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An introduction to the notions of homotopy limit and colimit is given. It is explained how they can
be used to neatly describe the “old” distinguished triangles and shift functors of derived categories
resp. cofiber and fiber sequences in algebraic topology. One of the goals is to motivate the language
of derivators from the perspective of classical homological algebra. Another one is to give elementary
proofs (one brute-force in the exercises, and one a bit more abstract) that in the category of
unbounded chain complexes of an (AB4, resp. AB4%*) abelian category all homotopy limits (resp.
colimits) exist and that this situation leads to a (stable) derivator. The heart of these proofs is an
explicit formula for homotopy limits and colimits, the Bousfield-Kan formula. Later it is explained
how these results fit in the framework of model categories. We sketch proofs that any model
category gives rise to a derivator. We also rediscuss Bousfield-Kan’s formula and outline the proof
that it is valid in any simplicial model category (even a slightly weaker structure). In the end the
homotopy theory of (homotopy) limits and colimits is discussed. In particular we explain that any
derivator is a module over H (the derivator associated with the homotopy theory of spaces).

The reader is assumed to have seen some algebraic topology and/or homological algebra (here in
particular the construction of abstract derived functors) although we will briefly recall everything.
Some knowledge of category theory (limits, colimits, adjoints) is helpful but most facts are listed
in an appendix. For the second part it is helpful to be familiar with model categories, but they will
be briefly motivated and results presented as a black box.

The notes of the fourth talk at the summer school, on fibered derivators, (co)homological descent
and Grothendieck’s six functors is to be found in a subsequent document [16].

I would like to thank all participants of the summer school for the nice week, and for their very
useful questions, comments and remarks.
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1 Homological algebra
References: [2] 111 28] 31, 32]

We first focus on homological algebra. Some general facts about localizations of categories are
moved to section [4f to not interrupt the discussion. That section should be read alongside with the
present one.

1.1. Let A and B be abelian categories, for example the category of R-modules for a ring R.
One starting point for doing homological algebra emerges from the fact that functors F': A - B
might not be exact but only left- or right-exact. Let us recall what this means: In A there is a
distinguished class of sequences isomorphic to

{ XY —— coker(a) }

(mono)

— or equivalently — the class of sequences isomorphic to

which are called exact sequences. Actually the fact that these two classes coincide is the char-
acterising axiom which makes a category (with zero object and existence of certain (co)limits)
abelian. Recall that in any category with zero-object (?7):

0 X —Y
ker(X - Y) :=lim l coker(X —Y') := colim L
X—Y 0

If F: A— Bis now a functor between abelian categories which is only left exact, i.e. it preserves
kernels (and hence monomorphisms) but not cokernels resp. epimorphisms, the situation is “re-
paired” by constructing right derived functors R'F : A — B which have the property that an
exact sequence

0 X Y Z 0 (1)

leads to a long exact sequence

0 X Y Z R'F(X)—=R'F(Y) —R'F(Z) — R*F(X) — -

Recall how R'FX is constructed. First one chooses an injective resolution (supposed to exist in
A), i.e. an exact sequence

0 X Iy I I



where the I; are injective. This might be seen as a quasi-isomorphism in the category of chain
complexes C'(A) of A:

X< g

R'FX is then defined as the homology of the complex F(I,). The homology groups do not depend
on the choice of I,. The long exact sequence arises because one can in fact find an exact sequence

0 Ix. Iy, Iz, 0
which is quasi-isomorphic to sequence . The sequence
0——=F(Ixe) —F(ly.) —= F(lz.) —0

now remains exact (because exact sequences of injectives split).

Let W be the class of quasi-isomorphisms in C'(\A). Actually one can form a functor to a category
t: C(A) - C(A)[W1] which is universal (see w.r.t. to functors with the property that all
quasi-isomorphisms become isomorphisms. Considering F as a functor C(A) - C(B)[W™], its
property of being not exact can be expressed by saying that quasi-isomorphisms are not mapped
to isomorphisms.

One can even for an arbitrary (bounded below; otherwise see complex X, find a quasi-
isomorphism

X.¢> Ix.e,

where Ix o is a complex of injectives. In Remarkit is explained that RF defined as X, = F/(Ix.)
can be seen as a functor C(A)[W™!] - C(B)[W™!] together with a universal (see natural
transformation F' — (RF. It is uniquely determined (up to unique isomorphism) by this property
and is called the total right derived functor of F'.

1.2. What properties does RE have, reminiscent of the fact that F' was left exact, and which imply,
for example, the existence of the long exact sequence of right derived functors?
The problem is that an intrinsic notion of exact sequence does not exist in C'(A)[W '] anymore.
If

0 X Y, Zo 0

is an exact sequence of chain complexes and

0 X! Y/ Z! 0

is another sequence, isomorphic to the previous in C(A)[W ], then the latter does not need to be
exact, and the long exact sequence of the former cannot be reconstructed. Since in C(A)[W 1] both



sequences are isomorphic, it is not clear how to proceed. The classical approach of triangulated
categories starts from the observation that the connecting morphism

é
Hi(Zs) — Hiw1(Xe)
actually lifts to a morphism in C'(A)[W™!] (we will review this in

Ze—= X.[1],

where (Xo[1]); is Xi+1. The “old” strategy of Grothendieck and Verdier [31] is to not consider the
bare category C(A)[W 1] alone but to equip it with the following additional structures:

1. Shift functors [+1],[-1]: C(A)[W '] - C(A)[W].

2. A distinguished set of sequences (so called distinguished triangles) isomorphic to

X Y, Ze

coming from an exact sequence of complexes.

The answer to the question raised is that RF'is exact in the sense that it maps distinguished triangles
to distinguished triangles. Observe that this implies the existence of the long exact sequence of
right derived functors.

Grothendieck and Verdier found (cumbersome but workable) axioms that these two extra structures
should satisfy. One of them states that for any morphism « : X, = Y, there should be a triangle

Xoe——Y, —— Cone(a) — X,[1]

completing it. (That means in our situation in particular that any morphism has to be quasi-
isomorphic to a monomorphism, which we will review shortly). Another axiom states that Cone(«)
is up to (non-unique!) isomorphism determined by a. A drawback of this approach is that Cone(«)
is not functorial in «, i.e. there is no functor

Cone : Fun(—, C(A)[W™]) - C(A)[W].

A further problem with using triangulated categories is that, for example, fundamental construc-
tions like the formation of the total complex of a complex of complexes can not be performed in
C(A)[W™1] equipped with its triangulated structure alone. Considering a complex of complexes
as a sequence of objects in C'(A)[W™!] looses most information.



1.3. The idea of derivators starts from the observation that actually the category C(A)[W 1], its
triangulated structure, and also the derived functors, abstractly depend only on the pair (C(.A), W)
in a sense that we will now describe. For C'(A)[W™!] this is explained in (cf. also , and
RF for a functor F' does only depend on (C'(A), W) by the abstract total-derived-functor-property
(cf. also . The fundamental observation is, that also the functors Cone and [+1] can be
characterized using only (C'(A),W) and accordingly the distinguished triangles can be defined.
The functor Cone is actually just the derived functor of the cokerne]ﬂ as we will now explain.
Consider the classical snake lemma: A commutative diagram with exact rows

0—>X——=Y —=Z——>0
|
0—=X'— =Y —= 7' — 0

yields an exact sequence:
0 — ker(a) — ker(8) — ker(y) —— coker(a) — coker() — coker(y) —0
If we consider coker as a functor
coker : Fun(—,C(A)) - C(A)

(note that the left hand side is again the category of chain complexes of an abelian category, namely
of Fun(—,.A)) then the snake lemma suggests the assertion

L' coker = ker L' coker = 0 for all 4 > 1.

But how do we compute L coker, i.e. the total derived functor of coker in the sense of Defintion
Lemma tells us that we have to replace a : X, — Y, (functorially) by a quasi-isomorphic
morphism Qo : X — Y/ such that coker o) maps quasi-isomorphisms to quasi-isomorphisms. This
would be the case if Qo : X! - Y/ consists of monomorphisms:

Lemma 1.4. Consider a diagram of chain complezes

X.(_O‘> Y,

b

X/ sy

where the horizontal maps consists of monomorphisms and the vertical maps are quasi-isomorphisms.
Then the induced morphism coker(a) — coker(a') is a quasi-isomorphism.

Lor, up to shift, the derived functor of the kernel



Proof. The morphism of exact sequences of complexes

0 X, —>=Y, coker(a)e —=0
0 X! of Y] coker(a')e ——0

gives rise to a morphism of long exact sequences
Hi(X,) —— H;(Y,) — H;(coker(a)e) — Hiy1(Xo) — Hiy1(Ys)
Hi(X.) — Hi(Y])) — Hi(coker(a)s) — Hi1 (X0) — Hia (Y])
By the 5-Lemma the statement follows. O

1.5. Now we proceed to construct a functorial replacement which consists of monomorphisms:
Recall that the cylinder of a morphism

a:Xe Y,
is the complex
d)(. —id
Cyl(a)e :=Xe®Ys ® X[1]s d= dy, !
—dx,1]

It is the colimit of

X, ———Y,
5o |
v
A(i ®@ Xy o > Cyl(a)

(see for the definition of AY). This is analogous to the construction in topology (see(3.2)) where
the name comes from.
There is an injection X, = Cyl(«) induced by ¢;. Furthermore there are morphisms

p: Cyl(a) - Y, L:Ye — Cyl(a)

where p is induced by the pair of maps Y, = Y, and A} ® X, - X, - Y, and ¢ is the projection
Y, - Cyl(a).

Lemma 1.6. Let A be an abelian category and consider the pair (C(A),W). Then the association
(a: Xo > Ye) = (@: Xo = Cyl(a)s)

is a replacement adapted to coker (see Deﬁm’tz’on which has values in monomorphisms.
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Proof. We have a functorial diagram

X —— Cyl(X.,)
| )
Xe Y,

and it is easy to see that p and ¢ constitute a homotopy equivalence hence p is a quasi-isomorphism.
The replacement is adapted to coker by Lemma [1.4] O

1.7. Now consider the exact sequence
0 —— X, —— Cyl(a)e — Cone(a)e —0

where Cone(a), is the cokernel, called cone of a.
Hence Lemma implies finally:

’ L coker = Cone ‘

Explicitly Cone(«) is the complex:

Cone(a)e =Y, ® Xo[1] d= (dY' @ )
~dx.q]

Furthermore, if « is a monomorphism then one has a morphism of exact sequences

0 —— X¢ ——Cyl(a)e —— Cone(a)e —0

L LP

0 Xo—= Y, Ze 0

whose vertical morphisms are quasi-isomorphisms (for the third use Lemma . Furthermore the
composition (in C(A)[W™1])
-1
Ze p—~> Cone(a), P, X.[1]

is the sought-for lift of the connecting homomorphisms of the long exact sequence. Finally, we have
X.[1] = Cone(X, - 0).

In particular:

Corollary 1.8. The distinguished triangles in C(A)[W ] are precisely the sequences isomorphic
to
{ X, —=Y, — Lcoker(a) — L coker(X, - 0) } (2)

where e runs over all morphisms in C(A).



Observe that L coker is in fact a functor
L coker : Fun(—, C(A)[W3'] - C(A)[W™]

where W, is the class of morphisms in Fun(—,C(.A)) which are point-wise a quasi-isomorphism.
The first category is in general different from Fun(—,C(A)[W1])!

1.9. Dually the functor
ker : Fun(—,C(A)) - C(A)

is not exact either. A dual version of Lemma shows that a replacement will be adapted to ker
if it has values in epimorphisms. The dual construction of the cylinder yields the cocylinder as the
kernel of

COCYL(Q) <o > X,

|

do Y.

7
Hom(A$,Y.)

where Hom(AS, -) is the transposed version of A] ® —.
The Fiber or Cocone F(«) of a: Xo - Y, is defined as the limit (kernel) of

F(:a) ~~~~~~~~~~~ > coCyl(a)

[eY

Y.

v
0

Hence:

If we carry out the computation of the explicit complex we get that
F(a)[1] = Cone(w)
and Exercise shows that the class of sequences (isomorphic to)
{ Rker(0 > Y) —= Rker(a) —= X, —*~ Y, } (3)

is also equal to the class of distinguished triangles — or equivalently to the class of sequences .
Later, in the language of derivators, this fact will be encoded in the notion of stability. Note the
analogy with the definition of an abelian category.




Exercises

Exercise 1.1. Prove explicitly that the class of sequences isomorphic to (@ 1s the same as the class
of sequences isomorphic to (@

Exercise 1.2. Prove that the composition

Zy 2 Cone(a). LN X.[1]

s a lift of the connecting homomorphism of the long exact sequence.
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2 Derivators

References: [7, 12, [13] 18, 19], 23| 25]

2.1. All additional structures of the triangulated structure on the derived category are determined
via the notions of homotopy kernel and cokernel by the pair (C(A), W). Therefore we could take
such pairs as objects of our theory. This is what we do, in principle, when we work with model
categories. There are however two problems:

e Different pairs (C,W) might lead to the same triangulated category and even to the same
“homotopy theory” altogether. Considering in addition a model category structure makes
this issue even worse.

e There might be interesting contexts where there is a triangulated category and a “homotopy
theory” but they do not arise from any apparent pair (C,W).

Grothendieck’s idea of a derivator starts from the observation that the only thing that we used
of the pair (C,W) was the notion of derived kernel and cokernel. It turns out that to prove all the
axioms of a triangulated category and to do many more constructions which are not possible in the
world of triangulated categories, all we need are more general homotopy limits and colimits (and
also homotopy left and right Kan extensions).

2.2. Let (C,W) be a localizing pair (see section . Let I be a diagram (i.e. a small category).
Consider the category Fun(I,C) of functors from I to C and natural transformations between them.
To each object X in C we may associate the constant functor ¢(X) : i~ X. By definition the limit
is the right adjoint functor to ¢ and the colimit is the left adjoint functor to c:

colim

- ¢ T
Fun(1,C) C.
\_/

lim

In other words lim and colim are equipped with functorial isomorphisms:

Home (colim D, X)
HomFun(I,C) (C(X)u D)

112

HomFun(I,C) (-Dv C(X))7
Home (X, lim D).

112

The class W distinguishes a class of morphisms W; in Fun(7,C), too, which consists of those natural
transformations w : D1 — Dy such that w(i) € W for all i € I. We also say w is point-wise in W.
Again ¢ induces a functor C[W '] - Fun(Z,C)[W;']. The homotopy limit is just its right adjoint
and the homotopy colimit is its left adjoint:

hocolim

Fun(Z,C)[W;!] = c[w1].

11



Proposition 2.3. If the limit lim : Fun(C,I) — C exists and has an absolute right derived functor
Rlim (see Definition [4.5) then

holim = Rlim.

If the colimit colim : Fun(C,I) — C exists and has an absolute left derived functor Lcolim (see

Definition then

hocolim = L colim .
Proof. This is but a consequence of the derived adjunction proposition below. ]
This also encompasses L coker, resp. Rker of before:

Lemma 2.4. For (C(A),W) we have:

Xe—Y,
L colim L = L coker(X, - Y,)
0
(and similarly for Rker).
Proof. Since
Xe—Y,
colim l = coker(X,,Ye ® Z,)
Ze
the replacement
X, —=Y, X Cyl(a)
l >
Ze Zs
is adapted to colim. For X, = Cyl(«) & Z, is still a monomorphism. O

2.5. For a functor «: I — J of diagrams, we get a functor a* : Fun(J,C) - Fun(Z,C) by composition
with a. It induces again a functor

o* : Fun(J,C)[W;'] - Fun(I,C)[W1].

The left (resp. right) adjoint to this functor is called a homotopy left (resp. right) Kan
extension. Note that the homotopy limit (colimit) is the special case of the projection p: I — {-}.
It turns out that the knowledge of all homotopy left and right Kan extensions suffices to prove
that C[W™!] is a triangulated category. All axioms of a triangulated category follow as theorems

12



from rather simple axioms concerning these homotopy Kan extensions. Conversely, however, ho-
motopy left and right Kan extensions cannot be reconstructed in the triangulated category alone.
Grothendieck proposes therefore to consider the whole strict 2-functor

D: I v Fun(Z,C)[Wj]

as the fundamental datum, where I runs over all diagrams (small categories), together with functors
a” for all a: I - J (and together with a 2-functoriality for natural transformations a = ). Such a
datum will be called a derivator provided certain axioms hold (in particular left and right adjoints
for the o* should exist!). We will see them in detail in the lectures of Moritz Groth. For convenience
we will list them below. Note that no extra data is needed to reconstruct the triangulated structure.

Above we used the following:
Proposition 2.6. Let (C,W¢) and (D,Wp) be localizing pairs and

F

C— —=D
G

be an adjunction. If F' has an absolute left derived functor LF and G has an absolute right derived
functor RG (see Definition then

LF

cw] DWW

RG
s an adjunction.

Proof. By Lemma the total right derived functor of Homp(FX,-) is Homppy-17(FX,-).
Therefore by Exercise the total right derived functor of Homp(F-,-) is Homppyy-1)(LF~,-)
because LF' is absolute. By the same reasoning it is equal to HomC[W-l](—,RG—). The statement
follows because of the uniqueness of total derived functors (up to unique isomorphism). O

2.7. We'll list here the axioms of a derivator for convenience: A pre-derivator is just an association
(technically: a strict 2-functor) as mentioned above

D:Dia - CAT

from a category of diagrams (could be all small categories for example) to the “category” of cate-
gories.
It is called a left derivator if the following axioms hold true:

(Derl) For I,J in Dia, the natural functor D(I1]J) — D(I) x D(J) is an equivalence. Moreover
D(@) is not empty.

13



(Der2) For I € Dia the ‘underlying diagram’ functor
dia:D(I) - Hom(Z,D(-))
is conservative.
(Der3 left) For each morphism « : I — J in Dia the functor
a”:D(J) > D)ars
has a left-adjoint oy (Existence of homotopy left Kan extensions, in particular, homotopy
colimits!).

(Der4 left) For each morphism « : I — J in Dia, an object j € J, and the 2-cell (see appendix and
A9)

Ix)yj——1I
Qg l/ v H la
. J
(i} ——J
we get that the induced natural transformation of functors a;t* — j%ay is an isomorphism.

There are obvious dual variants of (Der3-4 left) defining a right derivator. If it is both left and
right, we just call it a derivator.

Axioms (Derl) and (Der2) are rather technical and avoid pathological situations. There are im-
mediately clear in the examples. Axiom (Der3) states the existence of homotopy (co)limits and
homotopy right (left) Kan extensions. Axiom (Der4) is a derivator version of Kan’s formula
computing Kan extensions in usual (co)complete categories. It is therefore very natural to impose.
It is striking that all axioms of a triangulated category follow as easy propositions from these
axioms, and the following twﬂ

We call D pointed if the following axiom holds:

(Der6) The category D(-) has a zero object.
We call D stable if the following axiom holds:
(Der7) In the category D(O) an object is homotopy cartesian if and only if it is homotopy cocartesian.

Roughly, if we imagine an object in D(0O) as a square of objects in D(:) (by which, of course, we
would loose its coherence!)
A B

C——=D

—_

Zplus strongsness, a technical condition which we won’t state here.

14



homotopy cartesian means that D is the homotopy colimit of the upper left diagram r~ and
homotopy cocartesian means that A is the homotopy limit of the lower right diagram _.
Details will be given in the lectures of Moritz Groth, cf. also [12].
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3 Algebraic topology

References: [14], 26, 27]

3.1. There is a strong similarity between the derived category of an abelian category and the
homotopy category of topological spaces (resp. spectra) as we will explain in this section. As in
section we are given a localizing pair (7T OP, W), where T OP is the category of topological spaces
and W is the class of weak equivalences, i.e. the class of those continuous maps « : X — Y which
induce isomorphisms of m;(X,z) - m;(Y,a(z)) for all i and x € X. This leads again to notions of
derived functors and in particular of homotopy limit and colimit. It turns out that homotopy limit
and colimit exist in this context, too, and are related to fundamental constructions in algebraic
topology. Also with the pair (TOP,W) there is an associated derivator, which however is not
stable, in particular, the classes of sequences and are not equal. However, passing to the
theory of spectra, we get a stable derivator. Thus also their homotopy category is a triangulated
category. We will, however, not discuss spectra in this lecture. In this section, we consider the case
of pointed topological spaces (T OP., W)E| and examine first again the notion of homotopy kernel
and cokernel.

We will use the fact that (TOP.,W) is a localizer. Later, when we discuss the abstraction of both
of the situations to model categories, we will see a reason for this.

As in the case of chain complexes, the cokernel as map from

Fun(—,7OP.) - TOP.

is not exact, i.e. it maps point-wise weak equivalences not necessarily to weak equivalences. Hence
we may try to construct a total left derived functor in the sense of We will see that this is
completely analogous to the construction of L coker for chain complexes.

3.2. Again there is the notion of cylinder and cone associated with a map a: X — Y. The cylinder
is defined as the colimit of

X—2 -y

¥
I X X ........... > Cyl(a)

where I is the intervall [0,1] ¢ R and the vertical map is the injection z — (0,z). There is a map
a: X - Cyl(«) given by x — (1,2). The cone Cone(«) is defined by the pushout of

X2 Cyl(a)

0 > Cone(a)

3where the maps in W do, of course, have to respect the base point

16



where 0 is the one point space (it is a zero object of TOP.). Observe that this is literally the same
construction as in except that A ® — has been replaced by I x —.
Furthermore there are morphisms

p:Cyl(a) = Y 1Y = Cyl(a)

where p is induced by the pair of maps ¥ =Y and X xI - X - Y and ¢ is the projection
Y - Cyl(a).

Again, we claim that
Proposition 3.3. The replacement

(a: X >Y)r(a: X - Cyl(a))
s a left replacement functor for coker.

It follows again that

’ L coker = Cone ‘

Proof. Again there is the morphism

X Cyl(X)
Lp
X Y

and again homotopic maps become equal in TOP,[W™!] (see ??), hence in particular homotopy
equivalences are in W. For the fact that the replacement is adapted to coker, I do not know of
a completely elementary proof. The proof from homological algebra does not translate to this
setting, because the sequence X — Cyl(X) — Cone(X) does not induce a long exact sequence of
homotopy groups. For the dual construction of homotopy kernels, however, the same proof works,
as we will shortly see. A partial proof of this Proposition will be given using the machinery of
model categories, see Proposition [6.10 O

Remark 3.4. Again we have:

.YV

X
hocolim j = Lcoker(X - Y)
0

which will, for example, follow from Proposition or the explicit description of hocolim over
this diagram in[7.8

17



3.5. Dually, as in the case of complexes, the kernel as map from
[, TOP.] > TOP.

is not exact, i.e. it maps point-wise weak equivalences not necessarily to weak equivalences. Hence
we may consider its right derived functor in the sense of
The cocylinder (or mapping path space) of X — Y is defined to be the limit

COCyL() s =X
o
Hom(I,Y) Y

where Hom(7,Y") is the path space of Y.
The Fiber or Cocone F(«) of a: X - Y is defined to be the limit (kernel) of

F(a) ~~~~~~~~~~~ > coCyl(w)

|e

0 Y

where @ is induced by the map 01 : Hom(I,Y) - Y. Note that these constructions are completely
dual to those of the cylinder and cone.

Again, we claim that
Proposition 3.6. The replacement

(a: X >Y)m (@:coCyl(a) »Y)
is a right replacement functor adapted to ker (see Definition .

It follows that

Proof. Here we sketch an elementary proof, which is completely analogous to the one for chain
complexes.
1. We have the functorial commutative diagram

X—2 Y

|

coCyl(a) —=Y

18



where the vertical maps are homotopy equivalences, therefore are in W. The vertical map X —
coCyl(a) is given by the pair of maps X - Y — Y (constant path) and X = X respectively. The
homotopy inverse is given by the natural map coCyl(a) - X.

2. Now there is an exact sequence of pointed sets (~ = morphisms up to homotopy)

Hom(A, F(a))/ ~——Hom(A, X)/ ~——Hom(A,Y)/ ~
which, for the case A =S, for n >0, can be shown to give an exact sequence of groups
Tn(F(a)) — mp(X) ——=m (V).

3. Denote 3 : F(a) = X the canonical map. There is a homotopy equivalence F(8) - QY , where
QY is the loop space of Y. This gives a map

Hom(A,QY)/ ~—— Hom(A, F(a))/ ~
and an exact sequence
Tn1(Y) ——mn (F () — (X)) —— mp (V)

Furthermore the fiber of the map QY — F(«) is homotopy equivalent to 2X. Therefore we actually
get a long exact sequence of homology groups.

Tn+1(X) ——= 41 (V) ——= mn(F () —— T (X) ——=m(Y)

4. An extended version of the 5-lemma (to include the case n = 0) shows that if there is a commu-
tative diagram

X 2>V

L

X Ly
where the vertical arrows are in W then also the induced map F(«) - F(a') is in W. O
3.7. For the pair (TOP,, W) we call the class of sequences in 7OP,[W '] isomorphic to
{ X ==Y —— Leoker(a) — Leoker(X - 0) } (4)
cofiber sequences and those isomorphic to
{ Rker(0 > X) — Rker(a) —= X —*~V } (5)

fiber sequences. Unlike for the case of chain complexes these classes are not equal! They become
equal in the homotopy category of spectra.
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Exercises

Exercise 3.1. Prove that F(0 - X) is the loop space of X and that Cone(X — 0) is the suspension
of X.
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4 Localizing categories
References: [24]

Let C be a category and W a class of morphisms of C. As for rings one can try to construct a
functor + : C - C[W™1] such that all morphisms ¢(w) for w € W are invertible, and such that ¢ is
universal w.r.t. this property. In other words given any functor F' such that F'(w) for w e W is
invertible, there is a unique functor F’ such that

is commutative (on the nose, not up to isomorphism of functors).
Proposition 4.1. ¢:C — C[W '] with the above universal property exists.

Proof (sketch). C[W™!] is defined by

ob(c[w™1)) Ob(C)

= finite chains of morphisms in C:
MOI‘(C[W ]) = {X W Xl Xg eW Xn—2 eW Xn—l )% }/N

where composition of morphisms is given by composition of chains. Here ~ is an appropriate
equivalence relation. It is the finest implying that the obvious map ¢ : C - C[W!] is a functor
and that for every w € W the compositions X <=—Y —“= X and Y —= X <2—Y are the
identity. We leave it to the reader to fill in the details. O

From the construction in the proposition follows that Homgpy-17(X,Y) might not be a set but a
proper class which is, in this generality, rather impossible to determine. Therefore we make the
following definition

Definition 4.2. The pair (C,W) is called a localizing pair whenever C[W ] is locally small and
we have w e W if and only if «(w) is an isomorphism.

The second condition has been added for convenience. Obviously one can always enlarge W such
that it becomes true without changing C[WW~!]. In our examples there will always be means of
ensuring that a given pair (C,W) is localizing, for example, because it will be part of a model
structure.

The most fundamental definition about localizing categories is the notion of derived functor:
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Definition 4.3. Let (C,W) be a localising pair and F : C - D be a functor. A right derived
functor RF of F' is a functor together with a natural transformation n: F = RF ot

C i D
w1

RF is called total, if it is universal in the sense that applying v and composing with n induces an
1somorphism:

Hom(RF,G) 2 Hom(F,G o)

for all functors G :C[W™] - D.
RF is called absolute if (ko RF, K *n) is a total right derived functor of ko F for any category &€
and functor k:D — £.

Note that a total right derived functor RF is characterized up to a unique natural isomorphism by
its defining property and moreover RF' is actually a left Kan extension of F' along ¢ (A.9).

Remark 4.4. If F maps elements of W already to isomorphisms then by the universal property
there is a functor F' with F = F'v. It follows from the definition that F' is an absolute left and
right derived functor and n is in both cases the identity.

Remark 4.5. If we have two localizing pairs (C,W¢) and (D,Wp) and a functor F':C — D then
by abuse of notation we denote by RF a total derived functor of Lo F.

In most cases RF' is computed by means of a replacement functor:

Definition 4.6. A right replacement functor adapted to F is a functor Q : C — C together with
a natural transformation: v :ide — Q object-wise in W and such that FQ(w) is an isomorphism
for each weW.

If (P,v) is a right replacement functor adapted to F' then F@ is equal to FQ. for some functor
FQ by the universal property of C[W™].

Lemma 4.7. FQ is the absolute right derived functor for F.
Proof. First of all the morphism 7 : F' — FQ is given as the composition

F- PQ——=T0..
Let a: F' - Gu be given. For any X we consider the diagram

Fl/X

FX —2X FQX —=FQX
ax aQx

GQX

Gwyx
_—

GX
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Since wwy is invertible in C[W™!] we get a morphism

« wx )7t
2 qox S gx.

FQX
Obviously this is inverse to the map in the definition of right derived functor.

Note that FQ is absolute because GFQ is equal to GFQ. and GFQ is a total derived functor of
GF by the first part of the proof. ]

Lemma 4.8. The right derived functors of X ~ Hom¢(X,Y), Y » Home(X,Y) and (X,Y) —
Home (X,Y) considered as functors from C - SET, CP - SET, and C x CP? - SET exist and are
all equal to Homepy-17.

Proof. We have
Hom(Homepy-17(¢(X), ), G) = G(1(X))

and also
Hom(Home (X, -),Gt) 2 G(1(X))

by Yoneda’s Lemma. The statement about the functor of two variables follows from Exercise
considering that Home[yy-17 already maps W in both arguments to isomorphisms. O

Remark 4.9. Consider the case of chain complezes as in section . Actually C(A)[W], which is
called the derived category of A, is usually constructed in a two-step process. First, one defines
on Hom(X,Y') an equivalence relation, where two morphisms f and g are equivalent (or homotopic)
if there is a homotopy f = g, and obtains a category K(A). Let us recall what a homotopy is.
This is analogously defined as in topology. First, one can “realize” any simplex in the category of
bounded chain complexes over 7.

(A7)-n = Z[{ strictly increasing maps {0,...,n} = {0,...,i}}]

with boundary maps given by the alternating sum of the compositions with the n + 2 maps J',
{0,...,n} > {0,...,n+1}. For example

(7]

where always the rightmost entry sits in degree 0. This is a reduced version of the chain complex
associated with the standard simplices and actually a cosimplicial object in C'b(Z - MOD) (cf.
for details). All X ® A? are quasi-isomorphic to X.
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A homotopy pu: f = g is a map p: X ® A} = Y such that the two compositions are respectively f
and g:

50 o M

1

Now in the diagram

0
X === XoAj—1-X

1
the composition is the identity and p is a quasi-isomorphism! Therefore the first two morphisms dg
and 01 are the same in HOHIC(A)[W—l](X, X®AY), therefore also f and g. We conclude that it makes
no difference, whether we consider C(A)[W™] or K(A)[W™]. The advantage of constructing
K(A) first is that the chains of morphisms in the construction of K(A)[W™] are actually all of
the form X < X' > Y, where the first arrow is a quasi-isomorphism. See e.g. [11]. This is a
common behavior if there is a model category structure (see [17]), in which case even X' is w.l.o.g.
a fized replacement of X.

Exercises

Exercise 4.1. Ezplain that RF : C*(A)[W™] - C*(B)[W™!] defined by means of an injective
replacement of (bounded below) complexes is actually a functor and even an absolute right derived
functor of Lo F: C(A) - C(B)[W™].

Hint. By Lemma [4.7] we need to check that

1. the injective replacement @ : X, - I, can be made functorial (actually is suffices functoriality
up to homotopy because F' respects the relation of homotopy of morphisms, hence we may
replace C'(A) with K(A) from the beginning),

2. F o @) maps quasi-isomorphisms to quasi-isomorphisms.

First of all by exercise [£.3] we have a lift in the following diagram:

X, ——= Y, Iy,
e

Ix,e 0
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To show functoriality it suffices to show that two lifts are homotopic. This follows from the existence
of a lift in the diagramm

IX,OEBIX,o I
X, = Y,e
Ixo®A8
Xo 0

It remains to show that if I, — J, is a quasi-isomorphism between complexes of injectives then
F(1,) - F(J,) is a quasi-isomorphism, too. For this use the exact sequence

0 —— I, —— Cyl(a)e — Cone(a)e —=0
and exercise [£.4] O

Exercise 4.2. Consider two localizing pairs (C;,W;), i = 1,2 and a functor
F: Cl X CQ - D.

Suppose that the total right derived functor R(Fy) of the functor Fy : X » F(X,Y) exists for all
Y. Denote RxF :Y — R(Fy). Show that a total right derived functor of RxF' is also a total right
derived functor of F, i.e. RyRxF = RF.

Suppose that the derived functor R(Fx) of the functor Fx : Y — F(X,Y) exists for all X. Denote
RyF : X » R(Fx). Show that a total right derived functor of Ry F is also a total right derived
functor of F, i.e. RxRyF = RF.

Exercise 4.3. Let I, be a bounded below complex of injectives in an abelian category. Prove that
I, — 0 has the right lifting property w.r.t. monomorphisms which are quasi-isomorphisms, i.e. for
any square

X. 1.
Y, = 0

there is a lift as indicated.

Exercise 4.4. Let I, be an acyclic bounded below complex of injectives in an abelian category and
let F be a left exact functor. Prove that also F(l.) is acyclic.
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5 General homotopy limits and colimits — explicit construction
References: [}, [7, [10]

In this section we show how general homotopy (co)limits may be computed for a localizing pair
(C,W) provided that C is roughly a simplicial category which is tensored and cotensored, and such
that some axioms hold. The pairs considered in sections [1| and |3| are of this form. Later we will
see more abstract ways of constructing homotopy limits and colimits using model categories. In
particular, in this section, we prove without using model categories that the category C(A) of
unbounded chain complexes in an abelian category admits homotopy limits and colimits, as well
as left and right Kan extensions.

To show the existence of the left adjoints (colimit, left Kan extension) we have to assume that .4
satisfies axiom (AB4) and for the existence of the right adjoints that A satisfies axiom (AB4*)|ﬂ

5.1. Let I be a diagram and F': I - C(.A) be a functor.
We define a double complex C7(F'). . as follows:

Cr(F)-pq= @D F(u(0))?
wAp—I

for p > 0. Here A, is the category 0 - 1 — --- - p. The vertical differential is given by d on the
complexes F'(i), and the horizontal by the boundary operations

Cr(F)™4 - C(F)™Ha

(@) ki@(—n’f(m(tb6k(o>>>x>m

where 4o, ..., d, are all injective functors A,_1 - A,, numbered such that d; omits k. Define
Coner(F)e = Tot®(C1(F)e.).
One goal of this section is to explain
Theorem 5.2. If A is an (AB/) abelian category, I is a diagram and F € Fun(I,C(.A)) then
hocolim;(F") = Coner(F),

i.e. the functor F ~ Coner(F) is left-adjoint to p* : C(A)[W™] - Fun(I,C(A))[W;1].

4For coherently bounded below (lim-case), resp. coherently bounded above (colim-case) diagrams of complexes one
doesn’t need these assumptions.

26



In the exercises (cf. a brute-force proof of this result is given. In the sequel, we will sketch a
bit more conceptual, yet elementary proof (which however assumes also AB4*) and covers also the
case of topological spaces. In section [7| we will review the construction from the point of view of
model categories.

The nice feature is that the construction is actually functorial in diagrams on the nose (i.e. not
only in the derived category), see and also Exercise

5.3. To proceed, we review a tiny bit from the general theory of simplicial sets and (co)simplicial
objects in categories: Let A be the category
Ob(A) = {A,:={0,1,...,n}| neNp}
Mor(A)

{order preserving maps A, - A,,}

which may be depicted schematically as:

-

........... > <

- > <
............. D e e e >

- > <

........... > <~

-~

(where only some morphisms are depicted).

A simplicial object in a category is a functor X : A’ — (C, in particular a simplicial set is a
functor X : A°? - SET. A cosimplicial object in a category is a functor A: A - C.

If C is complete, any cosimplicial object A defines an adjunctionﬂ

Ra

SETA” C

Na

(R4 is the left adjoint) where the functors are defined by (cf. section in the appendix)

Rp:S & /N(HAW,)
Nao:C » (A, HnHom(An,C))

R4 is uniquely determined by the property of preserving colimits and mapping A,, (representable
simplicial set) to A,,. This follows from Exercise in the appendix.

Example 5.4. If C =T OP, there is a canonical cosimplicial object
A: Ay~ {standard n-simplex in R" }

The associated functor

R:SETA" > TOP

5 R stands for realization and N for nerve.
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1s called the geometric realization. Its right adjoint
N:TOP - SETA”

18 the singular simplicial set associated with a topological space. These actually can be used to define
a Quillen equivalence between associated model categories (see .

Example 5.5. If C =7 - MOD there is also a canonical functor
R:SETR" > Z-MOD
X+~ R(X) R(X)n:=2Z[X_] forn<0
with differential given for x € X,, by

(2] > i(—l)i[aﬁz]

from which a cosimplicial object A : A, — R(Ay) may be reconstructed. The R(Ay) are however a
bit different from the A, of [{.9 In contrast to the latter the R(A,) are unbounded (but bounded
above) complexes. In this section it will be convenient to work with the unbounded version.

Example 5.6. If C = SCAT there is also a canonical (even tautological) simplicial object given by
ANy Ay=(0->1—-->n).
The right adjoint functor N4 is called the nerve.
N:CAT - SET™”
N(A), :={zo—> > zp | x;cOb(A)}

The functor N, and its left adjoint R, can be used to define a Quillen equivalence between associated
model categories (see . (As they stand, they do not yet.)

5.7. Let now C be either TOP or C(A). Recall our canonical cosimplicial object A € TOP? (see
, resp. A e C(Z-MOD)? (see . Write ® for the natural tensor product with C(Z-MOD)
for chain complexes, and for x for topological spaces. We actually get an adjunction of two variables
given by
®:SETA" xC - C
S,Y ~» Ra(5)eY

Hom, :C® xC — SETA”
X, Y » (n~Hom(4,®X,Y))

Hom; : (SETA")PxC - C
S, Y +~ Hom(Ra(S),Y)
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For TOP, Hom is the homomorphism space, and for C(A) the external hom C(Z)?xC(A) - C(A)
(transposed version of ®). In other words:

Hom(S®Y,Z) =Hom(S,Hom, (Y, Z)) = Hom(Y, Hom; (5, Z))

This renders TOP even into a tensored and cotensored simplicial category. For C(A) this would
be true, if we replaced R(A,,) with the bounded A;.

5.8. Now, if [ is a diagram, we can extend the adjunction of in two variables. This is a fairly
general process (see Exercise in the appendix) and is given by:

® : Fun(I, (SETA™)) x Fun(I,C) - C
SY o fZS(z')®Y(i)

Hom, : Fun(1,C)? xC — Fun(I”?,SETA™)
X,Y ~ {i»Hom,(X(i),Y)}

Homy; : Fun(I, (SETA" )P xC - Fun([,C)
S,Y ~ {i~Hom(S(i),Y)}

Example 5.9. Consider the case C = C(A). There is the tautological functor é : A — SETA™ . Let
X e Fun(A°?,C(A)). We can associate with it a double complex

Xn,m = X(A—n)m

where the horizontal differential is given by the alternating sum of the differentials 6. Then we
have
§® X = Tot® X, ,.

5.10. Later (cf. section @ we will consider these adjunctions from the point of view of model
categories. To prove the existence of homotopy (co)limits in the category of chain complexes and
to get an elementary formula for them we actually only need the following axioms:

1. Hom;(Ag, X') and X are weakly equivalent.

2. The maps Hom;(A;, X) « Hom;(Ag, X) induced by the unique maps A; - Ay are weak
equivalences.

3. For a simplicial object X € Fun(A°,C) the functor X ~ J ® X maps weak equivalences to
weak equivalences.
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4. Hom;(S,-) maps weak equivalences to weak equivalences for any simplicial set S.

5. Weak equivalences are stable under coproducts.

If C = C(A) where A satisfies (AB4) and (AB4*), these properties can be shown in an elementary
way, see exercise If C = TOP the validity of 1.-5. will be shown in section [7] using model
categories under the extra assumption that all occurring spaces are cofibrant (cf. the next chapter
for this notion). Actually, with the language of |7, we can give a much more conceptual proof of the
Bousfield-Kan formula.

Theorem 5.11 (Bousfield-Kan). Let (C,W') be a localizing pair such that an adjunction like in
exists with the properties 1.-5. of . Consider the functor N(—x/;I) € Fun(I°?,SETA™).
Recall that it is given by (cf. for the definition of comma category):

?
N (i In = // \ ijel
i i in

Then for all X € Fun(I,C)[W;'] we have:

hocolimy X = / N(ix;; I) @ X(i). (6)
Remark 5.12. Note that (at least for topological spaces):

COlim[X=[ Ao@X(i).

The mechanism behind the Bousfield-Kan formula is therefore: Instead of replacing X by a “good
replacement”, replace Ay by a “good replacement”. We will come back to this point of view in
section 7

Example 5.13. If C =T OP we get:
hocolimy X = fZR(N(z' %1 1)) x X (i)

where R is the geometric realization, provieded X is point-wise cofibrant (cf. the next chapter for
this notion).

Example 5.14. In the case C = C(A), we get analogously hocolimy X, = fiR(N(z' xir 1)) ® Xe(i),
where R is the realization in C(Z - MOD). Recall that

R(N(ix; )= @ 7Z forn<0
Afn%ix/ll
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with differential given by the alternating sum of face maps. From this and from the explicit formula
of the coend it follows that

hocolimy X, = fiR(N(i x1 1)) ® Xe(i) = Coner(X,).

5.15. For the proof of Bousfield-Kan, we will need the construction of a category A°/S for any
simplicial set S, which is the Grothendieck construction applied to the functor S : A°? - SET c
SCAT, where sets are considered as discrete categories.

Ob(A?/S) = {A,eA,zeX,)
Hompopys((An,2), (Am,2")) = {p:Am — Ay | p(z) = 2"}

Proof of theorem [5.11. Call F' the functor in the RHS of @
Consider the correspondence of functors

(AP/N(I))*

% K
I°p A

where ¢ is the functor mapping (A, p: A, = I) to x(0) and p = AP/(IN(I) - Ap) is the projection.
By Kan’s formula, we have N(ix;; I) = (¢*P)(p®)*0. Here § € Fun(A,SETA™) is the canonical
object which maps A, to the simplicial set represented by A,,. Using Exercise it follows that

F(X) = fiN(@' e X = [ Ane (pu X)),

Since p is a Grothendieck op-fibration py is the same as the colimit over the fibers, which are discrete.
Therefore by property 3 we have that this functor maps weak equivalences to weak equivalences.
Now the functor

F:X»—»[zN(ix/II)®X(i)
is adjoint to
G:Zw (i Homy(N(ix; 1),Z))

which both map weak equivalences to weak equivalences and hence coincide with their derived
functors. Therefore they also induce an adjuction (Lemma [2.6])

Fun(I,C)[W; ] c(w].

It suffices to show that the functor G (as a functor between homotopy categories) is actually
isomorphic to the constant functor. Now N (i x 7 I) is homotopy equivalent to Ag in SETA” (use
exercise in the appendix). Therefore by axiom 2. Hom;(N (i x;; I), Z) is weakly equivalent to
Hom; (Ao, Z). Therefore by axiom 1. Hom(N (i x;; I), Z) is weakly equivalent to Z. O
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Example 5.16. Resuming Fxample we see from the proof of the Bousfield-Kan formula that
for X e Fun(A°,C(A)) there is the easier formula:

hocolim X = Tot® X, ,
(Compare this to the formula: colim X = HM"*(X,,)).

5.17. The nice feature about these explicit formulas is that we can write down left and right Kan
extensions using Kan’s formula as for ordinary categories. Indeed, for a morphism o : I - J of
diagrams, the association

FX) g [T NGy, (U x100) 8 X (1w)

is functorial in j and therefore defines an object in Fun(J,C). Since the right hand side represents
the homotopy colimit over I x,; j of .* X, the Kan formula holds automatically, provided we are
able to show that this object s a homotopy Kan extension.

Theorem 5.18. Under the hypothesis of Theorem F defines a homotopy left Kan extension.
Proof. We have that

H . * i . .

[ NGy U xp D)0 X () = [N Goxgr g ) © X (1)
because of Exercise and the easy calculation (¢P);N (1 X/(Ix,19) (Ix)73))=N@x;Ix)557).
By elementary properties of ends and coends (Exercise [A.5)) the functor

i
FiX o (o [ NGxIx5)©X(@0)
is adjoint to
G:Zw~ (i~ [Homl(N(i x/I]x/Jj),Z(j)).
J
Now there is a homotopy equivalence of diagrams of simplicial sets (cf. also Exercise |A.2))
(G N@xjpIxy5)) = (= N(ixpy5))

This implies (using the properties 1.-5. of |5.10)) that fjHoml(N(z‘ < x5 3),Z(5)) is weakly

equivalent to

[ Homy(NGixyy3). 2G)) = [ T1 Homi(&g. 2(7)) = Homi(8, Z(a(i))).

J Hom(a(i),5)

By property 1. this functor is weakly equivalent to a*Z : i — Z(a(¢)). Since this functor is exact,
also G is exact and as derived functor isomorphic to a*Z. O
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Corollary 5.19. Let (C,W) be a localizing pair such that an adjunction like z'n exists with the
properties as in[5.10. Then the association

D: I+ Fun(l,C)[W;*]
defines a left-derivator on all diagrams 1.

Remark 5.20. The assumption (of a localizing pair) that C[W ] be locally small was not used in
the proof. If one is content with working with derivators which have values in categories which are
not necessarily locally small, one can relax this condition.

We leave it to the reader to state the dual version of the results in this section using a dual version
of the properties in [5.10]

Exercises

For the exercises you’ll need the following folklore theorem:
Theorem 5.21. Let A be an abelian category (cf. .

1. Let X** be a double-complex in A which is concentrated in the left semiplane. If A satisfies
(AB4) then the (horizontal) spectral sequence

H? (Xp’.) = Tot@7p+q (X’:‘)
CONVETGES.

2. Dually (and rotated by 180°), let X** be a double-complex in A which is concentrated in the
right semiplane. If A satisfies (AB4*) then the (horizontal) spectral sequence

HY(XP*) = TotIhP+a(x**)
CONVETGES.

Exercise 5.1. Verify the following formula for simplicial sets:
N(ix T) = (1) ()5,
Exercise 5.2. For X € Fun(A% C(A)) check the formula
§® X = Tot® X, ,
from Ezample[5.9 For X, € Fun(I,C(A)) check the formula

fiR(N(z' %7 1)) ® X.4(i) = Cone; (X.)
from Ezample[5.1])
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Hint. In both cases an easy explicit computation using the explicit formula for computing
ends as cokernels. O

Exercise 5.3. Let A be an (AB4) and (AB4*) abelian category. Prove using Theorem that
properties 1.-5. of [5.10 hold true. You will need both spectral sequences.

Exercise 5.4. Give a meaning to the following statement and prove it: The category of cosimplicial
objects Fun(A,C) is equivalent to the category of adjunctions

SETA™ C.

The exercises in the sequel give an alternative proof of the existence of homotopy Kan extensions
using only (AB4):

Exercise 5.5. Let A be an (AB4) abelian category. Prove that for a natural transformation =y :
F — G we get a natural morphism Coner(y) : Coner(F') - Coner(G). Moreover show that if v is
a point-wise quasi-isomorphism then ' is a quasi-isomorphism.

Hint. Use the spectral sequence 1. from Theorem [5.21 ]

Exercise 5.6. Let a: I — J be a functor between diagrams, and let F : J - C(A) be a functor.
Define a morphism o' : Coner(a*F) — Conej(F') which is functorial in F.

Exercise 5.7. Let o, 3: 1 — J be two functors between diagrams, let F : J - C(A) be a functor,
and let v : a = [ be a natural transformation. We get an associated natural transformation
vV :a*F = *F.
Prove that

o : Coner(a*F) — Coney (F)

and
"o Coney(v') : Cones(a*F) - Coner(B*F) — Cone s (F)

are homotopic maps of complexes.
Exercise 5.8. Let A be an (AB4) abelian category. Prove the following two assertions:
1. There is natural map can. : Coneyy(F') — F(-) which is a quasi-isomorphism.
2. s': Coney.y s*F — Coney I is a quasi-isomorphism if I contains a final object s: {-} - I.

Hint. For 1. use the spectral sequence from Theorem [5.21| again. For 2., use O
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Exercise* 5.9. Let A be an (AB4) abelian category, let I be a diagram, and let F € Fun(I,C(A)).
Give a direct proof that
hocolim;(F") = Coner(F),

i.e. the functor F ~ Coner(F) is left-adjoint to p* : C(A)[W™] - Fun(I,C(A))[W}'].

Hint. Let p: I — {-} be the projection. Define counit and unit as the following compositions:

c¢: Conerp*F . Coneg, F' 2L

U F<t—FXFi>p*Cone[F .
Here Xr is defined as follows: For i € I define:
Xp(i) = Conery iy ti I
and for p:4 — j define
Xp(p)=u': Conelx/ﬂ- 1 F - Conelx/lj L;

where p denotes, by abuse of language, the functor I x;ri — I %1 j.
Consider the 2-cartesian diagram

Ixjpi——1

l/ /V
pi

(i} ——1

Define ¢z (i) to be the composition

C ! 7
Conepy,,it; F' _Coner) Conery,,; p; F(i) LN Coney.y F'(1) e F(i).

and
O(Z) = Lg : COHe[x/Iz‘ L:—F — ConeI(F)’

which is compatible with the constant morphisms and the Xz (u).

Prove that ¢t constitutes a morphism of diagrams and is point-wise a homotopy equivalence hence
a quasi-isomorphism. (Note that however the homotopy-inverse can not be arranged as a morphism
of diagrams.)

Show the unit/counit equations. The first equation will be true even in C(A). The second equation
is true up to homotopy. Construct this homotopy explicitly. O
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6 Model categories and homotopy (co)limits

References: [3], 8, 9] 15 17, 20, 2T, 29]

6.1. The replacements needed to compute derived functors and in particular homotopy (co)limits
are mostly special cases of a much richer structure, the structure of a model category. This structure
also implies that (C,W) is indeed a localizing pair, in particular that Homepy-17(-, ) are actually
sets. As a motivation from the point of view of homological algebra recall that injective, resp.
projective objects were a suitable replacement to compute the derived functors of a left- resp.
right-exact functor. Let us focus on the case of injectives for a moment. By definition [ is injective
if and only if in a diagram

XL
/’

Y ——0

where « is a monomorphism, there is a lift 5 making the diagram commutative. We say that X - Y
has the left-lifting property w.r.t. I — 0 or equivalently that I — 0 has the right-lifting property
w.r.t. X - Y. One might ask, which complexes I, do have the property that in a diagram

B

o Lo
4

Y. —>

were « is a monomorphism (= degree-wise monomorphism) and a weak-equivalence there exists a
lift as indicated. This depends a little on whether we consider bounded or unbounded complexes.
If we consider bounded below complexes then the property translates precisely to the condition
that I,, is injective for all n (see Exercises and .

If we consider unbounded complexes (at least in the case of A= R— MQOD) then we get so called
DG-injective complexes (cf. [3, [I7]) and it turns out that this is the better notion of injective
replacements to work with. At least DG-injective complexes have the property that I, is injective
for all n but not conversely! More generally we call v : I, — J, an injective fibration (denoted

o € Fib™), if in a diagram
x.- 2.1,
4
(04

Yo ——J.

there exists a lift. We might formulate this in the following way: Let S be a class of morphisms
of C. Then call r(S) (resp. 1(S)) the class of morphisms which have the right (resp. left) lifting
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property w.r.t. all morphisms in S. If we call a morphism « of complexes an injective cofibration
if it is a monomorphism (denoted « € Cof*™) then we have

r(Cof ™ W) = Fib™ (7)
Additionally, we also have the on the first sight rather surprising symmetric property:
I(Fib™ nW) = Cof™ (8)
as well as o o
W =r(Cof"™) - I(Fib"), (9)
where - means composition.

Definition 6.2. A structure
(C, Cof,Fib, W)

where C is a complete and cocompletfﬂ category and Cof, Fib, and W are subclasses of morphisms
(called cofibrations, fibrations and weak equivalences, respectively) of C, is called a model category,
if the following axioms hold:

1. Properties @ and (@) are satisfied.

2. Any morphism «: X - Y can be factored as o = B oy, where v is a weak equivalence and a
cofibration (we say a trivial cofibration) and 8 is a fibration, as well as o = 3" o' where '
is a cofibration and ' is a fibration and a weak equivalence (we say a trivial fibration). This
factorization can be made functorial.

3. Cof,Fib and W are closed under retracts.
4. W satisfies the 2-out-of-3 property.
For the precise meaning of axioms 3. and 4. see [17].

A consequence of these axioms is that (C,W) form a localizing pair, in particular the associated
homotopy category C[W ] is locally small. Also @b follows.

6.3. The injective structure (C'(A), Cof™ Fib™ W) forms a model category for A = R — MOD
[17] or, if we consider bounded below complexes, for arbitrary A [29]. The injective replacement of
X, (in the case of can be reconstructed as the factorization required by axiom 2.:

X, trivial cofibration I, fibration 0

Swe assume this as in [I7] for simplicity

37



of the morphism X, — 0. In general in a model category, an object X such that X — - is a fibration
is called fibrant. An object X such that @ — X is a cofibration is call cofibrant. Here @ is the
initial and - is the final object.

Analogously, there is a projective model structure (C(A), CofP™  Fib?™? W) with

CofP™ = dimension-wise split mono with DG-projective cokernel

Fib?"®? = point-wise epimorphisms

at least if A = R—MOD or if we consider bounded above complexes. There are also model category
structures for (C(A), W) for unbounded complexes in more general abelian categories [3].

6.4. The fact that injective resp. projective resolutions were useful to compute derived functors
generalizes as follows:
Assume that F and G are adjoint functors between abelian categories

F

A B

G

(observe that this implies that F' is right-exact and G is left-exact).
It follows

1. G(Fib™) c FibPr%I (this expresses that G preserves surjections with injective kernel, too.)

2. G(Fib™ nW) c Fib”" nW (this expresses roughly that on injectives G' preserves quasi-
isomorphisms, too.)

or equivalently, dually (cf. Exercise [6.1])
3. F(CofP™) c Cof ™ (this expresses that F preserves injections with projective cokernel, too.)

4. F(Coff™ nW) c Cof™ nW (this expresses roughly that on projectives F preserves quasi-
isomorphisms, too.)

This obviously generalizes to situations where we have two arbitrary model structures:

Definition 6.5. An adjunction

such that
(C7 COfC7 Fiva WC) (D7 COfDu FlbD7 WD)

are model categories is called a Quillen adjunction if the properties (analogous to) 1.—4. above
are satisfied. F' is called a left Quillen functor and G is called a right Quillen functor.
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Now, we get derived functors for free:

Lemma 6.6 (Ken Brown). If F,G form a Quillen adjunction then the fibrant, resp. cofibrant
resolution is a replacement functor adapted to G resp. to F'.

Hence by [2.6) and [4.7] LF' and RG exist and form an adjunction:

Clwg'] D[W5'] .

RG

Example 6.7. Also (TOP,W) is part of (in fact several) model category structures. The most
common is called the Quillen model structure and consists of

Fib, = Serre fibrations,

Cof, = Retracts of relative cell complezes.

See [177] for the meaning of relative cell complex. In particular CW-complezes are cell complezes
relative to * hence cofibrant.

Example 6.8. There is also the Quillen model structures on (SETAOP,W), where W is the
class of w such that R(w) is a weak equivalence of topological spaces. Here all objects are cofibrant
and fibrations are the Kan fibrations of simplicial sets.

And there is the Thomason model structure on (SCAT, W), where Wy, is the class of w such
that R(N(w)) is a weak equivalence of topological spaces. Between those we have the adjunctions
(cf.

Ex’N

SCAT SETA” TOP

RSd?

which all induce equivalences of the corresponding homotopy categories (see [30] for the definition
of Ex and Sd).

Using model category structures, the constructions of sections [I| and [3] appear in a much more clear
fashion:

Definition 6.9. A model category (C,Cof,Fib, W) is called left proper (resp. right proper) if
weak equivalences are preserved by pushout along cofibrations (resp. by pullback along fibrations).

The model category structures (C'(.A), CofProilini gipproi/ing, W), if they exist, are left and right
proper. Also (TOP,,Cof,, Fiby, W) is left and right proper.

Proposition 6.10. Let (C,Cof,Fib, W) be a left proper model category with zero object. Then
coker : Fun(—,C) - C maps weak equivalences to weak equivalences on the subcategory consisting
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of cofibrations. Also colim : Fun(r,C) — C maps weak equivalences to weak equivalences on the
subcategory consisting of diagrams where the top morphism is a cofibration.

Let (C,Cof,Fib, W) be a right proper model category with zero object. Then ker : Fun(—,C) —
C maps weak equivalences to weak equivalence on the subcategory comsisting of fibrations. Also
lim : Fun(4,C) — C maps weak equivalences to weak equivalences on the subcategory consisting of
diagrams where the bottom morphism is a fibration.

From this proposition the following observations can be made:

e This proves Proposition in case that X and Y are cofibrant, for example CW-complexes.
Then the map X < Cyl(«) is in Cof,,.

e The factorization from axiom 3. of a model category
X <ol v
H ltrivial fib.
X —2-Y
is a replacement functor adapted to coker.

e The (first three terms of the) cofiber sequences are just given byﬂ

{ xacofby coker () }

e We have

— =Y

X
hocolim L = Lcoker(X - Y)
0

and dually:
e The factorization from axiom 3. of a model category
X—2-Y
trivial coﬁb.l H
7 fib_ v

is a replacement functor adapted to ker.

"If C is not left proper then X and Y have to be cofibrant, too.
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e The (last three terms of the) fiber sequences are just given byﬂ

{ker(a)—>Xﬂb'>Y}

e We have
0

holim l = Rker(X - Y)
X—Y

In the case of chain complexes we have model categories in which cofibrations resp. fibrations are
monomorphisms resp. epimorphisms. We thus also reobtain the observations of section

6.11. Our next goal is to show that for every model category there exist arbitrary homotopy limits
and colimits and left and right Kan extensions satisfying the axioms of a derivator. The main idea
is to realize the adjunction characterizing the (co)limit

colim
Fun(I,C) — —C

as a Quillen adjunction!

By the observation above this will be satisfied if we can find a model structure on Fun(Z,C) such
that W (point-wise weak equivalences) are the weak equivalences and FinI’mJ are the point-wise
fibrations. (Cof?"®” would then be determined by the property Cof?* = {(Fib?"* ni¥7).) Reason:
Obviously const. will preserve weak-equivalences and fibrations and hence the above will be a
Quillen adjunction (see[6.1)). The hocolim exists!

In the same way one defines (Fun(Z,C),Cof7"”,Fib}"”,W;) which makes lim a (potential) right
Quillen functor.

The remaining question is: Are (Fun(1,C), Cof? Fib?™* W) and (Fun(I,C), Cofy™  Fib"™ W)
model categories?

We will sketch an unconditional proof for this, if I is directed, i.e. there is a functor I - N
such that preimages of identities are identities (in other words: objects can be indexed by natural
numbers such that every non-trivial morphism decreases the index), or if I is inverse i.e. I is
directed. Most model categories of interest are in fact cofibrantly generated and presentable.
Such model categories are called combinatorial. Under this condition, there is a formal proof that
the above structure defines a model category which does not use any assumption on I. Cofibrantly
generated means that there are sets C' c Cof and T c Cof nW such that already Fib = r(7T") and
FibnW =r(C). Obviously there is the dual notion of “fibrantly generated” which however is seldom
used because most naturally occurring model category structures do not satisfy this property.

8If C is not right proper then X and Y have to be fibrant, too.
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Theorem 6.12 ([20, Appendix]). If I is a diagram (small category) and
(C,Cof,Fib, W)
1s a combinatorial model category, then
(Fun(I,C), Cof?* Fib?" Wr)  (Fun(I,C),Cof’™ Fib}™ Wr)
are combinatorial model categories, too.

These model structures are called the projective and injective structure, respectively. This is
a bit unfortunate because they should not be confused with the injective and projective model
structures on chain complexes, although there is a certain analogy.

Theorem 6.13. If
(C,Cof,Fib, W)

1s any model category then ‘ ‘
(Fun(Z,C), Cof?™™ Fib?"*? , W)

18 a model category if I is directed and
(Fun(7,C), Cof ™ | Fib"™ W)
1s a model category if I is inverse.
These are actually special cases of the so called Reedy model structures [17].

Proof (idea): We focus on the case of directed categories. The approach is completely elementary.
In this case it is possible to describe the class Cof} ™ explicitly, as follows. Consider an object
i € I and the category I; of morphisms 7 — 4 in I which are different from the identity. It is a
full subcategory of the slice category I x;; i and comes equipped with a functor ¢; : I; - I. For an
functor F' € Fun(/,C), we define the latching object

L;F :=colimy, ¢} F.
There is a natural morphism L;F — F(i). The sought-for description of projective cofibrations is

then
L;a

L;F L;,G
Cof];mj: a:F -G |Vi l L
F (i) — push-out o S0P G(i)
In other words, cofibrations are those morphisms « : F' - G such that for all 4 € I the induced

dotted arrow is a cofibration. It is easy to see that properties and are satisfied. The point
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is that morphisms « : F' - G in Fun(Z,C) can be constructed inductively using the indexing of the
objects of I. If for all indexes m < n we have constructed a(j) for objects j € I of index m, and if
i is an object of I of index n then we may define a(7) as an arbitrary morphism which makes

L,F 2% g

| |

F(i) —= G(i)
commute. Note that in the definition of L; only objects j of index < n occur. O

Corollary 6.14. If Dia is a class of diagrams (small categories) such that
(Fun(I,C), Cof? % Fib?"% W)
is a model structure for all I € Dia, then the associated pre-derivator
D¢ : I — Fun(Z,C)[W;']
is a left derivator with domain Dia.

Of course, there is the analogous dual statement. In particular, if (C, Cof, Fib, W) is a combinatorial
model category then D¢ is a (left and right) derivator.

Proof. The validity of (Derl) and (Der2) is relatively obvious.
(Der3 left) We have seen the existence of colimits. The existence of left Kan extensions associated

with a functor o : I - J between diagrams in Dia follows the same way, just because the functor

a” is a left Quillen functor, too:

a*: (Fun(1,C), Cof? | Fibl™ W) - (Fun(I,C), Cof?™ | Fib?™ W)
(Der4 left) It remains to see that for av: I — J in Dia and all j € J Kan’s formula
hocolimyt* = j* Loy

holds. We know that this is true for the underived functors. Hence it suffices to show that in the
following diagram of model categories (all equipped with the projective model structure)

Fun(I,C) N Fun(l x5 5,C)

La! Lcolim
<%

Fun(J,C) ! C
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the two compositions of the derived functors are also isomorphic (via the map induced by the 2-
commutative square). Since ay and colim are left Quillen functors, it suffices to see that i* and ¢*
are left Quillen functors, too (see Exercise . Or, equivalently, that j. and ¢, are right Quillen
functors.

By definition of the projective model structure, it suffices to show that j, and ¢, respect point-wise
fibrations and trivial fibrations.

By Kan’s formula (underived version) the exchange morphism associated with the 2-commutative
diagram

kxyj——{j}

|k

J

(ky—t 7

k*j. = lim()*
is an isomorphism. Now k x,; j = Hom J(k,7) is a discrete category, hence the limit respects
fibrations and trivial fibrations, because the latter are stable under taking arbitrary products in

any model category [15 Proposition 7.2.5].

By definition of the projective model structure, we need to show that ¢, respects point-wise fi-

brations and trivial fibrations. By Kan’s formula the exchange morphism associated with the
2-commutative diagram

ixppIxppj——=1Ix;]
L
L
1
i1, = lm(")*

is an isomorphism.
Now there is an adjunction (see exercise [A.2))

Oé(Z)X/J_] iX/IIX/Jj

Therefore also p* and s* are adjoint, and hence p, = s*, or, applying lim to this equation:

lim = lim s”.

ix;pIx;;j a(i)x/Jj

Now Hom(«(7),7) is again a discrete category hence, as above, the limit respects fibrations and
trivial fibrations. O
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Remark 6.15. Cisinski proved [J] that for any model category
(C,Cof,Fib, W)
the associated pre-derivator
De : I~ Fun(Z,C)[Wr]

is a derivator with domain SCAT .

The idea is as follows: We have seen that D¢ is, say, a left derivator with domain the directed
diagrams. The case of a general diagram I is traced back to this case. For this argument a similar
correspondence

(A°)P/N°(T)
/ \
I (A°)eP
to that used in the proof of plays the key role. The only difference is that everything is
constructed w.r.t. the inverse diagram A° which has strictly increasing maps {0,...,n} = {0,...,m}

as morphisms. (A°)P[/N°(I) is then an directed diagram!
The first step is to prove that

hocolimy X := hocolim(aeyer/Ne(ry t* X

defines a homotopy limit of X over I. This is reasonable to expect because ¢ is D-coacyclic for any
derivator (we will learn about this notion in .

Exercises

Exercise 6.1. Prove that properties 3.—4. of a Quillen adjunction (see are formally equivalent
to properties 1.-2. using the lifting properties and the adjunction.

Exercise 6.2. Prove that a composition Fy o Fy of left-Quillen functors is a left-Quillen functor
and that we have
LFy0 LF) = L(Fyo FY).

Similarly for right-Quillen functors.

Exercise 6.3. Show the converse of Exercise [{.3: Suppose that o : Xe - Y, is a morphism of
bounded below complezes in an abelian category (with enough injectives) which has the left lifting
property w.r.t. morphisms Iy — Jo of bounded below complexes with point-wise injective kernel

X 1,
Yo J.
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Show that o is a point-wise monomorphism and a quasi-isomorphism.
Exercise 6.4. Prove Ken Brown’s Lemma[6.6l.

Exercise* 6.5. Prove Proposition [6.10}
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7 Bousfield Kan revisited

References: [I0]

Let C,D, and £ be model categories (we will not explicitly indroduce notation for the classes of
fibrations, cofibrations and weak equivalences). In this section, we will give a more conceptual
explanation of Bousfield-Kan’s formula. The reader is assumed to familiar with model categories.

Definition 7.1. An adjunction in two variables

CxD - &
A B » A®B

D?xE - C

A,B ~ Hom,(A,B)
CPxE - D

A,B ~ Hom(A,B)

is called a Quillen adjunction in 2 variables (or ® is called a left Quillen bifunctor), if the
following equivalent conditions hold:

1. Ifa: X - X', and B:Y - Y', are cofibrations in C, and D, respectively, then the induced
dotted arrow
XY ——=X'0Y

XYV —— push—m,tt~~~~----C-?»ﬁ~b<j ------- =X'@Y'

is a cofibration. It is a trivial cofibration if, in addition, either o or B is a weak equivalence.

2. If a: X - X' is a cofibration, and 8:Y — Y’ is a fibration in D, and &, respectively, then
the induced dotted arrow

Hom, (X', Y) ™"~ pull-back Hom, (X', Y")

| |

Hom, (X,Y) —— Hom,(X,Y")

s a fibration. It is a trivial fibration if, in addition, either a or B is a weak equivalence.
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3. If a: X - X' is a cofibration, and B:Y — Y is a fibration in C, and &, respectively, then the
induced dotted arrow

Homy(X',Y) "> pull-back Hom; (X', Y")

l |

Hom;(X,Y) —— Homy(X,Y")

is a fibration. It is a trivial fibration if, in addition, either v or B is a weak equivalence.

We have

Theorem 7.2. Let C be either C(A) or TOP., equipped with one of the model structures of 77.
Consider SET™™ equipped with the Quillen model category structure (cf. .
Then the functors of [5.7

®:SETA" xC - C
S)Y = Ru(S)®Y

Hom, :C? xC — SETA”
X, Y » (n~Hom(4,®X,Y))

Hom; : (SETA")PxC - C
S, Y +~ Hom(Ra(S),Y)
form a Quillen adjunction in 2 variables.

Remark 7.3. This is almost saying that C is a simplicial model category, except that we do not
care about the precise relation of Hom,(X,Y") to Hom¢(X,Y).

Corollary 7.4. Also the extension-to-diagrams adjunction of[5.§
® : Fun(I, (SETA")) x Fun(I,C) - C

SY fiS(z') ® Y (4)

Hom, : Fun(I,C)? xC - Fun(IoP,SSTAOP)
X, Y » {i»Hom,(X(:),Y)}

Homy : Fun(I?, (SETA™))? xC - Fun(I,C)
S, Y — {i~ Homy(S(i),Y)}
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form a Quillen adjunction in 2 variables where Fun(I°?, (SETA™)) is equipped with the projective
model structure and Fun(1,C) is equipped with the injective model structure.

Proof. We leave it as an exercise to derive this from Theorem O

Remark 7.5. Actually the corollary does also hold with projective and injective exchanged, see
10).
/

Note that if we have a left Quillen functor ® in two variables then, in particular, for a fixed X
the functor X ® — is a left Quillen functor. Using this, we can easily prove the following: (for
(C(A),W) this had been shown in Exercise in an elementary way)

Corollary 7.6. (C,W) satisfies the properties 2.-5. of|5. 10}, provided we restrict to cofibrant objects.

Proof. 2. follows from the fact that the maps A; — Ay are trivial Kan fibrations. 3. follows because
0 ® — maps trivial cofibrations to trivial cofibrations, hence by Ken Brown’s Lemma it maps also all
weak equivalences between cofibrant objects to weak equivalences. 4. follows because Hom; (S, -)
maps trivial cofibrations to trivial cofibration, hence by Ken Brown’s Lemma it maps also all weak
equivalences between cofibrant objects to weak equivalences. 5. holds in any model category. [

Remark 7.7. The Bousfield-Kan formula, Theorem [5.11], now also follows directly, provided we
know that the object i —» N (i X1 I) is a cofibrant replacement of the constant diagram i — Ag in
the projective model structure on Fun(I?, SETA™). See e.g. [15, Proposition 14.8.8] for a direct
proof of this fact.

7.8. Consider the pair (TOP., W) and the diagram

Let us (re)calculate the homotopy colimit over this diagram (from a very high-brow perspective,
indeed...):
Consider a diagram (point-wise cofibrant):

A—%*~B
X = lg
C
Since we have
Ag=—14p A——=B
colim- X = T ® j (10)
Ag C
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we may compute the homotopy colimit by replacing the left hand side diagram by a cofibrant
diagram.
Claim: The replacement

Ay <2 A,
51T
Ay

is a cofibrant replacement in Fun(r°?, SETA™) of the constant diagram with value Ag. Proof: Con-
sidering the explicit description of cofibrant objects in the projective model structure for directed
diagrams (see proof of Proposition [6.13)) we get the conditions:

e everthing has to be cofibrant (this is automatic for SETAOP)7

e the induced morphism Ay ] Ap — A; has to be a cofibration (Ag [ Ay is the latching object
for the upper left corner object),

e and, of course, everything has to be contractible (because we want a replacement of the
constant diagram with value Ap).

Ag and A; are contractible and, by definition, Ag[I Ag — A is a cofibration of simplical sets!
We proceed to compute the tensor product . Inserting geometric realization and using the
explicit formula for coends (cf. |A.11]) we get

(BUAxIuQ)/~
with (a,0) identified with a(a) in B and (a,1) identified with 3(¢) in C. This shows nicely how

the (topological) homotopy push-out looks like in general. We have seen the special case in which
C =0= Ay in section [3}
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8 The homotopy theory of (homotopy) limits and colimits

References: [4H0] [12]

8.1. Consider a morphism « : I — J. One of the questions, we want to adress in this section, is:
“When do we have isomorphisms pria™ — pyi1, resp. pr.o” = py.”?

To determine this, we assume only the abstract axioms of a derivator. In particular our reasoning
will be valid for (co)limits as well as for homotopy (co)limits.
prio” = pyy is, by definition, an isomorphism precisely if the diagram

i

{}=—

[e7
—_

(11)

is homotopy exact.
Lemma 8.2. If a is right adjoint then is homotopy exact.

Proof. If 5, are an adjunction then also o*,* are an adjunction (the characterization 2. of
adjoints of Lemma is preserved under a 2-functor), hence a* = 3, hence pra* = pri1fr =2 py. O

Actually we can give a precise characterization (provided that all oy and . exist). For this we
need a definition:

Definition 8.3. A morphism o : I — J is called a D-equivalence if the induced morphism pr «p7 <
PPy (or equivalently the morphism pr\p; — p1py) is an isomorphism.

A morphism o : I — J is D-acyclic if for all j € J the projection I x5 j — {-} is a D-equivalence.
A morphism a.: I - J is D-coacyclic if for all j € J the projection jx; ;I — {-} is a D-equivalence.

I J
|
(1=—=1{

1s homotopy exact if and only if a is D-coacyclic.

Proposition 8.4.

R

Proof. The homotopy exactness is equivalent to the condition of

* *
Py = OGPy
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being an isomorphism. This is turn is equivalent to
id > j*a.p;}
being an isomorphism for all j which in turn is equivalent to
id = Pjs, 14D, 1
being an isomorphism by (Der4). O

8.5. The first observation is rather trivial. If there is a natural transformation between o — 3 then
the maps

PI1P] = PJIDJ
(induced by the counit 8" — id resp. aja® — id ) are actually equal or equivalently the corre-
sponding maps:

PP = PI+PT-
Therefore: If « is a D-equivalence then so is 5. We call a homotopy equivalence between I and
J functors aw: I — J and (:.J — I such that there are chains of natural transformations

af = < pg = idy

and
Ba =11 <= v =1idy.

Therefore: homotopy equivalences are D-equivalences for all .

Example 8.6. 1. Left and Right adjoints are homotopy equivalences and hence D-equivalences
for any D.

2. If a category I has a final resp. initial object then pr : I — {-} is in fact a left resp. right
adjoint and hence pr is a D-equivalence.

Remark 8.7. The proposition implies in view of Lemma that a right adjoint must be D-
coacyclic. But for a right adjoint o : I — J (with left adjoint B) actually the category j x5 I has
the final object (B(j),u:j — a(B(j))) hence jx;; I - {-} is a D-equivalence.

8.8. Obviously the notion of D-equivalence and hence D-acyclic morphisms depends on . But
we might ask about the class of D-equivalences that are D-equivalences for any D? The answer is
given by the following Theorem of Cisinski:

Theorem 8.9. The class of functors a: I — J between small categories which are D-equivalences
for any derivator D are precisely those which induce a weak equivalence of nerves N(I) — N(J).
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Idea of proof. A class of functors W between small categories is called a Grothendieck localizer
if

1. W is weakly saturated

2. If I has a final object then p;: I — {-} is in W.

N

is a commutative diagram and all induced functors I x,x k — J x i k are in W then so is a.

3. If

1 J

It is actually an exercise to show that D-equivalences form a localizer. Cisinski proves that W, is
the smallest localizer. They form a localizer because they are the Dsc a7 equivalences (ref.). O

Corollary 8.10. The class of functors o : I — J which preserve homotopy (co)limits in any
derivator are precisely those such that N(I x;;j) (resp. N(jx, ;1)) is contractible for all j.

Remark 8.11. This is really a statement about homotopy limits and colimits. For example it is
easy to show that colimaop X for a simplicial object X is the same as the coequalizer

X, X,

This is not at all true for homotopy colimits (see for example .

8.12. In[6.8 we have seen that:

H :=Dseror = Dear = Drop

because the corresponding model categories are all Quillen equivalent.

This may be used to obtain an action of simplicial sets on any derivator (as we have seen concretely
in the application ...), however only “up to homotopy”, in other words there is a morphism of
derivators

:HxD —- D
IX = prpiX

where [ € DCAT(’)~
Its adjoint w.r.t. the second variable is given by

Hom:H? xD - D
I,X = p[,*p;X
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and Cisinski shows [6] that at least for derivators that come from model categories they have an
adjoint in the first variable:

RHom:D?xD - H
X,Y ~ RHom(X,Y)

such that Hom(X,Y) = mo(RHom(X,Y)).
From this it follows that that ® preserves homotopy left Kan extensions in both variables.

Exercises

Exercise 8.1. Show that D-equivalences form a localizer.

Exercise* 8.2. Let C be TOP or C(A) and D the associated derivator. Prove that the adjunction
of [5.7 is compatible with the one in[8.14 Here you have to regard H as Dggracr.

Exercise* 8.3. Show directly (without using the existence of RHom) that ® preserves homotopy
left Kan extensions in both variables.

Exercise* 8.4. Prove that v (cf. and[5.15)
(A°)PIN°(I) ——=1

18 D-coacyclic for any D.
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A Some facts from category theory

References: [22]

A.1 Adjoints

Lemma A.1. For two functors

The following data are in bijection:

1. Natural isomorphisms of functors CP x D - SET :

hxy :Hom(FX,Y) - Hom(X,GY)
2. Natural transformations
e: FG —ide (counit)
n:idp - GF (unit)
such that the compositions
Fnx EFX

FX —FGFX —FX

ay % aray 2% gy

are identities for all X € C and Y € D.

Note that the second characterization makes sense in any 2-category.

(12)

An adjoint (or adjunction) is always understood together with the bijection or equivalently
together with either counit or unit. Either of these data characterizes an adjoint up to a unique

natural isomorphism.

A.2 Grothendieck (op)fibrations

A.2. Grothendieck fibration. Let p: D — S be a morphism of categories, f: S — T be a morphism
in §. A morphism ¢ : £ - £ over f with the property that the composition with £ induces an

isomorphism

Hom, (F,E&") 2 Homyoy(F, E)

for any g: R - S and F € Dp is called cartesian.

p is called a Grothendieck fibration, if for any f:S — T and £ an object in Dy there exists a

cartesian &' — £.
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A.3. Grothendieck opfibration. This is the dual notion. Let p: D - S be a morphism of categories,
f 8 = T be amorphism in S. A morphism ¢ : £ - & over f with the property that the composition
with £ induces an isomorphism

Hom,(E', F) 2 Homyo (€, F)

for any g: T — U and F € Dy is called cartesian.

p is called a Grothendieck opfibration, if for any f: S — T and £ an object in Dg (i.e. such
that p(€) = 9) there exists a cocartesian & — &’

p:D — S is a Grothendieck opfibration, iff p°? : DP? - S° is a Grothendieck fibration. We say
that p is a bifibration if is a fibration and opfibration at the same time.

A.4. There is actually an equivalence of concepts: Grothendieck fibrations D — S and pseudo-
functors S - CAT.

A.3 Comma categories

For a diagram of categories and functors

I
K-

the comma category I x;; K (often denoted (a/B) or I/j if K = {j} for an object j of J) is defined
by

{iel,jedu:F(i) > G(j)}
{f e Homy(i,4"), g € Hom;(5,5") | a(f)u=p'B(g)}

Homlx/JK((ivﬂ’j)7 (7:,7/‘1“,’].,))

It sits in an obvious 2-commutative diagram:

Ix K ——>1
|
K—" g

Note that, in general, I x,; K is not equivalent to K x,; I (unless J is a groupoid).
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A.5. (Ix 11K, ) is a 2-pullback, that is, it has the following universal property: Given any diagram

F
N
Ix  K—=1
|
«

K J

together with a 2-morphism (natural transformation)
v:al = 3G,

there is a unique functor H : L — I x;; K making the triangles commute and such that v = p* H.

|

Example A.6. If J is a category and j, k € Ob(J)

k——s

then j x;; k = Hom,(j,k).

Exercises
Exercise A.1. Prove that for for I and i€ I, there is an adjunction

I RYTE P—

)

L—K

Exercise A.2. For

there is an adjunction

LX/KJX/JI LX/KI

with counit the identity.
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Exercise A.3. Prove that I x;; K — I is a Grothendieck fibration and that I x;; K - K is a
Grothendieck opfibration.

Exercise A.4. For a Grothendieck fibration T — K and k € K there is an adjunction

TX/K]{J TXKk‘

A.4 Abelian categories
Definition A.7. A category A is abelian, if the following axioms hold:

(AB0) A has a zero object.
(AB1) A has binary products, binary coproducts, kernels and cokernels.
(AB2) Any monomorphism in A is a kernel and any epimorphism is a cokernel.
Definition A.8. We will frequently use the following additional axioms for an abelian category A:
(AB3) Arbitrary coproducts exist in A (it follows that A is cocomplete).
(AB4) A satisfies (AB3) and arbitrary coproducts are exact.
and dually:
(AB3*) Arbitrary products exist in A (it follows that A is complete).

(AB4*) A satisfies (AB3*) and arbitrary products are exact.

A.5 (Co)limits and Kan extensions
A.9. Let a: I — J be a (in general small) categories. There is a functor
a” :Fun(J,C) - Fun(I,C)
given by composition with c. A particular case is the functor p: I — {-}.
p*:C—Fun(l,C)

A left adjoint of a*, denoted «y if it exists, is called a left Kan extension of «. A right adjoint of
o, denoted «, if it exists, is called a right Kan extension of a. pX is also called the colimit
of X: colimy X, and p. X is also called the limit of X: lim; X. Note that an adjoint is, if it exists,
uniquely determined up to a unique natural isomorphism. And this is a point-wise statement, in
the sense that even if it does not exist for all objects X then the value for those for which it does
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exist is uniquely determined up to a unique isomorphism. In the case of the limit and colimit we
say that the limit and colimit exist for an X.
For av: I — J and an object j € Ob(J) we consider the 2 commutative diagram (cf. |A.3))

L4
Ix)pj——=1
P
p «
j—t—
Proposition A.10 (Kan). Let a: I — J be a functor of diagram (i.e. small categories). If for all
the categories I x;y j the colimit of L;X exists then an X exists and is given by
X = (j = colimpy, ;15 X)

Proof. O

The formula might be expressed by saying that the natural morphism (exchange morphism associ-
ated with the canonical morphism t*a* — p*j*)

pj = j

is an isomorphism.
Recall that the colimit colim; X may be computed as the cokernel (or coequalizer) of the following
pair of maps

pn, -1 X(s(w)) i:ng-1 X (7)

A.6 Dinatural transformations and (Co)ends
Let o, 8: I°P x I — C be a functor. A dinatural transformation
a=

is a morphism for each ¢ € I
a(i,i) > B(i,)

such that for all p: 7 — j the following diagram commutes:

aV W)

a(i, j) B(:1)

ocm %)
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Be aware that dinatural transformations cannot be composed!
For a functor a: I°?xI — C we denote by [* a(i,7) an object characterised up to unique isomorphism
by

i
Hom(/ a(i,1),Y) = { dinatural transformations o« - Y }
is called the coend of a. Here Y is considered to be the constant functor I°? x I — C with image

Y.
Note that dinatural transformations a — Y are actually collections ¢; : a(i,7) - Y such that

a(i,1)
a(p,l) X
a(i, j) Y
a(l,u) /
a(j,7)

commutes.
For a functor a: I°P x I — C which is actually constant in I°P, we get

i
f a(i, i) = colimy a(i, -)
where i € I°P is any object.
A.11. If coproducts and cokernels exists in C then also coends exists and is the cokernel (or

coequalizer)
S

]_[,u:Al—J O[(S(N)7d(u)) Hi:Ao—Ja(i’i)

which generalizes the formula for the cokernel.

There is an obvious dual construction which is called the end.

Exercises

The following will be our main use for (co)ends:

Exercise A.5. If there is an adjunction of two variables

®:CxD—-E Hom:C?x&—-C Hom,:D?xE—-D,
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we have the following adjunction of two variables
Fun(I? x J,C) x Fun(I,D) - Fun(J,€&)

XY o (e [ XG5 oY)

Fun(I% x J,C)? xE - Fun(l,D)
X.Z (m[jHom,(X(z',j),Z(j)))

Fun(,D)” x Fun(J,£) - Fun(I? x J,C)
Y,Z (i)~ Hom,(Y (i), Z(j)))

Exercise A.6. In the situation of exercise[A.5 prove that if a Kan extension along o I — J ewists,
then

[ xte@r)e)- [(mx)i ey

Exercise A.7 (A variant of Yoneda’s Lemma). Let SET x C — C be the canonical adjunction in
two variables given by S ® X = [I;eg X. The adjoints are Hom;(S,Y) = [1ses Y and Hom, = Homg.
Prove that for all A€ [I,C] and jeI:

[ Hom(i.) ©.4) = AG) [ Homi(Hom(i, 1), AG)) = A()

Exercise A.8. In the situation of exercise[A.7] prove that the following formula defines a left Kan
extension for a: I — J:

(a1A)() = [ Hom(a(i), ) ® AG).
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