koy - Py - A — 0 has the same notation as the
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others). Similarly we display the syzygies of Q by factoring it into short exact
sequences 0 — V; — Q; — V;_1 — 0 for all j > 0. Since tensor is a functor of
two variables, the following diagram commutes for each 7,j > 0.

X — 0 W
| | |
Y — KiQV, — K;®Q; —— K;@V;_; —— 0

| | | |

0 — PQV; — = PeQ; —— P,V,.y —— 0

| | |

Z—Ki1QV; — K, 190Q; — K, 1@V —— 0

| | |

0 0 0

The rows and columns are exact because tensor is right exact; the modules
XY, Z, W are, by definition, kernels of obvious arrows. Zeros flank the middle
row and column because P; and @; are flat (they are even projective). Now
W = Torl(Ki—la‘/j—l)7 X = TO’I"l(Ki_l,‘/j), Y = tOTl(Ki,‘/j_l) and Z =
tori(K;—1,Vj_1). By the previous Lemma we conclude that, for all 4,j > —1,

Tor (Ki—1, V1) ~ tor1(K;—1, Vj_1).

If i =0 = j, then Tor1(A, B) ~ tor1(A, B) because K_1 = A and V_; = B.
The theorem has been proved for n = 1.
We now prove the inductive step. Corollary 2.2.11 gives

torn+1(A, B) ~tor1(A,V,—1) = tor1 (K-1,Vy—1),
Torn41(A,B) ~Tor1(K,_1,B) = Tor1(Kn-1,V-1).
Use these isomorphisms and the isomorphisms X ~ Y, i.e.
Tori(K;—1,V;) = tor1(K;, V;_1).
To go from any equation to the one below it, use the theorem for n = 1:

torp1(A, B) ~ tor1(K_1,V,_1),
Tor(K_1,Vp_1) ~ tor1 (Ko, Va—2),
Tori (Ko, Vp—2) =~ tor1 (K1, V,—3),

Tor (Kn—2, Vo) ~ tor1(Kn—1,V_1),
TOT‘l (Kn—la V_l) ~ TOTn+1(A, B)

2.3 Right Derived Functors

Right derived functors is the dual notion of left derived functors and so every-
hting that holds true for the left derived funtors so does for the right derived
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functors. This paragraph’s goal is to give an idea about the right derived func-
tors and to see how they are actually dual to the left ones and so all the proofs
will be omitted.

Given an additive covariant functor T : &/ — 2% between abelian categories
where &/ has enough injectives, we construct the right derived functors R™T :
o — B, for all n € Z.

Choose an injective resolution E

d° dt d?
0—BLE S B S B2 2y

for every object B. Form the complex TE?, where EZ is the deleted injective
resolution, and take homology:

" e gy KerTd"
(R"T)B = H"(TE )_W'
The definition of (R"T)f, where f : B — B’ is a homomorphism, is similar to
that for the left derived functors:

By the dual of the comparison theorem, there is a chain map f . EP -
E” over f, unique to homotopy, and so there is a well-defined map (R"T)f :
H™(TE®) = H"(TE®") induced in homology, namely, (T'f)..

In pictures, look at the chosen injective resolutions:

0 B/ EIO E/l
1
0 B E° E!

Fill in a chain map f over f, then apply T to this diagram and then take the
map induced by T'f in homology.

Theorem 2.3.1. IfT : o/ — A is an additive covariant functor between abelian
categories, where & has enough injectives, then R"T : of — % is an additive
covariant functor for every n € Z.

Definition 2.3.2. If T : &/ — % is an additive covariant functor between
abelian categories, where </ has enough injectives, the functors R™T are called
the right derived functors of T.

Proposition 2.3.3. If T : &/ — A is an additive covariant functor between
abelian categories, where </ has enough injectives, then (R"T)B = 0 for all
negative n and for all B.

Assume that new choises E of injective resolutions have been made; denote
the right derived functors arising from these choise by R™T.

Proposition 2.3.4. If T : &/ — A is an additive covariant functor between
abelian categories, where &/ has enough injectives, then the functors R"T and
R"T are naturally isomorphic for each n. In particular for all B € Obj(</),

(R"T)B = (R"T)B,

and so these objects are independent of the choise of their injective resolutions.
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Theorem 2.3.5. If0 - B 5 B2 B0 is an evact sequence in an abelian
category of with enough injectives, and if To/ — A is an additive covariant
functor, where 9B is an abelian category, then there exists a long exact sequence

o (e B Y (R B DR (RrT) B Oy

(R71+1T)p

n+1 i n
g B gy g DR gy g O

(R™T)
that begins with

0— (R°T)B' — (R°T)B — (R°T)B" — ....

Corollary 2.3.6. If T : &/ — % is an additive covariant functor between
abelian categories, where o/ has enough injectives, then the functor ROT is left
ezxact.

Theorem 2.3.7. If an additive covariant functor T : of — B is left exact,
where of and B are abelian categories and <f has enough injectives, then T is
naturally isomorphic to ROT.



Chapter 3

Spectral Sequences

Spectral sequences are a powerful book-keeping tool for proving things involving
complicated commutative diagrams [RV]. Our first goal will be to find the coho-
mology of the double complex, and for that we will need the spectral sequence
which is a recipe for computing some information regarding it.

In this section we will be working in Modg of R-modules over some ring A.

3.1 Double Complexes

Definition 3.1.1. A double complex is a collection of R-modules (E?9)p, 4z
along with a set of “rightward” morphisms dPy : EP4 — EPTL4 and “upward”
morphisms d"? : EP9 — EP9TY satisfying the following conditions:

(i) 2t odPih =d?, =0,
(ii) 2% o d2™ = d? =0,

(i) either d_dy = dyd_, (all the squares commute) or d_dy + dyd_, = 0 (all
the squares anticommute).

Remark 3.1.2. In the superscript, the first entry denotes the column number
(the “x-coordinate”), and the second entry denotes the row number (the “y-
coordinate”). This is opposite to the convetion for matrices. The subscript is
meant to suggest the direction of arrows. We will write d_, and dy and ignore
the superscript.

About condition (i), both cases come up in nature and we can switch from
one to the other by replacing d* with (—1)Pd{?. So from now on we will assume
that all the squares anticommute, knowing how to turn the commuting case into
this one. There is no differece in the “recipe”, basically because the image and
kernel of homomorphism f equal the image and kernel respectively of —f.
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qp.at1
Ep-at+l i Eptl.a+l
dqr-a : grtia
+ anticommutes +
EP4 Epr+la
v

From the double complex we construct the corresponding single complex
E* = Tots, with E¥ = @, E“*~", with d = d_, + d4. So, when there is a single
superscript k, we mean the sum of the k-th antidiagonal of the double complex.
This single complex is also called the direct sum total complex. Note that
d* = (d +dp)? = d2, + (ddy + dyd) + d3 = 0, so E® is indeed a complex.

We could have - instead of direct sum - taken the product Totf; =[], E%*
(and d = d_, + dy like above) giving us the product total complex of the
double complex.

The cohomology of the single complex is called the hypercohomology of
the double complex.

3.2 Spectral Sequences

Definition 3.2.1. A spectral sequence with rightward orientation is a
sequence of tables or pages L EY? _EVY _EYY ... for p,q € Z, where
L EPY = EP4 along with a differential

q . , —r+1l,g+r
LdP: L EPY— EPTTHLa

with _,dP? o_, dPT"=197" = 0, and with an isomorphism of the cohomology of
~dy at LEPY (i.e. KerdPd/Im_,d2t" 197" ) with _, EXY,

The orientation indicates that our 0-th differential is the rightward one dy =
d_, . The left subscript “—” is usually ommited.

We write _, Fe’® and we mean the rightward oriented spectral sequence with
differential _,dP-9.

The order of the morphisms is best understood visually:

\\@1

[ ] T0> [}
each of the morphisms applies to different pages.
Before we continue with the complete defintion of _, E5’® and its differential,
we describe dg, d;,ds to better understand how this construction works.
Note that EP*? is always a subquotient of the corresponding term on the i-th
page EP for all ¢ < r. In particular, if EP? = E{*? = 0 then EP9 = 0 for all r.
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Suppose now that £** is a first quadrant double complex, i.e. EP9 =0
if g<0orp<0.So EP? =0 for all r unless p,q € N{J{0}. Then for any fixed
pair (p,q) once r is sufficiently large, E, is computed from (E2*,d,) using
the complex:

and thus we have canonical isomorphisms

EP9~ B ~ EPY o~
We denote this module E2:?. The same idea works in other circumstances,
for example if the double complex is only nonzero in a finite number of rows
(EP9 = 0 for all ¢ € [go,q1]. This will come up for example in the mapping
cones.

Now we are ready to describe the first few pages of the spectral sequence
explicitly. As stated above, the differential dy on E§® = E** is defined to be
d_,, the rows are complexes:

e — e —— e
The 0th page Ej : o — e —— o

e —— e —> o

and so E1 is just the table of cohomologies of the rows. There are now vertical
maps dy? : EP? — EPITT of the row cohomology groups, induced by dy,
and these make the columns into complexes (which is essentially that a map
of complexes induces a map on homology). We have “used up the horizontal
morphisms, but the vertical differentials live on”.

The 1st page E :

e— e —— e
e—— e —— e
e——— e — @

Now, we take, again, cohomology of d; on Fj, giving us a new table EY9. It
turns out that there are natural morphisms from each entry to the entry two
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above and one to the left, and that the composition of these two is 0.

[ ) [ ) [ ]
The 2nd page Fs : ° ° °
L) ) [ ]

This is the begining of the pattern and we are able to see by now that the
morphisms of the 3rd page won’t fit in our 3 x 3 diagram.

Definition 3.2.2. A cohomology spectral sequence is said to be bounded if for
each n € Z there are finitely many non-zero terms of total degree n in EP4, i.e.
there are finitely many EP9 # 0 with p + q = n. If so, then for each p and
q there is an ro such that EP9 = EXY for all v > ro. We write ER? for this
stable value of EP1.

We say that a bounded spectral sequence _, Eq’® converges to H*(E®) = H"
if we are given a family of objects H™ each having a finite filtration

0=F'H"C...C FPY1g®» C FPH, C FP"'H* C ... C F*H" = H"

and we are given isomorphisms EP:4 = FPH" /FPHLH™,
We write EP*Y = HPY4 for the bounded convergence.

If a first quadrant cohomology spectral sequence converges to H®, then each
H™" has a finite filtration of length n 4 1:

Oan+lHn gn+1 H"ggFlH"gFOH”:H”

The bottom peace F"H™ ~ E™° is located on the x—axis (called the base
term) and the top quotient H"/F'H" ~ E%" is located on the y —axis (called
the fiber term). Note that each arrow leaving the y—axis is zero and each arrow
landing on the z—axis is also zero. The resulting maps E®" — E%" C H™ and
H" — E%% C E™Y are called the edge homomorphisms.

Theorem 3.2.3. There is a filtration of H"(E*®) by EX:2 where p+q = n. More
precicely, there is a filtration

1,n—1 E‘Z‘n—Z En,(J
oo

E%n = ? < = H"(E*), (3.1)

where the quotients are displayed above each inclusion.

A tip for remember which way the quotients are supposed to go. The dif-
ferentials on later and later pages point deeper and deeper into the filtration.
Thus the entries in the direction of the later arrowheads are the subobjects, and
the entries in the direction of the later “arrowtails” are quotients. This tip has
the advantage of being independent of the details of the spectral sequence, e.g.,
the “quadrant” or the orientation.

Although the filtration gives only partial information about H®(E®), some-
times one can find H®(E®) precisely. For example, if all ELF~% = 0 or if all
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but one of them are zero (e.g. E*® has precisely one non-zero row or column).
Another example is in the category of vector spaces over a field, in which case
we can find the dimension of H*(E®) . Also, in “lucky circumstances”, E, (or
some other small page) already equals E.

Remark 3.2.4. The Other Orientation

We could as well have done everything in the opposite direction, i.e. revers-
ing the roles of horizontal and vertical morphisms. Then the sequence of arrows
giving the spectral sequence would look like this:

L\\

This spectral sequence is denoted by +Ee® (with the “upward orientation”).
Then we would again get pieces of a filtration of H*(E*®) (where we would have
to be a bit careful with the order with which + ED:? corresponds to the subquotients
- it is the opposite order of that of eq.(3.1) for L, ER:2. In general there is no
isomorphism between +ED:1 and _, ER:1.

Whichever map we choose, either the horizontal or the wvertical one, both
algorithms compute information about the same thing (H®(E*)).

3.3 The Completion of the Definition of Spectral Sequences

To complete the definition of spectral sequences we have yet to describe the
pages and the diffential of the spectral sequence explicitly, and prove that they
behave the way we want them to. More precisely, we want:

(i) describe EP'? and consequently verify that Ef*? = BP9,

)
(ii) describe d,. and verify that d? = 0,
(iii) verify that EX: is given by cohomology using d,,
(iv)
Remark 3.3.1. Spectral sequences are actually spectral functors. It is useful
to notice that the proof implies that spectral sequences are functorial in the 0-

th page: the spectral sequence formalism has good functorial properties in the
double complez.

v) verify that H*(E®) is filtered by ERFP as in eq.(3.1).

We say that an element of E** is a (p,q)-strip if it is an element of
®iz0EP~H9T Tts non-zero entries lie on an "upper leftwards” semi-infinite
intidiagonal starting with position (p, ¢). We say that the (p, ¢)-entry (the pro-
jection to EPY is the leading term of the (p, ¢)-strip. Let S?? C E** be the
submodule of all the (p, q)-strips. Clearly, SP¢ C EPT4 and S*° = EF.
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0 0 0 0
0 AP =202 0 0 0
0 0 ap—Latl 0 0
0 0 0 +P0 0
0 0 0 0 op+Lat

Note that the differential d = dy + d_, sends a (p, g)-strip = to a (p + 1, ¢)-strip
dz. If dz is futhermore a (p — r + 1,¢q + r)-strip r # 0, then we say that x is
an r-closed (p, ¢)-strip - "the differential knocks z atleast r terms deepre into
the filtration”. We denote the set of all r-closed (p, g)-strips S£9. For example,
Sh? =SP4 and Sy = E*.

An element of SP*9 may be depicted as:

7

]

#Pt249-2 .

|

#ptlae=1

|

P9 — ()

We are now ready to give a first definition of E?'9, which by construction
should be a subquotient of EP9. We describe it as such by describing two
submodules Y4 C XP9 C EP4, and defining

XPa
EP9 = Yr;’q.
Let XP-? be the elements of EP? that are leading terms of r-closed (p, ¢)-strips.
Note that, by definition, d sends (r —1)-closed (p+ (r—1)—1,¢— (r —1))-strips
to (p, q)-strips.
Let Y79 be the leading (p, q)-terms of the differential d of (r — 1)-closed
(p+(r—1)—1,qg— (r — 1))-strips (where the differential is considered as a

(p, q)-strip).

Remark 3.3.2. It is easy to verify that EY? is (canonically isomorphic to)
EPa.

Now, for the defintion of the differential d, of such an element z € XP9,
we take any r-closed (p,q)-strip with leading term z. Its differential d is a
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(p—r+1,q + r)-strip, and we take its leading term. The choise of r-closed
(p, q@)-strip, means that is not a well-defined element of EP4. But it is well-
defined modulo the differentials of the (r — 1)-closed (p — 1,q + 1)-strips, and
hence gives a map EP4 — EP—rtlatr,

This definition is fairly short, but not much fun to work with, so we will
forget it, and instead dive into a snakes’ nest of subscripts and superscripts.

Remark 3.3.3. The following are easily verified.
(i) SP4 = Sp—La+l oy ppia

(ii) Any closed (p,q)-strip is r-closed for all r, i.e. any element x € SP? =
S that is a cycle (dz = 0), is automatically in SP? for all r. For
exapmple, this holds when x is a boundary (i.e. of the form dy).

(iii) For fized p,q
Spd o STTS . SP S

stabilizes for v >> 0. (i.e. SP9 = SP% = ...). Denote the stabilized
module S22, Now, S is the set of closed (p, q)-strips (those strips an-
nihilated by d, i.e. the cycles). In particular, S0 is the set of cycles in

EF.
Definition 3.3.4. Define
XPd — S
T W
and
dSP'*‘Y—l)—l»q—(T—l) JrS]ofll.q+1
yot= gLt
r—1
Then YP1 C XP1.
We define
EPt = Xi)’: = -1 Sf’ql .
Y dsfj‘ir— )—1l.g—(r— )+Sf:11.q+1

We have completed our first request (i).

Corollary 3.3.5. E2? gives subquotients of H*(E®): EP? stabilizes as r — oc.
For r >> 0, interpret S,’?’q/defY_l)_l’q_(r_l) as the cycles in SB1 C EPTe
modulo those boundary elements of dEPT9~1 contained in SP:2. Finally, we can
show that H*(E®) is indeed filtered (as described in the previous paragraph,).

We have completed our forth request (iv).

For the definition of the map d, : EP'? — EP~"t1L4%" we notice that it is
induced by our differential d: d sends r-closed (p, ¢)-strips SP? to (p—r+1, g+7)-
strips SP="T14+7 by the definition "r-closed”, whose image lies in SP="+1.a+7,

Again, we can verify that d sends

+(r—1)—1,g—(r—1 —1,q+1 —r 1)+ (r—1)—1,(g+r)— (r—1 —r1)—1,(g+r)—1
de_Y ) q—(r )+S£_1q —>dS,(«Ii1T )+ (r—1) (g+r)—(r )+S£111T ) (g+r) .
The first term on the left goes to 0 from d? = 0 and the second term on the left
goes to the first term on the right.
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Definition 3.3.6.
d, : BP9 — pprthatr
* T T

where
D,q
EPa — SY
r dSp+(T—1)—Lq—(r 1) Sp 1,q+1
r—1
and
B L Sp—r+l,q+r
Ep—rtlatr T

p—1,q+1 p—r,q+r+1
dsP~ + 5P

and clearly d> = 0 (as we may interpret it as taking an element of SP¢ and
applying d twice).

We have completed our second request (ii).
Now, to verify the cohomology of d, at EP9 is EFY):

Serrfl,qfr d SP-a
dSp—i—Qr 3,9— 2r+1_|_Sp+r 2,q—r+1 dSp+r 2,q— r+1+Sp 1,q+1
p—r+1,q+7r
d S?

dSp 1,q+1+Sp r,q+r+1 (32)

is naturally identified with

Sr+1
—1 -1 1°
dS713+r 4= ng 4+

We begin by understanding the kernel of the right map on eq.(3.2). Suppose
that a € SP9 is mapped to 0. This means that da = db+ ¢, where b € S?~ 9t

If u=a—b, then u € SP4, while du = ¢ € SP~]7H" 1 ¢ gp=ratrtl from
which w is (r + 1)-closed, i.e. u =€ S”%. Thus, a = b+u € SP_*! +Sr+1
Conversely, any a € S?_; 1’q+1 + S, satisfies

da € dS?{’:llvq"‘l + dSp’ql C dsp 17q+1 Sp r,q+r+1

using P4, < 579! and Remark 3.3.3 (ii). So any such a is indeed the

kernel of
Sp—r+l,q+r
s

SP4
r p—1,q+1 p—r,q+r+1"
dSP— et 4 gp

Hence, the kernel of the right map of eq.(3.2) is

Sp 17q+1 + sPa

1
Ker = rt
p+r— 2q r+1 p—1,q+1"°
dST—l + Sr—l

Next, the image of the left map of eq.(3.2) is immediately

dsp+r 1,q— r_|_dsp+7’ 2,q— 7’+1_|_S;D 1,q+1 d5p+r 1,q— T—FSP 1,q+1

Im = =
2 1 1,q+1 2 1 1,q+1
dSpH q—r+ JrSf,l’ﬁ deff ,q—T+ JrSz:il,tH
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—1,q— . +r—2,g—r+1
as SPT=147" containsg SPTTTHIT
Thus the cohomology of eg.(3.2) is:
—1,g+1 ; ;
Spp s, st

Ker/Im = Tl =
dSPFTThITT o gPThatl  ghd  (gSETTT AT 4 gh bt

where the equality on the right uses the fact that dSr+m—14=" C S and an
isomorphism theorem. Thus we must show that

— — —1 1 — — —
SPE N (dSPTrTlaTT 4 GET ATy = ggptrohamr 4 gpmlatl
However,
D, p+r—1,q—r p—1l,q+1y _ p+r—1,q—r D,q p—1,q+1
Sy N (dst + S T) = dS? + S NST

and S, N SPT19! consists of (p — 1,q + 1)-strips whose differential vanishes

up to row p + 7, from which S/, N Sf:ll’q'H = Sp=Latl a5 desired.

We have completed our third and final request (iii).

3.4 Examples

We are now ready to see how this is useful. The moral of these examples is the
following. In the past, we may have proved various facts involving various sorts
of diagrams, by chasing elements around. Now, we will just plug them into a
spectral sequence, and let the spectral sequence machinery do your chasing for
us.

Example 3.4.1. Proving the Snake Lemma.
Consider the diagram:

0 D E F 0
S |
0 A B C 0

where the rows are exact in the middle (at A, B, C, D , E and F) and the
squares commute. Normally the Snake Lemma is described with the vertical
arrows pointing downwards, but we want to fit this into our Spectral Sequence
conventions. We wish to show that there is an exact sequence:

0 — Keraw — Kerpg — Kery — Cokeraw — Coker — Cokery — 0. (3.3)

We “plug” this into our spectral sequence machinery. We first compute the
cohomology using the rightward orientation, then, because the rows are exact,
EPT =0, so the spectral sequence has already converged: EP:? =0

We next compute this ”0” in another way, by computing the spectral sequence
using the upward orientation. Then +E3'® (with its differentials) is:

0 —— Cokera« —— Coker —— Cokery —— 0

0 —— Kera Kerp Kery 0
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Then, +E5° is of the form:

0 0

\X ? ? 0
\\ 0
We see that after +E5* all the terms will stabilize except for the double-question-
marks - all the maps to and from the single-question-marks are to and from 0
- entries. And after +E3°, even these two double-question-mark terms will
stabilize. But in the end our complexr must be the 0 complex. This means that
in +E5* all entries must be 0, except for the two double-question-marks, and
these two must be isomorphic. That means that 0 — Kera — Ker — Kery

and Cokeraw — Cokerf — Cokery — 0 are both exact - which comes from the
vanishing of the single question marks - and

Coker(Kerf — Kery) ~ Ker(Cokeraw — Cokerf3)

is an isomorphism - that comes from the equality of the double question marks.
Taken together we have proven the exactness of eq.(3.8) and hence the Snake
Lemma.

We notice that in the end we didn’t really care about the double complex, we
just needed it as a prop to prove the Snake Lemma.

Example 3.4.2. The Five Lemma.

Suppose
F G H I J
S I
A B C D E

where the rows are exact and the squares commute.

Suppose that «, 8,6, € are isomorphisms. We will show that v is an isomor-
phism.

We first compute the cohomology of the total complex using the rightward
orientation. We choose this because we see that we will get a lot of zeros.

Then, _ Ey* looks like this:

AR

Then, _E3* looks similar, and the sequence will converge by Ea, as well as
never get any arrows between two monzero entries in a table thereafter. We
can’t conclude that the cohomology of the total complex vanishes, but we can
note that it vanishes in all but four degrees - and most important, it vanishes in



3.5 SPECTRAL SEQUENCE OF A DOUBLE COMPLEX - 43

the two degrees corresponding to the entries C' and H (the source and target of

v)-

We next compute this using the upward orientation, then, +E* looks like
this:
0 0 ? 0 0

0 0 ? 0 0

and the spectral sequence converges at this step. We wish to show that these two
question marks are zero. But they are precisely the cohomology groups of the
total complex that we just showed were zero.

3.5 Spectral Sequence of a Double Complex

There are two filtrations associated to every double complex E**® (one by
columns and one by rows), resulting to two spectral sequences related to the
homology of Tot(E).

Definition 3.5.1. (Filtration by Columns) If E = E** is a double complez,
we may filter the (product or direct sum) total complex Tot(E) by the columns
of E, letting ' F,,Tot(E) be the total complex of the double subcomplex of C:

(ITSnE)p’q = EP9 p <n, and 0 otherwise.

* * 0 0
* * 0 0
* * 0 0

This gives rise to a spectral sequence I EP'4 starting with the 0-page being the
double complex itself and the differentials being its “rightward” morphisms:

TEPY = EPY and dy =, d.

So the first page -which is the essentially the cohomology induced by the
“rightward” morphisms of the double complex- and its maps -which are induced
on cohomology from the “upward” morphisms- are:

TEYY = HY(EP®) and di =4 d, : HY(EP®) — HY(EPTH®).
So mow, continuing this construction, we get:
TEDY = HP(HY(E)).

Remark 3.5.2. If E is a first quadrant double complex, i.e. p > 0,q > 0, the
filtration is canonically bounded, and we have a convergent spectral sequence:

TEDY = gP(HY(E)) = HPT(Tot(E)).
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Filtering the double complex by rows (by doing the same thing but inter-
changing the roles of p and ¢ in the notation and also the roles of “upward” and
“rightward” morphisms), gives rise to a spectral sequence I/ EP:¢ with its 0-page
being the double complex itself and differentials being the “upward” morphisms:

HEPT = B1P and dy =4 d.
The next two pages are:
HEPT = HYE®, p) and dy =, d,: HI(E*P) — HY(E*PTT),

1L = HP(H(E)).

Of course, if E is a first quadrant double complex, this filtration is canonically
bounded, and the spectral sequence converges to to HPT4(Tot(E)).

Remark 3.5.3. Interchange of p and q in the notation should not be surprising,
since interchanging the roles of p and q converts the filtration by rows into the
filtration by columns and interchanges the spectral sequences 'E and T'E.



Chapter 4

Derived Categories

Behind the construction of the derived category there is a general procedure,
called localization. Roughly, one constructs the localization of a category with
respect to a localizing class of morphisms. In our case, these are the quasi-
isomorphisms. It turns out that quasi-isomorphisms indeed form a localizing
class in K(«) (but not in Ch(«)). For now we won’t bother with that, we will
instead skip that part and assume that derived categories exist in “our universe”
(Theorem 4.1.2). In the following chapter (4.1) we see what is a morphism in
derived category and how composition of morphisms has meaning. In chapter
(4.2) we will do all the work necessary to explain why derived categories exist
through localizing the class of quasi-ismorphisms.

4.1 A Thorough Introduction to Derived Categories

Definition 4.1.1. A morphism of complezes f : A* — B* is called a quasi-
isomorphism (or qis, for short) if for all i € Z the induced map H'(f) :
HY(A®*) — H'(B®) is an isomoprhism.

With this definition we can reveal that the central idea for the definition of
the derived category is this: quasi-isomorphic complexes should become isomor-
phic objects in the derived category. We shall begin with the following existence
theorem. Details of the construction are provided in the next chapter.

Theorem 4.1.2. Let &7 be an abelian category and let Ch(<f) be its category
of complexes. Then, there exists a category D(<f), the derived category of <7,
and a functor

Q: Ch) — D()
such that:
(i) If f : A* — B*, is a quasi-isomorphism, then Q(f) is an isomorphism
in D(<).

(i) Any functor F : Ch(«/) — D satisfying property (i) factorizes uniquely
over Q : Ch(&/) — D(«), i.e. there exists a unique functor (up to
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isomorphism) G : D(&/) — Z with F ~Go @ :

Ch(f *D o)

\/

The theorem is a pure existence result. In order to be able to work with the
derived category, we need to understand which objects become isomorphic under
Q@ : Ch(«/) — D(«) and how to represent morphisms in the derived category.
Explaining this, will provide the proof for the above theorem. Moreover, we shall
observe the following facts:

Corollary 4.1.3.

(i) Under the functor Q : Ch(«/) — D(</) the objects of the two categories
are identified.

(ii) The cohomology objects H'(A®) of an object A* € D(/) are well-defined
objects of the abelian category < .

(#ii) Viewing any object in <7 as a complex concentrated in degree zero yields
an equivalence between </ and the full subcategory of D() that consists
of complexes A® with H*(A®*) =0 for i # 0.

Remark 4.1.4. The term “concentrated in degree zero” refers to mapping an
object A € of to the compler -+ — 0 — A — 0 —> ... which identifies o/
with a full subcategory of Ch(</).

Unlike the category of complexes Ch(4), the derived category D(«7) is not
always abelian, but it is always triangulated. The shift functor descends to
D(«/) and a natural class of distinguished triangles can be found.

Suppose we have a quasi-isomorphism C* — A® in Ch(&). As the derived
category is to be constructed in a way that any quasi-isomorphism (in Ch(%?))
becomes an isomorphism (in D(&)), any morphism of complexes C* — B*®
will have to count as a morphism A®* — B*® in the derived category. This leads
to the definition of morphism in the derived category as diagrams of the form:

. C‘
A B

In order to make this an actual definition of the morphism in the derived
category, one has to explain when two such “roofs” are considered equal and
how to define their composition. The natural context for both problems is the
homotopy category of complexes K(.«7). This will provide an intermediate step
in passing from Ch(&) to D(&):
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By abuse of notation we shall again write @ : K(&) — D(«) for the

natural functor.
Let us now recall some useful stuff from Paragraph 1.2. Two morphisms

of complexes
frg: A* — B*®
are called homotopically equivalent (f ~ q) if there exists a collection of homo-
morphisms h? : A — B*~! € Z, such that
fi—g'=htod, +diyohl.
The homotopy category of complexes K(&7) is the category whose objects
Ob(K(«)) = Ob(Ch(«)), and morphisms

are the objects of Ch(«), i.e.
Homx (o) (A*, B*) = Homgn(w) (A%, B®)/ ~.
that the composition is well-defined in

That definition makes sense, i.e.
K(«), follows from the following assertions which are easily verified.

Proposition 4.1.5.
(i) Homotopy equivalence between morphisms A®* — B® of complexes is an

equivalence relation.
(i) Homotopically trivial morphisms form an ideal in the morphisms of Ch(</)

(iii) If f ~g: A* — B®, then H'(f) = H'(g) for all i.
(iv) f : A* — B® and g : B®* — A® are given such that f o g ~ idp
ida , then f and g are quasi-isomorphisms (and actually,

~

and g o f _
H'(f~1) = H'(g).
Now, for the definition of derived category, we have all the tools we need.

(1) The objects of the derived category come naturally as follows:
Ob(D(#)) = Ob(K(&)) = Ob(Ch(«))

(2) The set of morphisms Homp)(A®, B®) viewed as objects in D(</) is
the set of equivalent classes of diagrams of the form:

. C.
A® B*

Two such diagrams are equivalent if they are dominated in the homotopy
category K(&) by a third one of the same short, which means that the

following diagram is commutative:
- C*

qc RN .
/ 1 2
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Now two things we need to point is that composition of quasi-isomorphisms
is a quasi-isomorphism (i.e. C* — C7 — A® is a qis) and that the com-
positions C* — C} — A® and C* — C3 — A® are homotopy equivalent,
so since the first one is a qis, so is the second one.

(3) Now we have to define the composition of two morphisms. If two mor-
phisms:

ar 3
©N o
A B* B* c*

are given, we want the composition of both be given by a commutative
diagram (in the homotopy category K(g7) ) of the form

and

. G
PN
ooa G
VN TN
A B* ce

Now we have to make sure that (1) such diagram exists and that (2) is
unique up to isomorphism. Both things hold true but first we need to
remember the concept of mapping cone from Paragraph 1.4 in order to
explain why will it also play the central role in the definition of triangulated
structure on K(&) and D(«7).

Definition 4.1.6. Let f : A* — B® be a complex morphism. Its mapping
cone is the complex Cy with

i i1 i i —dit o
Ciy=A"®B" and dg, = ( ; - ) .
! ¥ firt ds
It is easy to verify that mapping cone is a complex. Moreover, there exist
two natural complex morphisms:

f:B*—C; and o:C;— A*[1]
given by the natural injection B®* — A™! @ B’ and the natural projection
Al @ Bt — A°[1]" = A" respectively. The composition B®* — Cy — A®[1]
is trivial and the composition A* — B®* — C is homotopic to the trivial map.

Moreover, B®* — C; — A°®[1] is a short exact sequence of complexes, so we
obtain a long exact cohomology sequence:

- — H'(A*) — H'(B*) — H'(Cy) — H'"'(A®) — ...

Also, by construction, any commutative diagram can be completed as follows:

° f1 °
A} By Cf1 At
J(. fa J(o v l
A2 B2 sz A2[1}

(the first square commutes).
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Proposition 4.1.7. Let f : A* — B® be a morphism of complexes and let
Cy be its mapping cone. Then there exists a complex morphism g : A*[1] —
Cp which is an isomorphism in K(27) and such that the following diagram is
commutative in K():

B —2 0y —2 A1) —L By

[k

B o — 2 0p — 2 Bep]

Proof. We define the morphism g : A*[1] — Cp as follows. Let:
A'[l] — At CZ% — Bitl @C} — Bitl @AHl e B

be the map (—fi*,id, 0) which is easy to verify that is indeed a complex mor-
phism.

The inverse g~! in K(7) can be given as the projection from the middle factor.
The commutativity (in K(&)) of the square:

A1) —L 5 Beq

J Jz

Cy —2L 5 B°[1]
is trivial. The remaining square:

Cy —2 A*[1]

ZJ J

CfLCB

does not commute in Ch(&), but it does commute up to homotopy. To prove
this we need to check that g o g~! is homotopic to the identity and then use it

to check that g~ o 85 = a.
O

Now we’ll see how to use the construction of the mapping cone in order to
compose two morphisms in the derived category.

Proposition 4.1.8. Let f: A* — B*® be a quasi-isomorphism and g : C* —
B*® be an arbitrary morphism. There exists a commutative diagram in K(<7):

cs 22 e

L
A 1 Be

qis
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Proof. Note that the existence of a commutative diagram (even in Ch(«7) and
even without A* — B*® being a qis) is trivial. The difficulty consists in con-
structing it such that C§ — C* is a qis.

The idea is to make use of a commutative diagram of the form:

Oﬂog[l] i) c* — Cf — Oﬁog

A

AL Lo — A

Due to the previous proposition (4.1.7) we know that B*® £, Cy — A*[1]

in K (&) is isomorphic to the triangle B*® 2, Cy — Cp . Now we can just

use the natural morphism Cgoy — Cj.
Using the long exact cohomology sequence we can prove that the morphism
C§ = Cpog|—1] — C* is a quasi-isomorphism.

O

Now we get the corollary we worked for:

Corollary 4.1.9. The composition of mophisms in the derived category as prop-
posed in eq.(4.1) exists and is well defined.

Proof. Apply Proposition (4.1.8) to

cy

|

Ccs — B*

qis

in eq.(4.1). O

4.2 Localizing into the the Derived Category

The derived category D(.) is defined to be the localization S~1K(.27) of the ho-
motopy category of complexes K(«7) at the collection S of quasi-isomorphisms,
in the sense of the following definition:

Definition 4.2.1. Let S be a collection of morphisms in a category €. A
localization of € with repsect to S is a category S=(€) together with a functor
q: € — STYE) such that:

(i) q(s) is an isomorphism in S=Y(€) for every s € S,

(i) any functor F : € — 9 such that F(s) is an isomorphisms for all s € S
factors uniquely through q.

Remark 4.2.2. (1) Compare this to the Theorem 4.1.2 and see the obvious
connection.

(2) Again like in the Theorem 4.1.2 (ii) the localization is unique up to
isomorphism.
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Example 4.2.3. (i) Let S be the collection of chain homotopy equivalences in
Ch(«/). The universal property of Ch(</) — K(<7) (every other functor
from Ch(&f) to some category that sends chain homotopy equivalences to
isomorphisms, factors uniquely through K(<7)) shows that K(<7) is the
localization S~ Ch(<7).

(ii) Let S be the collection of all quasi-isomorphisms in Ch(<Z). Since S
contains S of part (i), it follows that

ST1Ch(o) = 8 (ST Ch()) = ST K(o/) = D().

_ Therefore we could have defined the derived category to be the localization
S57'Ch(«). However, in order to prove that S™'Ch(&/) exists we must first
prove that S™1K (/) exists, by giving an explicit description of the morphisms.

Remark 4.2.4. If € is a small category, every localization S™1€ exists. It is
also not hard to see that S™'€ exists when the class S is a set. However, when
the class S is not a set, the existence of localization is a delicate set-theoritic
question.

The issue of whether or not S~1% exists in our universe is important to
some schools of thought, and in particular to topologists who need to localize
with respect to homology theories. In this section we shall consider a special
case in which S~™!% can be constructed “within our universe”, the case in which
S is a locally small multiplicative system. Later we will see that the class of
quasi-isomorphisms in K(&7) is a localy small multiplicative system when & is
either Modpg of right R-modules or Sheaves(X) of sheaves on a topological
space X.

Definition 4.2.5. A collection S of morphisms in a category € is called a
multiplicative system in € if it satisfies the following self-dual axioms:

(1) S is closed under composition and contains all identity morphisms.

(2) (Ore Condition) If t : Z —'Y is in S, then for every g : X =Y in €
there is a commutative diagram in ¢ “gs =tf’, s€ S:

(3) (Cancellation) If f,g : X — Y are parallel morphisms (i.e. they have
the same source and target) in € then the following two conditions are
equivalent:

sf = sg for some s € S with source Y

ft =gt for some t € S with target X

Example 4.2.6. (Localizations of rings) An associative ring R with unit may
be considered as an additive category % with one object ® via R = Endg(e).
Let S be a subset of R closed under multiplication and containing 1. If R is
commutative, or more generally if S is in the center of R, then S is always
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a multiplicative system in %Z. The usual ring of fractions S™'R is also the
localization ST % of the category X.

If S is not central, then S is a multiplicative system in Z if and only if
it is a “2-sided demominator set” (we won’t bother with its definition) in R.
This is the tool we need to construct the classical ring of fractions S™'R which
is the prototype we will use in the construction of the localization S~*C. Each
element in the ring of fraction is being represented as either fs~! ort=1g (f,g €
R and s,t € S) (remember the Ore Condition above, gs = tf), and again S™*R
is the localization of the category 2.

We call a chain in & of the form:
sl x < x, Ly

a (left) fraction if s € S.
Now we define two such fractions fs—! and gt=! : X +— X, —25 YV

to be equivalent if a third fraction X +— X3 — Y exists, fitting into a
commutative diagram in %"

X1
TN
X +— X35 —Y

X%%

It is easy to verify that this is an equivalence relation. We will write Homg(X,Y)
for the family of the equivalence classes of such fractions. Unfortunately, there
is no reason for this to be a set, unless S is locally small in the sense of the
following definition.

Definition 4.2.7. A multiplicative system S is called localy small (on the left)
if for each X € Ob(%) there exists a set of morphisms Sx in S, all having target
X, such that for every X1 — X in S there is a map Xo — X3 in € so that the
composite Xo — X1 — X is in Sx.

If S is locally small, then to see that Homg(X,Y) is a set for every XY
we make Sx the objects of a small category, a morphism from X; — X to
X, —45 X beingamap Xo — X; in@sothattis Xo — X1 — X.
The Ore Condition says that by enlarging Sx slightly we can make it a filtered

category. There is a functor Homg( ,Y) from Sx to Sets sendind s to the set
of fraction fs~!, and Homg(X,Y) to the colimit of this functor.

Composition of fractions is defined as follows:
To compose X «— X' —25 Y with Y «— Y’ — Z we use the Ore con-
dition to find a diagram

~

w1,y

l
X

— 7

»

t

sy

-

X +—
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with s € §. The composite is the class of the fraction X +— W — Z in
Homg (X, Z). It is not hard to verify that the equivalence class of the composite
is independent of the choice of X’ and Y”, so that we have well-defined a pairing

Homg(X,Y) x Homg(Y,Z) — Homg (X, Z).

It is clear from the construction that composition is associative. The Homg(X,Y)
(if they are sets) form the morphisms of a category having the same objects as
¢ it will be our localization S™1%.

Theorem 4.2.8. Let S be a locally small multiplicative system of morphisms
in a category €. Then the category S™'€ constructed above exists and is a
localization of € with respect to S. The universal functor ¢ : € — S™'€ send

f: X — Y to the sequence X = x -1y,

Proof. To see that ¢ : C — S~!C is a functor, observe that the composition of
XEXLyvady S vh Zis X < X 2 Z since we can choose t = idx
and f = g. If s € S then ¢(s) is an isomorphism because the composition
X< X3YandY &£ X = Xis X < X = X (take W = X). Finally,
suppose that F' : € — & is another functor sendind S to isomorphisms. Define
STIF : S71¢ — 2 by sending the fraction fs~! to F(f)F(s)~*. Given g and
t, the equality gs = tf in C shows that F(g)F(s) = F(t)F(f) < F(t 'g) =
F(fs™1); it follows that S™!F respects composition and is a functor. It is clear

that F = S™!F o ¢ and that this factorization is unique.
O

Corollary 4.2.9. S7'€ can be constructed using equivalence classes of “right
fractions” t~lg: X —L5 Y’ «— Y . provided that S is locally small on the

right (the dual notion of locally small, involving maps Y — Y’ in S).

Proof. S°P is a multiplicative system in €°P. Since €°P7 — (SP)~1€P is a
localizaion, so is its dual € — [(S°P)~1(€°P)]°P, but this is constructed using

the fractions t~1g.
O

Corollary 4.2.10. Two parallel maps f,g: X — Y in € become identified in
STI€ if and only if sf = sg for somes: X3 - X, z€S.

Corollary 4.2.11. Suppose that € has a zero object. The for every X in C :
q(0)=0in S™' <= S contains the zero map X %X,

Proof. Since ¢(0) is a zero object in S™'%, q(0) = 0 if and only if the parallel

maps 0,idx : X — X become identified in S~'%, that is, if and only if 0 =

s00 = s for some s.

O

Corollary 4.2.12. If € is an additive category, then so is S™'C, and q is an
additive functor.
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Proof. If € is an additive category, we can add fractions from X to Y as follows.
Given fractions flsfl and fzsgl, we use the Ore condition to findan s : Xo — X
in S and f], f}: Xo — Y, so that fis;' ~ fis~! and fas; ' ~ f5s~1; the sum
(f1+ f5)s™1 is well defined up to equivalence. Since ¢(X xY) = ¢(X) x ¢(Y) (if
the product X x X exists in ¢ the ” 22” holds) in S~!¥, it follows that S~1%
is an additive category and that ¢ is an additive functor.

O

Now we are ready to show that D(«/) is a triangulated category and that
it exists, at least if &7 is Modg or Sheaves(X). For this we generalize slightly.
Let K be a triangulated category. The system S arising from a cohomological
functor H : K — &7 is the collection of all morphisms s in K such that H'(s)
is an isomorphism for all ¢ € Z. For example, the quasi-isomorphisms S arise
from the cohomological functor HY.

Proposition 4.2.13. If S arises from a cohomological functor, then
(1) S is a multiplicative system.

(2) S7YK is a triangulated category, and K — S~'K is a morphism of trian-
gulated categories (in any universe containing S™1K).

Proof. We first show that the system S is multiplicative, by checking that the
axioms hold.

(1) The first Axiom (S is closed under composition and contains all identity
morphisms) is trivial.

(2) To prove this, let f: X — Y and s : Z — Y be given. Embed s in an
exact triangle (s,u,d) on (Z,Y,C) using (TR1). Complete uf : X — C
into an exact triangle (t,uf,v) on (W, X,C). By axiom (TR3) there is a
morphism g such that

is a morphism of triangles. If H®(s) is an isomorphism, H*(C) = 0.
Applying this to the long exact sequence of the other triangle, we see that
H*(t) is also an isomorphism. The symmetric assertion may be proven
similarly, or by appeal to K = &/°P.

(3) To verify this, we consider the difference h = f —g. Given s : Y — Y’ in
S with sf = sg, embed s in an exact triangle (u,s,d) on (Z,Y,Y”). Note
that H*(Z) = 0. Since Homk (X, ) is a cohomological functor,

Homk(X,Z) 2% Homk(X,Y) 3 Homk(X,Y')

is exact. Since s(f —g) = 0, there is a g : X — Z in K such that
f — g = ug. Embed ¢ in an exact triangle (¢,9,w) on (X', X, Z). Since
gt =0, (f —g)t = ugt = 0, whence ft = gt. And since H*(X') = H*(X),
that is, ¢ € S. The other implication of axiom (3) is analogous and may
be deducted from the above by appeal to K = o/°P.
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Now suppose that S™1K exists. The formula T'(fs~1) = T'(f)T(s) ! defines
a translation functor T on S™'K. To show that S™'K is triangulated, we
need to define exact triangles. Given usfl : A —> B, vsgl : B — C and
ws3' 1 C < O’ — T(A), the Ore condition for S yields morphisms t; : A’ — A
andty: B’ — Bin Sand v’ : A’ — B’, v : B’ — C"in C so that us] ' = tou/t]*
and vsy ' 2 s30'ty ', We say that (us;',vs; ', wsy') is an exact triangle in
S7IK just in case (v/,v’,w) is an exact triangle in K.
The verification that S™'K is triangulated is omitted being straightforward
but lengthy; one uses the fact that Homg(X,Y) may also be calculated using
fractions of the form ¢~ 1g.
O

Corollary 4.2.14. (Universal Property) Let F : K — L be a morphism of
triangulated categories such that F(s) is an isomorphism for all s € S, where
S arises from a cohomological functor. Since q : K — S™'K is a localization,
there is a unique functor F' : STV K — L such that F = F' oq. In fact, F' is a
morphism of triagnulated categories.

Corollary 4.2.15. D() is a triangulated category.

Proposition 4.2.16. Let R be a ring. Then D(<f) exists and is a triangulated
category if &7 is the category Modg or either of

e Presheaves(X), presheaves of R-modules on a topological space X,
e Sheaves(X), sheaves of R-modules on a topological space X .

Proof. We will use A instead of A® for cochain complexes in this proof in order
to make it more coherent and readable.

We have to prove that the multiplicative system S is locally small. Given
a fixed cochain complex of R-modules A, choose an infinite cardinal number s
larger than the cardinality of the sets underlying the A% and R. Call a cochain
complex B petite if its underlying sets have cardinality < k; there is a set of
isomorphism classes of petite cochain complexes, hence a set Sx of isomorphism
classes of quasi-isomorphisms A’ — A with A’ petite.

Given a quasi-ismorphism B — A it suffices to show that B contains a petite
subcomplex B’ quasi-isomorphic to A. Since H®(A) has cardinality < k, there
is a petite subcomplex By of B such that the map fo : H*(By) — H*(A) is onto.
Since Ker(fy) has cardinality < k, we can enlarge By to a petite subcomplex
Bj such that Ker(fy) vanishes in H®(B;). Inductively, we can construct an
increasing sequence of petite subcomplexes B, of B such that the kernel of
H*(B,,) — H(A) vanishes in H®*(By,+1), but then their union B’ =, .y Bn is
a petite subcomplex of B with

neN

H*(B') 2 lim H*(B,) = H*(A).

The proof for presheaves is identical, except that x must bound the number of
open subsets U as well as the cardinality of A(U) for every open subset U of X.
The proof for sheaves is similar, using the following three additional facts:

(1) if kK bounds the cardinal of A(U) for all U and the number of such U, then
k also bounds the cardinality of the stalks A, for z € X,
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(2) amap B — A is a quasi-isomorphism in Sheaves(X) if and only if every
map of stalks B, — A, is a quasi-isomorphism,

(3) for every directed system of sheaves, we have

H* (lim B,,) = lim H*(B,) .



Chapter 5

Grothendieck’s Spectral
Sequence Theorem

In his classic paper, [Tohoku], Grothendieck introduced a spectral sequence
associated to the composition of two functors. Today it is one of the organi-
zational principles of Homological Algebra. In this chapter our main goal is to
prove Grothendieck’s Spectral Sequence Theorem 5.2.2 using spectral se-
quences and then simplify this result using derived categories. In a nutshell this
very powerful tool Grothendieck has provided us with, is a spectral sequence
that computes the derived functors of the composition of two functors solely by
the knowledge of their derived functors. Before doing all that we will need to
define what a hyper-derived functor is, which will play a crucial role in the
following chapter.

5.1 Hypercohomology

Definition 5.1.1. Let &7 be an abelian category that has enough projectives. A
(left) Cartan - Eilenberg resolution P, o of a chain complexr A, in Ch(<?) is an
upper half-plane double complex (i.e. P, ;=0 if ¢ <0), consisting of projective
objects of &/ together with a chain map, called augmentation P, o 5 A, such
that for every p

(1) If A, =0, the column P, o is zero.

(2) The maps on boundaries and homology
By(e) : Bp(P,d-) — By(A)
Hy(e) : Hy(P,d—) — Hy(A)

are projective resolutions in </. Here By(P,d_,) denotes the horizontal bound-
aries in the (p,q) spot, that is, the chain complex whose ¢*"* term is d_,(Ppi1,4)-
The chain complexes Z,(P,d_) and Hy(P,d-) = Z,(P,d-)/By(e) are defined
similarly.

Lemma 5.1.2. Every chain complex As has a Cartan - Eilenberg resolution
P, o — A,.
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Definition 5.1.3. Let F' : &/ — A be a right exact functor and </ be an abelian
category with enough projectives. We define the left hyper-derived functors L; F
as follows:

If A is a chain complex in Ch(</) and P — A is Cartan - Eilenberg reso-
lution, then L;F(A) = H;Tot®(F(P)).

If f: A — B is a chain map and f : P — Q is a map of Cartan - Eilenberg
resolutions over f, then L;F(f) = H;Tot(f) from L;F(A) to L;F(B).
Remark 5.1.4. We can show that LF(A) is independent of the choise of P.
Basically if f,g : A — B are homotopic chain maps and f7§ : P = Q are
Cartain-Filenberg resolutions lying over them, then f is chain homotopic to §.
Then we can show that any two Cartan - Eilenberg resolutions P , Q of A are
chain homotopy equivalent. With this we can conclude that for any additive
functor F the chain complexes H;Tot®(F(P)) and H;Tot®(F(Q)) are chain
homotopy equivalent.

Lemma 5.1.5. If0 - A — B — C — 0 is a short exact sequence of bounded
below complexes, there is a long exact sequence

o L F(C) S LiF(A) » LiF(B) - L;F(C) > ...
Proposition 5.1.6. There is always a convergent spectral sequence
B2, = (L,F)(Hy(A)) = Lys, F(A).
If A is bounded below, there is a convergent spectral sequence
'E? = Hy(LyF(A)) = Ly F(A).

Corollary 5.1.7.

(1) If A is exact, L;F(A) =0, for all i.

(2) Any quasi-isomorphism [ : A — B induces isomorphisms

L F(A) 2 L,F(B).

(3) If each A, is F-acyclic, that is, LyF(Ap) = 0, for all ¢ # 0, and A is
bounded below, then

L,F(A) = Hy(F(A)), for all p.

As always we can define and get the dual cohomological variant of all the
above:

Hypercohomology Spectral Sequence 5.1.8. Let &/ be an abelian category
with enough injectives. A (right) Cartan - Eilenberg resolution of a cochain com-
plex A* in Co(<) is an upper half-plane complex I** of injective objects of o,
together with an augmentation A® — I*° such that the maps on coboundaries
and cohomology are injective resolutions of BP(A) and HP(A). Every cochain
complex has a Cartan - Eilenberg resolution A — I. If F: of — A is a left
ezact functor, we define R'F(A) to be H'Tot' (F(I)), at least when Tot™ (F(I))
exists in B. The R'F are called the right hyper-derived functors of F.



5.2 GROTHENDIECK’S SPECTRAL SEQUENCE - 59

If A is in Co(&), the two spectral sequences arising from the upper half
plane double cochain complex F(I) becomes

HEé”q = (RPF)(HY(A)) = RPYIF(A), weakly convergent,

and
TED9 = HP(RF(A) = RPTIF(A), if A is bounded below.

5.2 Grothendieck’s Spectral Sequence

In this chapter we will be working in &/, % and ¥ which are abelian categories
such that both &/ and £ have enough injectives. We are given left exact functors
G:od >PBand F: B — €.

od —C B

Definition 5.2.1. Let F : BB — € be a left exact functor. An object B € Ob(A)
is called F-acyclic if the derived functors of F vanish on B, that is, R'F(B) = 0

for i #0.

Grothendieck’s Spectral Sequence Theorem 5.2.2. Given the above co-
homological setup, suppose that G sends injective objects of &/ to F-acyclic
objects of B. Then, there exists a first quadrant cohomological sequence of each
A€ Ob(H):

TED9 = (RPF)(RIG)(A) = RPTI(FG)(A).

The edge maps in spectral sequence are the natural maps
(RPF)(GA) — RP(FG)(A) and RY(FG)A — F(RIG(A)).
The ezact sequence of low term is
0 — (R'F)(GA) — RY(FG)(A) — F(R'G(A)) — (R*F)(GA) — R*(FG)A.

Proof. Choose an injective resolution A — I of A in &/ and apply G to get a
cochain complex G(I) in #. Using a first quadrant Cartain-Eilenberg resolution
of G(I), form the hyper-derived functors R"F(G(I)). There are two spectral
sequences converging to hyper-derived functors. The first spectral sequence is

'ER? = HP((RIF)(GI)) = (RPTIF)(GI).

By hypothesis, each G(I?) is F-acyclic, so (R1F)(G(I?P)) = 0 for ¢ # 0. There-
fore this spectral sequence collapses to yield

(RPF)(GI) = HP(FG(I)) = RP(FG)(A).
The second spectral sequence is therefore
HEP? = (RPF)HY(G(I)) = RFTY(FG)(A).
Since H1(G(I)) = R1G(A), it is Grothendieck’s spectral sequence.
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Corollary 5.2.3. (Homology Spectral Sequence) Let of, 9 and € be abelian
categories such that both &/ and 9% have enough projectives. Suppose given
right exact functors G : &/ — B and F : B — € such that G sends projective
objects of o to F-acyclic objects of . Then there is a convergent first quadrant
homology spectral sequence for each A € Ob(<):

E;,q = (LpF)(LqG)(A) = Lp+q(FG)(A)~
The exact sequence of low degree term is

Lo(FG)A — (Lo F)(GA) — F(LiG(A)) — Li(FG)A — (L1 F)(GA) — 0.

5.3 Morphisms of Triangulated Cateogories

This will set the stage for the next paragraph: we will state some known results
which will later be useful to us. The proofs will be omitted.

Definition 5.3.1. A morphism F : K — K of triangulated categories is a
(covariant) additive functor that commutes with the translation functor T and
sends exact triangles to exact triangles.

For example, suppose we are given a morphism F : &/ — 2% between two
abelian categories. Since F preserves chain homotopy equivalences, it extends
to additive functors Ch(%) — Ch(%) and K(«7) — K(%). Since F commutes
with translation of chain complexes, it preserves mapping cones and exact tri-
angles. Thus F' : K(&/) — K(%) is a morphism of triangulated categories.

We would like to extend F to a functor D(&/) - D(#). U F: &/ — A is
exact, this is easy. However, if F is not exact, the functor K(&) — K (%) will
not preserve quasi-isomorphisms, and this may not be possible. The thing to
expect is that if F is left or right exact, then the derived functors of F will be
needed to extend something like the hyper-derived functors of F.

Let K denote KT (.27) the category of bounded bellow cochain complexes or
any other localizing triangulated subcategory of K(&7), and let D denote the
full subcategory of the derived category D(7) corresponding to K.

Definition 5.3.2. Let F : K — K(%) be a morphism of triangulated categories.
A (total) right derived functor of F on K is a morphism RF : D — D(%) of
triangulated categories, together with a natural transformation &:

qgF : K —— K(#) — D(%)

[

(RF)q: K —— D — D(%)

which is universal in the sense that if G : D — D(%) is another morphism
equipped with a natural transformation ¢ : qF = Gq, then there exists a unique
natural transformation 1 : RF = G so that (4 = nga 0&a for every A in D.

This universal property guarantees that if RF exists, it is unique up to nat-
ural isomoporphism and that if K’ ¢ K, then there is a natural transformation
from the right derived functor R'F on D’ to the restriction of RF to D’.

Similarly we can define the left derived functor of F as a morphism LF :
D — D(%) together with a natural transformation £ : (LF')q = ¢F satisfying
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the dual universal propery (G factors uniquely through n : G = LF). Sine LF
is R(F°P)°P  where F°P : K — K(Z%°P) we can translate any statement about
RF into a dual statement about LF'.

Remark 5.3.3. If F : &/ — % is an exact functor, F preserves quasi-isomorphisms.
Hence F extends trivially to F : D(o/) — D(%B). In effect, F is its own left
derived functor.

Theorem 5.3.4. (Ezistence Theorem) Let F : K" (&) — K(%) be a mor-
phism of triangulated categories. If </ has enough injectives, then the right
derived functor RTF exists on D" (), and if I is a bounded bellow complex of
injectives, then

RTF(I) = qF(I).

Corollary 5.3.5. Let F': of — A is an additive functor between abelian cate-
gories. If o/ has enough injectives, then the hyper-derived functors R'F(X) are
the cohomology of RF(X): R'F(X) = H'RTF(X) for all i.

Theorem 5.3.6. (Generalized Ezistence Theorem) Suppose that K' is a trian-
gulated subcategory of K such that:

(1) Every X in K has a quasi-isomorphism X — X' to an object of K .

(2) Every exact complex in K is F-acylic.

Then D' = D and RF : D~ D' &L, D(RB) is a right derived functor of F.

5.4 Replacing Spectral Sequences

Theorem 5.4.1. (Composition Theorem) Let K C K(/) and K C K(%)
be localizing triangulated subcategories, and suppose given two morphisms of
triangulated categories G : K — K and F : K — K(¢). Assume that RF,
RG and R(FQG) exist, with RF(D) C D'. Then:

(1) There is a unique natural transformation ¢ = (r.q : R(FG) = RF o RG,
such that the following diagram commutes in D(€) for each A in K.

qFG(A) —E s (RF)(qGA)

|¢re ta|

R(FG)(q4) - (RF)(RG)(q4)

(2) Suppose that there are triangulated subcategories Ko C K and K, C K’
satisfying the hypothesis of the Generalized Existance Theorem 5.3.6 for
G and F, and suppose that G sends Ko to K|,. Then C is an isomorphism

¢: R(FG) = (RF)o (RG).

Proof. The first part follows from the universal property 5.3.2 of R(F'G). For
the second one, it suffices to observe that if A is in Ko, then

R(FG)(qA) = ¢FG(A) = RF(¢(GA)) = RF(RG(qA)).
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Corollary 5.4.2. (Grothendieck’s Spectral Sequences) Let o/, % and € be
abelian categories that both </ and % have enough injectives, and suppose we
are given left exact functors G : of — B and F : B — €. If G sends injective
objects of o to F-acyclic objects of B, then

(:RY(FG)= (R"F)o (R'G).
There is also a convergent spectral sequence for all A:
EY? = (RPF)(RIG)(A) = RPTYFG)(A).
If A is an object of o7, this is Grothendieck’s Spectral Sequence of 5.2.2.

Proof. The hypercohomology spectral sequence 5.1.8 converging to (RPT4F)(RG(A))
has EY'? term (RPF)HY(RG(A)) = (RPF)(RIG(A)). O

Conceptually, the composition of functors R(FG) = (RF) o (RG) is much
simpler than the original spectral sequence.

5.5 The Leray Spectral Sequence

We will, now, state some useful facts in the form of reminders (for proofs see
[CW]). The goal of this section is to see a direct application of Grothendieck’s
Spectral Sequence 5.2.2, the Leray Spectral Sequence 5.5.8.

Definition 5.5.1. We say that a pair L : & — B and R : B — A of
additive functors between abelian categories are adjoint, if there is a natural
isomorphism

7 : Homg(L(A), B) = Hom (A, R(B)).

Remark 5.5.2. In this case, L is right exact and R is left exact.

Definition 5.5.3. Now, let f : X — Y be a continuous map of topological
spaces. For any sheaf F on X, we define the direct image sheaf f.JF on Y by
(f«F)(V) = F(f~1V) for every open V on Y.

Remark 5.5.4. f.F is a sheaf.

Definition 5.5.5. For any sheaf G on'Y, we can define the inverse sheaf f~1G
to be the sheafification of the presheaf sending an open set U in X to the direct
limit UmG (V') over the poset of all open sets V in'Y containing f(U).

—

We can show that there is a natural map f~!f,F — F, for every sheaf F
on X, and a natural map G — f.f~'G, for every sheaf G on Y. This means
that f~! and f. are adjoint to each other, so f~! preserves projectives and f,
preserves injectives. Moreover, f ! is right exact and f, is left exact.

Definition 5.5.6. The derived functors R f. are called the higher direct im-
age sheaf functors.

Definition 5.5.7. The global sections functor T' from Sheaves(X) to Ab is
the functor I'(F) = F(X).
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The global sections functor I' is right adjoint to the constant sheaves functor,
so I is left exact.
The right derived functors of I' are the cohomology functors on X:

H'(X,F) = R'T(F).

Leray Spectral Sequence 5.5.8. In this setup, if F is a sheaf of abelian
groups on X, the global sections of f.JF is the group

(fF)Y) = F(f7Y) = F(X) :

Sheaves(X % Sheaves(Y')

\/

The Grothendieck Spectral Sequence 5.2.2 in this case is called the Leray Spec-
tral Sequence: since RPT is sheaf cohomology, it is actually written as

2 _
B2, = HP(Y,R'f.F) = H"*(X, F).

This spectral sequence is a tool to much of modern algebraic geometry.






Appendix A

Projective And Injective
Modules

Definition A.0.1. A covariant functor T : Rpeq — Ab is an exact functor
if, for every exact sequence

0ALBE S0

the sequence

T(i) ) T(p)

0 — T(A) T(B T(C) =0

is also exact.
A contravariant functor is an exact functor if there is always exactness of

T(i)

0= 1) 2% 7By % 7(4) - 0

For the next theorem, take note that every left module is a quotient of a free
left module.

Theorem A.0.2. Let F be a free left R-module. If p: A — A" is surjective,
then for every h : F — A”, there exists an R-homomorphism g, making the
following diagram commute:

A—— A" —— 0
The proof for this is easy and it’s emitted.

Definition A.0.3. A lifting of a map h : C — A" is a map g : C — A with
pg=nh

C
Sl
AT>A”

That g is a lifting of h says that h = p.(g)
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If C is any, not necessarily free, module, then a lifting, if one exists, need
not be unique. Exactness of

0 — Ker(p) 5 A & 4"

where i is the inclusion, gives pi = 0. Any other lifting has the form g + if for
f: C — Kerp; this follows from exactness of

0 — Hom(C,Kerp) 2 Hom(C, A) 2 Hom(C, A”)
for any two liftings of h differ by a map if € Imi, = Kerp,.

Definition A.0.4. A left R-module P is projective if, whenever p is surjective
and h is any map, there exists a lifting g, that is, there exists a map g making
the following diagram commute:

AT>A”*>O

Theorem A.0.2 says that every free left R-module is projective. Though, not
every projective R-module is free, it depends on the ring R.

Projective modules arise in a natural way: We know that the Hom functors
are left exact; that is, for any module P, applying Homg(P, []) to an exact
sequence

0 A 5 AL A

gives an exact sequence
0 — Homp(P, A') L Homp(P, A) 2 Homp(P, A").

Proposition A.0.5. A left R-module P is projective if and only if Homg(P, [])
is an exact functor.

Remark A.0.6. Since Homp(P,[1) is a left exact functor, the point of the
proposition is that p. is surjective whenever p is surjective.

Proof. If P is projective, then for some h : P — A", there exists a lifting g :
P — A with pg = h. Thus, if h € Hompg(P, A”), then h = pg = p.(g) € Impx,
and so p, is surjective. Hence, Homg(P, []) is an exact functor.

For the converse, assume that Hom(P, []) is an exact functor, so that p, is
surjective: if h € Hompg(P, A”), there exists g € Hompg(P, A) with h = p.(g) =
pg. This says that given p and h, there exists a lifting ¢ making the diagram
commute. That is, P is projective.

O

Proposition A.0.7. A left R-module P is surjective if and only if every exact
sequence 0 — A - B 2 P — 0 splits.

The proof is emitted.
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Definition A.0.8. A left R-module E is injective if, whenever i is an injec-
tion, there exists a map g making the following diagram commute:

E
K
N9
T

0—>A*Z_>B

Proposition A.0.9. A left R-module E is injective if and only if Hom([], E)
s an exact functor.

Proof. If _
0-ASBEBC—0

is a short exact sequence, we must prove exactness of
0 — Hompg(C,E) £ Homp(B, E) X Homp(A, E) = 0.

Since Hom([], E) is a left exact contravariant functor, the point of the propo-
sition is that the induced map i, is injective. If f € Hompg(A, E), there exists
g € Homg(A,E), then f = gi = i.(g9) € Imi,, and so the induced map i, is
surjective. Therefore, Hom([], F) is an exact functor.

O

Proposition A.0.10. If a left R-module E is injective, then every short exact
sequence 0 — E = B2 C — 0 splits.

Proof.
E

r\\
IET \\i]

N

0—>E*Z,>B

Since F is injective, there exists g : B — E making the diagram commute.
O






Appendix B

Flat Modules

Definition B.0.1. If R is a ring, then a right R-module A is flat if AQp [
is an exact functor, that is, whenever

0B 45BEB" 50

s an exact sequence of left R-modules, then

02 A®r B 2% Ay B 2% Ay B -0
18 an exact sequence of abelian groups. Flatness of left R-modules is defined
stmilarly.
The functors A @y [1: Mod — Ab being right exact, gives us that a right

R-module A is flat, if and only if, whenever i : B — B is an injection, then
1y ®i: A®r B’ — A®pg B is also an injection.

Proposition B.0.2. Let R be an arbitrary ring.

(i) The right R-module R is a flat right R-module.

1) A direct sum @ . M; of right R-modules if flat, if and only if each M; is flat.
g J

(iti) Every projective right R-module is flat.

Lemma B.0.3. Let0 — A % B be an ezact sequence of left R-modules, and let
M be a right R-module. If u € Ker(1py; ® i), then there are a finitely generated
submodule N C M and an element v € N @ A such that:

(i) v € Ker(1y ® 1),
(i) w=rk®1a, where kK : N — M s the inclusion.

Proposition B.0.4. If every finitely generated submodule of a right R-module
M s flat, then M is flat.

Proof. Tt suffices to prove the exactness of 0 — A % B gives exactness of

0> M®rA RN Vs ®r B. If u € Ker(1p; ® i), then the lemma provides

a finitely generated submodule N C M and an element v’ € N @z A with
u € Ker(ly ®14) and u = (k® 14)(v'). Now 1y ® i is injective, by hypothesis,
so that v’ = 0; moreover, u = (k®14)(u’) = 0. Therefore, 15 ®1 is an injection
and M is flat. O






Appendix C
Limits

We say that a category is a small category if the objects and the morphisms
are sets. Now, if .# is any small category and % is any category, then a functor
F : % — % (with an onject A; € € for every i € #, and appropriate commuting
morphisms dictated by %) is said to be a diagram indexed by .%. We call &
an index category.

Example C.0.1. (i) One useful indexed category is a partially ordered set,
in which there is at most one morphism between any two objects.

(i) Another index category is the following square:
* *
* *

If € is another category, the functor from square to € is precicely the data
of a commuting diagram.

—

—

Definition C.0.2. The limit of the diagram is an object lir; A; of € along
—
with morphisms f; : lim A; — A; for each j € F, such that if m : j — k is a
—F

morphism in F, then the following diagram commutes:

lim Ai
—F

L

A; 4>F(m) Ay
and this object and maps to each A; are universal with respect to this property.
More precisely, given any other object W alogn with maps ¢g; : W — A; com-
muting with the F(m) (if m : j — k is a morphism in .F, then g, = F(m)og;),
then there is a unique map
g: W — lim A;
—F

so that g; = f; o g for all i.

Remark C.0.3. If the limit exists, it is unique up to isomorphism.






Appendix D

Filtration

The filtration is the generalization of the normal series of groups.

Definition D.0.1. A filtration of a module M is a family (Mp)pez of sub-
modules of M such that

gMp71 gMngp+1 g
The factor modules of this filtration form the grades module (M,/Mp_1)pez.

One can define filtrations of objects in any abelian category. In particular,
a filtration of a complex C is a family of subcomplexes (FPC),cz with

... C FPTIC C FPC C FPHI(C....

In more detail, a filtration of C is a commutative diagram such that, for each
n, the nth column is a filtration of C,,.

Cn—l—l C’n Cn_l —_— ...
Fr F? F? | —— .
FPy Fp1 FPl——

Remark D.0.2. Filtrations need not be ascending, they can be descending too
(with re-indexed submodules). Either case is a filtration.

Filtrations may have only finitely many terms; if we have My C M; C --- C
M, 1 € M, we can define M; = M, for all ¢ < 0 and M; = M, for all j > n.
Moreover, the “endpoints” (if there are any) of a filtration of M need not be
{0} or M; that is, neither {0} nor M must equalt to M, for some p.
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