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0. INTRODUCTION

These are notes for an advanced course given at Ben Gurion University in the academic
year 2015-16. In this course I am following various sources, mostly the earlier course notes
[Ye6] and the mini-course [Ye7]. Some new material is also included. See the References
for other sources. Some further material will be posted on the course web page [CWPJ.

I want to thank the participants of the course in Spring 2012 for correcting many of
my mistakes, both in real time during the lectures, and afterwards when writing the notes
[Ye6]. Thanks also to J. Lipman, P. Schapira, A. Neeman and C. Weibel for helpful
discussions on the material in [Ye6].

0.1. A motivating discussion: duality. By way of introduction to the subject, let us
consider duality. Take a field K. Given a K-module M (i.e. a vector space), let

D(M) := Homg (M, K),
be the dual module. There is a canonical homomorphism
v 2 M — D(D(M)),

na(m)(¢p) := ¢(m) for m € M and ¢ € D(M). If M is finitely generated then 7,/ is an
isomorphism (actually this is “if and only if”).
To formalize this situation, let Mod K denote the category of K-modules. Then

D : Mod K — Mod K

is a contravariant functor, and
n:id—=DoD
is a natural transformation. Here id is the identity functor of Mod K.
Now let us replace K by any nonzero commutative ring A. Again we can define a
contravariant functor

D :ModA — ModA, D(M):=Homa(M,A),

and a natural transformation 7 : id — D o D. It is easy to see that nys : M — D(D(M))
is an isomorphism if M is a finitely generated free module. Of course we can’t expect
reflexivity (i.e. nps being an isomorphism) if M is not finitely generated; but what about
a finitely generated module that is not free?

In order to understand this better, let us concentrate on the ring A = Z. Since Z-
modules are just abelian groups, the category Mod Z is often denoted by Ab. Let Ab¢ be
the full subcategory of finitely generated abelian groups. Any finitely generated abelian
group is of the form M = T @& F, with F' free and T finite (the letter “T” stands for
“torsion”). It is important to note that this is not a canonical isomorphism. There is a
canonical short exact sequence

(0.1.1) 0=TH M5 F o0,

but the decomposition M = T @ F comes from choosing a splitting o : F© — M of this
sequence.

Exercise 0.1.2. Prove that the exact sequence is functorial (i.e. natural); namely
there are functors T, F' : Abs — Ab¢, and natural transformations ¢ : T'— id and % : id —
F', such that for any M € Abg, the group T'(M) is finite; the group F'(M) is free; and the
sequence of homomorphisms

(0.1.3) 0 — T(M) 2% M 2% P(M) — 0
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is exact.

Next, prove that there does not exist a functorial decomposition of a finitely generated
abelian group into a free part and a finite part. Namely, there is no natural transformation
o : F — id, such that for every M, the homomorphism oy : F(M) — M splits the
sequence ((0.1.3)). (Hint: find a counterexample.)

We know that for the free abelian group F' there is reflexivity, i.e. np : F — D(D(F))
is an isomorphism. But for the finite abelian group 7" we have

D(T) = Homg(T,Z) = 0.

Thus, whenever T' # 0, reflexivity fails: nas : M — D(D(M)) is not an isomorphism.
On the other hand, for an abelian group M we can define another sort of dual:

D'(M) := Homz(M,Q/Z).

There is a natural transformation 7’ : id — D’ o D’. For a finite abelian group T the
homomorphism 7/, : T'— D'(D'(T)) is an isomorphism; this can be seen by decomposing
T into cyclic groups, and for a finite cyclic group it is clear. So D’ is a duality for finite
abelian groups. (We may view the abelian group Q/Z as the group of roots of 1 in C, via
the exponential function; and then D’ becomes Pontryagin Duality.)

But for a finitely generated free abelian group F we get D'(D'(F)) = F, the profinite
completion of F'. So once more this is not a good duality for all finitely generated abelian
groups.

We could try to be more clever and “patch” the two dualities D and D', into something
that we will call D @ D’. This looks pleasing at first — but then we recall that the
decomposition M = T @& F of a finitely generated group is not functorial, so that D @& D’
can’t be a functor.

Here is where the derived category enters. For any commutative ring A there is the
derived category D(Mod A). Here is a very quick explanation of it.

Recall that a complex of A-modules is a diagram

(014) M:(_>M_1 d;}; MOE%L)MI—))

in Mod A. Here M* are A-modules, the differentials (or coboundary operators) di, : M* —
M1 are A-linear homomorphisms, and dﬁ\}'l o dZM =0.
Given a second complex

dyt d$
N = (-~-—>N*1 N, NO Ny N — ),
a homomorphism of complexes ¢" : M* — N" is a collection of homomorphisms o M —
N satisfying A
o odl =diy oo
The resulting category is denoted by C(Mod A).
The i-th cohomology of M" is

_ Ker(d},)
" Tm(dy, )
A homomorphism ¢ : M — N* induces homomorphisms

Hi(¢) : H(M') — HY(N").

Hi (M) € Mod A.

We call ¢ a quasi-isomorphism if all the homomorphisms HZ(QS) are isomorphisms.
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The derived category D(Mod A) has the same objects are C(Mod A), namely the com-

plexes. There is a functor
Q : C(Mod A) — D(Mod A)
that is the identity of objects. If 1 is quasi-isomorphism in C(Mod A), the morphism
Q(v") is invertible in D(Mod A), i.e. it is an isomorphisms. The morphisms in D(Mod A)
are all of the form
Q(¢) o Q)

where ¢ is any morphism in C(Mod A), and " is any quasi-morphism in C(Mod A) (and
of course these are composable morphisms, re. source and target).

A single A-module M can be viewed as a complex concentrated in degree 0:

(0.1.5) M= -0%M%0->...).
In other words, M? = M and the rest are 0. This turns out to be fully faithful embedding
(0.1.6) Mod A — D(Mod A).

Moreover, any complex M whose cohomology is concentrated in degree 0, (i.e. H(M") =0
for all i # 0) is isomorphic in D(Mod A) to the module H(M). In this way we have enlarged
the category of A-modules.

Here is a very impotant kind of quasi-isomorphism. Suppose

d3? dzt
(0.1.7) P2y pt e p0 Loy g

is a free resolution of a module M. Let M" be the complex from (0.1.5]), and let P" be the
complex

dp? dpt
P=(.-»pP?2ypt 2Pl s0—...).

Then, letting €' := 0 for i # 0, we get a quasi-isomorphism

€ P — M
in C(Mod A), and thus an isomorphism

Q(€): P — M
in D(Mod A).
Let us now return to A = Z. The functor D = Homz(—,Z) from Mod Z to itself has a
right derived functor
RD = RHomz(—,Z),
which is a contravariant triangulated functor
RD : D(ModZ) — D(Mod Z).

And there is a natural transformation of triangulated functors

n:id - RDoRD.

Here is the way to calculate the functor RD, at least for a finitely generated abelian
group M. Let us choose a free resolution of M like in (0.1.7). To be easy on ourselves, we
take it to be like this:

1
P':(---—>O—>P_1dL>P0—>O—>---):(---—>0—>Z”i>Z”"0—>O---),

where 79,71 € N and d is a matrix of integers. Because Q(¢') : P* — M is an isomorphism
in D(Mod Z), it suffices to calculate RD(P").
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Now by construction,
RD(P") = D(P’) = Homy(P", Z),
where the complex Homgz(P",Z) is
Homgz(P',Z) = (- —»0— 2" 572 —0-.+),

concentrated in degrees 0 and 1, with the transpose matrix d* are the differential.
Because RD(P") = D(P") is itself a bounded complex of finite free modules, its derived
dual is

RDRD(P’)) = D(D(P")) = Homy (Homy (P, Z),Z).
The canonical morphism (in C(Mod Z))
np: P"— D(D(FP))
is an isomorphism; and therefore
nv M — RD(RD(M))

is an isomorphism in D(Mod Z).

We see that RD is a duality that holds for all finitely generated Z-modules

Here is the connection between the derived duality RD and the “classical” dualities D
and D’. Take a finitely generated abelian group M, with short exact sequence .
There are functorial isomorphisms

HO(RD(M)) = ExtY (M, Z) = Homy(M,Z) = D(M)

and
H'(RD(M)) = Exty(M,Z) = D'(M).
The cohomologies HY(RD(M)) = 0 for i # 0, 1.

Note that D(M) = D(F) and D'(M) = D'(T). We see that if M is neither free nor
finite, then both H*(RD(M)) and H'(RD(M)) are both nonzero; so that the complex
D(M) is not isomorphic to an object of Mod Z, under the embedding .

This sort of duality holds for many noetherian commutative rings A. But the formula
for the duality functor

RD : D(Mod A) — D(Mod A)

is somewhat different — it is
RD(M) := RHomy (M, R),

where R € D(Mod A) is a dualizing complez. Such a dualizing complex is unique (up to
shift and tensoring with an invertible module).

Interestingly, the structure of the dualizing complex R depends on the geometry of the
ring A (i.e. of the scheme Spec A). If A is a regular ring (like Z) then R = A is dualizing.
If A is Cohen-Macaulay (and Spec A is connected) then R is a single A-module. But if A
is a more complicated ring, then R must live in several degrees.

Example 0.1.8. Consider the affine algebraic variety X C A3 which is the union of a
plane and a line, with coordinate ring

A =R[ty,ta,t3]/(t3 - t1, t3-t2).

See figure [I} The dualizing complex R must live in two adjacent degrees; namely there is
some i s.t. H/(R) and H'"!(R) are nonzero.
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FIGURE 1. An algebraic variety that is connected but not equidimensional,
and hence not Cohen-Macaulay.

One can also talk about dualizing complexes over noncommutative rings. (This is a
favorite topic of mine!)
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1. Basics FacTs oN CATEGORIES

1.1. Set Theory. In this course we will not try to be precise about issues of set theory.
The blanket assumption is that we are given a Grothendieck universe U. This is a “large”
infinite set. A small set, or a U-small set, is a set S that is an element of U. We want
all the products [[;c; S; and disjoint unions [[;<; S;, with I and S; small sets, to be small
sets too. A U-category is a category C whose set of objects Ob(C) is a subset of U, and
for every C, D € Ob(C) the set of morphisms Hom¢(C, D) is small. See [SGA 4] or [KS2|
Section 1.1]. Another approach, involving “sets” vs “classes”, can be found in [Ne].

We denote by Set the category of all small sets. So Ob(Set) = U, and Set is a U-category.
A group (or a ring, etc.) is called small if its underlying set is small. We denote by Grp,
Ab, Ring and Ring. the categories of small groups, small abelian groups, small rings and
small commutative rings respectively. For a small ring A we denote by Mod A the category
of all small left A-modules.

By default we work with U-categories, and from now on U will remain implicit. The one
exception is when we deal with localization of categories, where we shall briefly encounter
a set theoretical issue; but for most interesting cases this issue has an easy solution.

1.2. Notation. Let C be a category. We often write C' € C as an abbreviation for C' €
Ob(C). For an object C, its identity automorphism is denoted by id¢c. The identity functor
of C is denoted by idc.

The opposite category of C is C°P. It has the same objects as C, but the morphism sets
are

Homcer (Cp, C1) := Homc(Cy, Co),

and composition is reversed. The identity functor of C can be viewed as a contravariant
functor id¢ : C — C°P. A contravariant functor F' : C — D is the same as a covariant
functor F' : C°® — D. Since we prefer dealing only with covariant functors, we make the
following convention:

Convention 1.2.1. By default all functors will be covariant, unless explicitly mentioned
otherwise.

We will try to keep the following font and letter conventions:

e f:C — D is a morphism between objects in a category.

e F: C— D is a functor between categories.

e 1) : F — G is morphism of functors (i.e. a natural transformation) between functors
F.G:C—D.

f,¢,a: M — N are morphisms between objects in an abelian category M.

F: M — N is an additive functor between abelian categories.

The derived category of an abelian category M is D(M).

If M is a module category, and M € Ob(M), then elements of M will be denoted
by m,n,m;, .. ..

1.3. Zero objects. Let C be a category. Recall that a morphism f : C — D in Cis called
an isomorphism if there is a morphism g : D — C such that f og =1idp and go f = id¢.
The morphism ¢ is called the inverse of f, it is unique (if it exists), and it is denoted by
.

The morphism f : C — D in C is called an epimorphism if it has the right cancellation
property: for any g,¢' : D — E, go f = ¢’ o f implies g = ¢’. The morphism f : C — D
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is called a monomorphism if it has the left cancellation property: for any ¢,¢' : E — C,
fog=fog implies g = ¢ .

Example 1.3.1. In Set the monomorphisms are the injections, and the epimorphisms are
the surjections. A morphism f : C — D in Set that is both a monomorphism and an

epimorphism is an isomorphism. The same holds in the category Mod A of left modules
over a ring A.

This example could be misleading, because the property of being an epimorphism is
often not preserved by forgetful functors, as the next exercise shows.

Exercise 1.3.2. Consider the category of rings Ring. (All rings have units, and ring ho-
momorphisms are unital.) Show that the forgetful functor Ring — Set respects monomor-
phisms, but it does not respect epimorphisms. (Hint: show that the inclusion Z — Q is
an epimorphism in Ring.) EI

By a subobject of an object C' € C we mean a monomorphism f : ¢’ — C in C. We
sometimes write C’ — C or €' C C in this situation, but this is only notational (and
does not mean inclusion of sets). Likewise, by a quotient of C' we mean an epimorphism
g:C — Cin C, and then sometimes write C’ — C.

An initial object in a category C is an object Cy € C, such that for every object C' € C
there is exactly one morphism Cy — C. Thus the set Homc(Cp,C) is a singleton. A
terminal object in C is an object C, € C, such that for every object C' € C there is exactly
one morphism C' — Cy.

Definition 1.3.3. A zero object in a category C is an object which is both initial and
terminal.

Initial, terminal and zero objects are unique up to unique isomorphisms (but they need
not exist).

Example 1.3.4. In Set, @ is an initial object, and any singleton is a terminal object.
There is no zero object.

Example 1.3.5. In Mod A, any trivial module (with only the zero element) is a zero
object, and we denote this module by 0. This is allowed, since any other zero module is
uniquely isomorphic to it.

1.4. Products and Coproducts. Let C be a category. By a collection of objects of C
indexed by a (small) set I, we mean a function I — Ob(C), ¢ — C;. We usually denote
this collection like this: {C;}ier.

Given a a collection {C;};cs of objects of C, its product is a pair (C, {p;}icr) consisting
of an object C' € C, and morphisms p; : C — C; for all ¢ € I, called projections. The
pair (C,{p;}icr) must have this universal property: given any object D and morphisms
fi : D — C;, there is a unique morphism f : D — C s.t. f; = p;o f. Of course if a product
(C,{pi}ticr) exists, then it is unique up to a unique isomorphism; and we usualy write
[Licr Ci := C, leaving the projection morphisms implicit.

Example 1.4.1. In Set and Mod A all products exist, and they are the usual cartesian
products.

n an early version of [Ye6] we claimed that this happens for the category Grp; but this is false. We
thank Vincent Beck for this correction.
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For a collection {C;}ier of objects of C, their coproduct is a pair (C, {e;}icr), consisting
of an object C' and morphisms e; : C; — C, called embeddings. The pair (C, {e;}icr) must
have this universal property: given any object D and morphisms f; : C; — D, there is a
unique morphism f : C — D s.t. fi = foe;. If a product (C,{e;}icr) exists, then it is
unique up to a unique isomorphism; and we write [[,c; C; := C, leaving the embeddings
implicit.

Example 1.4.2. In Set the coproduct is the disjoint union. In Mod A the coproduct is
the direct sum.

1.5. Equivalence. Recall that a functor F' : C — D is an equivalence if there exists a
functor G : D — C, and isomorphisms of functors (i.e. natural isomorphisms) G o F' = ide

and F o G = idp. Such a functor G is called a quasi-inverse of F, and it is unique up to
isomorphism (if it exists), and it is denoted by F~!.
The functor F': C — D is full (resp. faithful) if every Cy, C € C the function

F Homc(Co, Cl) — HOH]D(F(Co),F(Cl))
is surjective (resp. injective).
We know that F': C — D is an equivalence iff these two conditions hold:

(i) F' is essentially surjective on objects. This means that for every D € D there is
some C' € C and an isomorphism F(C) = D.
(ii) F' is fully faithful (i.e. full and faithful).

Exercise 1.5.1. If you are not sure about the last claim (characterization of equivalences),
then prove it. (Hint: use the axiom of choice to construct a quasi-inverse of F.)

Example 1.5.2. Let C and D be categories. A functor F' : C — D is an isomorphism if
it is bijective of sets of objects and on sets of morphisms. It is clear that an isomorphic
of categories is an equivalence. In practice, it is very rare to find an isomorphism of
categories.

1.6. Bifunctors. Let C and D be categories. Their product is the category C x D defined
as follows: the set of objects is

Ob(C x D) := Ob(C) x Ob(D).
The sets of morphisms are
Homc « p ((Co, Do), (C1, D1)) := Homc(Co, C1) x Homp(Dy, D1).

The composition is
(f1,91) © (fo, 90) :== (f1 © fo. 91 g0),

and the identity morphisms are (id¢,idp).
A bifunctor

F:CxD—E
is by definition a functor from the product category Cx D to E. We say “bifunctor”

because it is a functor of two arguments: F'(C, D) € E. This will be especially useful when
considering additive categories, because then we can talk about “bi-additive bifunctors”.
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1.7. Representable Funtors. Let C be a category and C' € C an object. We get a
functor
Yo : CP — Set, Yo := Homc(—,C),
called the Yoneda functor. This functor sends a morphism ¢ : Cy — C in C to
Y (¢) := Hom(¢,id¢) : Yoy, — Ye,.
Here is the first formulation of the Yoneda Lemma.

Proposition 1.7.1 (Yoneda Lemma 1). Let C be a category, let Cy,C1 € C be objects,
and let n : Yo, — Yo, be a morphism of functors C°P — Set.

(1) There exists a unique morphism ¢ : Co — Cy in C such that Y (¢) = 1.
(2) If n : Yo, — Yg, is an isomorphism of functors, then ¢ : Cy — C4 is an isomor-
phism in C.

See [KS2] for a proof.

A functor F' : C°° — Set is called representable if FF = Yo for some object C' € C.
The object C' is said to represent the functor F'. In this case there is a universal element
f € F(C), corresponding to id¢ € Yo (C). By the Yoneda Lemma, The pair (C, f) is
unique up to a unique isomorphism (if it exists).

Here is a fancier way to state this result. Consider the category Fun(C°P, Set), whose
objects are the functors F' : C°®® — Set, and whose morphisms are the morphisms of
functors (the natural transformations). There is a set-theoretic difficulty here: the sets of
objects and morphisms of Fun(C°P, Set) are too big (unless C is a small category); so this
is not a U-category, and we must enlarge the universe.

Proposition 1.7.2 (Yoneda Lemma 2). The Yoneda functor
Y : C — Fun(C°P, Set)
1s fully faithful.

In other words, the Yoneda Lemma says that the functor Y is an equivalence from C to
the category of representable functors C°? — Set.
Dually, any C' € C gives rise to a functor

Y{: C— Set, Y{ :=Homc(C,—).
The identity automorphism id¢ is a special element of the set Y/ (C).

A functor F : C — Set is called corepresentable if F' = Y/, for some object C € C. The
object C' is said to corepresent the functor F. In this case there is a universal element
[ € F(C), corresponding to idg € YA(C). The pair (C, f) is unique up to a unique
isomorphism (if it exists). The dual Yoneda Lemma says that the functor C' — F{, is an
equivalence from C° to the category of representable functors C — Set.
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2. ABELIAN CATEGORIES

The concept of abelian category is an extremely useful abstraction of module categories,
introduced by Grothendieck in 1957. Before definint it (in Definition [2.3.8]), we need some
preparation.

2.1. Linear categories.

Definition 2.1.1. Let K be a commutative ring. A K-linear category is a category M,
endowed with a K-module structure on each of the morphism sets Hompy (Mg, M7). The
condition is this:

e For all My, My, My € M the composition function
HOIIlM(Ml, MQ) X HOII]M(M(), Ml) — HOII]M(M(), Mg)
(¢27¢1) = ¢2 S ¢1

is K-bilinear.
If K = Z, we say that M is a linear category.
Let K be a commutative ring. By central K-ring we mean a ring A, with a ring homo-

morphism K — A, such that the image of K is inside the center of A. (Many texts would
call such A a “unital associative K-algebra”.)

Example 2.1.2. Let K be any nonzero commutative ring, and let n be a positive integer.
Then the ring of matrices A := Mat,,(K) is a central K-ring.

Proposition 2.1.3. Let M be a K-linear category.
(1) For any object M € M, the set
Endm(M) := Homm (M, M),
with its given addition operation, and with the operation of composition, is a central
K-ring.
(2) For any two objects My, M1 € M, the set Hompy (Mo, My), with its given addition
operation, and with the operations of composition, is a left module over the ring

Endm (M), and a right module over the ring Endy(My). Furthermore, these left
and right actions commute with each other.

Proof. Exercise. 0
This result can be reversed:

Example 2.1.4. Let A be a central K-ring. Define a category M like this: there is a
single object M, and its set of morphisms is

Homwm (M, M) = A.
Composition in M is the multiplication of A. Then M is a K-linear category.

Because of the above, in a linear category M, we often denote the identity automorphism
of an object M by 1,7 :=idy; € Endy(M).

For a central K-ring A, the opposite ring A°P has the same K-module structure as A,
but the multiplication is reversed.

Exercise 2.1.5. Let A be a nonzero ring. Let P, € Mod A be distinct free A-modules
of rank 1.
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(1) Prove that there is a ring isomorphism Endpeq 4(P) = A°P. Is this ring isomor-
phism canonical?

(2) Let M be the full subcategory of Mod A on the set of objects { P, Q}. Compare the
linear category M to the ring of matrices Matq(A°P).

2.2. Additive categories.

Definition 2.2.1. An additive category is a linear category M satisfying these conditions:

(i) M has a zero object 0.
(ii) M has finite coproducts.

Observe that Hompy (M, N) # & for any M, N € M, since this is an abelian group. Also
Homp (M, 0) = Hompm (0, M) = 0,

the zero abelian group. We denote the unique arrows 0 — M and M — 0 also by 0. So
the numeral 0 has a lot of meanings; but they are (hopefully) clear from the contexts. The
coproduct in a linear category M is usually denoted by €; cf. Example

Example 2.2.2. Let A be a K-central ring. The category Mod A is a K-linear additive
category. The full subcategory F C Mod A on the free modules is also additive.

Proposition 2.2.3. Let M be a linear category. Let {M;}icr be a finite collection of objects
of M, and assume the coproduct M = @,;c; M; exists, with embeddings e; : M; — M.
(1) For anyi let p; : M — M; be the unique morphism s.t. pjoe; = 1y, and pjoe; =0
for j #i. Then (M,{p;}icr) is a product of the collection {M;}icr.
(2) Yiereiopi=1um.
Proof. Exercise. O
Part (1) directly implies:
Corollary 2.2.4. An additive category has finite products.

Definition 2.2.5. Let M be an additive category, and let N be a full subcategory of M.
We say that N is a full additive subcategory of M if N is closed under finite direct sums.

Exercise 2.2.6. In the situation of Definition the category N is itself additive.

Example 2.2.7. Consider the linear category M from Example built from a ring
A. It does not have a zero object (unless the ring A is the zero ring), so it is not additive.

A more puzzling question is this: Does M have finite direct sums? This turns out to be
equivalent to whether or not A = A ® A as right A-modules. To see why, choose a fully
faithful additive functor F' : M — Mod A°P, that sends the unique object M € M to a rank
1 free right A-module P. (We identify right A-modules with left A°P-modules.) Compare
to Exercise 2.1.5]

Let I := {1,2}, and let {M;};cr be the only possible collection in M indexed by I (i.e.
M; = M). If there is a coproduct in M, then it must be M; & My = M. According to

Proposition we get
PoP=F(M)® F(Mz) = F(M)

I

P
in Mod A°P.

We know that when A is nonzero and commutative, or nonzero and noetherian, then
A2 AP Ain Mod A°P. On the other hand, if we take a field K, and a countable rank
K-module N, then A := Endg(N) will satisfy A = A® A.
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Proposition 2.2.8. Let M be a linear category, and N € M. The following conditions
are equivalent:

(i) The ring Endm(N) is trivial.

(ii) N is a zero object of M.

Proof. (ii) = (i): Since the set Endm(/V) is a singleton, it must be the trivial ring (1 = 0).

(i) = (ii): If the ring Endpm(N) is trivial, then all left and right modules over it must be
trivial. Now use Proposition [2.1.3|(2). O

2.3. Abelian categories.

Definition 2.3.1. Let M be an additive category, and let f : M — N be a morphism
in M. A kernel of f is a pair (K, k), consisting of an object K € M and a morphism
k: K — M, with these properties:

(i) fok=0.
(ii) If ¥ : K" — M is a morphism in M such that f o ¥’ = 0, then there is a unique
morphism ¢ : K’ — K such that ¥ = ko g.
In other words, the object K represents the functor M°® — Ab,
K'+— {k' € Homy(K',M) | fo k' =0}.

The kernel of f is of course unique up to a unique isomorphism (if it exists), and we denote
if by Ker(f). Sometimes Ker(f) refers only to the object K, and other times it refers only
to the morphism k; as usual, this should be clear from the context.

Definition 2.3.2. Let M be an additive category, and let f : M — N be a morphism
in M. A cokernel of f is a pair (C,c), consisting of an object C' € M and a morphism
c: N — C, with these properties:

(i) co f =0.
(ii) If ¢ : N — (' is a morphism in M such that ¢ o f = 0, then there is a unique
morphism g : C' — C’ such that ¢ = goec.

In other words, the object C' corepresents the functor M — Ab,
C'— {d € Hompg(M,C") | ¢ o f =0}.

The cokernel of f is of course unique up to a unique isomorphism (if it exists), and we
denote if by Coker(f). Sometimes Coker(f) refers only to the object C, and other times
it refers only to the morphism c¢; as usual, this should be clear from the context.

Example 2.3.3. In Mod A all kernels and cokernels exist. Given f : M — N, the kernel
is k: K — M, where

K:={me M| f(m) =0},
and the k is the inclusion. The cokernel is ¢ : N — C, where C' := N/f(M), and c is the
canonical projection.

Proposition 2.3.4. Let M be an additive category, and let f : M — N be a morphism in
M.

(1) If k: K — M is a kernel of f, then k is a monomorphism.

(2) If c: N — C is a cokernel of f, then ¢ is an epimorphism.

Proof. Exercise. 0
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Definition 2.3.5. Assume the additive category M has kernels and cokernels. Let f :
M — N be a morphism in M.

(1) Define the image of f to be
Im(f) := Ker(Coker(f)).
(2) Define the coimage of f to be
Coim( f) := Coker(Ker(f)).

The image is familiar, but the coimage is not. The next diagram should help. We start
with a morphism f : M — N in M. The kernel and cokernel of f fit into this diagram:

K5 ML Nse

Inserting a := Coker(k) = Coim(f) and 8 := Ker(c) = Im(f) we get the following
commutative diagram (solid arrows):

(2.3.6) Kt vt N ,c
Ny
\T>\NQJ N Tﬂ//ﬂjﬂ
N
M - - 5 N’
f/

Since co f = 0 there is a unique morphism v making the diagram commutative. Now
Boyok = fok =0; and 8 is a monomorphism; so v o k = 0. Hence there is a unique
morphism f’: M’ — N’ making the diagram commutative. We conclude that f : M — N
induces a morphism

(2.3.7) f": Coim(f) — Im(f).

Definition 2.3.8. An abelian category is an additive category M with these extra prop-
erties:

(i) All morphisms in M admit kernels and cokernels.
(ii) For any morphism f: M — N in M, the induced morphism f in equation (2.3.7))

is an isomorphism.

Here is a less precise but (maybe) easier to remember way to state property (ii). Because
M’ = Coker(Ker(f)) and N’ = Ker(Coker(f)), we see that

(2.3.9) Coker(Ker(f)) = Ker(Coker(f)).
From now on we forget all about the coimage.
Exercise 2.3.10. For any ring A, the category Mod A is abelian.
This includes the category Ab = Mod Z, from which the name derives.

Definition 2.3.11. Let M be an abelian category, and let N be a full subcategory of M.
We say that N is a full abelian subcategory of M if N is closed under finite direct sums,
kernels and cokernels.

Exercise 2.3.12. In the situation of Definition [2.3.11] the category N is itself abelian.

Example 2.3.13. Let M; be the category of finitely generated abelian groups, and let
Mg be the category of finite abelian groups. Then My is a full abelian subcategory of Ab,
and My is a full abelian subcategory of Mj.
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Exercise 2.3.14. Let N be the full subcategory of Ab whose objects are the finitely
generated free abelian groups. It is an additive subcategory of Ab (since it is closed under
direct sums).

(1) Show that N is closed under kernels in Ab.

(2) Show that N is not closed under cokernels in Ab, so it is not a full abelian subcat-
egory of Ab.

(3) Show that N has cokernels (not the same as those of Ab). Still, it fails to be an
abelian category.

Exercise 2.3.15. Of course Grp is not an additive category. Still it has a zero object (the
trivial group). Show that Grp has kernels and cokernels, but condition (ii) of Definition

fails.

Exercise 2.3.16. Let Hilb be the category of Hilbet spaces over C. The morphisms are
the C-linear homomorphisms f : M — N that respect the inner products. Show that
Hilb is a C-linear additive category with kernels and cokernels, but it is not an abelian
category.

Exercise 2.3.17. Let A be a ring. Show that A is left noetherian iff the category Mods A
of finitely generated left modules is a full abelian subcategory of Mod A.

Example 2.3.18. Let (X, .A) be a ringed space; namely X is a topological space and A is
a sheaf of rings on X. We denote by PMod A the category of presheaves of left .A-modules
on X. This is an abelian category. Given a morphism f : M — A in PMod A, its kernel
is the presheaf I defined by

I'(U,K) :=Ker (f : T(U, M) — T'(U,N))
on every open set U C X. The cokernel is the presheaf C defined by
I'(U,C) := Coker (f : I'(U, M) — T'(U,N)).

Now let Mod A be the full subcategory of PMod A consisting of sheaves. It is a full
additive subcategory of PMod A, closed under kernels. We know that Mod A is not closed
under cokernels inside PMod A, and hence it is not a full abelian subcategory.

However Mod A is itself an abelian category, but with different cokernels. Indeed, for
a morphism f : M — N in Mod A, its cokernel Cokerpog 4(f) is the sheafification of the
presheaf Cokerpmod A(f)-

For educational purposes we state without proof:

Theorem 2.3.19 (Freyd & Mitchell). Let M be a small abelian category. Then M is
equivalent to a full abelian subcategory of Mod A, for a suitable ring A.

This means that most of the time we can pretend that M C Mod A; this could be a
helpful heuristic.

Proposition 2.3.20. (1) Let M be an additive category. Then the opposite category
M°®P is also additive.

(2) Let M be an abelian category. Then the opposite category MP is also abelian.
Proof. (1) First note that
Homper (M, N) = Homp (N, M),
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so this is an abelian group. The bilinearity of the composition in M°P is clear, and the
zero objects are the same. Existence of finite coproducts in M°P is because of existence of
finite products in M; see Proposition M(l)

(2) M°P has kernels and cokernels, since Kerpor (f) = Cokery(f) and vice versa. Also the
symmetric condition (ii) of Definition holds. O

Proposition 2.3.21. Let f : M — N be a morphism in an abelian category M.

(1) f is a monomorphism iff Ker(f) = 0.
(2) f is an epimorphism iff Coker(f) = 0.
(3) f is an isomorphism iff it is both a monomorphism and an epimorphism.

Proof. Exercise. 0
2.4. Additive Functors.

Definition 2.4.1. Let M and N be K-linear categories. A functor F : M — N is called a
K-linear functor if for every My, My € M the function

F : Homp (M, My) — Homy (F(My), F(M))

is a K-linear homomorphism.
A Z-linear functor is also called an additive functor.

Additive functors commute with finite direct sums. More precisely:

Proposition 2.4.2. Let F': M — N be an additive functor between linear categories, let
{M;}icr be a finite collection of objects of M, and assume that the direct sum (M, {e;}icr)
of the collection {M;}ier exists in M. Then (F(M),{F(e;)}icr) is a direct sum of the
collection {F(M;)}ier in N.

Proof. Exercise. (Hint: use Proposition [2.2.3]) O

Note that the proposition above also talks about finite products, because of Proposition

223

Example 2.4.3. Let A — B be a ring homomorphism. The corresponding forgetful
functor

F :Mod B — Mod A
(also called restriction of scalars) is additive. The functor

G : Mod A — Mod B
defined by G(M) := B ®4 M, called extension of scalars, is also additive.

Proposition 2.4.4. Let F : M — N be an additive functor between linear categories.
Then:

(1) For any M € M the function
F : Endy(M) — Endy(F(M))

is a ring homomorphism.
(2) For any My, My € M the function

F : Homm (Mo, My) — Homy (F(My), F(My))

is a homomorphism of left Endm(Mj)-modules, and of right Endm(Mp)-modules.
(3) If M is a zero object of M, then F(M) is a zero object of N.
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Proof. (1) By Definition the function F' respect addition. By definition of a functor,
it respects multiplication and units.

(2) Immediate from the definitions, like (1).
(3) Combine part (1) with Proposition [2.2.8 O

Definition 2.4.5. Let /' : M — N be an additive functor between abelian categories.

(1) F is called left exact if it commutes with kernels. Namely for any morphism
¢ : Mo — M in M, with kernel k : K — My, the morphism F'(k) : F(K) — F(My)
is a kernel of F(¢) : F(My) — F(My).

(2) F is called right exact if it commutes with cokernels. Namely for any morphism
¢ My — M in M, with cokernel ¢ : M; — C, the morphism F(c) : F(M;) —
F(C) is a cokernel of F(¢) : F(My) — F(M).

(3) F is called ezact if it both left exact and right exact.

This is illustrated in the following diagrams. Suppose ¢ : My — M is a morphism in
M, with kernel K and cokernel C. Applying F' to the diagram

K—* s my—2 s — s

we get the solid arrows in

F(K) &F(Mo) &F(Ml) LF(C)
~ - ™ | P A
~ N | | - -
(LN N v 7 X
Kern(F(9)) Cokern (F(¢))

Bacause N is abelian, we get the vertical dashed arrows: the kernel and cokernel of F(¢).
The slanted dashed arrows exist and are unique because F'(¢)oF(k) = 0 and F(c)oF(¢) =
0. Left exactness requires ¥ to be an isomorphism, and right exactness requires x to be
an isomorphism.

Definition 2.4.6. Let M be an abelian category. An exact sequence in M is a diagram

C My 2% My S M-
(finite or infinite on either side) s.t. Ker(¢;) = Im(¢;—1) for all ¢ (for which ¢; and ¢;_1
are defined).

As usual, a short exact sequence is one of the form

(2.4.7) 0— Mo — My — My — 0.

Proposition 2.4.8. Let F': M — N be an additive functor between abelian categories.
(1) The functor F is left exact iff for every short exact sequence (2.4.7) in M, the

sequence
is exact in N.
(2) The functor F is right exact iff for every short exact sequence in M, the
sequence
F(MQ) — F(Ml) — F(Mg) —0

is exact in N.
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Proof. Exercise. (Hint: My = Ker(M; — Ms) etc.) O

Example 2.4.9. Let A be a commutative ring, and let M be a fixed A-module. Define
functors F, G : Mod A — Mod A and H : (Mod A)°? — Mod A like this: F(N):= M ®4 N,
G(N) := Homy(M,N) and H(N) := Homyu (N, M). Then F is right exact, and G and H
are left exact.

Proposition 2.4.10. Let F: M — N be an additive functor between abelian categories.
If F is an equivalence then it is exact.

Proof. We will prove that F' respects kernels; the proof for cokernels is similar. Take a
morphism ¢ : My — M; in M, with kernel K. We have this diagram (solid arrows):

M
[ N
NG
+ N
K—* My —2
Applying F' we obtain this diagram (solid arrows):
N = F(M)
N
Fayr o~
Yo FR) F(g)

F(K) — 2 F(My) —25 F(My)

in N. Suppose 0 : N — F(Mj) is a morphism in N s.t. F(¢) o8 = 0. Since F is essentially
surjective on objects, there is some M € M with an isomorphism o : F(M) = N. After
replacing N with F(M) and 6 with 6 o o, we can assume that N = F(M).

Now since F is fully faithful, there is a unique 6 : M — My s.t. F(#) = 0; and ¢o6 = 0.
So there is a unique ¢ : M — K s.t. § = ko). It follows that F(¢) : F(M) — F(My) is
the unique morphism s.t. = F(k) o F1)). d

Here is a result that could afford another proof of the previous proposition.

Proposition 2.4.11. Let F : M — N be an additive functor between linear categories.
Assume F' is an equivalence, with quasi-inverse G. Then G : N — M is an additive functor.

Proof. Exercise. 0
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3. PROJECTIVE AND INJECTIVE OBJECTS
Here M is an abelian category.

3.1. Projectives. A splitting of an epimorphism ¢ : M — M"” in M is a morphism
a: M'" — M st. poa = 1y A splitting of a monomorphism ¢ : M’ — M is a
morphism 3 : M — M’ s.t. Bo¢ = 1yp. A splitting of a short exact sequence

(3.1.1) 0M S MY M 0

is a splitting of the epimorphism ), or equivalently a splitting of the monomorphism ¢.
The short exact sequence is said to be split if it has some splitting.

Exercise 3.1.2. Show how to get from a splitting of ¢ to a splitting of ¢, and vice versa.
Show how any of those gives rise to an isomorphism M = M’ @& M”.

Definition 3.1.3. An object P € M is called a projective object if any diagram (solid
arrows)

M —— N

in M, in which v is an epimorphism, can be completed (dashed arrow) to a commutative
diagram.

Proposition 3.1.4. The following conditions are equivalent for P € M:
(i) P is projective.
(ii) The additive functor
Hompm(P,—) : M — Ab

s exact.
Proof. Exercise. U

Definition 3.1.5. We say M has enough projectives if every M € M admits an epimor-
phism P — M from a projective object P.

Example 3.1.6. Let A be a ring. An A-module P is projective iff it is a direct summand
of a free module; i.e. P ® P’ = Q for some module P’ and free module (). The category
Mod A has enough projectives.

Example 3.1.7. Let M be the category of finite abelian groups. The only projective
object in M is 0. So M does not have enough projectives.

Example 3.1.8. Consider the scheme X := P]%(, the projective line over a field K. (If the
reader prefers, he/she can assume K is algebraically closed, so X is a classical algebraic
variety.) The structure sheaf (sheaf of functions) is Ox. The category Coh Ox of coherent
Ox-modules is abelian (it is a full abelian subcategory of Mod Ox, cf. Example .
One can show that the only projective object of Coh Ox is 0, but this is quite involved.

Let us only indicate why Ox is not projective. Denote by ¢y, t; the homogenous coordi-
nates of X. These belong to I'(X, Ox(1)), so each determines a homomorphism of sheaves
tj : Ox (i) = Ox(i+1). We get a sequence

]

0 0x(-2) 2L o122 0y S0
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in Coh Oy, which is known to be exact. Because I'(X, Ox) = K, and I'(X, Ox(—1)) =0,
this sequence is not split.

3.2. Injectives.

Definition 3.2.1. An object I € M is called an injective object if any diagram (solid
arrows)

MT>N

in M, in which ¢ is a monomorphism, can be completed (dashed arrow) to a commutative
diagram.

Proposition 3.2.2. The following conditions are equivalent for I € M:
(i) I is injective.
(ii) The additive functor
Hompm(—, 1) : M°? — Ab
15 exact.

Proof. Exercise. O

Example 3.2.3. Let A be a ring. Unlike projectives, the structure of injective objects in
Mod A is very complicated, and not much is known (except that they exist). However if A
is a commutative noetherian ring then we know this: every injective module [ is a direct
sum of indecomposable injective modules. And these indecomposables are parametrized
by Spec A, the set of prime ideals of A. These facts are due to Matlis; see [RD| pages
120-122] for details.

Definition 3.2.4. We say M has enough injectives if every M € M admits a monomor-
phism M — I to an injective object I.

Here are a few results about injective objects. Recall that modules over a ring are
always left modules by default.

Proposition 3.2.5. Let f : A — B be a ring homomorphism, and let I be an injective
A-module. Then J := Homa(B,I) is an injective B-module.

Proof. Note that B is a left A-module via f, and a right B-module. This makes J into a
left B-module. In a formula: for ¢ € J and b,b’ € B we have (b-¢)(b') = ¢(b' - b).
Now given any N € Mod B there is an isomorphism

(3.2.6) Homp(N,J) = Homp(N,Hom4(B,I)) = Homa (N, I).

This is a natural isomorphism (of functors in N). So the functor Homp(—, J) is exact,
and hence J is injective. O

Theorem 3.2.7 (Baer Criterion). Let A be a ring and I an A-module. Assume that every
A-module homomorphism a — I from a left ideal a C A extends to a homomorphism
A — I. Then the module I is injective.
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Proof. Consider an A-module M, a submodule N C M, and a homomorphism v : N — [I.
We have to prove that v extends to a homomorphism M — I. Look at the pairs (N',~/)
consisting of a submodule N’ C M that contains N, and a homomorphism +’ : N’ — I that
extends . The set of all such pairs is ordered by inclusion, and it satisfies the conditions
of Zorn’s Lemma. Therefore there exists a maximal pair (N’,4’). We claim that N’ = M.
Otherwise, there is an element m € M that does not belong to N’. Define N” :=
N +A-mC M. Let
a:={a€A|la-meN'},
which is a left ideal of A. There is a short exact sequence
0—2a—=NoA—>N =0

of A-modules. Let ¢ : a — I be the homomorphism induced by v : N' — I. By
assumption, it extends to a homomorphism ¢ : A — I. We get a homomorphism

(’y’,g?)):N’EBA%I

that agrees on a; and thus there is an induced homomorphism ~” : N” — [I. This
contradicts the maximality of (N/,~/). O

Lemma 3.2.8. The Z-module Q/7Z is injective.

Proof. By the Baer criterion, it is enough to consider a homomorphism v : a — Q/Z for
an ideal a = n-Z C Z. We may assume that n # 0. Say y(n) = r + Z with » € Q. Then
we can extend v to ¥ : Z — Q/Z with 5(1) :=r/n + Z. O

Lemma 3.2.9. Let {I,}.cx be a collection of injective objects of M. If the product
[l.ex Iz exists in M, then it is an injective object.

Proof. Exercise. O
Theorem 3.2.10. Let A be any ring. The category Mod A has enough injectives.

Proof. Step 1. Here A = Z. Take any nonzero Z-module M and any nonzero m € M.
Consider the cyclic submodule M’ := Z-m C M. There is a homomorphism v : M’ —
Q/Z s.t. v'(m) # 0. Indeed, if M" = Z, then we take any r € Q — Z; and if M’ =2 Z/(n)
for some n > 0, then we take r := 1/n. In either case, we define v'(m) :=r +7Z € Q/Z.
Since Q/Z is an injective Z-module, v extends to a homomorphism v : M — Q/Z. By
construction we have y(m) # 0.

Step 2. Now A is any ring, M is any nonzero A-module, and m € M a nonzero element.
Define the A-module I := Homy (A, Q/Z), which, according to Lemma and Proposi-
tion is an injective A-module. Let v : M — Q/Z be a Z-linear homomorphism such
that v(m) # 0. Such v exists by step 1. Let 7: I — Q/Z be the Z-linear homomorphism
that sends an element y € I to x(1) € Q/Z. The adjunction formula gives an
A-module homomorphism ¢ : M — I s.t. 7o) = ~. We note that (10¢)(m) = v(m) # 0,
and hence ¢(m) # 0.

Step 3. Here A and M are arbitrary. Let I be as in step 2. For any nonzero m € M
there is an A-linear homomorphism 1, : M — I such that ¢,,(m) # 0. For m = 0
let 9 : M — I be an arbitrary homomorphism (e.g. 9 = 0). Define the A-module
J = [Lnem I. There is a homomorphism ¢ := [],,cas¥m : M — J, and it is easy to
check that 1) is a monomorphism. By Lemma J is an injective A-module. O
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Exercise 3.2.11. At the price of getting a bigger injective module, we can make the
construction of injective resolutions functorial. Let I := Homy(A,Q/Z) as above. Given
an A-module M, consider the set

X(M) := Homu (M, I) = Homz(M,Q/Z).

Let J(M) = [lyex(m){- There is a “tautological” homomorphism ¢ar : M — J(M).
Show that ¢ps is a monomorphism, J : M — J(M) is a functor, and ¢ : id — J is a

natural transformation.
Is the functor J : Mod A — Mod A additive?

Example 3.2.12. Let N be the category of torsion abelian groups, and M the category
of finite abelian groups. Then N C Ab and M C N are full abelian subcategories. M has
no projectives nor injectives except 0. The only projective in N is 0. But N has enough
injectives: this is because Q/Z € N, N is closed under infinite direct sums in Ab, and the
next proposition.

Proposition 3.2.13. If A is a left noetherian ring, then any direct sum of injective A-
modules is an injective module.

Proof. Exercise. (Hint: use the Baer criterion.) |

Remark 3.2.14. Actually, the converse of Proposition [3.2.13]is also true: if every direct
sum of injective A-modules is injective, then A is left noetherian. But experience tells us
that this fact is not very important...

Exercise 3.2.15. Here we study injectives in the category Ab = Mod Z. By Lemma [3.2.8
the module I := Q/Z is injective. For a (positive) prime number p, we denote by Zp the
ring of p-adic integers, and by @p its field of fractions (namely the p-adic completions of
Z and Q respectively). Define the abelian group I, := @p/ Zp.

(1) Show that I, is an injective object of Ab.

(2) Show that I, is indecomposable (i.e. it is not the direct sum of two nonzero objects).

(3) Show that I = @, I,.

(4) The theory tells us that there is another indecomposable injective object in Ab,
besides the I,,. Try to identify it.

Remark 3.2.16. Let K be a field and A := K]t], the polymomial ring in one variable.
As we very well know, the categories Mod A and ModZ share many properties. Let
A* := Homg (A, K), which is of course an injective A-module (because K is an injective
K-module). The structure of A*, as a direct sum of indecomposable injectives, was used
to cook up a counterexample in [Yebl, Section 6].

The abelian category Mod A associated to a ringed space (X,.A) was introduced in
Example [2.3.18

Proposition 3.2.17. Let (X,.A) be a ringed space. The category Mod A has enough
injectives.

Proof. Let M be an A-module. Take a point x € X. The stalk M, is a module over the
ring A, and by Theorem [3.2.10] we can find an embedding ¢, : M, — I, into an injective
Az-module. Let g, : {xr} — X be the inclusion, which we may view as a map of ringed
spaces from ({z}, A;) to (X, A). Define Z, := g,,(I;), which is an .A-module (in fact it
is a constant sheaf supported on the closed set {z} C X). The adjunction formula gives
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rise to a sheaf homomorphism v, : M — Z,. Since the functor ¢ : Mod A — Mod A4, is
exact, the adjunction formula shows that Z, is an injective object of Mod A.

Finally let J := [[,cx Zz- This is an injective A-module. There is a homomorphism
Y= [lpex ¥s : M — J in Mod A. This is a monomorphism, since for every point, letting

J: be the stalk of the sheaf J, the composition M, ﬁ) Tz LEN 7, is the embedding
Op : My — 1. |
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4. DG RINGS AND MODULES

In this section we fix a nonzero commutative base ring K. (It seems more relaxing
to have a base ring K around, rather than working with the universal base K = Z.)
Throughout, “DG” stands for “differential graded”.

I do not know any good references for this very basic material. There is some in [ML],
in [SP, Chapter 09JD], and also in the not-yet-published [AFH]. Some of the material is
taken directly from my recent papers [Ye8] and [Ye9].

4.1. DG K-modules.

Definition 4.1.1. A DG K-module is a graded K-module M = @,;, M?, together with
a K-linear operator d : M — M of degree 1, called the differential, satisfying d o d = 0.

Definition 4.1.2. Let M and N be DG K-modules. A strict homomorphism of DG K-
modules is a K-linear homomorphism ¢ : M — N that commutes with the differentials
and respects the gradings. The resulting category is denoted by DGModg, K.

Remark 4.1.3. The name “strict morphism of DG modules”, and the corresponding
notation DGModg; K, are new. We introduced them to distinguish DGModgt; K from the
DG category DGMod K that contains it; cf. Definitions and

Suppose M and N are DG K-modules. For any integer ¢ let
(M @g N)" := P (M7 @g N*7).

JEZ

Then

(4.1.4) M@k N =P (M @k N),
€L

so it is a graded K-module. We put on it the differential
(4.1.5) dim®@n) :=dy(m)@n+ (—=1)" - m e dy(n)
for m € M* and n € N7. In this way M ®x N becomes a DG K-module.

For DG K-modules M, N, we let Homg (M, N)* be the K-module of degree ¢ homomor-
phisms ¢ : M — N; namely

Homg (M, N)" = ] Homg (M7, N7H9).

JEZ
We then define
(4.1.6) Homg (M, N) := @ Homg (M, N)'.
i€Z
This is also a DG K-module. The differential is
(4.1.7) d(¢):=dyo¢p—(—=1)"-¢ody

for ¢ € Homg (M, N)*. When we need to emphasize where d acts, we sometimes denote it

by dhom OF dHomg (M,N)-
Let M be a DG K-module. The set of degree 7 cocycles is

ZY (M) = ker(d| ;) € M,
and the set of degree i coboundaries is

BY{(M) := im(d|yi-1) € M".
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The ¢-th cohomology is ‘ ' '
H'(M) :=7Z"(M)/B"(M).
These are all K-modules, and in fact they are functors
7', B',H' : DGModgi; K — Mod K.

Let us record the following result, whose easy proof we leave out.

Proposition 4.1.8. For DG K-modules M and N, there is equality
Hompemod,,, k (M, N) = Z° (Homg (M, N))

of these submodules of Homg (M, N).
4.2. DG Categories. Suppose C is a K-linear category (Definition[2.1.1]). Since the com-

position of morphisms is K-bilinear, for any triple of objects My, My, My € C, composition
can be expressed as a K-linear homomorphism

Home (M1, M) ®x Home (Mo, My) — Home (Mo, M2)

P2 ® ¢1 > P20 1.
We refer to it as the composition homomorphism. It will be used in the following definition.
Definition 4.2.1. A K-linear DG category is a K-linear category C, endowed with a DG

K-module structure on each of the morphism K-modules Hom¢(My, M1). The conditions
are these:

(a) For any object M, the identity morphism 1y is a degree 0 cocycle in Homc (M, M).
(b) For any triple of objects My, My, My € C, the composition homomorphism

Home (M7, M2) ®x Home (Mo, My) — Home (Mo, M2)
is a strict homomorphism of DG K-modules.

If K =Z, we say that Cis a DG category.

In the condition (b) of the definition we use formula for the DG module structure
on a tensor product of DG K-modules. It is possible that condition (a) is redundant (cf.
Proposition below). A morphism ¢ : M — N in C is called a degree i morphism if
¢ € Homc (M, N)®.

Definition 4.2.2. Let C be a K-linear DG category. A morphism ¢ : M — N in C is
called a strict morphism if it is a degree 0 cocycle in Hom¢ (M, N).

Lemma 4.2.3. Let C be a K-linear DG category, and for i = 1,2,3 let ¢; : M;—1 — M;
be morphisms in C of degree k;.

(1) The morphism ¢2 o ¢1 has degree ki + k2, and

d(@2061) = d(¢2) © $1 + (=1)* - p2 0 d(en).
(2) If ¢1 and ¢o are cocycles, then so is ¢z o P1.
(3) If ¢2 is a coboundary, and ¢1 and ¢3 are cocycles, then ¢p3opa0py is a coboundary.

Proof. (1) This is just a rephrasing of item (b) in Definition

(2) This is immediate from (1).

(3) Say ¢o = d(1)2) for some degree ko — 1 morphism vy : My — Ms. Then
$30¢20¢1 =d(¢30920¢1).
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The lemma makes the next definition possible.

Definition 4.2.4. Let C be a K-linear DG category.

(1) The strict category of C is the category Cgr = Z°(C), with the same objects as C,
but with strict morphisms only. Thus

Homc,, (M, N) = Z°(Homc (M, N)).

(2) The homotopy category of C is the category H°(C), with the same objects as C,
and with morphism sets

Homgpo ¢) (M, N) := H’(Homc (M, N)).

The categories Cqr and HO(C) are K-linear. There are K-linear functors Cg, — C and
Cstr — HY(C). Both functors are the identity on objects, but the first is faithful (injective
on morphisms), and the second is full (surjective on morphisms).

Remark 4.2.5. There is a vast theory on DG categories. See [Ke], [BK]. In this course we
shall be exclusively concerned with the categories C(M, A), to be introduced in Subsection
[4.6] that have a lot more structure than other DG categories; most importantly, they are
additive, and their objects (the DG A-modules in M) have a DG structure too.

Here is a useful result.

Proposition 4.2.6. Let ¢ : M — N be a degree i isomorphism in the K-linear DG
category C. Assume ¢ is a cocycle, namely d(¢) = 0. Then its inverse ¢~ ' : N — M is
also a cocycle.

Proof. According the Leibniz rule (Lemma [4.2.3(1)), and the fact that 1,/ is a cocycle, we
have

0=d(ly) =d(¢ ' og) =d(¢ ) og—(~1)""-¢ o d(¢) =d(¢™") 0 9.

Because ¢ is an isomorphism, we conclude that d(¢~!) = 0. O

4.3. Complexes. Before delving into the deeper waters of DG modules, let’s recall facts
about complexes from the classical homological theory.

Let M be a K-linear category. A complez of objects of M (or a complex in M) is a
diagram

-1 d;wl 0 d?w 1 d}w 2
(4.3.1) (oMM S M S M)
of objects and morphisms in M, such that dﬁ\}rl o df}\/[ = 0. Alternative notations for this
complex are
({M"}iez, {dhs }iez),

or just (M,dps). The collection of morphisms dy; is called the differential of M, or the
coboundary operator. We sometimes write d instead of ds or dlM; and often we write M
instead of (M, dys), leaving the differential implicit. E|

Let N be another such complex. A strict morphism of complexes ¢ : M — N is a
collection ¢ = {¢'};cz of morphisms ¢’ : M* — N* in M, such that

dZ]‘V o qﬁ’ = gb“'l o d’]‘w.

2Thanks to Stephan Snigerov for correcting typos here.
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Note that the strict morphism ¢ : M — N can be viewed as a commutative diagram

M D it

¢'Ll ¢i+1J
di

Ni N Ni—l—l

Of course the identity morphism 1, is a strict morphism.

Remark 4.3.2. In most textbooks, what we call “strict morphism of complexes” is simply
called a “morphism of complexes”. See Remark for an explanation.

Let us denote by Cg, (M) the category of complexes in M, with strict morphisms. This
is a K-linear category. If M happens to be additive, then so is Cs;(M). Indeed, direct
sums of complexes are degree-wise, i.e. (M @& N)" = M" @ N*. If M is abelian, then so is

Csir (M), again with kernels and cokernels made degree-wise. If N is a full subcategory of
M, then Cg,(N) is a full subcategory of Cg,(M).
Any single object M € M can be viewed as a complex

M= -—20->M=>0—-),

where M is in degree 0; the differential of this complex is of course zero. The assignment
M — M’ is a fully faithful K-linear functor M — Cg,(M).
Let M, N be complexes in M. For any integer ¢ we define
Hompy (M, N)" := [ Homw(M’, N7*") € Mod K.
JEL
The graded K-module
(4.3.3) Homp (M, N) := @5 Hompy (M, N)’
1EZ

is a DG K-module with differential

d : Homp (M, N)* — Hompy (M, N )"+

given by

(4.3.4) d(¢):=dyo¢—(—1)"-pody.

It is easy to check that d od = 0. We sometimes denote this differential by dpom or
dHomy (M,N)-

Thus, an element ¢ € Hompm (M, N)" is a collection ¢ = {¢’};cz of morphisms ¢/ :
M7 — N7*'_ In a diagram, for i = 2, it looks like this:

d

M Mt e 4 s

d d d

NI NI+l NI+2 N3

Since ¢ does not have to commute with the differentials, this is usually not a commutative
diagram!
For a triple of complexes M, My, Ms, there are K-linear homomorphisms

Homp (M, M) @y Hompm (Mo, M;)" — Homp (Mo, My)1 2,
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P2 ® @1 > P20 ¢1.
Lemma 4.3.5. The composition homomorphism
Homp (M7, My) @k Homm (Mo, M1) — Homp (Mo, Ma)
s a strict homomorphism of DG K-modules.
Proof. This is a good exercise. O

Definition 4.3.6. Let C(M) be the K-linear DG category whose objects are the complexes
in M, and the morphism sets are Hompm (M, N) from formula (4.3.3]).

We will later see that C(M) is a DG category. For now, we only observe that Cg, (M)
is a subcategories of C(M). The relation between them is explained in Proposition m
below.

Let N be an abelian category. For a complex N € C(N) we write

Z{(N) := Ker(dy) C N*
and . ‘ ‘

BY(N) :=Im(d ') C N%
these are the objects of i-cocycles and i-coboundaries of N, respectively. Since dod =0
we have B'(IV) C Z*(N), and we let
(4.3.7) HY(N) := Z'(N)/BY(N).
This is the i-th cohomology of the complex N.
Proposition 4.3.8. Let M be a K-linear category, and let M, N € C(M). Then there is
equality of K-modules

Home,,,(m)(M, N) = Z°(Hompm (M, N)).

In other words, a strict morphism of complexes ¢ : M — N is the same as a 0-cocycle in
the DG K-module Homp (M, N).
Proof. Exercise. 0

Remark 4.3.9. A possible ambiguity could arise in the meaning of Homm (M, N) if
M,N € M: does it mean the K-module of morphisms in the category M 7 Or, if we
view M and N as complexes by the canonical embedding M C C(M), does Hompm (M, N)
mean the complex of K-modules defined for complexes? It turns out that there is no actual
difficulty: since the complex of K-modules Homy (M, N) is concentrated in degree 0, we
may view it as a single K-module, and this is precisely the K-module of morphisms in the
category M.

4.4. DG Rings.

Definition 4.4.1. A DG ring is a graded ring A = @, A, together with an operator
d: A — A of degree 1 called the differential, satisfying the equation d o d = 0, and the
graded Leibniz rule '

d(a-b) =d(a)- b+ (—1)"-a-d(b)
for alla € A* and b € A7,

When we have to emphasize that d is the differential of A, we write d4. Forgetting the
multiplication, the DG ring A becomes a DG Z-module.
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Proposition 4.4.2. Let A be a DG ring. The unit element 14 of A is a 0-cocycle, namely
14 € ZO(A).

Proof. Exercise. E] O

Definition 4.4.3. Let A and B be DG rings. A homomorphism of DG rings f : A — B
is a ring homomorphism that commutes with the differentials and respects the gradings.
The resulting category is denoted by DGRing.

As always for ring homomorphisms, f must preserve units, i.e. f(14) = 1p.
Rings are viewed as DG rings concentrated in degree 0. Thus the category of rings Ring
is a full subcategory of DGRing.

Definition 4.4.4. We say that A is a central DG K-ring if there is a given DG ring
homomorphism K — A, whose image is central in A.

We denote by DGRing /e K the category of central DG K-rings, in which the morphisms
f : A — B are the homomorphisms in DGRing that respect the given structural homo-
morphisms from K.

Of couse when K = Z we have DGRing /.c K = DGRing.
Here are few exmaples of DG rings. First a silly example.

Example 4.4.5. Let A be a central graded K-ring. Then A is a central DG K-ring, with
trivial differential.

Example 4.4.6. Let X be a differentiable (i.e. of type C*°) real manifold. The de Rham
complex A of X is a central DG R-ring, with the wedge product and the exterior differ-
ential.

The next example is the algebraic analogue of the previous one.

Example 4.4.7. Let C be a commutative K-ring. Then the algebraic de Rham complex
A= Qcx =By Q%/K is a central DG K-ring.

Example 4.4.8. Let M be a DG K-module. Consider the DG K-module
Endg (M) := Homg (M, M)
from (4.1.6). Composition of endomorphisms is an associative multiplication on Endg (M)

that respects the grading, and the graded Leibniz rule holds. We see that Endg (M) is a
central DG K-ring.

Example 4.4.9. Let M be a K-linear category. For a complex M € C(M), the DG
K-module

Endm(M) := Hompm (M, M)
from is a central DG K-ring, where multiplication is composition.

Example 4.4.10. Let C' be a commutative ring and let ¢ € C' be an element. The
Koszul complez of ¢ is the DG C-module K(C;¢) defined as follows. In degree 0 we let
K%(C;c) := C. In degree —1, K™1(C;¢) is a free C-module of rank 1, with basis element
x. All other homogenous components are trivial. The differential d is determined by what
it does to the basis element x € K~(C;¢), and we let d(z) := ¢ € KY(C; ¢).

To make K(C';¢) into a DG ring, we treat = as an odd variable (in the suitable sense
— see strongly commutative DG rings in [Ye9l, Definitions 3.2 and 3.10]). This dictates

3Thanks to Rishy Vyas and Shai Shechter for explaining to me why 14 must have degree 0.
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22 = 0. (Of course this is also dictated by the fact that K=2(C;c) = 0.) It is easy to verify
that K(C;¢) is a central DG C-ring.

Example 4.4.11. Let A and B be central DG K-rings. The DG K-module A ®x B from
has a graded ring structure, with formula

(a1 ®by) - (az @ bo) := (—1)F2"1 - (a1 - az) @ (by - bo)
for a; € A* and b; € BY. Tt is easy to verify that A @k B is a central DG K-ring.

Example 4.4.12. Let C be a commutative ring and let ¢ = (ey, ..., ¢y,) be a sequence of
elements in C'. By combining Examples [4.4.10] and [4.4.11] we obtain the Koszul complex

K(C;c) :=K(C;c1) ®@c - @c K(C; cp).
This is a central DG C-ring.

Definition 4.4.13. Let A be a central DG K-ring. The opposite DG ring A°P is the same

DG K-module as A, but the multiplication -°P is reversed and twisted by signs:
aPb:=(-1)Yb-q

for a € A and b€ A7,

4.5. DG A-modules.

Definition 4.5.1. Let A be a central DG K-ring. A left DG A-module is a graded left
A-module M = @, M", with an operator d : M — M of degree 1 called the differential,
satisfying d od = 0 and

d(a-m) =d(a) -m+ (=1)"-a-d(m)
for a € A" and m € M.

As usual, when we have to emphasize that d is the differential of M, we write d;;.
When we forget the action of A, M remains a DG K-module.

Right DG A-modules are defined likewise, but we won’t deal with them much. This is
because right DG A-modules are left DG modules over the opposite DG ring A°P. More
precisely, if M is a right DG A-module, then the formula

(4.5.2) a-m:=(-1)7.m-a,
for a € A* and m € M7, makes M in to a left DG A°P-module.
So we make this convention for the rest of the course (anlogous to Convention [1.2.1):

Convention 4.5.3. By default, DG modules are left DG modules. In particular, a module
over a ring is by default a left module.

Proposition 4.5.4. Let A be a central DG K-ring, and let M be a DG K-module.

(1) Suppose f : A — Endg(M) is a DG K-ring homomorphism. Then the formula
a-m = f(a)(m), for a € A* and m € M7, makes M into a DG A-module.

(2) Conversely, any DG A-module structure on M, that’s compatible with the DG K-
module structure, arises in this way from a DG K-ring homomorphism f : A —
EndK(M) .

Proof. Exercise. 0



34 AMNON YEKUTIELI

Exercise 4.5.5. Let A be a DG ring. Show that the cocycles Z(A) := @,c5 Z'(A) are a
graded subring of A, and the coboundaries B(A) := @, B*(A) are a two-sided ideal of
Z(A). Thus the cohomology H(A) := @, H(A) is a graded ring.

Next show that given a DG A-module M, its cohomology H(M) is a graded H(A)-
module.

Lemma 4.5.6. Let A be a central graded K-ring, let M be a right graded A-module, and
let N be a left graded A-module. Then

M®sN=EMosN),
1€EZ
where (M @4 N)* is the K-linear span of the tensors m @ n with m € M7, n € N*¥ and
jt+k=1.
Proof. There is a canonical surjection of K-modules
Mg N — M®uN.
Its kernel is the K-submodule L C M ®g N generated by the elements
(m-a)@n—m® (a-n),

for m € M7, n € N* and a € A'. Since L is a graded submodule of M ®x N, so is the
quotient. Finally we see that the i-th homogeneous component of M ®4 N is precisely
(M ®4q N)". O

Definition 4.5.7. Let A be a central DG K-ring, let M € DGMod A°P, and let N €
DGMod A. By Lemma [£.5.6, M ®4 N is a graded K-module. We make it into a DG
K-module with the differential from formula (4.1.5).

Definition 4.5.8. Let A be a central DG K-ring, and let M, N € DGMod A. For any i € Z,
define Hom 4 (M, N)* to be the subset of Homg (M, N)" consisting of the homomorphisms
¢ : M — N such that

(4.5.9) d(a-m) = (—1)%-a-¢(m)
for all @ € A*. Next let
Hom (M, N) := @5 Homa (M, N)".
1EZ
This is a graded K-module, and we endow it with the differential .

Remark 4.5.10. The reader might wonder why a sign occurs in formula (4.5.9). The
reason is that we view a € A*¥ and ¢ € Homg (M, N)? as graded operators (on M @& N)
that commute in the graded sense: ¢ oa = (—1)*-a o ¢. Note that Homy (M, N) is a
subobject, in DGModg; K, of Homg (M, N).

Definition 4.5.11. Let DGMod A be the K-linear DG category whose objects are the DG
A-modules, and the morphism modules are Hom 4 (M, N) from Definition Its strict
category is denoted by DGModg, A.

The analogue of Proposition holds here too: a homomorphism ¢ : M — N in
DGMod A is strict iff it respects the gradings and commutes with the differentials.
For a ring A there is no essential distinction between complexes and DG modules:
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Proposition 4.5.12. Let A be a central K-ring. Given a complex M € C(Mod A), with
notation as in (4.3.1), define the DG A-module
F(M) =M,
1EZ
with differential d := ;.5 d%;. Then the functor
F :C(Mod A) — DGMod A

is a K-linear equivalence.

The proof is an exercise. The only hard part in it is to choose good notation. In fact,
the functor F' is an equivalence of DG categories; but we shall not try to make this notion
precise (cf. Definition |5.2.3)).

4.6. DG A-modules in M. We now combine the material from Subsections 4.3l and 4.5

Definition 4.6.1. Let M be a K-linear category, and let A be a central DG K-ring. A
DG A-module in M is an object M € C(M), together with DG K-ring homomorphism
f:A— Endu(M). The set of DG A-modules in M is denoted by C(M, A).

The DG ring structure of Endm (M) is explained in Example What the definition
says is that any element a € A® gives rise to a degree i endomorphism f(a) of the complex

M. In turn, this means that for every j, f(a) : M7 — MJ*% is a morphism in M. The
operation f satisfies f(14) = 1as, f(a1-a2) = f(a1) o f(az2), and f(d(a)) = d(f(a)).

Example 4.6.2. If A = K, then C(M, A) = C(M); and if M = ModK, then C(M, A) =
DGMod A. Because of this, we sometimes write C(A) = DGMod A.

It is sometimes convenient to have notation for partial structures related to C(M, A).
Let M be a K-linear category. A graded object of M, or a graded module in M, is a collection
M = {M*};cz of objects of M. (It is like a complex, but without a differential.) The set
of graded modules in M is denoted by G(M).

Now let A be a central graded K-ring. A graded A-module in M is a graded module
M in M, together with a graded K-ring homomorphism f : A — Endpm(M). The set of
graded modules in M is denoted by G(M, A). It is a category, and there are there is a
faithful functor C(M, A) — G(M, A) that forgets the differentials.

The next definition is a variant of Definition [£.5.8

Definition 4.6.3. Let M be a K-linear category, and let A be a central DG K-ring. For
M,N € C(M, A) and i € Z we define Homm 4(M, N)* to be the subset of Hompm (M, N)*
consisting of the degree ¢ morphism ¢ : M — N such that

¢o far(a) = (1) fn(a)o ¢
for all a € A*.
Next let .
HOHleA(M, N) = @ HOHI,\/LA(M, N)z
1€EZ
This is a graded K-module, and we endow it with the differential
d : Hompm 4(M, N)" — Homp 4 (M, N)"1,

d(¢) :==dy oo — (=1)"-podyy,
making it into a DG K-module. When we have to be specific, we denote the differential d
by d‘homa dM,Aa or dHomM,A(M,N)'
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As we have seen before (in Lemma [4.3.5] and Conversely in Lemma [4.2.3)), given ¢y, €
Homm 4 (My—1, Mg)* for k = 1,2, we have

¢2 0 ¢1 € Homy (Mo, Ma)" 2,
and .
d(¢20¢1) = d(¢2) 0 1 + (1) - P2 0 d(¢h1).
Also the identity 1), belongs to Hompm a(M, M)°, and d(1y;) = 0. Therefore the next
definition is legitimate.

Definition 4.6.4. Let M be a K-linear category, and let A be a central DG K-ring. We
put a K-linear DG category structure on the set of objects C(M, A), with morphisms DG
modules

HomC(M,A) (M(), Ml) = HommyA(Mo, Ml)

Definition 4.6.5. In the situation of Definition [4.6.4%

(1) The strict category of C(M, A) (see Definition [4.2.4(1)) is denoted by Cgi (M, A).
(2) The homotopy category of C(M, A) (see Definition [4.2.4)2)) is denoted by K(M, A).

The next proposition is merely an interpretation of the definitions; but it is worthy of
mentioning.

Proposition 4.6.6. Let ¢ : M — N be a degree 0 morphism in C(M, A). The next two
conditions are equivalent:
(i) ¢ is strict.
(ii) gbOdM = dNO¢.
In the last definition in this subsection, we assume M is abelian. Then complexes have
cohomology objects.

Definition 4.6.7. Let M be a K-linear abelian category, and let A be a central DG K-ring.
For any integer ¢ let ‘

H': Csy(M,A) = M
be the K-linear functor, that sends a complex M to its i-th cohomology H (M) € M as in
(4.3.7), and that sends a strict morphism ¢ : My — M; to the morphism

H'(¢) : HY(My) — H'(M).

4.7. Translations. This concept goes back to the beginnings of derived categories. The
treatment in this subsection (with the operator t) is taken from [Ye9, Section 1]. We fix
a K-linear category M and a central DG K-ring A.

Definition 4.7.1. Let M = {M%};cz be a DG A-module in M, i.e. an object of C(M, A),
with differential dy; = {dj, }iez, as in Subsection The translation (or twist, or shift,
or suspension) of M is the object
T(M) = {T(M)'}icz € C(M, A)

defined as follows. First we say what T(M ) is as a graded object of M. The graded
component of degree i of T(M) is T(M)" := M**!. The identity morphisms t : M'*! —
T(M)" combine to give a degree —1 morphism t : M — T(M) of graded objects of M.

Next we make T(M) into a complex, namely an object of C(M). The differential dp(y) =
{diT( M)}ieZ is defined by the formula

dzl“(M) = —todlj'\j[rl ot L.
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Finally we put a left action of A on the complex T(M). Let fas : A — Endm(M) be
the DG ring homomorphism that determines the action of A on M. Then

frory + A — Endu(T(M))
is defined by
fran(a) == (=1)7- to far(a) ot ™"
for a € AJ.

Thus, the differential dp ) makes this diagram in M commutative for every i :

diT(M)

T(M)! ———= T(M)*+!

t t
[ ]
Mt M Mit+2
And the left A-module structure makes this diagram in M commutative for every i and
every a € AJ :

T(M)Z M) T(M)i”

g [t

V! (_1)j'fM(“)} it
When we need to emphasize the category C(M, A) or the object M, we will write
(4.7.2) tayr : M — TM,A(M).

This is an isomorphism in C(M, A). Warning: tj; is not a morphism in Cg, (M, A), because
it has degree —1. Indeed,

tas € Homp a (M, T(M)) ™"

and its inverse

t} € Homy 4 (T(M), M)".

Proposition 4.7.3. The morphisms ty; and tg/} are cocycles, in the DG K-modules
Hompm 4 (M, T(M)) and Homm 4(T(M), M) respectively.

Proof. We leave the first assertion as an exercise. Note that the sign appearing in the
definition of dr(y) is essential here. ﬁ

As for t;j : since tjs is an isomorphism, we can use Proposition m Il
Definition 4.7.4. Given a morphism
¢ = {¢’'}jez € Homm,a(M, N,
we define the morphism
T(¢) = {T(¢)'}jez € Homp 4 (T(M), T(N))'
as follows:

T(¢) == (~1)"- tyo/ T oty .

4Thanks to Rishi Vyas for pointing this out.
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To clarify this definition, let us note that the corresponding commutative diagram in
M, for each 1, j, is:

(4.7.5) T(M)j &T(N)j“

t]\lT TtN
(-1t

M+ s NI+
Proposition 4.7.6.

(1) T respects composition of morphisms in C(M, A). Namely, given morphisms ¢ :
My — My and ¢9 : My — Mo, of degrees i1 and i9 respectively, we have

T(¢ 0 ¢1) = T(¢2) 0 T(¢1) € Homp 4 (T(Mp), T(Mz))"* 2.
(2) T commutes with d on morphisms; namely for any morphism ¢ in C(M, A), we

have T(d(¢)) = d(T(¢)).
(3) T is a K-linear automorphism of the category C(M, A).
(4) T restricts to a K-linear automorphism of the category Csi (M, A).
(5) T induces a K-linear automorphism of the category K(M, A).

Proof. (1) Here is the calculation:
T(¢20 1) = (=1)"72 - tar, 0 (620 61) oty
= (_1)i1+i2 tap oga 0 (tJT/Ill otay)o ¢10 t]T/[IO
= (-1 ta 0 B2 0ty ) o (1) - tar, 001 0 )
= T(¢2) o T(¢1).
(2) A similar calcuation, this time using the fact that dot = —tod and dot™! = —t71od,
which is a consequence of Proposition
(3) That T is a functor is just item (1). And clearly
T(A-r +64) = A+ T(61) + T(6})
for A € K and gbl,qbll S HOmM’A(M[),Ml)iI.
(4) By item (2), T sends 0-cocycles to O-cocycles.
(5) Likewise, T sends 0-coboundaries to 0-coboundaries. Compare to Exercise O

Proposition 4.7.7. As M wvaries, the isomorphisms tyr : M — T(M) in C(M, A) become
an isomorphism
t:id =T
of functors
Cstr(M, A) — C(M, A).

Proof. We have to prove that for every morphism ¢ : M — N in Cg,(M, A), the diagram

—_—
4{ lw)
N —" 5 T(N)

in C(M, A) is commutative. The can be seen immeduately from Definition m since
t = 0 here. O
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For any k € Z, the k-th power of the translation T is denoted by TF. There is a
corresponding element
(4.7.8) t* € Homp 4 (M, T*(M)) .
Note that T{(T*(M)) = T*(M). As usual in the literature (going back to [RD]), we will
later write M[k] := T*(M).

4.8. Cones. Again we fix a K-linear category M and a central DG K-ring A. Here is the

cone construction in C(M, A), as it looks using the operator t.

Definition 4.8.1. Let ¢ : M — N be a strict morphism in C(M, A). The cone of ¢ is the

object Cone(¢) € C(M, A) defined as follows. As a graded A-module in M we let
Cone(¢) := N & T(M).

The differential deone is this: if we express the graded module Cone(¢) as a column [T(]X@ } ,

then deope is left multiplication by the matrix

dy ¢o tX;
0 dran
of degree 1 morphisms of graded objects of M.

In other words,
di

cone

: Cone(¢)* — Cone(¢)!
iS . . . .
déone = }\7 + dlT(M) + ¢Z+1 © t17417

where ¢"*! ot} is the composed morphism

Ty B gt 2 i
Let us denote by

(4.8.2) e : N = N @& T(M)
the embedding, and by
(4.8.3) pg: N @ T(M)— T(M)

the projection.
Definition 4.8.4. Let ¢ : M — N be a strict morphism in C(M, A). The diagram
M % N £ Cone(¢) 2% T(M)
in Cg; (M, A) is called the standard triangle associated to ¢.
The cone construction is functorial, in the following sense.
Proposition 4.8.5. Let
Mo —25 Ny
b
M -2 Ny

be a commutative diagram in Cgy(M, A). Then
(4.8.6) (x, T()) : Cone(¢o) — Cone(¢py)
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is a morphism in Cgy(M, A), and the diagram

MO % > N() o Cone(¢o) 1%—0> T(Mo)
wl Xl (XvT(d’))\ T(¢)l
@ € Py

My ! Ny : Cone(qf)l) —_— T(Ml)
in Cyr(M, A) is commutative.

Proof. This is a simple consequence of the definitions.
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5. DG FUNCTORS

public 14 | 24 Dec 2015 :

* big change, see Thm [5.3.2

*

In this section we fix a commutative base ring K; a pair of K-linear categories M and N;
and a pair of central DG K-rings A and B. We will deal with the DG K-linear categories
C(M, A) and C(N, B) that were introduced in subsection

5.1. Graded Functors.
Definition 5.1.1. A functor
F:C(M,A) — C(N,B)
is called a K-linear graded functor if it satisfies this condition:
e For any pair of objects My, M; € C(M, A), the function
F : Hompm 4(My, My) — Homy 4 (F'(Mo), F'(M))
is a degree 0 homomorphism of graded K-modules.
Recall that “morphism of functors” is synonymous with “natural transformation”.

Definition 5.1.2. Let
F,G:C(M,A) — C(N, B)

be K-linear graded functors, and let i € Z. A degree i morphism of graded functors
n: F — G is a collection n = {nps} of morphisms

nu € Homy g (F(M),G(M))",

indexed by objects M € C(M, A), such that for any morphism ¢ € Homm_a(Mo, M1)7,
there is equality N
G(¢) oy = (=1)" - mar, © F(9)
inside o
HOIIlN7B (F(M()), G(Ml))H_]-

5.2. DG Functors. Recall the meaning of a strict homomorphism of DG K-modules: it
has degree 0 and commutes with the differentials. (See Proposition where this is
emphasized.)

The differential of the DG K-module Hompm 4 (Mo, M), for My, My € C(M, A), will be
denoted by dm 4. Likewise for C(N, B). See Definition [4.6.3}

Definition 5.2.1. A functor

F:C(M,A) — C(N,B)
is called a K-linear DG functor if it satisfies this condition:

e For any pair of objects My, M; € C(M, A), the function
F : Hompm 4 (Mo, My) — Hompy 4 (F'(Mo), F'(My))
is a strict homomorphism of DG K-modules.
In other words, F'is a DG functor if it is a graded functor, and

(5.2.2) dypoF=Fodma.
Examples of DG functors will be given in Subsection
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Definition 5.2.3. Let
F,G:C(M,A) — C(N, B)
be K-linear DG functors.
(1) A degree i morphism of DG functors n : F — G is just a degree i morphism of
graded functors, as in Definition [5.1.1)).
(2) A strict morphism of DG functors is a degree 0 morphism of graded functors
n: F — G, such that each nys : F(M) — G(M) is a strict morphism in C(N, B).
Proposition 5.2.4. Let
F:C(M,A) — C(N,B)
be a K-linear DG functor. Then F induces K-linear functors
Z°(F) : Csr(M, A) — Csr(N, B)

and

HO(F) : K(M, A) — K(N, B).

Proof. Because F is a DG functor, it sends 0-cocycles in Homwm (Mo, M7) to O-cocycles
in Homy g(F (My), F'(My)). The same for 0-coboundaries. O

By abuse of notation, when there is no danger for confusion, we will often write F
instead of Z°(F).

Remark 5.2.5. Let F' be a DG functor as in Definition The differential dy; of an
object M € C(M, A) lives in Homm_a(M, M)'. Thus, in Homy g(F(M), F(M))! we have
the operators F'(dys) and dp(ps). A naive claim is that F(dy) = dp(agy- This is true
sometimes, like in Example below. However, in many situations, such as the one in
Example this is false! The discrepancy is what we will refer to below as the gauge.

5.3. The Gauge of a Graded Functor.
Definition 5.3.1. Let
F:C(M,A) — C(N,B)
be a K-linear graded functor (Definition |5.1.1)). For any object M € C(M, A) let
1
YE,M = dF(M) — F(dM) € HomN,B(F(M), F(M)) .
The collection of morphisms
vr = {vrM}recm, a)
is called the gauge of F'.

Theorem 5.3.2. ﬁ The following two conditions are equivalent for a K-linear graded
functor

F:C(M,A) — C(N, B).
(i) F is a DG functor (Definition |5.2.1)).
(ii) The gauge vp is a degree 1 morphism of graded functors yp : F — F.

5Thanks to Asaf Yekutieli for a helpful discussion of this difficulty.
6This is due to Rishi Vyas
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Proof. Recall that F' is a DG functor (condition (i)) iff

(5.3.3) (Fodm,a)(¢) = (dn,s © F)(¢)

for every ¢ € Homm (Mo, M1)". And ~p is a degree 1 morphism of graded functors
(condition (ii)) iff

(5.3.4) Yran © F(¢) = (—1)"- F(¢) o vru,

for every such ¢.
Here is the calculation. Because F' is a graded functor, we get

F(dw,a(9)) = F(day 0 ¢ — (—1)"- ¢ o dag)

(5.3.5) :

= F(dp) o F(¢) — (1) F(¢) o F(das,)
and
(5.3.6) dn,8(F(9)) = dpuy) © F(¢) — (=1)"- F(¢) o dpy).-

Using equations and , and the definition of vp, we obtain
(Fodwa —dnpo F)(¢) = F(dma(¢)) — dn,s(F(¢))
(5.3.7) = (F(da) = dr(ay)) © F(¢) = (=1)" - F(¢) o (F(dan) — dr(ay))
= e 0 F(9) = (=1)"- F($) 0 Yrup-
Finally, the vanishing of the first expression i is the same as equality in ;
whereas the vanishing of the last expression in (5.3.7) is the same as equality in ([5.3.4)).
O

5.4. DG Functors and Translations. Recall that for an object M € C(M, A), we have

the little t operator

tar € Homm 4 (M, TM,A(M))_1

This is an isomorphism in C(M, A).
Definition 5.4.1. Let
F:C(M,A) — C(N,B)
be a K-linear DG functor. For an object M € C(M, A), let
Cu : F(Tma(M)) — T p(F(M))
be the isomorphism
Car o=ty o Fltar) ™
in C(N, B), called the translation isomorphism.

The isomorphism (s sits in the following commutative diagram

F(Tw,a(M)) —2 Ty p(F(M))

of isomorphisms in the category C(N, B).

Proposition 5.4.2. (s is an isomorphism in Cg, (N, B).
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Proof. We know that (js is an isomorphism in C(N, B). It sufficed to prove that both
Cyr and its inverse C]\_/jl are strict morphisms. Now by Proposition ty and tX/[l are
cocycles. Therefore, F(tys) and F(tp)~' = F(t);) are cocycles. For the same reason,

tp(ar) and tE%M) are cocycles. But (y = tp(a) o F(ty)~ !, and C]\}l = F(tym)o t;%M)' O
Theorem 5.4.3. Let
F:C(M,A) — C(N,B)
be a K-linear DG functor. Then the collection  := {CM}MeC(M,A) s an isomorphism
(:FoTma — TnpoF
of functors
Cstr(M, A) — Cye(N, B).

The slogan summarizing this theorem is “A DG functor commutes with translations”.

Proof. In view of Proposition [5.4.2] all we need to prove is that (3; is a morphism of
functors (i.e. it is a natural transformation).
Let ¢ : My — M; be a morphism in Cg, (M, A). We must prove that the diagram

G

(F o TM7A)(M0) e (TN,B o F)(Mo)

(FOTM,A)(Qb)l l(TN,B o F)(¢)

¢y

(F o TM,A)(Ml) e (TN,B OF)(M1>

in Cg; (N, B) is commutative. This will be true if the next diagram

F(t ) t ( )
(F o Tw.a)(Mo) Mol (M) — s (T g o F) (M)
(FoTM,A><¢>l F(@J J(TN,B o F)(¢)
F(tar) tr(y)

(FOTM7A)(M1)<—F(M1) (TN,BOF)(MI)

in C(N, B), whose horizontal arrows are isomorphisms, is commutative. For this to be
true, it is enough to prove that both squares in this diagram are commutative. This is
true by Proposition [£.7.7] O

5.5. DG Functors and Cones. Recall that M and N are K-linear categories, and A and
B are central DG K-rings.

Definition 5.5.1. The subcategory C°(M, A) of C(M, A) is defined to be the subcategory
on all objects, but with degree 0 morphisms only.

There are inclusions (faithful functors, identities on objects)
Cor(M, A) S CO(M, A) S C(M, A).
Let
F:C(M,A) — C(N,B)
be a K-linear DG functor. Given a morphism ¢ : My — M in Cy,(M, A), we have a

morphism

F(¢) : F(Mo) — F(M)
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in Cy:(N, B), and objects F'(Conem a(¢)) and Coney p(F'(¢)) in Cgr (N, B). By definition
(5.5.2) CODQMA((;S) =M & TM7A(M0)

in CO(I\/I,A). Since F' is an additive functor, it commutes with finite direct sums, and
therefore there is a canonical isomorphism

(5.5.3) F(CODGM7A(¢)) = F(Ml) D F(TMA(M()))
in C°(N, B). And by definition,
(554) COHeNyB(F<¢)) = F(Ml) D TN7B(F(M0))

in C°(N, B). Warning: the isomorphisms (5.5.2), (5.5.3) and (5.5.4) are usually not strict!
Namely (see Proposition [4.6.6|) they might not commute with the differentials. The differ-

entials on the right sides are diagonal matrices, but not so on the left sides (see Definition
4.8.1]).

Lemma 5.5.5. Let

F,G:C(M,A) — C(N, B)
be K-linear graded functors, and letn : F' — G be a degree j morphism of graded functors.
Suppose M = My & M in CO(I\/I,A), with embeddings e; : M; — M and projections
pi: M — M;. Then

= (G(eo), G(e1)) © (Mg maay) © (F'(po), F(p1)),
as degree j morphisms F(M) — G(M) in C(N, B).

The lemma says that the diagram

o0 ) |y e Fn)

T]MJ/ J((WMO ﬂ71v11)
(Gle0)Glen)
G(M) +———— G(My) ® G(M,)

in C(N, B) is commutative.

Proof. 1t suffice to prove that the diagram below is commutative for ¢ = 0,1 :

id
F(M;) &) F(M) &) F(M;)

This is true because 7 is a morphism of functors (a natural transformation). |

public 14: big change — using Thm [5.3.2|instead of the “pre-
triangulated” condition, that is no longer needed!

*
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Theorem 5.5.6. Let
F:C(M,A) — C(N,B)

be a K-linear DG functor, and let ¢ : My — My be a morphism in Cgy(M, A). Define the
the isomorphism

6 : F(Conem 4(¢)) = Conen g(F(¢))
in C°(N, B) to be
0 = (idpan), Cip)-
Then:
(1) The isomorphism 0 is strict; namely it commutes with the differentials.
(2) The diagram

F(Conem 4(¢)) % F(Twm,a(Mo))

"

F(M) e, Conen,p(F'(9)) e, Tn,s(F(Mo))

F(e
F(Mp) e, F(My) 4>( 2

] .

F(My) ———
in Cstr(N, B) is commutative.

When defining 6 above, we are using the decompositions (5.5.3) and (5.5.4) in the

category CY(N, B), and the isomorphism ¢y, from Definition
The slogan summarizing this theorem is “A DG functor sends standard triangles to
standard triangles”.

Proof. We have to prove that dy p(f#) = 0. Let’s write P := Conem 4(¢) and Q =
Coney, g (F'(¢)). Recall that

dn,g(0) =dg o —0odpp).
We have to prove that this is the zero element in Homy g (F(P), Q)l.
Writing the cones as column modules:

Tw,a(Mo)] Tn,p(F(Mo))]
the matrices representing the morphisms in question are
idp(y) 0 day,  Gotyy dran)  F(0) 0 taia
0= , dp = , dg = .
0 Cy

Let us write v := g for simplicity. According to Theorem the gauge v : ' — F'is
a degree 1 morphism of functors C(M, A) — C(N, B). Because the decomposition (5.5.2))
is in the category CO(M, A), Lemma tells us that vp decomposes too, i.e.

oY 0
TP = .
0 VTw,.a(Mo)

0 dTM,A(Mo) 0 dTN,B(F(MO))

By definition of yp we have

dF(p) = F(dp) +yp € HOHIN7B(F(P),F(P))1.
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It follows that
dppy = F(dp) + P
[F(day,)  Flgoty) ] [’YMl 0 1
0 F(dry, (M0)) 0 YT a(Mo)
~[Flda) + 7 F(¢oty) ]
0 F(dTM,A(MO)) VT, a(Mo)
_[drany  F(go tn) ]

0 dpmwao))

Finally we will check that 6 o dp(py and dg o 6 are equal as matrices of morphisms.
We do that in each matrix position separately. The two left positions in the matrices
0 o dppy and dg o 6 agree trivially. The bottom right positions in these matrices are

CMo ©dp(Ty 4 (Mo)) and dy (M) © S Tespectively; they are equal by Proposition
And in the top right positions we have F(¢ o tJT/Ilo) and F(¢) o t;(lMO) o, respectively.

Now F(¢potit) = F(¢)o F(t7}); so it suffices to prove that F(t7,}) =ttt 0. This
My My My F(MO) 0

is immediate from the definition of (yy,.

(2) By definition of #, the diagram is commutative in C°(N, B). But by part (1) we know
that all morphisms in it lie in Cg, (N, B). O

5.6. Examples.
Example 5.6.1. Here A = B = K, so C(M,A) = C(M) and C(N,B) = C(N). Let
F :M — N be a K-linear functor. It extends to a functor
C(F):C(M) — C(N)
as follows: on objects, a complex
M = ({M"}iez, {dy}iez) € C(M)
goes to the complex
C(F)(M) == ({F(M")},{F(dj)}) € C(N).

A morphism ¢ = {¢’} in C(M) goes to the morphism C(¢) := {F(#’)} in C(N). A slightly
tedious calculation shows that C(F') is a K-linear DG functor.
Given a complex M € C(M), let N := C(F)(M) € C(N). Then the translations are

Tn(N) = C(F)(Tm(M));
and C(F')(tar) = ty. So the translation isomorphism
¢:C(F)oTy = TnoC(F)

of functors Cg; (M) — Cqt(N) is equality.
Let ¢ : My — M; be a morphism in Cg, (M), whose image under C(F) is the morphism
¥ : Ng — Np in Cg(M). Then

Cone()) = Ny @ Tn(No) = C(F)(Cone(¢))
as graded objects of N, with differential

d tae d to
dCone(d;) = [ 8[1 Vo N0‘| = C(F)([ J(\)/Il ﬁ;(MM§]) = C(F) (dCone(¢))'
0
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We see that the cone isomorphism 6 is equality, and the gauge v¢(r) is zero.

The next example is much more complicated, and we work out the full details (only
once — later on, such details will be left to the reader).

Example 5.6.2. Let A and B be central DG K-rings, and fix some
N € DGMod(B ®g A°P).
In other words, N is a DG B-A-bimodule. For any M € DGMod A we have a DG K-module
F(M):=N®a M,
as in Definition The differential of F(M) is
(5.6.3) dpyy = dy ® idy +idy @dpy.

But F(M) has a structure of a DG B-module: for any b € B, n € N and m € M, the
action is
b-(n®@m):=(b-n) @m.
Clearly
F:C(A) =DGMod A — C(B) = DGMod B
is a K-linear functor. We will show that it is actually a pretriangulated DG functor.
Let My, M € C(A), and consider the K-linear homomorphism

(564) F: HOHIA(MQ,M1> — HOHIB(N ®@a My, N ® 4 Ml)

We must show that it is a homomorphism of DG K-modules. Here is the calculation.

Take any ¢ € Hom(My, M;)". Then
F<¢) € HOHIB(N XA M(),N®A M1>

is the homomorphism that on a homogenous tensor n @ m € (N ®4 Mo)*+i | with n € N*
and m € M, has the value

F(p)(n@m) = (—1)*-n@ ¢(m) € (N @4 M)+,
In other words,
(5.6.5) F(¢) =idy ® ¢.

We see that the homomorphism F(¢) has degree i. So the K-linear homomorphism F
from (5.6.4]) respects gradings.

Next we must prove that F' commutes with the differentials, namely that F'odpy equals

dhom © F. Take ¢ € Homy4 (Mg, M7)*. Then, by (5.6.5)), we have
(5.6.6) F(dhom () = idn ® (dar, 0 ¢ — (=1)"- ¢ 0 dagy)
o =idy ® (dag, 0 ¢) — (=1)°- idy @ (¢ 0 dagy ).

On the other hand,
dhom (F () = dp(ay) © F(¢) — (=1)" - F(¢) o dp(as)
= (dy @ idpg, +idy @ dayy) © (idy ® @)
—(=1)"- (idy ® ¢) o (dy ® idpg, +idy @ dag,)
=dy ® ¢ +idy @ (dpag, 0 )
— (-1 (-1)"dy ® ¢ — (=1)" - idy © (¢ o dagy)
=idy ® (dpsy, 0 9) — (1) idy @ (¢ o dayy ).

(5.6.7)
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Therefore (5.6.6) and ([5.6.7) are equal. So far we have established that F' is a DG functor.
Let us figure out what is its translation isomorphism ¢. Take M € C(A). Then

Tp(F(M)) =Tp(N®aM)=N®aTa(M)=F(Ta(M))
as DG B-modules. The little t operators
tras), Fta) : F(M) — Tp(F(M)) = F(Ta(M))

are
tron(n®@m) = (=D -n @ty (m) = F(ta)(n @ m)
for n € N¥ and m € M7. We see that trry = F(tar). Therefore
Cvr o F(Ta(M)) = Tg(F(M))
is the identity automorphism.
Finally let us calculate vg, the gauge of F'. From and we get
vEMm = dy ®idyy,

which is often nonzero!
Example 5.6.8. Let A and B be central DG K-rings, and fix some

N € DGMod(A ®k BP).
For any M € DGMod A we define

F(M) := Homyu (N, M).
This is a DG B-module: for any b € B and ¢ € Homa(N,M)?, the homomorphism
b-¢ € Homu (N, M)t is

(b)) = (1) 0 6(n-b) € M
on n € N¥. As in the previous example,
F:C(A) =DGMod A — C(B) = DGMod B

is a K-linear DG functor. The value of the gauge yr at M € C(A) is ypar = Hom(dn, idas).
Namely for

Y € F(M)’ = Homa(N, M)
we have

vem () = (=1)7 ¢ ody.
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6. TRIANGULATED CATEGORIES AND FUNCTORS

In this section we do not have an explicit base ring K. Everything we say can be easily
upgraded to a “K-linear” variant.

6.1. Additive Categories with Translations.

Definition 6.1.1. Let K be an additive category. A translation on K is an additive
automorphism T of K. The pair (K, T) is called an additive category with translation, or
a T-additive category.

Remark 6.1.2. Some texts give a more relaxed definition: T is only required to be an
additive autoequivalence of K.

Often we will write M[k] := T¥(M), the k-th translation of an object M.

Definition 6.1.3. Suppose (K, Tk) and (L, T ) are T-additive categories. A T-additive
functor between them is a pair (F, £), consisting of an additive functor F : K — L, together
with an isomorphism
f :Fo TK i) T|_ oF

of functors K — L.
Definition 6.1.4. Suppose (K, Tk) and (L, T\) are T-additive categories, and

(Fv €)a (Gv V) : (Ka TK) — (L)TL)
are T-additive functors. A morphism of T-additive functors

n:(F,§) — (G,v)

is a morphism of functors 1 : F' — G, such that this diagram of morphisms of functors is
commutative:

FoTk —— 5T, oF

noidl \Lidon

GoTk —— T oG .
Definition 6.1.5. Let (K, T) be an additive category with translation. A triangle in
(K, T) is a diagram

LS M5 N2 T
in K.
Definition 6.1.6. Let (K, T) be an additive category with translation. Suppose

LS M5 N2 T
and / )

J VNG VNN VT 7

are triangles in (K, T). A morphism of triangles between them is a commutative diagram

L— MmN 11
¢>J 1{ Xl T(dﬁ
U N (L)
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in K.
The morphism of triangles (¢,, x) is called an isomorphism if ¢, and x are all iso-
morphisms.

Remark 6.1.7. Why “triangle”? This is because sometimes a triangle

LM% N2 T

N
;/ \<
L—%* M

But here v is a morphism “of degree 1"

is written as a diagram

6.2. Triangulated Categories.

Definition 6.2.1. A triangulated category is additive category with translation (K,T),
equipped with a set of triangles called distinguished triangles. The following axioms have
to be satisfied:

(TR1) (a) Any triangle that is isomorphic to a distinguished triangle is also a distin-
guished triangle.
(b) For every morphism « : L — M in K there is a distinguished triangle

L% M— N T(L).
(c) For every object M the triangle

M 250 — 0 - T(M)
is distinguished.
(TR2) A triangle
LS M5 N2 T
is distinguished iff the triangle

—T()

M5 N1 T(M)

is distinguished.

* | to here 23 Dec 2015 *

(TR3) Suppose
LM% N2 T
and
L m 2 N2 T
are distinguished triangles, and ¢ : L — L’ and ¢ : M — M’ are morphisms that
satisfy 1) o a = o/ o ¢. Then there is a morphism y : N — N’ such that

L—2~M N T(L)
¢>J ¢J { T(dﬁ
r—
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is a morphism of triangles.
(TR4) Suppose

+

LM% N T,
N

ML L' — T(M)

!

and
LI5S NS M —T(L),

are distinguished triangles. Then there is a distinguished triangle
N &M S L T(NY)

making the diagram

L—%5M N’ T(L)
\
1 Y ¢ | 1
Yo € v
L s N M’ T(L)
\
« 1 P T(a)
Y 1) v
M N L T(M)
B € { T(B)

N =S -Y - - s T(NY)

commutative.

Here are a few remarks on this definition. The numbering of the axioms we use is taken
from |[RDI; the numbering in [Sc, [KS1l [KS2] is different.

In the situation that we care about, namely K = K(M, A), the distinguished triangles
will be those triangles that are isomorphic, in K(M, A), to the standard triangles in C(M, A)
from Definition .84

The object N in item (b) of axiom (TR1) is referred to as a cone on a : L — M. We
should think of the cone as something combining “the cokernel” and “the kernel” of «.

Axiom (TR2) says that if we “turn” a distinguished triangle we remain with a distin-
guished triangle.

Axiom (TR3) says that a commutative square induces a morphism on the cones of the
horizontal morphisms, that fits into a morphism of distinguished triangles. Note however
that the new morphism Y is not unique; in other words, cones are not functorial. This
fact has some deep consequences in many applications. However, in the situations that
will interest us, namely when K = K(M, A), the cones come from the standard cones in
C(M, A). And the cones in C(M, A) are functorial (Definition [4.8.5)).

Axiom (TR4) is called the octahedron axiom. It is very cumbersome, and will not be
important in the situations that interest us. It is only needed for abstract triangulated
categories. See the book [Ne] for a discussion of this axiom. It is not known whether
the octahedron axiom is a consequence of the other axioms; there was a recent paper by
Maccioca (arxiv:1506.00887) claiming that, but it had a fatal error in it.

To save us effort, we make the following convention:
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Convention 6.2.2. An additive category with translation (K,T), equipped with a set
of distinguished triangles, that satisfies axioms (TR1)-(TR3), will be referred to as a
triangulated’ category.

Some texts use the name “pretriangulated” instead of triangulated’. But this name is
in conflict with the totally distinct notion of “pretriangulated DG category” from [BK].

6.3. Triangulated Functors. Suppose K and L are T-additive categories. (We are
keeping the translation automorphisms implicit now.) The notion of T-additive func-
tor F' : K — L was defined in Definition [6.1.3] In that definition we also introduced the
notion of morphism n : F' — G between T-additive functors.

Definition 6.3.1. Let K and L be triangulated categories.
(1) A triangulated functor from K to L is a T-additive functor
(F,¢):K—L
that sends distinguished triangles to distinguished triangles. Namely for any dis-
tinguished triangle
LM% N2 T
in K, the triangle
F(L) Fon) 29 py
is a distinguished triangle in L.
(2) Suppose (G,v) : K — L is another triangulated functor. A morphism of triangu-
lated functors n : (F,§) — (G,v) is a morphism of T-additive functors.

(o) ) §oF(v)

T(F(L))

We usually keep the isomorphism ¢ implicit, and refer to F' as a triangulated functor.

For a category K there is a canonical contravariant functor op : K — K, that is
the identity on objects, and reverses the arrows. In fact op is an anti-isomorphism of
categories.

Proposition 6.3.2. Let K be a triangulated category, and let op : K — K°P be the canonical
contravariant isomorphism from K to its opposite category. Define a translation TP on
K by the formula TP := opo T ' oop~!. The distinguished triangles in K°P are defined
to be the triangles

op(= T~ (7))

N op(B) M op(a) L TOp(N)
where L % M 2 N 2 T(L) is any distinguished triangle in K. Then (K°P,T°P) is a
triangulated category.

Proof. This is an exercise.
* ’ Please check that I got the formulas right! ‘ *
(Hint: use the proof of the next proposition.) O

Definition 6.3.3. Let K be a triangulated’ category, and let M be an abelian category. A
cohomological functor F : K — M is an additive functor, such that for every distinguished
triangle

LS M2 N2 T
in K, the sequence
F(a)
—

) F(B)

F(L) F(M F(N)

is exact in M.
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Proposition 6.3.4. Let F': K — M be a cohomological functor, and let
LS M2 N2 T
be a distinguished triangle in K. Then the sequence

F(T*(a))

< F(TV(L)) Fri()) LED peri(ny) 2D, ity

i+1 (g .
in M is exact.

Proof. By axiom (TR2) we have distinguished triangles
TZ(L) (_1)1 . Tz(a) TZ(M) (_1)1' Tl(ﬁ) TZ(N) (_1)Z . TZ('Y) Ti+1(L),

(1) T'(v) (=)™ T (o)

(_1)1' TZ(B) Tz(N) T1+1(L)

TH(M) > TP ()

and

. _1)t. Tt . _1)iFl. Titl(q . _1)i+1 . mitl .
TZ(N) ( 1) T('Y) Tz+1(L) ( 1)+ T () Tz+1(M) ( 1)+ T (:8) TH_l(N).

Now use the definition, noting that multiplying morphisms in an exact sequence by —1
preserves exactness. O

Proposition 6.3.5. Let K be a triangulated category.

(1) IfLS M 5N T(L) is a distinguished triangle in K, then oo = 0.
(2) For any P € K the functors

Homg(—, P) : K — Ab

and
Homg (P, —) : K — Ab

are cohomological functors.

Proof. (1) By axioms (TR1) and (TR3) we have a commutative diagram

Lt 0 T(L)
J J l T@L{
L— M- N2

We see that 5 o « factors through 0.

(2) We will prove the covariant statement; the contravariant statement is an immediate
consequence, since

Homg (M, P) = Homger (P, M),

and K° is triangulated (with the correct triangulated structure to make this true).

Consider a distinguished triangle L < M 5 N2 T(L). We have to prove that the

sequence
Hom(1p,x)
%

) Hom(1p,B)

Homg (P, L) Homg (P, M Homg (P, N)
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is exact. In view of part (1), all we need to show is that for any ¢ : P — M s.t. fo) =0,
there is some ¢ : P — L s.t. ¥ = ao ¢. In a picture, we must show that the diagram
below (solid arrows)

1

P ) P 0 T(P)
$, ¥ J ¢:
I VNG LI
can be completed (dashed arrow). This is true by (TR) (=turning) and and (TR3) (=ex-

tending). O

Proposition 6.3.6. Let K be a triangulated category, and let

L—sm— N — (L)
T
[Ny L T

be a morphism of distinguished triangles. If ¢ and v are isomorphisms, then x is also an
isomorphism.

Proof. Take an arbitrary P € K, and let F' := Homg(P,—). We get a commutative
diagram

F(a)

F(L) (T(L)) — 2, per(an))

F(T
F(¢) F(y) F(x) F(T(6 F(T(¥))

() F(8) F(T

ry —20 ey 29 povy — 290 perry) LE9Y ety

in Ab. By Proposition [6.3.5(2) the rows in the diagram are exact sequences. Since the
other vertical arrows are isomorphisms, it follows that

F(x) : Homk(P, N) — Homg (P, N')

is an isomorphism of abelian groups. By forgetting structure, we see that F(x) is an
isomorphism of sets.

We now use the Yoneda Lemma (Proposition [1.7.1)). Let us write Y := Homg(—, N)
and Yy := Homg(—, N’), viewed as functors K°® — Set. For any object P we have
isomorphisms of sets Yy (P) = F(N) and Yy/(P) & F(N'). The calculation above shows
that the morphism of functors Y (x) : Yy — Yas is an isomorphism. Therefore the
morphism x : N — N’ in K is an isomorphism. U

6.4. The Homotopy Category is Triangulated. In this subsection we consider an

additive category M and a DG ring A. These ingredients give rise to the DG category

C(M, A) of DG A-module in M, as in Subsection The only change is that now our

base ring is K = Z; but all can be stated in terms of any other commutative base ring.
The homotopy category K(M, A) was introduced in Definition [4.6.5

Proposition 6.4.1. The categories C(M, A) and K(M, A) are additive.
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Proof. Let M, ..., M, be a finite collection in C(M, A). Write M; = {M} };cz. The direct
sum of My, ..., M, exists in C(M): it is the complex M = {M7};cz with M7 := @j_; M.
The objects M7 € M exist because this is assumed to be an additive category; and the
differential dps : M — M exists by the universal property of direct sums. The DG A-
module structure on M is defined similarly: for a € A*, there is an induced degree k
morphism f(a): M — M in C(M).

Now consider the finite collection Mj, ..., M, as living in K(M, A). Because the functor
C(M, A) — K(M, A) is additive, Proposition says that M is also a direct sum of this
collection in K(M, A). O

According to Proposition [4.7.6{5), the translation T of C(M, A) passes to K(M,A),
making it into an additive category with translation (or a T-additive category).
It will be convenient to have notation for the canonical full functor C(M, A) — K(M, A).

Given a morphism ¢ : M — N in C(M, A), the corresponding morphism is ¢ : M — N in
K(M, A). Note that ¢ is nothing but the homotopy class of the 0-cocycle ¢. All morphisms
in K(M, A) are of this form.

Definition 6.4.2. A triangle
L% Mm% N1
in K(M, A) is called a distinguished triangle if there is a standard triangle
R VA SR AT 7
in C(M, A), as in Definition and an isomorphism of triangles

/G Y (N N G )
R
L— s N1

in K(M, A).

Theorem 6.4.3. The T-additive category K(M, A), with the set of distinguished triangles
defined above, is triangulated.

The proof is after two lemmas.

The proof below is worked out using a hint in [RD], and a
lemma in [KSI] - I hope it is correct!

* *

Lemma 6.4.4. Let M € C(M, A), and consider the cone N := Cone(lps). Then the DG
module N is null-homotopic, i.e. 0 — N is an isomorphism in K(M, A).

Proof. We shall exhibit a homotopy 6 from Oy to 1y. Define
0. N' = M+l g M — NIl = A (T

g = 0 lar .
0 0

to be the matrix
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We have

o e 0
diclogi + g odiy = | M = 1.
0 1y

* | fixed to here ‘ *

Lemma 6.4.5 ([KS1, Lemma 1.4.2]). Consider a morphism o : L — M in C(M, A), the
standard triangle

LS M2 N2 T
associated to a, and the standard triangle
ME NS PY M

associated to 8, all in C(M, A). So N = Cone(«) and and P = Cone(3). There is a
morphism p: L[1] — P in C(M) s.t. p is an isomorphism in K(M), and the diagram

M N o = vy
1IMJ/ 1NJ( Pl lﬂf[l]l
MLoN e

commutes in K(M).

Proof. Note that PiA = M*' @ L @ M? and L[1]' = L+, Define morphisms p’ : L1 —
Pt and x': P* — L' in M by the matrix representations

_ai-i-l
Pt = [].LiJrl] , X' =[0 1pia 0].
0

We get morphisms of graded objects p : L[1] — P and x : P — L[1]. Direct calculations
(please verify!) show that:

e p and y are morphisms in C(M).
e Yop= le.

e Yop=r.

e Yop=—afl]

It remains to prove that p o x is homotopic to 1p. Define a morphism #° : P? — Pi~!

by the matrix
A 0 0 1p:
0':=1({0 0 0 |.

00 0
We get a morphism 6 : P — P[—1] of graded objects, and

lp—pox=0odp+dpod.
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Proof of the Theorem. (TR1): The only nontrivial thing to show is that

M 20— 0 — M[]
is a distinguished triangle. But this follows from Lemma

(TR2): This is an immediate consequence of Lemma since the bottom triangle there
(the one with P) is standard.

(TR3): Consider a commutative diagram (solid arrows) in K(M):

L—2ym-2 N L T(L)
¢J wl X\L T(¢)l
P/ Y (NN N )

where the horizontal triangles are distinguished. By definition this diagram is isomorphic
to a diagram in K(M), that comes from a diagram

B v

L——M N T(L)
I
{ wl x| T(%
o B’ v v
L M’ N’ T(L)

(solid arrows) in C(M), in which N = cone(a), N’ = cone(a), and the horizontal triangles
are the standard ones. However this diagram in C(M) in only commutative up to homotopy.
This means that there is a degree —1 homomorphism 6 : L — M’ s.t.

' ogp=1oa+d(f).

For every i define the morphism

4 A i+1 , rit1
XZ:NZ: I}W’L —>N/1/: I}w/i
it+1
to be left multiplication with the matrix —¢6’i 11 wz}. A matrix calculation shows that

X : N — N’ is a morphism in C(M). It is easy to see that xo 8 = ' ot and ¢[1]oy =+ ox
in C(M). Hence passing to K(M) we have a morphism of triangles.

(TR4): I will not prove this axiom, since it looks as if we won’t need it. O






[AFH]

[BBD]
[BK]
[BN]
[CWP]
[Ke]
[KS1]
[KS2]
[ML]
[Ne]
[RD]
[Rot]
[Row]
[Sc]

[SGA 4]

[Sp]
[SP]

[Ste]
[VdB]

[Wei]
[Yel]
[Ye2]
[Ye3]
[Ye]
[Ye5)

[Ye6]
[YeT7]

[Ye8]
[Ye9]

[YZ1]

[YZ2]
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