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Abstract
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0. Introduction

Triangulated categories were introduced in the 1960s to study certain phenomena in homo-
logical algebra. Among the notable early achievements of the theory was Grothendieck’s duality
theorem; even the statement of the theorem makes no sense without derived categories. See [11]
for more detail. In the forty years since then derived and triangulated categories have become
pervasive in mathematics, appearing even in such unlikely places as mirror symmetry in mathe-
matical physics.

Notwithstanding their many achievements, the consensus has always been that triangulated
categories are deeply flawed. Ever since their introduction, in the 1960s, people have been acutely
aware of their shortcomings. There is an extensive literature on the subject. Given that, right
from the start, the consensus was that triangulated categories are inadequate, it is quite surprising
how much has been achieved using them. Anyway, this article is about one of the proposed
improvements on triangulated categories.

Over the years many people have tried to improve on the formalism of triangulated categories.
The idea has always been to construct a gadget with a little more structure and more flexibility.
There is an extensive list of candidates: stable model categories, A-categories, D G-categories,
stable Segal categories, quasicategories and triangulated derivators. Each of the constructions has
its advantages and its advocates. Let us confine ourselves to saying that, among the options listed
above, the striking feature of triangulated derivators is that they have the least added structure.
All the other constructions functorially give rise to triangulated derivators.

To motivate our discussion of triangulated derivators let us briefly remind the reader of one
of the defects which triangulated categories have. Given a triangulated category J we basically
do not understand how to produce any others, except for trivial constructions (subcategories and
quotients). In particular, if 7 is triangulated and X is an arbitrary small category, then the category
Hom(X, 7) is not usually triangulated in any reasonable way. The idea of a triangulated derivator
is to fix this problem by defining it away. It might be best to illustrate with an example what a
triangulated derivator is.

Let A be an abelian category, and let Dia be the 2-category of all finite partially ordered
sets. Given any finite, partially ordered set X, that is given an object X € Dia, we can form
Hom(X°P, A), the category of functors X°° — A. The category Hom(X°P, A) is abelian, and
we are therefore free to form its derived category. Let

D(X) = D(Hom(X°P, 4)).

In this way we obtain a 2-functor D: Dia®® — CAT. Whatever its properties, the 2-functor DD
is the prototype example of a triangulated derivator. Perhaps the most enlightening explanation
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might be that a triangulated derivator is a 2-functor D : Dia®® —> CAT, satisfying a list of ax-
ioms that try to formalize the essential properties of the example given above. The list of axioms
is presented, in some detail, in Section 1.

Among the axioms that a triangulated derivator must satisfy is the following key property.
Suppose we are given a morphism f : X — Y in Dia; the fact that D is a functor says there is an
induced map f*=D(f):D(Y) — D(X). A crucial feature of derivators is that this functor f*
must have a right and a left adjoint. We denote the right adjoint f, and the left adjoint f. If
we think of our motivating example, that is D(X) is the derived category of Hom(X°P, A), the
existence of the adjoints says that, given a chain complex C of objects in Hom(X°P, A) and a
morphism of partially ordered sets f : X — Y, then there are two chain complexes f,.C, fiC of
objects in the abelian category Hom(Y°P, A) that come for free. If Y = e is the 1-point, terminal
category then the extension of C to f,C is a homotopy limit, while the extension of C to fiC is
a homotopy colimit. In the world of triangulated derivators, homotopy limits and colimits exist
and are part of the structure. In the next couple of paragraphs we will explain how, starting from
a triangulated derivator ID, one can construct new derivators and maps between them. As we
already noted, in the world of triangulated categories no such construction is known.

Let O be the partially ordered set given by the commutative square

0,0) =— (0, D

]

(1,0) =— (1, D).
The subcategory [ is

0,0) =— (0, )

|

(1,0),
and I has a subcategory I which is

Let f:1 — [ and g:” — O be the inclusions. Given an object a € D(/) we can form first
the object fia € D(T ), and then g fya € D(O). In the special case where D is our motivating
derivator, that is where D(X) = D(Hom(X°P, A)), it is simple enough to work out explicitly
what g\ fia is. The object a is a functor from /°P to the category of chain complexes in A. That
is, we have a map of chain complexes in A

Co.0 AN Co.1.
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Replacing a by an isomorphic object in ID(/) we may assume the map i is a (split) monomor-
phism in each degree. The object fi.a € D(" ) turns out to be the diagram of chain complexes

i
Co,0 — Co,1

i

0

and the object g) fxa € D(O) is nothing more nor less than the diagram

i
Co,0 — Co,1

I

Co.1
- . ol
0 Co.0

In other words the object g fia € D(0O) can be thought of as a short exact sequence of chain
complexes, or as a triangle.

So far we have seen how to construct short exact sequences; in this paragraph we form a
derivator Exact(ID) of short exact sequences in D, and some maps out of it. We begin with the
maps. Given a derivator D it is possible to define a new derivator Dy by the formula D5 (X) =
D(X x O). The inclusions of the objects (0,0) € O and (1, 1) € O induce functors

DX x 0) 2225 D(X x 0,0)), DX x 0) 2% D(X x (1, 1)).

That is, we have two maps p(,0) : Do — D and p(;,1) : D — ID. We can also form yet another
derivator Exact(DD). For every X we make Exact(D)(X) a full subcategory of Dg (X). The objects
of Exact(D)(X) are given by the following rule:

Exact(D)(X) = {b e Dy (X) ‘ there exists @ € D(X x I), and an } '

isomorphism b >~ (1x x gh(lx X f)sa

We have two composites

I)(O%
Exact(D) —— > Dq

D

D.

This concludes the formal facts about derivators which we need in order to state our main theo-
rem.
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To each derivator D, Keller and Maltsiniotis assigned a K-theory space K(ID). The above
diagram of derivators induces a diagram of spaces

K(D)

-

(pa.1) K (D).

K (Exact(D)) ——— > K(Dp)

The main theorem of this article is that the map K (Exact(D)) — K (D) x K (D), induced by the
above, is a homotopy equivalence. This was conjectured by Maltsiniotis [20, Conjecture 3, p. 8];
he called it the “additivity conjecture.” It should be mentioned that Garkusha [6] proved a partial
result; he showed that the additivity conjecture is true for the class of triangulated derivators that
come from complicial biWaldhausen categories in the sense of Thomason and Trobaugh [32].
The proof we give here works for general triangulated derivators; see Theorem 3.17.

We should say a little about the history of the subject. The notion of derivator was intro-
duced by Grothendieck in [8,9]. Independently of Grothendieck but later B. Keller [15] and
J. Franke [5] studied similar constructions. A. Heller [12-14] was aware of Grothendieck’s
earlier work, but his theory is still quite independent in spirit. Inspired by the work of A. Gro-
thendieck and J. Franke, G. Maltsiniotis defined the notion of triangulated derivator; his axioms
Der 1-Der 7 are given in Section 1 of this paper. He furthermore proved that these axioms are
sufficient to give rise to a canonical structure of triangulated category; see Theorem 1.17 and
Corollary 7.10 for more precise statements, and [19] for the proofs. During the years 2001-2002
Cisinski, Keller and Maltsiniotis undertook an intensive study of the subject in the Algébre et
topologie homotopiques seminar at the University of Paris 7. One development to come out of
this seminar was the idea of associating a K -theory to every triangulated derivator D. The idea,
as we have already said, was due to Keller and Maltsiniotis. In his manuscript [20], on derivator
K -theory, Maltsiniotis states three conjectures. The main theorem of this article will prove his
additivity conjecture.

Lastly we should explain the structure of the article. After the introduction comes Section 1,
which contains the axioms of a triangulated derivator. Then follows the K -theoretic component
of the article. Using the techniques developed by Neeman, in his articles on triangulated K -theory
[21-28,30], we give a very simple proof of additivity; it is so formal that there is not much to
check to see that it works in the derivator context. It also works to give a new proof of additivity in
other contexts, for example for Waldhausen’s K -theory; but there already are many other proofs
of the additivity theorem for Waldhausen’s K -theory.

There are facts about triangulated derivators which come up in the proof. These are not diffi-
cult to check, but the checking does involve developing techniques for dealing with triangulated
derivators. The theory becomes very easy if the derivator happens to be the motivating example
we discussed earlier, but constructing it from the axioms requires some work. In Sections 2—-5
we give the homotopy theoretic component of the proof, leaving the lemmas about triangulated
derivators till later. We are careful to highlight such occurrences, for the reader’s convenience.
Every time we use an assertion about triangulated derivators, leaving the proof till later, we warn
the reader with a Caution, and give references to the later parts of the article where the assertion
is proved. Starting with Section 6 we study the formalism of triangulated derivators, and provide
the proofs promised in the Cautions of Sections 2-5.



1386 D.-C. Cisinski, A. Neeman / Advances in Mathematics 217 (2008) 1381-1475

Our treatment of triangulated derivators is minimal; we develop almost only those aspects
of the theory we absolutely need. The only exception is Appendix A, which proves that K (D)
is always an infinite loop space. This is not a fact we need in the proof of additivity. Since
Garkusha, in his paper [6], said that for a general triangulated derivator he could not make K (D)
into a spectrum,! we felt we ought to include the argument here. But the infinite loop space
structure is irrelevant to the proof of additivity, and hence it is consigned to Appendix A.

A fuller account, of the theory of triangulated derivators, should appear in [18,19].

1. Triangulated derivators

In this section, we recall the definition of a (triangulated) derivator following Grothendieck
[8,9]. The reader will find a more complete exposition in [18-20]. The theory of derivators is also
very close to A. Heller’s theory of homotopy theories (see [12—14]), and the theory of triangulated
derivators is similar (and in some sense equivalent) to the notion of systems of triangulated
categories defined by Franke [5].

1.1. We denote by Car the 2-category of small categories. The empty category will be written ¢,
and the 1-point category (i.e. the category with one object and one identity morphism) will be
written e. If X is a small category, X°P is the opposite category associated to X. If u: X — Y
is a functor, and if y is an object of Y, one defines the category X/y as follows. The objects of
X /y are the pairs (x, f), where x is an object of X, and f is a map in ¥ from u(x) to y. A map
from (x, f) to (x’, /) in X/y isamap & : x —> x’ in X such that f'u(§) = f. The composition
law in X/y is induced by the composition law in X. Dually, one defines y\X by the formula
y\X = (X°P/y)°. We then have canonical functors

X/y— X and yY\X — X

defined by the projection (x, f) —> x. One can check easily that one gets the following pullback
squares of categories

Xy —=X WX —— X
u/yl \Lu y\ul lu
Y/y ——Y y\Y —— Y.

If X is any category we let px : X —> e be the canonical functor. Given any object x of X we
will write x : e —> X for the unique functor which sends the object of e to x. As we will often
want to think of small categories as spaces the objects of X, or equivalently the functors e — X,
will be called the points of X.

If X and Y are two categories we denote by Hom(X, Y) the category of functors from X to Y.

1.2. We assume that the reader is familiar with the basic notions of 2-categories and of 2-functors
(see for example [17, XIL.3]). If C is a 2-category one writes C°P for its dual 2-category: C°P has

1" Garkusha shows that K () is a spectrum if ) comes from a biWaldhausen complicial category.
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the same objects as C and, for any two objects X and Y, the category Homeop, (X, ¥) of 1-arrows
from X to Y in C°P is Home (Y, X)P.

A category of diagrams is a full subcategory Dia of the category of small categories satisfying
the following axioms.

DO Any finite partially ordered set (seen as a category) is in Dia.

D1 Dia is stable under finite sums and under pullbacks.

D2 For any X in Dia and any point x of X, the categories X/x and x\ X are in Dia.

D3 For any X in Dia, X°P is in Dia.

D4 For any Grothendieck fibration (in the sense of [7, Exposé VI]) p: X — Y, such that Y is
in Dia, and such that all the fibers of p are in Dia, the category X is in Dia.

We will consider Dia as a 2-category with the structure induced by the canonical structure of

2-category on Cat. Some examples of categories of diagrams are Cat, the 2-category Cats of

finite categories and the 2-category Poset ; of finite partially ordered sets.
In all that follows we assume that a fixed category of diagrams Dia is given.

Definition 1.3. A prederivator (of domain Dia) is a strict 2-functor from Dia? to the 2-category
of categories

D:Dia’? — CAT.

More explicitly: For any small category X € Dia one has a category D(X). For any functor
u:X — Y in Dia one gets a functor

u* =D@w): DY) — D(X).

For any morphism of functors

one has a morphism of functors

%

/L\
DX) o D(Y).
\_*/

Of course, all these data have to verify some coherence conditions, namely:
(a) For any composable maps in Dia, X > Y & Z,

(vu)* = u*v*, 1% = Ipx).
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u

7 e
N

(b) For any composable 2-cells in Dia, X

(c¢) For any 2-diagram in Dia, X

(Ba)* =a”B".

1.4. Let X be a small category in Dia and let x be an object of X. Given an object F of D(X)
we will write F,, = x*(F). The object F, will be called the fiber of F at the point x.

1.5. For a prederivator D, define its opposite to be the prederivator D°P given by the formula
DP(X) =D(XP)*® forall X € Dia.
Example 1.6. Let M be any category. We obtain a prederivator
X +— M(X)

where M(X) = Hom(X°P, M) is the category of presheaves over X with values in M.

Let M be a category endowed with a class of maps called weak equivalences (for example M
can be the category of bounded complexes in a given abelian category, and the weak equivalences
can be the quasi-isomorphisms). For any category X in Dia, we define the weak equivalences
in M(X) to be the morphisms of presheaves which are termwise weak equivalences in M. We
can then define Dy (X) as the localization of M(X) by the weak equivalences. It is clear that,
for any functor u : X — Y in Dia, the inverse image functor

M) — M(X), Fr—u*(F)=Fou.
respects weak equivalences, so that it induces a well-defined functor
u* Dy (Y) — Dy (X).

The 2-functoriality of localization implies that we have a prederivator Dj. All the (pre)derivators
we know can be obtained this way. Note that, by definition, the category Dy (e) is the homotopy
category of M, that is the universal category obtained from M by inverting the weak equiva-
lences.

Definition 1.7. Let D be a prederivator. A map u: X —> Y in Dia has a cohomological direct
image functor (respectively a homological direct image functor) in D if the inverse image functor

u*: DY) — D(X)
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has a right adjoint (respectively a left adjoint)
us:D(X) — D(Y)  (respectively uy: D(X) — D(Y)),

called the cohomological direct image functor (respectively homological direct image functor)
associated to u.

1.8. Let X be a category in Dia, and p = px : X —> e. If p has a cohomological direct image
functor in D, one defines for any object F of D(X) the object of global sections of F as

(X, F) = p+(F).

The object I, (X, F) can be viewed as some kind of cohomology of the ‘space’ X with coeffi-
cients in F. This also corresponds to what algebraic topologists think of as the homotopy limit
of F indexed by the category X. Dually, if p has a homological direct image in D then, for any
object F' of D(X), one sets

(X, F) = pi(F),

which can be regarded as the homology of X with coefficients in F or as a homotopy colimit,
according to the taste of the reader.

1.9. Let D be a prederivator, and let

Y ———Y
w
be a 2-diagram in Dia. By 2-functoriality one obtains the following 2-diagram

DXy ~— " D(X)

W 1 a* ﬂ T”*

DY) =< D(¥).

If we assume that the functors # and u’ both have cohomological direct images in D one can
define the base change morphism induced by o

/
Biw*u, — uv*
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¥

D(X") D(X)

M;l ﬂk J/u*

DY) =< D(Y)

as follows. The counit u#*u, —> 1p(x) induces a morphism v*u*u, — v*, and by composition
with a*u,, a morphism u’*w*u, —> v*. This gives 8 by adjunction.

This construction will be used in the following situation. Let u : X —> Y be a map in Dia, and
let y be a point of Y. According to 1.1 we have a functor j: X/y — X, defined by the formula
j(x, f) =x, where f:u(x) — y is a morphism in Y. If p: X/y —> e is the canonical map
one obtains the 2-diagram below, where a denotes the 2-cell defined by the formula ¢y, sy = f

Xy —1

- X
Pl Y o lu
e Y.

_—
y

With the notations of 1.8, the associated base change morphism gives rise to a canonical mor-

phism

us(F)y — I'u(X/y, F/y)
for any object F of D(X), where F/y = j*(F). Dually one has canonical morphisms
L(\X, Y\F) — uy(F),
where y\F = k*(F) and k denotes the canonical functor from y\ X to X.
1.10. Let X and Y be two categories in Dia. Using the 2-functoriality of ID, one defines a functor
dx,y :ID(X x ¥) —> Hom(X°P, D(Y))
as follows. Setting X’ = X x Y, we have a canonical functor
Hom(Y, X')* — Hom(D(X"), D(Y))
which defines a functor
Hom(Y, X)) x D(X’) — D(Y)
and then a functor

D(X') — Hom(Hom(Y, X)*, D(Y)).
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Using the canonical functor
X — Hom(Y, X x Y), xv—>(y|—>(x,y)),

this gives the desired functor.
In particular, for any category X in Dia, one gets a functor

dx =dyx,.:D(X) —> Hom(XP, D(e)).
If F is an object of D(X), then dx (F) is the presheaf on X with values in D(e) defined by
x+— Fy.

Given a presheaf G on X with value in D(e), we will say that an object F' of D(X) is locally of
shape G if dx (F) is isomorphic (as a presheaf) to G.

Definition 1.11. A derivator is a prederivator D with the following properties.

Der 1 (Non-triviality axiom). For any finite set I and any family {X;, i € I} of categories in
Dia, the canonical functor

]D(]_[Xi) — [[pxo
iel iel

is an equivalence of categories.
Der 2 (Conservativity axiom). For any category X in Dia, the family of functors

x*:D(X) — D(e), F+— x*(F)=F,,

corresponding to the points x of X is conservative. In other words: If p: F — G is a
morphism in D(X), such that for any point x of X the map ¢y : Fx —> Gy is an isomor-
phism in D(e), then ¢ is an isomorphism in D(X).

Der 3 (Direct image axiom). Any functor in Dia has a cohomological direct image functor and
a homological direct image functor in D (see 1.7).

Der 4 (Base change axiom). For any functor u : X — Y in Dia, any point y of ¥ and any object
F in D(X), the canonical base change morphisms (see 1.9)

us(F)y — I'(X/y, F/y) and ©NG\X, yY\F) — w(F),

are isomorphisms in D(e).
Der 5 (Essential surjectivity axiom). Let I be the category corresponding to the graph

0« 1.
For any category X in Dia, the functor
dr,x :D(I x X) —> Hom(I°?, D(X))

(see 1.10) is full and essentially surjective.
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1.12. A functor j:U —> X is an open immersion if it is injective on objects, fully faithful, and
if, for any morphism x —> j(u’) in the category X, we have that x = j(u) for some u € U.
Dually a functor i : Z — X is a closed immersion if i°P: Z°? — X°P is an open immersion.
One can show easily that open immersions and closed immersions are stable by composition and
pullback.

Definition 1.13. A derivator D is pointed if it satisfies the following property.

Der 6 (Exceptional axiom). For any closed immersion i : Z —> X in Dia, the cohomological
direct image functor

iv:D(Z) — D(X)
has a right adjoint
it D(X) — D(Z)

called the exceptional inverse image functor associated to i. Dually, for any open immer-
sion j:U —> X in Dia, the homological direct image functor

Jji:DU) — D(X)
has a left adjoint
jhD(X) — D)

called the coexceptional inverse image functor associated to j.

1.14. Let O be the category given by the commutative square

0,00 =<— (O, D

]

We are interested in two of its subcategories. The subcategory _| is

0, 1)

|

(1,0) =— (1, 1),
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and I™ is the subcategory

0,0) =<— (0, 1)

T

(1,0).
We thus have two inclusion functors
o:1J—0 and t:l — 0O

(o is an open immersion and 7 a closed immersion). A global commutative square in D is an
object of D(0O). A global commutative square C in DD is thus locally of shape

Co0 — Co,1

L

Cio — Ci1

in D(e).
A global commutative square C in D is cartesian (or a homotopy pullback square) if, for any
global commutative square B in I, the canonical map

Homp g (B, C) —> Homp( ) (c*(B), 0*(C))

is bijective. Dually, a global commutative square B in D is cocartesian (or a homotopy pushout
square) if, for any global commutative square C in I, the canonical map

Homp o) (B, C) —> Homp( (t*(B), T(C))

is bijective.

As O is isomorphic to its opposite (1°P, one can see that a global commutative square in D
is cartesian (respectively cocartesian) if and only if it is cocartesian (respectively cartesian) as a
global commutative square in D°P.

Definition 1.15. A derivator D is triangulated if it is pointed and satisfies the following axiom:

Der 7 (Stability axiom). A global commutative square in D is cartesian if and only if it is co-
cartesian.

Example 1.16. By [3], any Quillen model category gives rise to a derivator with Dia = Cat
(defined as in 1.6).

Similarly any complicial biWaldhausen category in the sense of Thomason and Trobaugh [32]
gives rise to a triangulated derivator with Dia = Poset r; see [2]. One can use this to define, for
any exact category &, a triangulated derivator D? & such that D” € (e) is the derived category of €.
See [16] for a direct proof.
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Theorem 1.17 (Maltsiniotis). For any triangulated derivator D, the category D(e) has a canon-
ical structure of a triangulated category.

The proof of Theorem 1.17 will appear in [19]. We also note that a very similar result has
been proved by Franke [5].

Remark 1.18. Maltsiniotis’ proof is explicit; it tells us concretely how to construct the dis-
tinguished triangles in D(e). The reader can find a description in 7.9. It may be shown from
Theorem 1.17 that, for any category X in Dia (not only X = e), the category D(X) is triangu-
lated; also the functors j*:ID(Y) — ID(X) are all triangulated. See Corollary 7.10.

2. Regions

Let D be any triangulated derivator. Maltsiniotis associated to it a K-theory space K (D),
and it is time to remind ourselves how this is done. Since we want to set up the simplicial
preliminaries in a framework general enough so that we can prove something, we will divide
this into three sections. In this section and the two that follow we will explain some of the
simplicial background we will need for the proof of the Maltsiniotis additivity conjecture [20,
Conjecture 3, p. 8]. We try to keep the notation as consistent as possible with Neeman’s work
on triangulated K -theory [21-28]. However, familiarity with Neeman’s work is not assumed; the
account we give here is hopefully sufficiently self-contained to help the non-experts. The reader
might also wish to look at [30], which gives another elementary account of triangulated K -theory.
The survey in [30] is more ambitious than the short version we will attempt here; the longer and
more thorough description tries to outline the results, the methods and the open problems in the
field.

In this section we discuss the subcategories of Dia that arise in the definition of K -theory.
The category Z will be the ordered set Z of all integers; the objects are the integers n € Z, and
the morphisms are given by the usual formula

1} ifm<n
H , — { { ~ . E)
om(m, n) ] otherwise.

The subcategories we care about will all be subcategories of Z> = Z x Z x Z. Let us therefore
make this a definition:

Definition 2.1. We define the following three concepts:

(i) A region is a full subcategory of Z3.
(ii) Let k € Z be any integer. The slice ;R C R of the region R C Z3 is the full subcategory

R= {(x,y,k) GR}.
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(iii) A morphism from a region R C Z3 to a region R’ C Z? is a functor F : R — R’ satisfying
the following restriction. First of all for every k € Z we must have F(tR) C (1 R’; that is, F
respects the slices. But furthermore, for every k € Z there exists a commutative square

R

L

fixfa

where f1:Z —> Z and f,:Z — Z are two functors (that is increasing maps). Note that
fi =« f1 and f» = f>» may depend on k.

Remark 2.2. In this way the regions R C Z3 form a category (even a 2-category), which we will
call Regions.

Example 2.3. For example we can take the region R, = [0, n] x [0, m] x [0] in 73. The picture
is

O,m) — -+ —— (n,m)

T
| |

©0,0) —— -+ —— (n,0).

Note that since the region R,,, is planar, that is contained in 72 c 73, we omit the third coordi-
nate in the picture.

As is customary, we let A be the category whose objects are the finite totally-ordered sets,
and whose morphisms are the order-preserving maps.

Definition 2.4. An r-fold cosimplicial region is a functor
A" —> Regions.
Example 2.5. Let us denote by [0, n] the object of A
O<l<2<---<n.

The natural embedding is a functor [0, n] —> Z. Any object of A is canonically isomorphic to a
unique [0, n] C Z. The map sending [0, n] € A to
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[0, 7] x [0] x [0] C Z*
is a functor F : A —> Regions.

Example 2.6. Slightly more interesting is the fact that we can concatenate. There is a functor
D:A x A —> A which takes a pair of ordered sets S, T to the disjoint union S U T, with the
order that any element of § is less than any element of 7. We can iterate this to form functors
D' : ATl — A, by the rule

D'=D(D'"" x1).

The resulting functor D' takes an object of AL that is (i + 1) ordered sets Sp, S1, ..., S;, and
forms the disjoint union, with the order that the elements in S; are less than the elements of Sy if
and only if j < k.

Example 2.5 gave us a functor F : A —> Regions, and the paragraph above produced a func-
tor D : A"+ — A. Composing the two we have a functor F o D' : A"+ — Regions. We have
an (i + 1)-fold cosimplicial region.

Remark 2.7. Despite the many cosimplicial structures, this region is still very 1-dimensional.
The points in this region all have coordinates (i, 0, 0) in 73. After all the map FoD': At
73 still factors through F : A —> Regions whose image is 1-dimensional.

Example 2.8. Next we do the 2-dimensional version. We have a functor F: A —> Regions

where Regions is the category of regions in Z>. Of course the Z? is a little ridiculous since the
image lies in Z C Z>. The functor we plan to name F x F will be a functor

F x F: A x A —> Regions.

It will take the pair [0, n], [0,m] € A to F([0,n]) x F([0,m]) C Zo. Very concretely, F x F
takes the pair of objects [0, n], [0, m] € A to

[0, 1] x [0, m] x [0]*

which we are free to consider as lying in Z> C Z°. The image is nothing other than the region
R of Example 2.3. There is a functor F x F: A x A —> Regions with

{F x F}([0, n1, [0, m]) = Ryny.
We have a 2-dimensional example of a 2-fold cosimplicial region.

Remark 2.9. We can also combine this with the concatenation functor of Example 2.6, forming
the (i + j +2)-fold cosimplicial regions {F o D'} x { F o D’}. That is, we consider the composite

FxF

' j+1 D'xD/J .
ATl AT 22X AXxX A Regions.
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Notation 2.10. Our notation for the (i + j + 2)-fold cosimplicial regions of Remark 2.9 will be

(i+1) bozes

-+ -+
-

Tt Tt Tt
-+ -+
- -+
- -+
-+ -+

Tt Tt ot
-+ -+
-+ -+

(

J+1
boxes

The cosimplicial regions we will consider are all very specific cosimplicial subregions of the
regions {F o D'} x {F o D’} of Remark 2.9. One way to obtain a cosimplicial subregion is

simply to delete some of the boxes; the region

-+ -
_).

T 1t + T+t
- -+
- -+
- -
.—}

T+ 1t T+ 1 T+ 1t
- -
- -

should hopefully be self-explanatory. It is also a functor AT ATHL 5 Regions. Any object
of At! x A1 is mapped to the subregion indicated; the parts crossed out are left out of the

region.

The next construction is slightly more subtle.
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Construction 2.11. Example 2.8 gave us a 2-fold cosimplicial region, that is a functor
F x F:A x A —> Regions. The functor takes the pair of objects [0, n], [0,m] € A to the
region [0, n] x [0, m] x [0] C Z3. Of course we can consider the composite

diagonal FxF

AXx A Regions

getting a 1-fold cosimplicial region. The object [0, n] € A is mapped to
[0, n] x [0,n] x [0] C Z°.
The virtue of diagonalizing is that now the sets of points

A,,:{(x,y,O)e[O,n] x [0, n] X[O]|y§x},
B, ={(x.y,0)€[0,n] x [0,n] x [0] | y > x}

define cosimplicial subregions. Given any morphism ¢:[0,m] —> [0,n] in A, the map
F(¢) x F(¢), whichis just ¢ x ¢:[0,m] x [0, m] —> [0, n] x [0, n], clearly carries A,,, C Rym
into A,, C Ry, and B, C Ry, into B, C R,,. Thus we have two functors A, B: A —> Regions,
with A taking [0, n] to A, and B taking [0, n] to B,. They give cosimplicial subregions. Under-
standably enough we denote these subregions diagramatically by

N-[7

Remark 2.12. We next want to combine this with the concatenation. Recall that in Remark 2.9
we considered the amusing cosimplicial regions that can be obtained as {F o D'} x {F o DJ}.
This gives a functor Ait! x A/l — Regions. There is nothing to stop us from embedding a
A by some diagonal. Consider the composite

{A% x AP} x A x {AT79 x AT7PY

1x{diagonal}x 1 \L

{A% x AP} x {A x A} x (AT~ x AT7b}y == Ai+]  AJ+]

lol’xm

A XA

lFxF

Regions.

As we learned in Notation 2.10 we will be denoting this cosimplicial region by
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-+ -+
- -+ -+
T+ t t T 1 Tt * 7
- -+ -
- -+ -
-+ -+ -+
- -+ -+
Tt Tt Tt t ot Tt
- -+ -+
-+ - -+

Until now we have been thinking of this as a region possessing (i + j +2) cosimplicial structures,
but we have now forced the action on the (a + 1) column and (b + 1) row to be diagonal. This
means that, in the (a + 1, b + 1) box the two cosimplicial subregions of Construction 2.11 make
sense. We are now free to draw subregions

-
T+ + 1t T t Tt * 7
-+ -+
-+ - -+
R Tt * 7
—
-+ -+

The meaning of each triangle is that

(i) In the row and column of the triangle the cosimplicial action is diagonal.
(ii) In the intersection of the row and column we take the subregion of Construction 2.11.

Remark 2.13. So far all our regions have been contained in a plane in Z3. Given any planar
cosimplicial region, that is a functor G : A" — Z?, we can make it 3-dimensional by multiplying
by a fixed subset I C Z. That is, we define G': A” — Z> by the formula
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G'(x)=Gx)x 1 CZ
In our constructions I will be I =[0, 1] C Z.

Remark 2.14. It is now time to leave the world of generalities and become specific. Our proof
of the Maltsiniotis conjecture will study the following regions. In Remark 2.9 and Notation 2.10
we learned how to form the 6-fold cosimplicial region

-+ -+
-+ -+

+ + T + + +
-+ -+
-+ -+

R S S S S
-+ -+
-+ -+

In Notation 2.10 and Construction 2.11 we learned how to form subregions, either by leaving out
one of the boxes or by taking a triangular piece. The region we really wish to consider is

-+ -+
-+ -+

R T S T S
-+ -+
-+ -+

+ + + 1 + +
- -
-+ -+

Note that this subregion has only four cosimplicial structures. We start with a 6-fold cosimplicial
region, but to form the triangular subregions we had to diagonalize. In our specific case the action
on the first row and column is diagonal, as is the action on the third row and column. This reduces
the 6-fold to a 4-fold cosimplicial region.

Since all of our regions in the plane Z> will be subregions of the above, we will slightly
simplify the notation and write the region
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As indicated in Remark 2.13 we will consider the cosimplicial region in Z> obtained by multi-
plying by I = [0, 1]. And we will actually study a subregion of this. The real region we wish to
look at will be

What this picture means is that in the cosimplicial region in Z3

x [0,1]
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we consider the subregion whose intersection with Z? x [0] and Z? x [1] are, respectively,

Notation 2.15. Our 4-fold cosimplicial region will, as already said, be denoted

Its intersections with Z2 x [0] and Z?2 x [1] will be written
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For all other subregions, and we will have to consider several, we will explicitly write which
subregions are deleted; for example

has a meaning which should hopefully be obvious.
3. K-theory

In Section 2 we defined cosimplicial regions. Given a cosimplicial region F and a derivator D
there is a way to form a simplicial set, whose geometric realization is a topological space with a
homotopy which might be interesting. We will describe the recipe in this section. The K -theory
of the derivator D is defined this way, and the idea of Section 2 was to set up the machinery in
sufficient generality to be able to prove something about this K -theory. We begin with the key
definition.

Definition 3.1. Let H : A" — Regions be an r-fold cosimplicial region in Z3. Let D : Dia®® —
CAT be a prederivator. Suppose that Dia contains the image of the functor H; this happens, for
example, if H(x) C Z3 is finite for any object x € A”. We form the r-fold simplicial groupoid
g(D, H) by declaring that, for every x € A",

g(D, H)(x) = {groupoid of isomorphisms in D(H (x)°P)}.

That is we take the category D(H (x)°P), and consider g(ID, H)(x) to be the groupoid of all
isomorphisms in this category.

Remark 3.2. Let us first note that the variance is right. Since D : Dia®® —> CAT is contravariant,
the composite

{Ar}()p HP {Regions}°P L, eAT

does have the right variance; it is a functor Do H°P : {A°P}" — GAT. We have an r-fold simpli-
cial category, and the subcategory of isomorphisms is an r-fold simplicial groupoid.
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Remark 3.3. The cosimplicial regions to which we wish to apply the constructions are the ones
of Section 2, most especially the ones of Remark 2.14. Let H : A" — Regions be such an r-fold
cosimplicial region. We next define the simplicial groupoid we really care about:

Construction 3.4. Suppose D is a triangulated derivator, not just any prederivator. Let
H: A" —> Regions be one of the 4-fold cosimplicial categories of Remark 2.14; that is H
is a subregion of the cosimplicial region we have been denoting

In Definition 3.1 we defined a 4-fold simplicial groupoid g(ID, H)(x). Inside this simplicial
groupoid we wish to consider a simplicial subgroupoid. It is a full subcategory of g(D, H)(x),
of all objects A € g(D, H)(x) satisfying the following restrictions:

(i) The restriction of A € D(H (x)°P) to the diagonal lines in the boundary of the region van-
ishes.

(i) Suppose we consider the slices of the region H (x), as in Definition 2.1(ii). We remind the
reader: if k € Z is any integer, then the slice x H (x) is the full subcategory

KH() ={(x,y,k) € H(x)}.

In our case only g H (x) and | H (x) are non-empty. Take any square contained in x H (x); it
gives a map 00 —> H (x). The restriction of A € D(H (x)°?) to D(TP) is a global com-
mutative square, and we insist that all such squares should be cartesian (or equivalently
cocartesian by Der 7; see Definition 1.15).

Remark 3.5. Perhaps it would help to rewrite more explicitly the conditions (i) and (ii) above. For
x € A" we have aregion H (x) C 73, and the region H (x) consists of some points («, B, ) € 73
with y € {0, 1}. We could consider separately the cases y =0 and y = 1; that is what we meant
when we said, in (ii) above, that we consider the “slices” o H (x) and | H (x). If we separately con-
sider the two slices what we have is two regions in the plane, and it is easy enough to concretely
visualize such regions. The two regions are pictured, in explicit coordinates, on the following

page:
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(e,e,1)

(d,d,1) — -+ — (e.d,1)
(b,y-,l) _— o —F (C~y,1) — (d~y,l) I — (e’y’l)

| - |
| o |

(b,z,1) — -+ — (c¢=1l) — (dz 1) — -+ — (e,z,1)

0,9,0) — -+ — (a,y9,0) — (b,y,0) — -+ — (c,9,0)

| . T
! I !

0,z,00 — -+ — (a,2,0) — (b,z,0) — -+ —— (¢,2,0)
0,a,0) —+ -+ — (a,q,0)

|

(0,0,0)

Given any inclusion of categories 8:J —> H(x) there is an induced map ID(5°P):
D(H (x)°P) — D(J°P). We can impose restrictions on the objects A € D(H (x)°P) by speci-
fying that, for certain inclusions §:J —> H(x), the image of A € D(H (x)°?) by the functor
D(8°P) : D(H (x)°P) —> ID(J°P) should satisfy some properties. This is precisely the nature of
the conditions imposed in Construction 3.4(i) and (ii). In Construction 3.4 we define a full subcat-
egory of D(H (x)°P) by imposing restrictions on the objects. An object A € D(H (x)°P) belongs
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to the subcategory if it satisfies (i) and (ii), both of which are stated in terms of certain maps
§:J — H(x). More explicitly, we require

®

(ii)

If, in the picture on the previous page for the category H (x), we let J C H (x) be the full
subcategory of all points

J={G,i,00[0<i<a}U{(j,j,D[d<j<e}

then the restriction of A € D(H (x)°P) to D(J°P) is isomorphic to zero. The reader is re-
minded that D(J°P) has a zero object; see 7.9.

Suppose we choose five integers i <i’, j < j and k € {0, 1}. Suppose that the following
square

j k) —= G j.k

]

(l’,]vk) I (i/7jak)

is entirely contained in H(x). It gives a map §:0 — H(x), and therefore any object
A € D(H (x)°P) restricts to a global commutative square D(§°P)(A) € D(@O°P) = D(O).
For A to lie in our subcategory we require that all such global commutative squares be
cartesian (= cocartesian).

Notation 3.6. In Construction 3.4 we defined a simplicial subgroupoid of the simplicial groupoid
g(D, H); in Remark 3.5 we elaborated and explained the construction in more detail. We have
not given this groupoid a name. The reason is that we will freely confuse it with H. The symbol

for

the cosimplicial region H will also be used, interchangeably, to stand for the simplicial sub-

groupoid of g(D, H) given in Construction 3.4. Since the derivator D will be fixed throughout
this should not cause confusion.

This means that, from now on, the symbols

can stand either for the 4-fold cosimplicial regions or for the 4-fold simplicial groupoids. The in-
clusion of cosimplicial regions induces, by the contravariance of D, a map of simplicial groupoids
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in the opposite direction. From the direction of the arrows it should be obvious whether we mean
inclusions of cosimplicial regions or maps of simplicial groupoids.

Remark 3.7. Our regions have many cosimplicial structures. Since we agreed that they are all
subregions of a 4-fold cosimplicial region, they all have 4 independent cosimplicial structures.
The simplicial groupoids are therefore 4-fold simplicial groupoids; as simplicial sets they have
five commuting simplicial structures (there is one that comes from realizing the groupoid). Our
aim is to study some maps between them and show that these maps induce homotopy equiva-
lences.

It is helpful to exploit the many simplicial structures. To prove that a map between 5-fold
simplicial sets is a homotopy equivalence it suffices to show that, after realizing some subset of
the 5 simplicial structures, the map of simplicial spaces is a homotopy equivalence. We will use
this often.

This means we need a notation for the simplicial structures which we plan to realise. Our
notation will be the following: we do not touch any of the regions surrounded by a double box,
and realise all other simplicial structures. Thus the map

is the map of 5-fold simplicial sets induced by the obvious inclusion. But we realize only 3 of
the simplicial structures; we realize the groupoid structure, as well as the two structures which
leave alone the highlighted region. In the explicit drawing of the region, given with coordinates
in Remark 3.5, the integers a and e — d are allowed to change but the integers ¢ — b and y — x
are held fixed.

Remark 3.8. The careful reader, examining the diagram in Remark 3.5 giving the explicit de-
scription of H (x) C Z? in terms of coordinates, will note that the integers b, d and x are arbitrary
and correspond to our choice of embedding of the region in the plane. The integersa,c — b, e —d
and y — x, on the other hand, are not arbitrary. The diagram is a description of the region H (x)
with x € A%, and

x=1[0,a] x[0,c —b] x[0,e —d] x [0,y — x].
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When we fail to realize two of the simplicial structures we do not allow two of the integers to
change. In the map pictured in Remark 3.7 the integers we leave untouched are c — b and y — x.
The result is a map of bisimplicial spaces.

Remark 3.9. The definition of the simplicial groupoid can be extended to regions more general
than the subregions of our favorite 4-fold cosimplicial region of Remark 2.14. We leave the
obvious extension to the reader.

Definition 3.10. The K -theory of the triangulated derivator ) is defined to be the loop space of
the geometric realization of the 2-fold simplicial groupoid

o) =

Remark 3.11. It follows from Corollary A.8 that the K-theory of a triangulated derivator is an
infinite loop space.

Remark 3.12. We promised the reader that all our regions will be subregions of the 4-fold cosim-
plicial region of Remark 2.14. We have told no lies: the simplicial set of Definition 3.10 can also
be described as

In this description it is a 4-fold simplicial groupoid, but two of the simplicial structures are
degenerate; even at the level of regions two of the cosimplicial structures have no effect.

Remark 3.13. It is also possible to define the K-theory of the triangulated derivator D using a
Waldhausen-like simplicial set. We define
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It can be shown that S(ID) and Q (D) are homotopy equivalent. We will not need the result, hence
will not include a proof. But it is not difficult to give a proof using the techniques we develop.

Caution 3.14. We are now about to use theorems concerning derivators, whose proofs will come
in the later part of the paper. The theorems tell us about constructions of new triangulated deriva-
tors out of old ones. Let us be given a triangulated derivator . We will use now and prove later
the following:

(i) For any object W € Dia, the formula
Dy (X)=D(X x W)

produces a triangulated derivator Dyy.

(i) An object F € Dw(0O) =D(O x W) is cartesian if and only if, for every point w € W, the
object Fy, = (1x x w)*(F) is cartesian in D(O).

(iii) There is a construction of a triangulated derivator Exact(ID). It is a subderivator of the
derivator D .

For (i) and (ii) the reader is referred to Section 7; for (iii) the reader is referred to Section 11.

Remark 3.15. Putting W = I = [0, 1] in Caution 3.14(i) we note that, from a triangulated deriva-
tor I, Proposition 7.8 allows us to form another triangulated derivator Dy, given by the formula
Dy (X) =D(X x [0, 1]). The K -theory space of D; is the loop space of the geometric realization
of the simplicial groupoid

Keeping our promise only to consider subregions of the 4-fold cosimplicial region of Re-
mark 2.14, the K-theory of ID; can also be described as the loop space of the geometric real-
ization of the simplicial groupoid

7 1
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Remark 3.16. In identifying the K -theory of ID; with the spaces of Remark 3.15 we are making
use of Caution 3.14(ii), applied to the case W = I = [0, 1]. An object belongs to the simplicial
groupoid defining the K-theory of D; provided certain objects in D;(0) = DO x [0, 1]) are
cartesian. Caution 3.14(ii) tells us that this is equivalent to checking that each of the restrictions
to D(O x [0]) and D(O x [1]) is cartesian.

The main theorem of this article is the following, which proves the Maltsiniotis additivity
conjecture:

Theorem 3.17. Let D be a triangulated derivator. Let Exact(D) be the derivator of short exact
sequences in D (see 11.8). Let

(s x 8)* : Exact(D) — D, (t x t)* :Exact(D) — D

be the morphisms of 11.11. Then the natural map

(Q((s X s)*), Q((s X s)*)) : Q(Exact(]D))) — 0(D) x 0(D)

is a homotopy equivalence.

Caution 3.18. Strictly speaking the theorem is meaningless until after reading Section 11, since
the derivator Exact(ID) and the morphisms of derivators

(s x 8)* : Exact(D) — D, (t x t)* :Exact(D) — D

will not be defined until then. But the results of Section 11 permit us to reformulate the main
theorem as in Remark 3.19 below, and the rephrased version makes sense without having to read
Section 11.

Remark 3.19. By Proposition 11.12, Theorem 3.17 is equivalent to the assertion that the natural
map
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is a homotopy equivalence. In our way of viewing all the regions as subregions of the 4-fold
cosimplicial region of Remark 2.14, this map becomes

The next few sections are devoted to proving § a homotopy equivalence.
4. An easy example of a homotopy

We could immediately launch into the proof that the map § of Remark 3.19 is a homotopy
equivalence. The purpose of this section is to proceed a little more gently, reminding the reader
of simplicial homotopies generally, and more particularly of the simplicial homotopies we will
use.

Recall that an r-fold simplicial set is a functor F:{A°P}" —> 8et, and a simplicial
map between two r-fold simplicial sets is a natural transformation ¢:F = F’, where
F, F':{A%}" —> 8et are two functors. Simplicial homotopies are slightly more confusing in
general. But there is a cheap way to produce them, which suffices for this article. In this section
we will explain the very easy, simple homotopies we will use.

The first observation is that we are dealing with 2-categories. Let us make this precise.

Remark 4.1. Suppose we have a 2-category C C Car and a functor G : C°? — Set. One way to
obtain an r-fold simplicial set is to take a functor H : A” — C and form the composite

(A% HE, eop G gop

And perhaps the most important thing to keep in mind is that all the simplicial sets we have been
considering are of this type. The category Regions C Cat of regions in Z? is a 2-category, and in
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Section 2 we learned how to form several interesting functors H : A" —> Regions. For most of
what follows we can confine ourselves to the subcategory of Regions consisting of subregions of
our favorite region

That is, the most important example to keep in mind is the following. We define the category
C C Regions to have for its objects the subregions of the above, and the morphisms are maps of
regions preserving the diagonal lines in the boundary; see Remark 3.5(i) for the meaning of the
diagonal lines in the boundary. The 2-morphisms in € are all the natural transformations between
I-morphisms in C. Because all the objects in € are finite the 2-category C is contained in Dia.

Given a triangulated derivator D and an object / € C, the recipe of Section 3 constructs for us
a groupoid G(I). The objects are the objects in ID(/°P) satisfying the restrictions of Construc-
tion 3.4(i) and (ii), and the morphisms are the isomorphisms in ID(/°P). This defines G(I) for
objects I € C; we leave it to the reader to check that the definition extends to morphisms in C. It
defines a functor G : C°?P — Groupoid. All the simplicial groupoids we will consider are of the
form G o HP for some H : A" — C, and all the simplicial sets are the nerves of the simplicial
groupoids G o HP,

In this paper we will need to look at r-fold simplicial sets where r > 1. As is customary in
this subject we reduce the case of r-fold simplicial gadgets, with » > 1, to the special case where
r = 1. The trick is to allow the categories to change. That is we look at simplicial objects F in
a category T. A simplicial object in T is a functor F : A°® — 7. Thus an r-fold simplicial set
becomes a simplicial object in the category of (r — 1)-fold simplicial sets.

Remark 4.2. As in Remark 4.1 let C C Car be a 2-category. Let G: C°? — T be some fixed
functor. In Remark 4.1 we saw that a functor H : A — € gives in T a simplicial object
GH®P: A°’P — T. What we wish to note here is

(i) Given two functors H, H': A —> C and a natural transformation ¢ : H —> H’, then G is
a simplicial map of simplicial objects in T~ it is a natural transformation G H'*? —> G H°P.

(ii)) Next we want a method to produce homotopies. Suppose we are given two 1-morphisms
H,H :A —> C, two 2-morphisms ¢, ¢': H —> H' and a 3-morphism o : ¢ = ¢’. We
would like to conclude that & induces a homotopy G = G¢’. This is true, as long as the
following hypothesis holds:
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(iii) (Technical condition to guarantee that (ii) holds):
(1) In Car we must be given a map A: H[0, 1] — [0, 1]. Given a pair of morphisms in A
y — x, y —> [0, 1] we produce maps

Hy— Hx,  Hy— H[0,1]%[0,1],

that is we have in Car a map Hy — [0, 1] x Hx. The composite with a, : [0, 1] x
Hx — H'x gives us in Car the map Hy —> H'x; we insist that this be a morphism
in € C Cat.

(i) Note that in the category A there are two maps [0] —> [0, 1]; let us denote them i, i1.
Let x € § be an arbitrary object. Since the object [0] € A is terminal there is a unique
map p:x —> [0]. We can therefore form the two composites

(H1r) :
Hx — 5 H[0] x Hx 2L 110,17 x Hx 225 [0, 1] x Hx > H'x,

(1) :
Hx — 5 H[0] x Hx 2 110,17 x Hx 225 10,17 x Hx > H'x.

The first composite must be the map ¢,: Hx — H’x, and the second must be
¢, :Hx — H'x.

Remark 4.3. Let us very briefly remind the reader how to construct the homotopy of Re-
mark 4.2(ii). To give a natural transformation H —> H' is to give, for every object x € A,
a morphism ¢, : Hx —> H'x. In the category € C Cat the morphisms are functors. For every
X € A we have a functor ¢, : Hx —> H’x. To give a 3-morphism «:¢ = ¢’ is to give, for
every object x € A, a 2-morphism in C of the form ¢, = ¢/,.. Another way of saying this is that
for every object x we give, in Cat, a functor «, : [0, 1] x Hx —> H'x. Of course these functors
satisfy compatibilities as we vary x € A", which we are suppressing.
In general a simplicial homotopy takes a pair of morphisms in A

y—x, y — [0, 1]

to amap Hy —> H'x in €. Remark 4.2(iii)(i) gives the recipe for producing this morphism. We
leave it to the reader to check the compatibilities that make this a simplicial homotopy.

This homotopy connects two simplicial maps. The fact that these maps are ¢ and ¢’ is a
computation we are leaving to the reader; it comes down to computing the map Hy —> H'x for
the special cases where the pair y — x, y —> [0, 1] factors as

y—x, y—>[0]-510,1]

with i = ip or i1. The hint is that the computation reduces to the condition stipulated in Re-
mark 4.2(iii).

Remark 4.4. This way of constructing homotopies is very limited. The authors know of very few
homotopies which can be defined this way. The fact that these are the only homotopies we will

use in the proof of additivity is an indication of the very formal nature of our proof.

In practice all our homotopies are very special cases of the above. We now discuss this.
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Example 4.5. Recall the functor D : A x A —> A of Example 2.6. The functor takes a pair of ob-
jects S, T € A to the disjoint union SU T, with the order that every element of S is less than every
element of 7. Now suppose we fix an object S € A, and consider the functor D(S, —): A — A
which takes 7 € A to D(S,T). We have produced a functor H = D(S,—): A — A, and
A C Cat is a 2-category.

Now the identity gives a 1-morphism 1: H —> H. There is another 1-morphism ¢ : H — H.
To define it we must give, for every object T € A, a morphism ¢7: HT — HT. That is, for
every T we must produce a morphism SU7T — SUT in A. The formula is:

(i) = i ifi €S,
T = max(s) ifieT

In this formula max(S) means the maximum of the totally ordered finite set S.

Because the orderin SUT is such that every element of T is bigger than max(S) we conclude
that o7 (i) <i for every i € S U T. This produces for us, for every 7, a natural transformation
at 197 —> 1. Taking the collection of all a7, as T varies over the objects of A, this assembles
to a 3-morphism o : 9 = 1.

Finally we observe that the technical assumptions of Remark 4.2(iii) are satisfied. The object
H|[O0, 1] is, by definition of H: A —> A, the object S U [0, 1]. We define a map A: H[0, 1] —
[0, 1] by the formula

o ifies,
M”_{iiﬁemJ}

The conditions of Remark 4.2(iii) are easy.

Example 4.6. For a fixed object S € A, Example 4.5 produces a 1-morphism H: A — A,
a 2-morphism ¢: H — H, a 3-morphism « :¢ = 1, and the conditions of Remark 4.2(iii)
hold. To make this more immediately applicable to our favorite simplicial sets we multiply by
an object R € A. Note that our embedding F x F: A x A —> Regions, given in Example 2.8,
permits us to map objects in A x A into regions in Z? C Z3. The regions we are considering are of
the form R x D(S, —) with R and S fixed; in our notation the functor T +— F(R) x F(D(S, T)),
which is a functor A — Regions, would be written

This is a functor (= I-morphism) taking 7 € A to F(R) x F(H(T)). Multiplying the 2-
morphisms and 3-morphisms of Example 4.5 by R € A and applying F x F, we have a 2-
morphism FR x Fo:FR x FH — FR x FH, a 3-morphism FR X Fa:FR x Fop =1,
and the technical conditions of Remark 4.2(iii) hold. We have a simplicial homotopy, and it
connects the identity with a map FR x F¢, which is easy enough to compute. An immediate
consequence is
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Lemma 4.7. The map of 3-fold simplicial groupoids

induces a homotopy equivalence.

Proof. As we have already observed in Remark 3.7, it suffices to prove the stronger assertion
that the map

induces a homotopy equivalence. That is, we realize only the simplicial structure leaving unaf-
fected the box on the left. In fact, we will not even realise the groupoid structure. We assert that
the map is a homotopy equivalence after realizing just one of the four simplicial structures.

Of course on the 4-fold simplicial set

the only simplicial structure being realized is degenerate. The realization gives us a discrete
3-fold simplicial space. To show that « is a homotopy equivalence we need to show that the
homotopy type of the simplicial set

is also discrete. In other words we need to find homotopies which contract the many components
of this space.
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The point is that Example 4.6 gives us homotopies, and they are all contractions. For each R
and S we have a homotopy. It connects the identity to a map we called FR x F¢. The map is
explicit, and now we will show it to be a contraction.

The map induced by FR x F¢ is eminently computable. The natural transformation ¢ is
given, for every object T € A, by amap ¢7:SUT — S U T. This map ¢r has the explicit
formula

ol ifi S,
YT =\ max(s) ifieT.

For each T the map ¢7:SUT — S UT factors through
SUT — S — SUT

and the factoring is compatible with morphisms 7 —> T’ in A. We have that ¢ factors, as a
functor on A, through the above. If we multiply by R we have a factorization

We conclude that ¢, which is homotopic to the identity, factors through the trivial space. 0O

Remark 4.8. It might help the reader to write the homotopy more explicitly, in coordinates. For
any T € A let the region H(T) = F(R) x F(D(S,T)), with R, S € A fixed as above, be given
in coordinates by

0,dy — -+ — (a,d) |— (byd) — -+ — (¢,d)

T T T T
T T T T

0,00 — -+ — (a,0) |— (b,0) — -+ — (¢,0)

The solid box tells us that the integers a, d are fixed. They correspond to the fixed R, S € A. All
points (i, j) with 0 <i < a and 0 < j < d lie in the region, independently of the choice of T € A.
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The simplices in the simplicial set _> (recall that we use the same symbol

for the region as for the simplicial set) are strings of isomorphisms of objects in D(H (T)°P) for
some T € A. An object in D(H (T)°P) induces a functor M : H(T) —> D(e) and this functor is
what, in 1.10, we referred to as the local shape of the object. It is sometimes illuminating to draw
the local shape of the objects we are talking about.

In coordinates our region H(T) = F(R) x F(D(S,T)) is pictured above. A functor
M : H(T) — D(e) is a commutative diagram in D(e)

M(0,d) — -+ —— M(a,d) |— M(b,d) — --- —— M(c,d)

M©0,0) — -+ —— M(a,0) |— M(b,0) — --- —— M(c,0)

When we wish to write such diagrams we will adopt the following conventions.

(i) We will write M ;; for M (i, j).

(i1) In a region made up of several boxes, as above, we will use different letters to denote the
objects M (i, j) for (i, j) belonging to different boxes. Thus in the above we will write
Aji=M(, j)if0<i<a,and Bj; = M(i, j) if b <i < c. Our local shape of the object in
D(H (x)°P) becomes the commutative diagram in D(e)

Ado r Ada Bay roor — Bac

AOO T AOa ’ BOb oo ? B(J(:
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With these conventions, a typical cell in the homotopy of the proof of Lemma 4.7 is the diagram
in D(e)

(i+1) terms (e—b—i+1) terms

AdO o ’Ada ’Ada > e ‘rAda By roo B

I I I T

Agp — -+ r Aga|— Aoa r Aga — Boi — -+~ By

The reader can hopefully see that this is nothing but the usual contraction to the initial object.

Remark 4.9. Many of our homotopies will be minor variants of the homotopy of the proof of
Lemma4.7. By “minor variants” we mean that we feel free to dualize, and to concatenate to larger
simplicial regions as in Remark 2.9. Because this homotopy is ubiquitous we need a notation for
it. Our notation will be

Remark 4.10. The reader might be puzzled why we adopt the curious conventions of Remark 4.8.
Why do we switch the subscripts in Aj; = M(i, j), and why do we use different letters for
different parts of the region?

The first reason is that we wish to be consistent with the notation of [21-28]. Of course this is
a copout; the reader would still need a satisfactory explanation why, in the previous articles, we
adopted this curious notation.

The reason for using different letters for the different parts of the diagram should be clear; we
want to make it visually apparent which part of the region we are in. It also permits us to recycle
the subscripts. Instead of using subscripts j lying in the ranges 0 <i < a and b < i < c¢ for the
various M (i, j), wecanput A;; =M@, j)if0<i<aand Bj; =MD +1i,j)if 0<i <c—b.
The effect is that the arbitrary choice of the integer b disappears. The possible subscripts i for B;
range naturally over the integers in [0, ¢ — b], and [0, ¢ — b] is the object in A that the data came
from.
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And finally we come to the switching of the indices. The logic is that when we represent
a point in Z? it is customary to write it as (i, j) where i is the x-coordinate and j is the
y-coordinate. When we write a matrix A j; the convention is the reverse; usually j stands for
the row and i for the column that the entry is in. That is j is usually the y-coordinate, and i the
x-coordinate. We are trying to be simultaneously consistent with both conventions.

Remark 4.11. In Remark 4.10 we said that many of our homotopies are minor variants of the
homotopy of the proof of Lemma 4.7. This is correct; we can make the statement stronger
by saying there is exactly one other homotopy we plan to use. Once again this homotopy is
given by a 3-morphism in the category of functors A — €, as in Remark 4.2. Let us ex-
plain.

Let us again fix an object S € A. Now we consider a functor H : A —> Cat taking an ob-
ject T € A to the ordered set HT = S U {[0, 1] x T}, where the order is that every element of
S is smaller than every element of [0, 1] x T, while in each of S and [0, 1] x T the order is
obvious.

Next we define a 2-morphism ¢ : H —> H. For every T € A we need to produce a functor
or:HT — HT. The formula is

IfseS, or(s)=s;

max(S) ifi =0,

IftreT, wr((i,t))={(1 1) ifi=1.

The formula makes it clear that ¢r(j) < j for all j € HT, hence there is a (unique) map
ar o7 —> 1. It defines a 3-morphism.

Finally we need to establish the technical conditions of Remark 4.2(iii). For 7' = [0, 1] we
have that HT = SU{[0, 1] x T} = S U{[0, 1] x [0, 1]}. We define a map A: H[0, 1] — [0, 1]
by the formula

H(s)=0 ifs e,
H@, j)=j if@ j)el0,1]1x[0,1].

We leave it to the reader to check the condition of Remark 4.2(iii).

Remark 4.12. The construction in Remark 4.11 gives a simplicial homotopy. As in Example 4.6,
we can multiply by a fixed object R € A and return to familiar territory. We explain this with
coordinates.

Let us embed the fixed objects R, S € A respectively as [0, d], [0, a] C Z. Let us embed the
object T € A as [b, c] C Z, with a < b. The category HT = S U {[0, 1] x T} can be embedded
inZ x 7. as
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(b,1)

T

—

(0,0)

—

(a,0)

—

(b, 0)

—

—

—

(¢, 1)

—

(¢,0)

Multiplying by the fixed R = [0, d] C Z we embed R = R x HT as the union of the two slices gR
and | R (see Definition 2.1 for slices), pictured in coordinates below:

(0,d,0) —

(0,0,0) —

— (a,d,0)

— (a,0,0)

and

(b,d, 1)

I
T

(b,0,1)

—_—

—

— (b,d,0)

T
T

— (,0,0)

—

—

In other words the region is nothing other than

—_—

—

(Ca d? 1)

(¢,0,1)

— (¢,d,0)

T
T

(¢,0,0)

—
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What we learn is that on this region there is a homotopy, the product with R € A of the homotopy
of Remark 4.11. We will denote this homotopy by the symbol

We will feel free to use this homotopy, its dual, and concatenate it into larger regions as in
Remark 2.9. On the slice oR of our region R the homotopy is the contraction to the initial object,
that is the homotopy

of Example 4.6 and Remarks 4.8 and 4.9. On the slice 1R we have the trivial homotopy, connect-
ing the identity map to the identity map.

5. The proof

It is now time to get down to the proof. We need to prove that the map 6 of Remark 3.19
induces a homotopy equivalence. To do so we embed § in the following commutative dia-
gram:
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+ +
—
-
-
- |
+ +
(6%
-
-+
tt X t t
-+
3
-
v
T7 T
—
N
—
- J
t 1
)
N
—
T x T T
-
-+

We need to prove that § is a homotopy equivalence. The commutativity of the diagram means
it suffices to show that «, B and y are homotopy equivalences.
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The maps 8 and y are similar, so we will deal with them first. Let us take . The map y is a
product y = f x g of two projections, as below:

- -
f
-+ -+
I S
and
Tt T 7 ¢
- g -~
- -~

We want to show that the two projections f and g are homotopy equivalences. The two being
dual, it suffices to show that f is a homotopy equivalence. We factor the map f as a composite

and it suffices to show that i and v are homotopy equivalences. For each of u and v we realise
only one simplicial structure. In the notation of Remark 3.7 we prove that the two maps
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-+ -+
I
-+ -
T T P
-+ -+
v
-+ -+

are both homotopy equivalences. The fact that v is a homotopy equivalence is dual to Lemma 4.7.
We need to show that w is a homotopy equivalence; we note

Caution 5.1. This is one of the points that requires us to know a little more about derivators.
After developing the theory of triangulated derivators, we will show that the map p induces an
equivalence of groupoids. See Proposition 8.13.

So far we have shown that, in the diagram on page 1422, the map y is a homotopy equivalence.
Next we move to the map B; the map S is the composite of

T 1
-
-
Y
N | 17t
t 1 -
-
! d
- |
T 7
J
47t
—
-
—
u |
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and it suffices to prove i and j are homotopy equivalences. Once again, we are free to realise
any of the simplicial structures we wish. For the map j we realize the simplicial structures as
indicated below

This homotopy shows, as in the proof of Lemma 4.7, that the map j is a homotopy equivalence.
The map i is more subtle. We realize only the groupoid structure; that is, we consider the
simplicial map

tt
—
-
—
N T t 7 ¢
t 1 R -
\ )
-+ J|
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Caution 5.2. Once again, to prove that this map is a homotopy equivalence is more subtle and
requires information we do not yet have, about triangulated derivators. As in Caution 5.1, Propo-
sition 8.13 will show us that the map i is an equivalence of groupoids.

Combining the results so far we have established that, in the diagram on page 1422, the maps g
and y are homotopy equivalences. Only the map « remains. We first note that in the diagram

+ +
-
—
-
- |
+ +
\
-
-
t 1t X tt
-+
-
fxg
-
-
t % x t 1t
-
-

it suffices to prove that both the map f x g and the composite (f X g) o @ are homotopy
equivalences; it then formally follows that so is . To see that each of f and g are homotopy
equivalences we first note that the two are dual to each other, hence it suffices to consider f. To
show that f induces a homotopy equivalence first note that it can be factored as the composite
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—

and it suffices to show that each of i and j induces a homotopy equivalence. For i we study the
map

and, as in the proof of Lemma 4.7, the homotopy
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contracts the fibers. For the map j the simplicial structure we realize is as below

and the fiber is contracted by the homotopy

It remains therefore to show that the composite (f x g) o « is a homotopy equivalence. The
map is just

xg)oa
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As always, we are free to realise any simplicial structures we wish. The map we will show to be
a homotopy equivalence is

-
-

xg)oa

We will show that the simplicial set on the left contains a deformation retract on which the map
(f x g) o« is an equivalence of groupoids. The key is to produce the deformation retraction. To
do it we need four homotopies. The first two of these are, in the notation of Remark 4.12,

—
—

We saw quite explicitly how to compute these homotopies in Section 4. What is relevant to us
now is that the homotopies connect the identity to a map ¢. We will describe ¢ by giving its local
shape; see 1.10. Given an object x € A2 our cosimplicial region gives H(x) C Z3, and a simplex
in the corresponding simplicial set is a string of isomorphisms of objects in D(H (x)°P). We split
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H (x) into its two slices o H (x) and | H (x), which have been drawn explicitly, with coordinates,
in Remark 3.5. With the conventions of Remark 4.8 the local shape is a pair of diagrams in D(e)

Zn,’n

Zoo —+ 0 —— Zon
! /
Qi — -+ — Q) — Rjo — -+ —— Ry,

/ /
Qo — =+ — Qp, — Roo —+ -+ — Ron

Py — -+ —— Py — Qjo — -+ —— Qjm

T [ T

Poo — - —— Py —+ Qoo — -+ — Qom
Yoo — -+ — Yu

Yoo

together with a map from the lower diagram to the upper diagram.
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The simplicial map ¢, which is homotopic to the identity, takes the simplex with the local
shape above to the simplex

Z’I’Hl

Z()() —_— . Z()n
(m+1) terms T T

Ry — -+ — Rjo — Rjo — -+ —— Rj,
J J J J

R()(] o ” R()U > R()U o 4 R()n

Pjg —+ -+ —— Pjy —+ Pjy —+ -~ —— Py

T I T
T I T

Po — -+ ——= Py —+ Py — -+ —— Pue
T T (m+1) terms
Yoo — -+ — Yy

Yoo

In other words the effect of the map ¢ is to replace the Q;; —> Q; ; by P;y —> R;o. We can
follow this by the homotopy of Remark 4.12
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—
—

—
—
. —
—
—
—
—
—

This homotopy connects the map ¢ above to a map . Now remember that Yy, and Zyo are
both isomorphic to the zero object in D(e); see Construction 3.4(i). The map i takes an object

in D(H (x)), with local shape pictured on page 1430, to the very special cell
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Zn'll

Zog —+ 1 —+ Zon
o — -+ — 0 — Zoo — -+ —+ Zon

T [ T

0O — -+ — 0 —— Zoo — -+ — Zon

Yo — 0 — Y — 0 — 0 — 0

Yip —+ 0 — Y — 0 — 0 — 0
Yo —+ 0 — Ya

YE) 0

We have a deformation retraction of the simplicial set onto a subset. And now we note

Caution 5.3. The objects, with local shape as above, decompose functorially as direct sums of
objects vanishing on all but the top right and objects vanishing on all but the bottom left. This is
true, but requires a more subtle understanding of triangulated derivators; the fact may be found
in Proposition 9.7.

Modulo Proposition 9.7 we have that the map (f x g) o « is homotopic to an equivalence of
groupoids, finishing the proof of Maltsiniotis’ conjecture.
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6. Cofinality and base change maps

This section sets up the elementary lemmas which we will use, time and again, in manipulating
(triangulated) derivators.

Lemma 6.1. Let D be a prederivator, let X,Y be objects of Dia and let u:X — Y be left
adjoint to the map v:Y —> X. Then u* :D(Y) —> D(X) is left adjoint to v* :D(X) — D(Y).
Furthermore if u is fully faithful then so is v*, and if v is fully faithful then so is u*.

Proof. Apply the 2-functor D to the unit n: 1 = vu and counit ¢ : uv = 1 of the adjunction,
to obtain the counit and unit of the adjunction u* 4 v*. O

Proposition 6.2. Let D be a prederivator, and let X be a category in Dia with a terminal object v.
Then the functor py :D(e) —> D(X) is fully faithful, its right adjoint

(X, —):D(X) — D(e)
exists, and I'y (X, —) is canonically isomorphic to the evaluation functor at the point v € X
v :D(X) — D(e).
Proof. Apply Lemma 6.1 withu =px:X —e. O

Proposition 6.3. Let D be a derivator. Let u: X —> Y be a map in Dia. Assume that u has a left
adjoint. Then the following assertions are true.

(i) For any object F of D(e), the canonical map
u)(Fx) =uwu™*(Fy) — Fy

is an isomorphism.
(ii) For any object G in D(Y), the canonical map

(Y, G) — I(X,u™(G))
is an isomorphism.

Proof. Let us first see that (i) implies (ii). Let p = py be the projection p:Y —> e. By (i) the
natural map wu* p* = p* is an isomorphism. Taking right adjoints we have an isomorphism
Dx —> psltu™, meaning that (ii) follows.

It remains to prove (i). Fix an object F € D(e). By Der 2 it suffices to show that, for every
point y € Y, the map

() w(Fx)y = (uwu"(Fy)), — (Fy)y

is an isomorphism. Now note that (Fy), = F, that y\Fx = Fy\x, and that Der 4 gives us a
canonical identification

I\X, Fy\x) = u(Fx)y.
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Hence the map (x) identifies with
LHO\X, Fpnx) — F,

which is an isomorphism by the dual of Proposition 6.2 and because y\X has an initial ob-
ject. O

Remark 6.4. Proposition 6.3 has a dual version (just apply it to D°P): ifamap u: X —> Y hasa
right adjoint then, for any object F of D(Y), the canonical map

N(X, " (F)) — I(Y, F)
is an isomorphism.

6.5. For a functor f: X — Y in Dia, and an object y of Y, we denote by X, = £~ 1(y) the fiber
of f over the point y. If f is a fibration in the sense of Grothendieck (see e.g. [7, Exposé VI]),
then the functor

Xy, — ¥\X, x> (x,1y)

has a right adjoint. Dually, if a map f: X — Y in Dia is an opfibration then, for any point y
of Y, the canonical functor X, —> X/y has a left adjoint.

Example 6.6. For us, the most important example of an opfibration will be the projection
X x W — W; see the proof of Lemma 7.6. The most important example of a fibration will
be the map X/y — X; see the proof of Proposition 7.8.

6.7. We set up a little more notation. Let u : X —> Y be map in Dia, let y be a point of ¥ and let
F be an object of ID(X). If i is the inclusion i : X, — X, we will write F, = i*(F’) for the object
F, eD(X,).If j: X, — X/y denotes the canonical functor, one then has j*(F/y) = F,. We
thus have a canonical morphism

F*(X/Ys F/)’) - F*(Xys Fy)-
One can check that the composed map

us(F)y — I(X/y, F/y) — I'\(Xy, Fy)

i

is the base change morphism associated to the pullback square below (see 1.9)
Xy ——

|}

Now that the notation is in place we make the following observations, about the way derivators
behave with respect to fibrations and opfibrations.

.
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Lemma 6.8. Let D be a derivator. Let f:X —> Y be an opfibration in Dia and F an object
of D(X). Then for any point y of Y the canonical map

fe(F)y — (X, Fy)
is an isomorphism.
Proof. In (6.7) we saw that the map of Lemma 6.8 factors as
Fu(F)y % DX /[y F/y) 51X, Fy).

The fact that « is an isomorphism is by Der 4. The fact that 8 is an isomorphism follows from
Proposition 6.3(ii), because the canonical functor X, —> X/y has a left adjoint. O

Proposition 6.9. We consider the following pullback square in Dia

X —= X

17

Y —=Y.
u
If the functor u is a fibration or if the functor f is an opfibration, then the base change map (1.9)
u* fu(F) —> gsv™(F)
is an isomorphism for any object F of D(X).
Proof. We first prove the result assuming that f is an opfibration. By Lemma 6.8 we already
know this property locally (i.e. when Y’ is the point). Moreover, as opfibrations are stable by

pullback (see [7, Exposé VI, Corollaire 6.9]), the functor g is also an opfibration. Let y’ be a
point of Y’, and consider the pullback diagram

X, oy tx

ﬂl L’J/ if
e ——Yy ——Y.

y' u

We can now apply Lemma 6.8 to the two pullback squares

y/iHX/ X;/LX
eHy’ e —Y
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obtaining isomorphisms, for every object F € D(X),

Y *u* fo(F) >~ y' * g v (F) = m i *v*(F).
That is the base-change map u™* f,,(F) —> g+v*(F), which is a morphism in D(Y"), induces an
isomorphism in D(e) for any y’:e —> Y’. By Der 2 we conclude that u* f,,(F) —> g4 v*(F) is
an isomorphism.

The case where u is a fibration is a direct consequence of the opfibration case. If u is a
fibration, then u°P is an opfibration. But cohomological direct image functors in D°P correspond
to homological direct image functors in ID. Thus, for any object F in D(Y’), the base change map
of D°P comes to

vg*(F) — fru\(F),

and must be an isomorphism. The right adjoint of the isomorphism v,g* = f*u, is the base
change map u* f, = g.v* of D. O

7. Basic properties of global cartesian squares
In this section we study global cartesian squares and their functoriality properties.

Proposition 7.1. Let D be a derivator and let u: X —> Y be a map in Dia. If u is fully faithful
then the two direct image functors

u:DX) — D) and u,:D(X)— D)
are both fully faithful.

Proof. The statements being dual, it suffices to prove that the functor u, is fully faithful. This is
equivalent to proving that, for any object F in ID(X), the counit map

er:u*uy(F)— F

is an isomorphism. Let F € ID(X) be an object and x € X a point. We have the following identi-
fications

(u*u*(F))x = u*(F)u(x)
=TI (X/u(x), F/u(x)).

But as the functor u is fully faithful the canonical map from X/x to X/u(x) is an isomorphism.
Hence there is a canonical isomorphism

Lo (X /u(x), F/u(x)) = I(X/x, F/x).
As the category X /x has a terminal object (x, 1), Proposition 6.2 identifies

I (X/x, F/x) = (F/X)(x,1,) = Fx.
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In conclusion we get a canonical isomorphism from (u*u,(F)), to F,, and one checks easily that
this is the evaluation of the counit map e at the point x. The result now follows from Der 2. O

Proposition 7.2. As in Proposition 7.1 let D be a derivator, and let u: X —> Y be a fully faithful
Sfunctor in Dia. An object F € D(Y) belongs to the essential image of u,:D(X) — D(Y) if
and only if, for every object y € Y — u(X), the unit of adjunction ng: F — u,u™F induces an
isomorphism

(MF)y: Fy — uxu™(F)y.

Dually, the essential image of uy:1D(X) —> ID(Y) consists of the objects F € D(Y) so that, for
all y e Y — u(X), the map

(er)y mu*(F)y — Fy
is an isomorphism.

Proof. The two statements being dual, it suffices to prove the assertion for u.. Proposition 7.1
tells us that the functor u, is fully faithful. Formal properties about adjoints of fully faithful
functors yield that

(1) The natural transformation ¢ : u*u, — 1 is an isomorphism.
(2) An object F € D(Y) belongs to the essential image of u, if and only if the map nr: F —
uu* F is an isomorphism.

The axiom Der 2 (the conservativity axiom) says that the map ng: F — wu,u™F will be an
isomorphism if and only if, for every point y € Y, the induced map

Mr)y: Fy — ”*u*(F)y

is an isomorphism. What the proposition asserts is that it suffices to check the points y € Y —
u(X); in other words we will show that, for every y € u(X), the map (), is automatically an
isomorphism.

Formal facts about adjoints tell us that the composite

Eu*(F)
—_—

u*np
u*F —= u*uu*(F) u*F

is the identity. The fact that u, is fully faithful gives (see fact (1) above) that the map &,+(f) is
an isomorphism. It follows that u*nr must be the 2-sided inverse of the isomorphism &,«(r); it
is invertible. But then, for any point x € X, we have that

xX*u*np x*u*F — x*u uu*(F)

is an isomorphism. This precisely asserts that (n7)u(x) : Fux) —> U™ (F)y(x) must be an iso-
morphism. 0O
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Proposition 7.3. Let D be a derivator. We will use the notations of 1.14. We have a func-
tor o : _| —> O from the ‘corner category’ to the ‘square category.” We consider an object C
of D(Q). Then the following conditions are equivalent:

(1) The global commutative square C is cartesian.

(ii) The unit map C —> 0,0 *(C) is an isomorphism.
(iii) The object C lies in the essential image of the functor o, :D(_1) — D(O).
(iv) One has a canonical isomorphism Coy.0 =~ I'x(_, c*(C)).

Proof. The equivalence (i) <= (ii) is almost by definition; C is cartesian if and only if, for
every object B € D(0O), the map

Hompg) (B, C) — Homp (o™ B, 0*C) = Hompg) (B, 040 *C)

is an isomorphism. This is equivalent to C —> 0,0 *(C) being an isomorphism.

Next observe that the inclusion o : _J < O is fully faithful, and Proposition 7.1 tells us that
ox:D(J) — D(O) is also fully faithful. The formal properties of adjoints of fully faithful
functors say that (ii) is equivalent to (iii). Proposition 7.2 tells us that (iii) happens if and only if
Cy — 04,0*(C), is an isomorphism for the one point in O — _J, that is for the point y = (0, 0).
The base change axiom tells us that .0 *(C), ~ I'y(d, 0*(C)) and hence the equivalence of (iii)
and (iv). O

7.4. Given a triangulated derivator D and an object W € Dia, it is possible to form a new trian-
gulated derivator Dy . We saw, in Caution 3.14(i), the role this derivator plays in the additivity
theorem and in its proof. In the remainder of this section we will define Dy, prove that it sat-
isfies the axioms of a triangulated derivator, and study the relation between cartesian squares
in Dy (0O) and cartesian squares in D(O).

Let D be a derivator and W a category in Dia. One defines a prederivator Dy as follows. For
any category X in Dia,

Dy (X) =D(X x W).
For a functor u : X — Y in Dia, one has an inverse image functor given by
u* = (ux ly)*: Dy (¥Y) — Dw (X)),
and similarly for 2-cells. For any point w of W and any category X in Dia, one defines a functor
Dw (X)) — D(X), F+— F,
py the formula Fy, = (1x x w)*(F). This notation is compatible with the similar one introduced
" 6A?1y functor u : X — Y in Dia has a (co)homological direct image functor in Dy . For exam-

ple, the cohomological direct image u, of u in Dy is defined as the cohomological direct image
of u x 1y in D.
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Lemma 7.5. Let X be a category in Dia. The family of functors indexed by points w of W
Dy (X) — D(X), Fr— F,
is conservative.

Proof. Immediate, since the family of functors Dy (X) — D(X) — D(e), taking F to Fy,
t0 F(x w), is conservative. 0O

Lemma 7.6. Let X be a category in Dia and F an object of Dy (X). Then, for any object w
of W, the canonical map

I (X, F)y — (X, Fy)
is an isomorphism in D(e).

Proof. We consider, for any point w of W, the following cartesian square
X x W
q l l p

e

where p denotes the canonical projection. If we consider F as an object of Dw(X), then
I'y(X, F) = p«(F) in Dy (¢) = D(W). But p is an opfibration so that, by Lemma 6.8, we have a
canonical isomorphism

(Ix,w)
L x

[
w

Px(F)w = (X, (1x x w)*(F)) = T(X, Fy).
If we translate, using the notations of 7.4, we obtain a canonical isomorphism
(X, F)y =~ T(X, Fy).
Hence the result. O

Proposition 7.7. A global commutative square C in Dy is cartesian if and only if, for any point w
of W, the global commutative square Cy, is cartesian in .

Proof. Let o: | —> O be the canonical inclusion. Applying Lemma 7.6 with X = _| and
F =0*(C), we obtain a canonical isomorphism

I(d,0%(0)),, = Tu(d, 0" (C)w) = T(J, 0%(Cw)).
The result now follows from criterion (iv) of Proposition 7.3 and Lemma 7.5. O

Proposition 7.8. Let D be a derivator and let W be a category in Dia. Then Dy is also a
derivator. Moreover, if D is pointed (respectively triangulated) then so is Dy .
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Proof. It is straightforward to check Der 1, 3 and 5. The conservativity axiom (Der 2) comes
from Lemma 7.5. We need to check the base change axiom (Der 4). We proceed as follows. Let
u:X —> Y be a functor in Dia, y a point of ¥, and F an object of Dy (X) =D(X x W). We
then have the canonical pullback square below (see 1.1)

X/yi—>x

u/yl l

Y/y —=7Y.
J
The product with W thus gives the following pullback square

i><1W
X/yxW —XxW

u/yxlwi \Luxlw

Y/yxW —Y x W.

Jxlw

The functor j is a Grothendieck fibration. As Grothendieck fibrations are stable by pullback, the
functor j x ly is a fibration as well. From Proposition 6.9 we have a canonical isomorphism

(> Iw)*(u x Lw)«(F) 2 (u/y x 1w)«( x 1w)*(F)

in D(Y/y x W) =Dw(Y/y). If we consider F' as an object of Dy (X) and use the notations
of 1.9, this isomorphism can also be written

us(F)/y = u/y)«(F/y).

This leads to an isomorphism

L(Y/y, us(F)/y) = Ty (Y/y, u/y)+(F/y)) = T(X/y, F/).

As the category Y/y has a final object (namely (y, 1)), Proposition 6.2 (applied to Dy ) tells us
that one has a canonical isomorphism

s (F)y =y us(F) = (v, 1)) (e (F)/y) = L (Y )y, us(F) /).
Hence we have produced a canonical isomorphism
us(F)y = I(X/y, F/y).
The base change axiom is thus proved for Dyy.

It is easy to see that Der 6 for D implies Der 6 for Dy . In other words, if ID is pointed then so
is Dw.
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Now assume Der 7 holds for ID. Proposition 7.7 and its dual tell us the following. If C is a
global commutative square in Dy then the following are equivalent

Cis Cy is Cyis Cis
cartesian ; <—> cartesian — cocartesian <= { cocartesian
in Dy inD, YweW inD, YweW in Dy

which means that Der 7 holds for Dy . In other words if D is triangulated then so is Dy. O

7.9. Let D be a triangulated derivator. In Theorem 1.17 we learned that the category D(e) is tri-
angulated. The proof, which we do not include in this article, teaches us further that the triangles,
as well as the suspension functor, can be described explicitly as follows.

Since D is a pointed derivator, Der 1 and Der 3 ensure that the category ID(e) has finite prod-
ucts and coproducts, and Der 6 implies that D(e) also has a zero object that we denote by 0 (that
is 0 is both an initial and a terminal object in D(e)). Let I be the category associated to the graph

0~—1
We then have two functors
s=0:e— 1 and t=1:e—I.

The functor s is a closed immersion, and the functor ¢ an open immersion. We define two endo-
functors of D(e), the suspension functor ¥ =t’s,, and the loop functor 2 = s't,. It is clear, by
construction, that the suspension functor is left adjoint to the loop functor. Der 7 implies that the
suspension functor is an equivalence of categories. We sketch the argument: One can produce
in a functorial way, for any object F' in D(e), a cocartesian global commutative square that is

locally of the shape

F——0

|

0—— X (F).

(We invite the reader to have a look at the situation described in 9.4 to understand the manipula-
tion of the functors s' and 7”.) One can also show that if X is invertible, then the category D(e)
is additive. For this one proceeds as in algebraic topology. One can also define a class of distin-
guished triangles in D(e) as follows. Let (7 be the category corresponding to the graph

0,0) =<— (0,1) =—(0,2)

]

1,0) =— (1, 1) =— (1, 2).

We have three embedding functors from the square category O (see 1.14) to O».
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a:0 — Oy, @ ) — @, j)s
b:0 — Oy, G, N— G j+1,
c:0 — O, @, j)— (,2)).

A global triangle in D is an object T' of D(O2) such that T 9 = Tp 2 = 0 and such that a*(T")
and b*(T') are cocartesian. The object T is then locally of shape

To,0 Tp,1 0
0 T4 T 2.

One can show that for any global triangle 7', one has a canonical isomorphism X7y o >~ T1 .
Hence we get a triangle in D(e)

Too — To1 — T,y — X Topp.

We say that a triangle in D(e) is distinguished if it is isomorphic (as a triangle) to a triangle
obtained from a global triangle as above. A precise statement of Theorem 1.17 is that, with
these definitions of the suspension functor X and of distinguished triangles, one has defined
a triangulated category structure on D(e). Note that Der 5 allows us to extend any morphism
in D(e) to a distinguished triangle.

Corollary 7.10 (Maltsiniotis). Let D be a triangulated derivator. For any category X in Dia the
category D(X) is canonically endowed with a structure of a triangulated category. Furthermore
for any functor u: X — Y in Dia the inverse image functor u* : D(Y) — (X)) is triangulated.

Proof. Let X be any category in Dia. By Proposition 7.8 the derivator Dy is triangulated, and by
Theorem 1.17 the category Dy (e) = D(X) is triangulated. The second assertion, on the exactness
of inverse image functors, comes from the definition of distinguished triangles (7.9) and from
Proposition 7.7. O

8. Completion by pullback

In the proof of the additivity theorem we twice run into the following situation. We are given a
morphism j: V — X in Dia, and we want to know that some (explicit) subcategory € C ID(X)
maps fully faithfully, onto its image € C D(V), under the functor j*:D(X) — D(V).
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Example 8.1. Consider a triangulated derivator D and let X be the category associated to the
following poset

0,1) =—(0,2) =— (0,3)

N

(1,0) (1, 1) 1,2) =— (1,3) =— (1,4)

U

2,0) 2,1 2,2) =— (2,3) =— (2,4).

Define C to the full subcategory of ID(X), made up of objects F' which are locally of the shape

Fo,1)) —— Fo,2 — Fo.3)

o

Fa,0 Fa,n Fa, —— Fa3 —— Fag
Fo,0) Fo Fo2 —— Fo3 —— F24),

and furthermore satisfy
(i) The object Fp,3) is isomorphic to zero in D(e).
(i) All the commutative squares are homotopy cartesian; this can be reformulated saying that,

for any map of regions i :(0 —> X, the pullback i *(F) is cartesian in D(0).

Consider also the subcategory V of X defined by the diagram below

(1,0) (1, 1) 1,2) =— (1,3) =— (1,4)

U

2,0) 2,1 2,2) =— (2,3) =— (2,4).

If j: V — X denotes the inclusion (which is an example of open immersion), then the functor
C— D(V), F+— j*(F)
is fully faithful. The image may be identified as the full subcategory €' C D(V'), whose objects

satisfy the analog of (ii) above; all commutative squares are homotopy cartesian. The proof is by
a combination of Proposition 8.13 and Remark 8.10 below.

Remark 8.2. The above is a very simple example. The examples that come up in the proof of
additivity may be found in Cautions 5.1 and 5.2. Note that, in the proof of the additivity theorem,
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we only need to know that the functor j*:ID(Y) —> D(X) takes the isomorphisms in € C D(Y)
bijectively to the isomorphisms in the image €’ C ID(X); we care only about the groupoids.

In what follows we formulate some facts, ever so slightly more general than we need. Together
with their duals they easily cover what is used in Cautions 5.1 and 5.2.

8.3. Let us fix a derivator D. Let n > 1 be an integer, and let (J,, be the category associated with
the graph

0,0) O, 1) 0,n)

] !

(1,0) 1,1 (1, n).

We consider given a region X (see 2.1) and a closed immersion in Dia
k:0d, — X.
For an integer 0 < i < n, we define U; to be the full subcategory of X made of objects x # k(0, j)

for 0 < j <n —1i — 1. In other words U; contains the points of X — k(OJ,), as well as the
subdiagram of k(OJ,,) below:

kO,n—i) =— -+ <—— k(0,n)

| !

k(1,0) <— --- =~—k(l,n—i) =— --- =<— k(1,n).

For 1 <i < n, wedenote by j; : Ui_1 —> U; the inclusion functors, which are open immersions.
Remember that 0 = is the square category (see 1.14). We have functors

u; -0 — U;
defined by the formula u;(e,n) = k(e,n + n — i). Let _J be the corner category, and

0 :_1 —> O the inclusion functor. Then we have the cartesian square below, which defines
the functor v; : .| — U;_;

]
Ui-1 — U;.
Ji
We know from Proposition 7.1 that the cohomological direct image functor

i)+ :DUi—1) — D(U))

is fully faithful. The next lemma and proposition will describe its essential image.
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Lemma 8.4. Let G be an object of D(U;_1). Then there is a canonical isomorphism

(i) (G@n—i) = T (I, vf (G)).
Proof. By the base change axiom we know that

()« Gk.n—iy = T(Ui=1/k(0,n — i), G/ kO, n — i)).
It is clear that the functor v; factors canonically through a functor
w: l— Ui—1/k0,n—1).
Since v/ (G) = w*(G/k(0,n —i)) we have first that
(1, 0](G) = I (J, w*(G/k(0, n — i))).
We deduce a canonical map
L (Uic1/k0,n — i), G/k(0,n — i) —> Iy (J, w*(G/k(0,n — 1)) = I (I, v1(G)),

and we have to show that it is an isomorphism. By Proposition 6.3(ii) it suffices to prove that the
functor w has a left adjoint, which is easily verified. O

Proposition 8.5. An object F of D(U;) is in the essential image of the functor (j;)« if and only if
the global commutative square u} (F) is cartesian.

Proof. By Proposition 7.2 the object F belongs to the essential image of (j;) if and only if, for
the unique point y = k(0,n — i) in U; — U;_1, the map Fyo,n—iy —> (i)« J; (F)k©0,n—i) i an
isomorphism. Lemma 8.4, applied to G = j*(F'), gives us an isomorphism (j;)« j;* (F)k(0,n—i) ==
Fo(J,0] jF(F)) = I (d, o*u? (F)), while Fy,,—) is clearly isomorphic to u} (F)o,0. That is
F belongs to the essential image if and only if the natural map

ul(F)oo — Ik (J , U*M;F(F))
is an isomorphism. Now Proposition 7.3, applied in the case of C = u} (F), ends the proof. O
8.6. We keep the notation of 8.3. Let j = jo: Up —> X be the inclusion functor. For any integer 7,

1 <i <n we had maps j; :00 —> U;, where the composite 1 —> U; —> X is the functor
defined by the commutative square in X of shape

kO,n —i) = k(0,n—i+1)

T T

k(l,n—i) =< k(l,n—i+ 1).

We can now characterize the essential image of the functor j, as follows.
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Proposition 8.7. An object F of D(X) is in the essential image of the functor j,:D(Ugy) —>
D(X) if and only if, for any integer i, 1 < i < n, the global commutative square j*(F) is carte-
sian.

Proof. In the category Dia we have an identity j = j,j,—1---j2j1. Because D is a strict
2-functor we conclude that j* = j{j5 --- ji_, jr. Taking right adjoints we have that j, is canon-
ically isomorphic to the composition of the functors

(o) (J2)x (n—1)x ()
D(Up) ——— D(U1) D(Un-1) —— D(Up) =D(X).

Proposition 8.5 characterizes for us the essential image of each of the fully faithful functors (j;)«;
the proposition amounts to concatenating these characterizations. O

Of course there are other possible characterizations of the essential image of the map
J« :D(Ug) — D(X). For example one can prove the following:

Proposition 8.8. For each i, 1 <i < n, define a functor £; :(0 —> X by taking O isomorphically
to the square

kO, n —i) =<—— k(0,n)

| T

k(1,n—i) = k(1,n).

An object F of D(X) is in the essential image of the functor j,:D(Uy) —> D(X) if and only if,
for any integer i, 1 <i < n, the global commutative square €; (F) is cartesian.

Proof. The proof is a minor variant of what we have seen above so will give only a sketch,
leaving the details to the reader. By Proposition 7.2 we know that F is in the essential image
of j. if and only if, for all points y € X — Up, the map Fy, —> j,j*(F), is an isomorphism.
The points y € X — Uy are of the form k(0,n — i) with 1 <i < n, which means that each such
y =k(0,n —i) can be written as £; (0, 0) with ¢; : 0 — X as in the statement of the proposition.
It is trivial that Fy = y*(F) = (0, 0)*¢*(F) = £;(F)o,0. As in Lemma 8.4 we identify j.j*(F),
with I, (L, 0*€7(F)). Thus F is in the essential image of j, if and only if all the maps

CE(F)o,0 — Tu(J, 0%/ (F))
are isomorphisms. By Proposition 7.3, applied in the case of C = £;(F), the result follows. O

Corollary 8.9. With the notation as above, let F be an object in D(X). We have the equivalence

of

(i) The global commutative squares j*(F) are cartesian, for all 1 < j < n.
(ii) The global commutative squares £ (F) are cartesian, for all 1 < j < n.
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Proof. By Propositions 8.7 and 8.8 each of (i) and (ii) is equivalent to F being in the essential
image of j,. O

Remark 8.10. Let us look at the special case where n =2 and X = is the category

0,0) =<— (0,1) =— (0,2)

]

1,0) =— (1, 1) =— (1, 2).

The inclusions j; and ¢; are identical; we have three functors 0 —> X, namely j; = €1, {»
and j,. They give subcategories

0,0) =<— (0, 1) 0,0) =— (0,2) 0,1) =<—(0,2)

L A R

1,00 =— (1, 1) (1,0) =— (1,2) 1,1) =— (1,2).

Of these the first is the image of j;, the second of £, and the third of j; = £;. We learn that, for
an object of D(X), we have

J{(F) and j3(F) JE(F) and £5(F)
are both cartesian are both cartesian

Dually,

J{(F) and j3 (F) J3(F) and £5(F)
are both cocartesian are both cocartesian

If D is a triangulated derivator this simplifies to saying that the three global commutative squares
Ji(F) =£7(F), j5(F) and £5(F) are cartesian = cocartesian if any two of them are.

Next we make a general observation about pointed derivators. Recall that, for any pointed
derivator D, the categories D(X) all have zero objects 0.

Proposition 8.11. Let D be a pointed derivator and v:V —> U an open immersion in Dia. Then
the functor

v :D(V) — DU)

is fully faithful, and its essential image consists of the objects F of D(U) such that F,, >~ 0 for
any point u of U that is not in the image of v.

Proof. The fact that v, is fully faithful comes from Proposition 7.1. By Proposition 7.2, F be-
longs to the essential image of vy if and only if, for every point u € U — v(V'), the natural map
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(v)w*(F), —> F, is an isomorphism. To prove the proposition it suffices to show that (v)(G),
vanishes for every object G of D(V).

But now the facts that v is an open immersion, and that # € U does not lie in the image of v,
mean that u\V = @. Der 1 says that D(u\ V) = D(@) = {0}. Der 4 gives the formula

WGy = iw\V,u\G) = I(4,0) =0.
Hence the result. O

8.12. We return to the assumptions and notations of 8.3 and 8.6. We assume furthermore that the
derivator D is pointed. We denote by V the full subcategory of X made of objects x of X such
that x # k(0, i) for 0 <i <n.Let vg: V —> Uy be the inclusion functor. One sees easily that it
is an open immersion. We will write v: V — X for the inclusion functor.

Proposition 8.13. Let D(X),, be the full subcategory of D(X) whose objects are the F’s such
that, for any integer i, 0 <i <n — 1, j*(F) is cartesian, and furthermore Fi( n) =~ 0. Then the
functor

D(X)y —> D(V), F — v*(F)
is an equivalence of categories.

Proof. The inclusion vg: V — Uy is an open immersion, hence Proposition 8.11 applies. The
essential image of (vg);:D(V) — D(Uy) is the subcategory D(Up)g C D(Up), whose objects
are the F’s such that Fy( ) =~ 0. The adjoint v(’)" :D(Up) — D(V) maps the essential image
of (vg), by an equivalence of categories onto D(V'). Hence v(“; :D(Up)o —> D(V) is an equiva-
lence of categories.

Next let D(X)’ be the full subcategory of D(X) whose objects are the F’s such that, for any
integer i with 1 <i < n, the global commutative square j*(F) is cartesian. Proposition 8.7 tells
us that the functor

D(X)" — D(Vo), Fr— j*(F)

is an equivalence of categories. The combination of the two equivalences of categories above
implies the result. 0O

9. Split gluing

It may happen that the category ID(X) has a natural subcategory which splits as a product. In
Caution 5.3 we met such a situation; we made an assertion, which this section will prove.

Proposition 9.1. Let D be a pointed derivator and let i : Z —> X be a closed immersion in Dia.
Then the functor

ix:D(Z) — D(X)

is fully faithful, and its essential image consists of the objects F of D(X) such that Fy >~ 0 for
any point x of X that is not in the image of i.
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Proof. Apply Proposition 8.11 to D°P. O
9.2. In the remainder of this section we consider the following situation. Let
Ul x4z

be two maps in Dia such that j is an open immersion, i is a closed immersion and j(U) =
X —i(Z). First we prove

Lemma 9.3. Let D be a pointed derivator. With the notation as in (9.2) and F € D(X) any object,
we have the equivalence

{j*(F):O} — {F:i*(G)forsomeGE]D(Z)}.

Proof. Proposition 9.1 asserts that F lies in the essential image of i, if and only if F, ~ 0 for all
x € X —i(Z). By assumption X —i(Z) = j(U), so F is in the essential image of i, is and only
if Fju) = j*"(F),~0forall u e U.Der 2 implies that this is equivalent to j*(F) ~0. O

94. With j:U — X, i:Z —> X as in 9.2, assume further that D be a triangulated derivator.
The fully faithful functor ji:D(U) — D(X) has a right adjoint j*:D(X) — D(U). Corol-
lary 7.10 tells us that these are exact functors of triangulated categories. Lemma 9.3 tells us that
the kernel of j* is the image of the fully faithful functor i, :ID(Z) — D(X). It follows that j*
is naturally identified as the map from D(X) to the Verdier quotient D(X)/i,. ID(Z); the reader
can find this, for example, in the statement and proof of [29, Proposition 9.1.18]. We have the
following triangulated functors between triangulated categories

D) L Dx) 5 D(2),
D) <= D(X) <= D(2),
D) 25 Dx) L D(2).

The middle row is naturally identified as i, D(Z) — D(X) — D(X)/ix D(Z), the top row
is obtained by taking left adjoints and the bottom row by taking right adjoints. We have the
following vanishing formula

i*ji>~0, J¥ie >0, i'je >0,

and the functors ji, j. and i, are fully faithful (Proposition 7.1). In other words, we are in the
situation of the six gluing functors as defined in [1] (see also [29, §9.2]). The functor ji can be
thought of as the functor that extends a ‘sheaf” on U by 0, and dually, the functor i, can be
regarded as the functor extending a ‘sheaf” on Z by 0.

Let E be a full triangulated subcategory of D(X) stable by the functors j,j* and i,i*. Denote
by Ey (respectively by Ez) the full subcategory of E whose objects are the F’s in [E such that
i*(F) >~ 0 (respectively such that j*(F) =~ 0). We then obtain a functor

S:E—Ey xEz,  Fr— (jij*(F),ii*(F)).

We want to find sufficient conditions for S to be an equivalence of categories.
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Example 9.5. Let X =, (see 8.3 for the notation). Define U to be the full subcategory of X
whose objects are the pairs (i, j) fori =0, 1and j = 1,2, and set Z = X — U. Then the inclusion
of U in X is an open immersion. Define [E to be the full subcategory of ID(X) whose objects are
the objects F' which are locally of shape

Fo,0 —— 0 —— Fo,2

R

Fa,00 ——= 0 ——= Fa,2.

Then Ey (respectively Ez) is simply the full subcategory of ID(X) whose objects are the ob-
jects F such that F; jy >~ 0 for j # 2 (respectively for j # 0). Proposition 9.7 will show that the
map S:E — Ey x Ez is an equivalence of categories. The technical condition, that needs to
be verified in applying Proposition 9.7, comes down to saying that for any (i, j) € X — U (this
just means that j = 0), (i, 1) is a terminal object of the poset U/(i, j), and that the objects of E
vanishes on the points (i, 1).

Remark 9.6. Example 9.5 is very simple. In the proof of additivity we apply Proposition 9.7 to
more complicated regions; see Caution 5.3.

Proposition 9.7. With the hypothesis given in 9.4, suppose that, for any point z of Z, the category
U/i(z) has a terminal object. Suppose further that, for any point z of Z and for any object F
of E, we have F ) =0, where (u, f) is any terminal object of U/i(z).2 Then the functor

S:E— Ey xEg, Fr— (jij*(F), isi*(F))
is an equivalence of categories.
Proof. We define a functor
T -Ey xEzy —E

by the formula T (F, G) = F @ G. The proof will consist in showing that the functor 7 is an
equivalence of categories. Since ST :Ey x Ez — Ey x Ez is clearly naturally isomorphic to
the identity, it would then follow that S is a quasi-inverse of T, in particular an equivalence.

Formal facts, about fully faithful triangulated functors with adjoints, tell us that, for any ob-
ject F of D(X), we have the following canonical distinguished triangle:

J*(F) =5 F =5 iyi*(F) — Zjij*(F). (1)
Here ¢ : jij* = 1 is the counit of adjunction, while n: 1 = i,i* is the unit. The reader can find
this, for example, in the proof of [29, Proposition 9.1.18]. We will show that, for any F and G

in [E, one has

Hom(i.i* (F), jij*(G)) =0. @

2 Recall: u is an object of U, and f a map from j(u) to i(z).
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If we let G = X'F in (2) above, we find that the triangle (1) above splits whenever F is in E.
That is F >~ jij*(F) @ i,i*(F) = T S(F). It follows that the functor T is essentially surjective.
Since we always have

Hom(jj*(G), i+i* (F)) = Hom(j*(G), j*i+i* (F))
and j*i, = 0, the assertion (2) also implies that any map G & F — G’ @ F’/, with G, G’ € Ey
and F, F’ € Ez, must be of the form g @ f for some g:G —> G’ and f: F —> F’; that is (2)
implies that the functor 7 is fully faithful. It remains to prove (2).

The formula

Hom(i,i* (F). jij*(G)) = Hom(i* (F).i' jLj*(G))

shows that it suffices to prove that, for any object F of [E, one has
i'juj* (F) =0.
For any object G of ID(X) one has a canonical distinguished triangle
i+i'(G) — G —> j, j*(G) — Zisi'(G).
Putting G = j,j*(F) we obtain a distinguished triangle
it juj(F) = juj*(F) —> juj* juj*(F) —> Zisi*jij*(F).
Remembering that j* ji is naturally isomorphic to the identity this simplifies slightly to
b 1] (F) —> ji*(F) = juJ*(F) —> Ziaijij*(F).
Applying the functor i* we obtain a distinguished triangle
iy o (F) — i juj* (F) — i* ju j* (F) —> Zi*id'j j*(F).

Recalling that i*i, is naturally isomorphic to the identity and i*j) ~ 0, this simplifies to an
isomorphism

i*ju " (F) = Zi' jj* (F);

we want to show the vanishing of i'ji j*(F), which is equivalent to the vanishing of i* j, j*(F).
By Der 2 this reduces further to showing that, for all points z € Z, we have (i* j.j*(F)), >~ 0.
Let z be a point of Z. We have the canonical identifications

(" " (F)), = (juJ " (F)); (., = Iu(U/i(2), j*(F)/1(2)).
By assumption the category U/i(z) has a terminal object (u, f), so Proposition 6.2 tells us that
I(U/i@), j*F/i@) = (j*F/i(@),, 5 = Fjw =0

Hence the result. O
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10. Exact morphisms of derivators and strictification

It is time to worry about the functoriality of derivator K -theory. In this section we define
morphisms of derivators. It is clear from the definitions that any strict, exact morphism of deriva-
tors @ :D —> D’ will induce a map in K -theory. Unfortunately this is not enough for us; in
Section 11 we will want to look at maps induced by non-strict, exact morphisms of derivators.
In this section we will learn how to construct such morphisms, and why they induce maps in
K -theory.

10.1. We define morphisms of prederivators as morphisms of 2-functors. More explicitly, a mor-
phism of prederivators (@, 8) : D(X) —> D'(X) consists of two items of data

(i) For any object X € Dia there is given a functor @y : D(X) —> D' (X).
(i1) For any map u: X — Y in Dia there is given a natural isomorphism S, : u*®y — ®xu*.

These must satisfy the following properties:

(1) fu:X — Y and v:Y —> Z are composable maps in Dia, then the composite of the two
2-cells

DZ) — " oDy — . D(X)
q)zl Bu ﬂ (11/), Bu ﬂ l@x

D(2) ——— D'(¥) ——— D(X)

equals the 2-cell

(2) For any 2-cell in Dia

one has a* 8, = B,a*.

A morphism of prederivators @ :ID — IV is strict if, for any map u: X — Y in Dia, the iso-
morphism B, is an identity (so that we then have u*®y = @ xu™ in a coherent way). Prederivators
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form a 2-category; the composition of morphisms of prederivators is hopefully obvious, and the
2-morphisms are the natural isomorphisms.

Let D and I be two derivators and @ :ID — I’ be a morphism of derivators. Then, for any
map u: X —> Y in Dia, we have the canonical 2-cells

ru:Pyus — u Py, 3)
l, @y —> Pyu. 4)
The map ry, is defined as follows. It corresponds by adjunction to the map
Woyu, ~ dxutu, — dx
obtained by composing the counit u*u, — lp(x) with @x and then composing with S, u... The
map /, is defined in the dual way, using u, instead of u, and 8, !instead of Bu.
A morphism of derivators @ :ID — D is right exact (respectively left exact) if, for any in-
creasing map u : X —> Y between finite partially ordered sets, the 2-cell r,, (respectively [,,) is

an isomorphism. A morphism of derivators is exact if it is both right exact and left exact.

Remark 10.2. A morphism of derivators @ :ID — I’ is right exact if and only if the induced
morphism @ :D°P — /P is left exact.

Example 10.3. For any exact functor &€ —> &’ between exact categories, the induced morphism
of derivators }D)Ié — ]D)lé, is exact (see for example [2, 4.11 and 4.12]).

Proposition 10.4. A morphism of derivators ® :D —> IV is right exact if and only if. for any
finite partially ordered set X and any object F of D(X), the canonical map

@ (X, F) — [u(X, @x(F))
is an isomorphism in ' (e).
Proof. This is obviously a necessary condition. To prove that it is sufficient, let #: X — Y be a
map between finite partially ordered sets in Dia and F be an object of D(X). We want to show
that the map

ry(F): @yus(F) —> us e @x (F)

is an isomorphism in I'(Y). But using Der 2 in I’ it is sufficient to check that, for any point y
of Y, the map

((DYM*(F))y = q)e(u*(F)y) - (u*q)X(F))y
is an isomorphism in I’ (e). The base change axiom in ID gives

ux(F)y = T(X/y, F/y)
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and the base change axiom in I’ gives
(u:®x(F)), = [ (X/y, @x(F)/y) 2= [ (X/y, @x/y(F /).
We are thus reduced to proving that the canonical map
DI (X/y, F/y) — T(X/y, @x/y(F/))
is an isomorphism in D' (e), which is true by assumption. O

Example 10.5. Let D be a derivator and let a: V —> W be a map in Dia. We have two deriva-
tors Dy and Dy (see 7.4). There is a strict morphism of derivators

a* :DW —> Dv;
the formula is that, for every object X € Dia,
ay =(lx xa)* :Dw(X) =D(X x W) — D(X x V) =Dy (X).

We assert that the morphism a* is exact.
To prove this, first note that it suffices to show the right exactness: this will imply that

(aOP)* :D%F,’op — ]D)(‘)}:,p

is right exact too, which implies that a* is left exact. Next we use Proposition 10.4. Let F be an
object of Dy (X). We want to prove that the canonical map

a* (X, F) — (X, a*(F))
is an isomorphism in Dy (e) = D(V). By virtue of Lemma 7.6 we have, for any point v of V,
(@* (X, F)), = TW(X, Faw)
>~ I (X, Fa))
~ (X, a"(F))
~ (X, a*(F)),.

Hence our claim is proved using Der 2.

Example 10.6. Let D be a derivator and a: V —> W be a map between finite partially ordered
sets in Dia. We can then define a (non-strict) morphism of derivators

Ay Z]DV —> ]D)W
by

(ax)x = (x xa), : Dy (X) =D(X x V) — D(X x W) =Dw(X)
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for any category X in Dia. For any map u#: X — Y in Dia, we still have to define an isomor-
phism

Bu:(a)yu* =y x a)e(u x 1y)* — (u x Iy)* (1x X a)sx =u"(ax)x.

The base change map (1.9) associated to the commutative square

MXlV
XxV —YxV

lxxal llyxa

XXxW——YxW

uxly
gives a map
ay s (U x 1w)*(Ix x @)y = u™(ax)x — (ly x @)x(u x 1y)* = (ax)yu™.
The map «,, is an isomorphism: this is a reformulation of the fact that the morphism of derivators
u*:Dy — Dy is right exact (see 10.5). We define 8, = au’l. It is obvious that the morphism of
derivators a is right exact: for any map u : X —> Y in Dia one has, by functoriality,
(lx X a)*(u X lw)#< = (M X lv)*(ly X a)*.
This implies that
(ly X @)s(u X Ty)s 2 (u X 1w)«(1x X a)«
which can be rewritten (a,)yus = uy(as)x. Dually, we also have a left exact morphism
a) 1]D)V —> DW
defined by the formula
(a)x=Ux xa):Dy(X)=D(X x V) — DX x W) =Dy (X)
for any category X in Dia.
Proposition 10.7. Let D be a triangulated derivator, and let X be a finite partially ordered set.
Then the category D(X) is generated as a triangulated category by the objects x,(M), where x
runs over the set of points of X, and M over the objects of D(e). In other words, the smallest full
triangulated subcategory of ID(X) that contains the x.(M)’s is the category D(X) itself.
Proof. We proceed by induction on the number 7 of elements of X. If n < 1 the assertion is
obvious, so that we can suppose that n > 2. Let U be the set of minimal elements of X, and
let j:U — X be the inclusion. It is clear that j is an open immersion. Set Z = X — U, and

i:Z — X the inclusion. If Z is empty then X = U has to be discrete, and once again our
assertion is trivial. Hence we may suppose that Z is not empty, which implies that the number of
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elements in U and in Z is strictly smaller than n. Moreover, according to 9.4, we are in the six
gluing functors situation. In particular, we have a natural distinguished triangle in D(X)

(*) JiT(F) > F — i, i"(F) — Xj,j*(F)
for any object F of D(X). It therefore suffices to show that:

(i) For any object F’ € D(U) the object ji(F’) lies in the category generated by x,(P), where
x is a point of X and P an object of D(e).

(ii) For any object F” € ID(Z) the object i, (F") lies in the category generated by x,(P), where
x is a point of X and P an object of D(e).

To prove (i) it helps to take the distinguished triangle (%) and put F = j,G for an object
G € D(U). We deduce a distinguished triangle

J17%Jx(G) = ju(G) —> ixi™ ju(G) —> Xjij" j«(G).
If we recall that j* j, is naturally isomorphic to the identity, this becomes
J1(G) = ju(G) —> ixi”* jx(G) —> Zji(G).

In other words ji(G) is in the triangulated category generated by j.(G) and i.(F”), for suit-
able F”. We conclude that, in the presence of (ii), proving (i) reduces to showing that every
object j,«(G) lies in the category generated by x,(P), where x is a point of X and P an object
of D(e).

But now induction applies. Every object F” € ID(Z) is in the subcategory generated by z,(N),
with z a point in Z and N an object of D(e). This means that i, (F") is generated by the objects
i+Zx(N), which are isomorphic to i (z)«(N) with i(z) a point in X. Similarly every object G €
D(U) is generated by the objects u,(M), with u a point in U and M an object of D(e). This
means that j,(G) is generated by the objects j.u,(M) =~ j(u).(M). O

10.8. Let D be a triangulated derivator. Remember that OJ is the following category:

(0,0) =<— (0, 1)

o - 1]

(1,00 =— (1, 1).

Proposition 10.9. Let @ :D — I’ be a morphism of triangulated derivators. The following
conditions are equivalent.

(i) The morphism ® :D — I is exact.
(ii) The morphism @ :ID —> I is right exact.
(iii) The morphism @ :ID — IV is left exact.
(iv) The functor ®,:D(e) —> D' (e) sends the zero object to the zero object, and the func-
tor & :D(O) — D'(O) sends global cartesian squares (see 1.14) to global cartesian
squares.
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(v) For any X in Dia, the functor @x :ID(X) —> D'(X) is triangulated, and for any map
u:X — Y in Dia, the 2-cell B, :u*®y —> Pxu* (see 10.1) is an isomorphism of tri-
angulated functors.

Proof. It is obvious that (i) implies (ii) and (iii). Using Proposition 7.3, it is also clear that
either (ii) or (iii) implies (iv). If condition (iv) is true for @ : D — I’ then, by Proposition 7.7,
it is also true for the morphisms

@X ZDX — D/X
defined by the formulas
(@x)y =Pyxx :Dx(¥Y)=D(Y x X) — D'(Y x X) =Dy (Y).

Using the definition of distinguished triangles (see 7.9), we conclude that (iv) implies (v). To
finish the proof it suffices to prove that (v) implies (i). We will prove that (v) implies (ii). Dually
we will have that (v) implies (iii), and (ii) and (iii) together are clearly equivalent to (i).

From now we assume that condition (v) is true, and will prove (ii). Let X be a finite poset
and x a point of X. If x :e — X is the inclusion then the category e/y is either empty or the
terminal category, depending on whether x < y. The base change axiom for the derivator D gives
the formula, for any object M € D(e),

M ifx <y,

M), >~ { !
X (M), 0  otherwise.

We compute therefore that

(Pxx: (M), = y" Py x, (M)
>~ @,y x (M) since y*dyx >~ P, y*
= CDe(x*(ju)y)

x~ (x*CDe(M))y,

where the isomorphism @, (x«(M)y) =~ (x+P.(M)), is because both sides are ®,(M) when
x <y and 0 otherwise. By Der 2 the canonical map must be an isomorphism

Dxxe(M) —> x, D, (M).

Letu: X — Y be a map in Dia between two finite posets. We want to prove (ii); we want to
show that, for any object F' of D(X), the map

Pyus(F) — uxPx (F)
is an isomorphism. Now the functors @y, @y and u, are triangulated by (v), and Proposition 10.7

implies that it is sufficient to consider the case where F' = x,(M), with x a point of X and M an
object of D(e). In this case, we have the following canonical isomorphisms
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Pyusxx(M) = Pyu(x),(M)
> u(x)Pe(M)
> Uy X5 P (M)
> U Pxxs(M).

This ends the proof. O

Example 10.10. Let D be a triangulated derivator and let i : Z — W be a closed immersion of
finite partially ordered sets. We define an exact morphism of triangulated derivators

i!IDW —> ]D)Z
by the formula
(i")y = Ux x D) : Dy (X) =D(X x W) — D(X x Z) =Dz(X)

for any category X in Dia. As in Example 10.6, we still have to define the coherent isomor-
phisms B, for any map u in Dia (with the notation of 10.1). Let u : X — Y be a map in Dia. By
Example 10.6 the morphism u;: Dy —> Dy is left exact, and the equivalence of (ii) and (iii) in
Proposition 10.9 allows us to deduce that u, : Dy — Dy is also right exact. Hence ©#; commutes
with the operators i. In other words we have a canonical isomorphism of functors

(X Ty (Ix X )y —> (Iy x D)x(u x 12)1.

By adjunction this provides an isomorphism of functors

Bu:u*(i'), = (u x 12)*(ly x i)' — (Ix x D)\ x 1y)* = (i') yu*.

It remains to show that the morphism i' is exact. By Proposition 10.9 it suffices to prove that the
functors (i')x = (1x x i)' are triangulated for any category X in Dia. But this follows from the
fact that (i) is a right adjoint of the triangulated functor

(Ix x ) :D(X x Z) — DX x W).

10.11. A morphism of prederivators @ : D — I is an equivalence if, for any category X in Dia,
the functor

Dx:D(X) — D'(X)

is an equivalence of categories. It is a standard fact about 2-functors that a morphism of pred-
erivators @ : D — I is an equivalence if and only if there exists a morphism ¥ : D’ — ID such
that @Y is isomorphic to the identity of I’ and ¥ @ is isomorphic to the identity of . Such a
morphism ¥ is called a quasi-inverse of @.
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Remark 10.12. Let D and D' be two prederivators and let @ : ) — I’ be an equivalence. Then
D is a derivator (respectively a pointed derivator, respectively a triangulated derivator) if and only
if I is a derivator (respectively a pointed derivator, respectively a triangulated derivator). If D
and D are derivators, then any equivalence @ is exact.

Remark 10.13. If @ :D — I is a strict morphism of prederivators which is an equivalence,
then there is no reason in general for there to exist a strict quasi-inverse of @. This is one of the
reasons we are not only dealing with strict morphisms of derivators. Nevertheless, we can always
strictify morphisms of (pre)derivators as follows.

Proposition 10.14. Let @ : D — ' be a morphism of prederivators. Then there are two strict
morphisms of prederivators

&' —D and "D —D,

with @ an equivalence, and an isomorphism ® ®' >~ &”. In other words, there is an essentially
commutative diagram of prederivators

ID)//
2
—— /

D . D

where the morphisms @' and ®" are strict, and ®' is an equivalence.

Proof. We first define the prederivator D”. For a category X in Dia, the objects of the category
D" (X) are the triples (F’, f, F) where F’ is an object of I'(X), F is an object of D(X), and f is
a given isomorphism f : F' — @ (F) in the category I'(X). Amap (F/, f, F) — (G', g, G)
inD”(X) is a couple (a’, a), where a’ is a map from F’ to G’ in '(X), where a is a map from F
to G in D(X), and the square

f
F —— @x(F)

a l \L Px(a)

G — ox(6)

commutes in I'(X). For a functor # : X —> Y in Dia, we define an inverse image functor
uw*:D"(Y) — D"(X)

by the formulas:

(i) On objects: The functor u*:D”(Y) — D”(X) takes an object (F’, f, F) of D”(Y) to the

object (u*(F’), Bu.r o u*(f),u*(F)) of D”(X), where B, f is the structural isomorphism
u*®@y(F) — &xu*(F) of @ (see 10.1).
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(ii) On morphisms: The functor u*:ID”(Y) — D’ (X) takes a morphism (a’, @) to the mor-
phism (u*(a’), u*(a)).

We leave it to the reader to check that, with this definition, u*: D" (Y) — D”(X) is a functor.
We also leave it to the reader to define what D does to 2-cells in Dia. And then the reader should
check that with these definitions D" is a prederivator.

The functor

D"(X) — D(X), (F,f,F)— F
defines a strict morphism of prederivators @’ :ID” — I, and the functor
D”(X) — D'(X), (F, f,F)— F’

defines a strict morphism of prederivators @” : D — . It is obvious that @ is an equivalence,
and that @ @’ is isomorphic to @”. O

Remark 10.15. If, in Proposition 10.14, we furthermore assume that ID and D are triangulated
derivators and @ :ID — I is an exact morphism, then D" is also a triangulated derivator and
@' and ®” are exact morphisms. The fact that D" is a triangulated derivator and the morphism
@’ is exact is just because the @’ is an equivalence; see Remark 10.12. The fact that @” is exact
is also immediate.

10.16. A prederivator D is small if, for any category X in Dia, the category D(X) is small.
Let TDy, be the category with objects the small triangulated derivators, and morphisms the
strict exact morphisms of derivators. One defines the category 7T Dy, (respectively wTD) as
the category whose objects are the small triangulated derivators, and whose morphisms are the
isomorphism classes of strict exact morphisms (respectively of exact morphisms) of derivators.
There are obvious canonical functors

Vsir : TDgyy —> 1T Dy, and i :7wTDgyp —> wTD
which are the identity on objects. One defines the functor
y :TDgy —> 7 TD
as the composition y = iy,

Proposition 10.17. The class of equivalences of derivators admits a right calculus of fractions
in the category m TDg,; see [10, Chapter 1, 2.3]. Moreover, the canonical functor

i :7TDgy —> 7TD
sends equivalences of derivators to isomorphisms, and furthermore it is universal with this prop-

erty; the functor i induces an isomorphism of categories between the localization of w TD,, with
respect to the equivalences of derivators, and the category wTD.
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Proof. First we prove that the class of equivalences of derivators admits a right calculus of
fractions. It is clear that any identity is an equivalence of derivators and that equivalences of
derivators are stable by composition. Consider now a diagram in 7 7D,

]D)/

|s

E——>D
@

where S is an equivalence. Then S has a quasi-inverse S~!. Proposition 10.14 and Remark 10.15,
applied to the morphism S~ @, tell us that there exists a commutative diagram in 7T Dy,

@’

where T is an equivalence. Next we have to show that, given two strict morphisms @ and &’
from D to D" and a strict equivalence S:1D' — E’ such that S® ~ S@’, there is a strict equiv-
alence 7 :E — DD such that ®T ~ @'T. The point is that, if S~! is a quasi-inverse of S, we
have

D~Ssp~85 1S ~ ',

so T = 1p will do. So far, this establishes that there is a right calculus of fractions.

The fact that any equivalence of derivators induces an isomorphism in 7 T°D is by the existence
of a quasi-inverse; see 10.13. The universality of the map i follows from Proposition 10.14,
Remark 10.15 and the calculus of fractions. O

Remark 10.18. Next we state a corollary that will tell us that K -theory is functorial in non-strict
morphisms of derivators. In reading Corollary 10.19, the reader should put L = K, and € should
be the homotopy category of spaces.

Corollary 10.19. Let Ly, : TDy —> C be a functor that sends strict equivalences of derivators
to isomorphisms. There is a unique functor L : 1 TD —> C such that the triangle below commutes

Lstr
r~T'Dstr —
g
L

In other words, the functor y identifies the category wTD with the localization of TDyg, by the
class of strict equivalences of triangulated derivators.
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Proof. By Proposition 10.17 it suffices to prove that, for any isomorphic strict morphisms of
triangulated derivators @ and @’, one has Ly, (®) = Ly, (®’). We will do this by constructing
an auxiliary derivator.

Let D' be any prederivator. Define a new prederivator D” as follows. For a category X in Dia,
D" (X) is the full subcategory of the category of arrows of I'(X) whose objects are the isomor-
phisms. It is clear that this defines a prederivator D”. Moreover, we have three strict morphisms
of prederivators

i:D)—D" and s,t:D'—D,

where i sends an object to its identity, and s (respectively ¢) sends an isomorphism to its source
(respectively to its target). The morphisms i, s and ¢ are equivalences of prederivators. If D/
is a triangulated derivator, it follows that so is ID”. We also have that si = ti = 1y, so that
Ly (s) = Lygr(2).

Now let @ :D — D' and @ : D —> D’ be strict, exact morphisms of triangulated derivators,
and o : @ = @’ an isomorphism. Then o defines a strict, exact morphism @”:D — D", so
that s@” = @ and t®” = @’. Hence

Lstr((p) = Lstr(S)Lstr((p//) = Lstr(t)Lstr((p//) = Lstr(qy)- U

Remark 10.20. The category TDy, has finite products. Its terminal object is 0, the zero derivator,
defined by 0(X) = e for any X in Dia. The binary product of D and D' is given by

D xD)(X)=D(X) xD'(X) forany X in Dia.

It is easy to see that the category wTDy, has finite products and that the functor from TDg,
to 7 TDg;, commutes with finite products. Using Proposition 10.17 and [10, Chapter I, Proposi-
tion 3.1] one deduces that the category 7 TD has finite products, and that the canonical functor
from TDy, to 7TD commutes with finite products (the reader might also wish to prove this di-
rectly). Under the assumptions of Corollary 10.19, if the category C has finite products and if the
functor Ly, commutes with finite products, we conclude that the functor L also commutes with
finite products.

11. Equivalent versions of additivity

The additivity theorem is a statement about the derivator Exact(ID), and about two maps out of
it. In this section we give the precise formulation of the theorem, and prove the equivalence with
the assertion in Remark 3.19; see also Caution 3.18. The reader should note that, even though the
statement of the key Proposition 11.12 can be made purely in terms of strict morphisms of deriva-
tors, the proof appeals to three non-strict morphisms. This explains why we need Section 10.

11.1. Before we go much further we want a few little lemmas about cheap ways to construct
global cartesian squares. First some notation: let / be the category defined by the graph

0<«—1.
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We wish to consider the following three functors
s=0:e— I, t=lie—> 1 and p:I —e.

Now O is isomorphic to I x I, and we get a wealth of functors on O = I x I. There are the
functors

sx1y, tx1y, 1;xs and 1;xt
all of which are functors I — I x I = 0. There are also the two functors
Iy xp and px 1y
which are functors 0 = I x I —> I. And finally we also wish to consider the four functors
sXs, sxt, txs and txt

which are all functors e —> I x I =[J. We adopt the notation (s x s)(e) = (0,0), (s x t)(e) =
0, 1), (r x s)(e) = (1,0) and (z x 1)(e) = (1, 1).

Lemma 11.2. Let D be a derivator and let F be any object in D(1). Then the global commutative
squares (p X 17)*(F) and (17 x p)*(F) are cartesian in D(I x 1) =D(O).

Proof. By symmetry it suffices to prove the assertion for 1; x p. Now observe that 1; x p: 1 x
I —> [ has aleft adjoint 1; x t: 1 —> I x I. The map 1; x t factors as

12 1250,

By Lemma 6.1 we know that the functor (1; x p)* has a left adjoint (op)* = p*o™*. In
other words, (1; x p)* is naturally isomorphic to o, p,. Any object in the essential image of
(17 x p)* =~ o, p4 lies in the essential image of o,. By Proposition 7.3 the essential image of the

functor o, consists precisely of the cartesian global commutative squares. O
Lemma 11.3. Let D be a derivator. Then the composites
D(e) > D(I) <> D(e),  D(e) —> D(I) > D(e)

are naturally isomorphic, respectively, to 0:D(e) —> D(e) and 1:D(e) —> D(e). Dually the
composites

D(e) 25 D(I) <> D(e),  D(e) 2> D) L D(e)
are naturally isomorphic, respectively, to 1 :1D(e) —> D(e) and 0:D(e) —> D(e).
Proof. The assertions being dual it suffices to prove the statements for #. The fact that r*# >~ 1
is because # is fully faithful; see Proposition 7.1. For the assertion that s*#) >~ 0 we proceed as

follows. We know that the functor t:e —> I embeds e as the initial object. The functor 7 is
an open immersion. Proposition 8.11 establishes that any object #(F') will have the property that
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t(F)y vanishes when y € I —t(e). The only point y with this property is y =0 € 1. We conclude
that 0 >~ n(F)g=s*n(F). O

Definition 11.4. Let D be a triangulated derivator. We define two exact morphisms
6:D— Dy, p:D—Dg.
In the notation of Examples 10.5 and 10.6 they are given as the composites

4l

D L oy L2y,

* pxl1
D —)S D[ 4>( x11) DD .
Next we Compute what these maps do.

Lemma 11.5. Let D be a triangulated derivator. For any object F in D(e) we have isomorphisms,
natural in F,

0 (F)o,0 >0, 0(F)o,1 =0, O(F)10xF, O(F)11 > F.
The computation for p yields
p(Foo > F, p(F)o,1 >0, p(F)1 0> F, p(F)1,1 ~0.

Proof. The statements are dual, so we prove only the assertion about 6. The point is that the
computation is easy; for example

0(F)og = (s x )*0(F) = (s x )*(1; x p)*tn/(F) = s*n(F) =0,
where the last isomorphism is by Lemma 11.3. The remaining computations are similar. 0O
Remark 11.6. Let D be a triangulated derivator. If X is an object of Dia, then Proposi-
tion 7.8 asserts that Dy is also a triangulated derivator. For any object F' € Dy (e) the objects

0(F), p(F) € Dx(DO) are

(1) Cartesian by Lemma 11.2.
(2) Satisfy 0(F)o,1 = p(F)o,1 =0 by Lemma 11.5.

Next we consider the category of all G € Dy (O) satisfying this.
Definition 11.7. Let D be a triangulated derivator and let X be a category in Dia. One defines
the category Exact(ID)(X) of short exact sequences in Dy as a full subcategory of D(X x O) =

Dx(0O). The objects of Exact(ID)(X) are defined to be the objects G € Dy () such that

(1) G is cartesian.
(2) GOJ ~0.
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11.8. Suppose D is a triangulated derivator. Proposition 7.7 says that, if j: X — Y is any
morphism in Dia, then the functor (j x 1g)*:D(Y x O) — D(X x O) takes Exact(D)(Y) C
D(Y x O) to Exact(D)(X) C D(X x O). This means that Exact(ID) can be given, uniquely, the
structure of a prederivator, so that the natural inclusion Exact(D) < Dy is a strict morphism of
prederivators.

In 11.1 we produced many functors, among them (1; x s):I — I x [ =0 and

(t x 17): 1 — I x I =0. In concrete terms these are, respectively, the inclusions of

(0.0)
T and (1,0) — (1,1)
(1.0)

0,0) =— (0.1
as subcategories of T T

In the notation of Example 10.5 we have strict morphisms of derivators

(1; x 8)*:Dg — Dy,

(tx1p*:Dg — Dy.
The composites

(I xs)*

Exact(D) inclusion Dg Dy,

Dy

(ex1p*

Exact(D) inclusion ]D)D

are strict morphisms of prederivators, and Proposition 8.13 and its dual tell us that both compos-
ites are equivalences. We conclude that the prederivator Exact(ID) is a triangulated derivator; we
have two equivalences with the triangulated derivator Dj.

Finally we have to prove that the inclusion Exact(D) —> Dy is exact. This means we must
prove, for every morphism j: X — Y in Dia, that the morphisms ji, j,, take Exact(D)(X) C
D5 (X) to Exact(D)(Y) C Dg(Y). But this is immediate from Example 10.6; we know that the
maps ji and j,, viewed as morphisms of derivators Dy —> Dy, are, respectively, left exact and
right exact.

Lemma 11.9. Definition 11.4 gives us two maps 6, p : 1D —> Dg. We assert that the maps 6, p
factor as

o’ inclusion
D —/——————< Exact(D) ——— = D

P

with 0', p' : D — Exact(D) both exact morphisms of triangulated derivators.
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Proof. The fact that the images of 6 and p lie in Exact(D) C Dy was seen in Remark 11.6.
The factorization exists as maps of derivators. To check that the morphisms 6’, o’ are exact we
observe that the two composites

9/ inclusi (1 XS)*
D ——————= Exact(D) —— Dg ! Dy

p

are exact; they equal, respectively, (1; x s)*0 and (1; x s)*p. Since the map

inclusion (17x8)*

Exact(D) Dg Dy

is an equivalence, it follows that 8’ and p’ are exact. O

11.10. Recall the category TDg, of 10.16; the objects are small triangulated derivators, and
the morphisms are the strict, exact morphisms. A functor Lg,, from the category TDg, to the
category of spaces, will be called an additive space functor providing

(a) For any equivalence of triangulated derivators ) —> I, the map
Lgr(D) — Ly (D")

is a weak homotopy equivalence.
(b) The functor Ly, sends the zero derivator to a weakly contractible space and, for any trian-
gulated derivators D and I/, the canonical map

Lgy(DxD") — Lgr(ID) x Ly (D)
is a weak homotopy equivalence.

Corollary 10.19 allow us to extend L, to a functor L : wJD — Hot, where Hot is the homotopy
category of spaces. Remark 10.20 guarantees that L commutes with finite products.
The example we care about is where L, is K-theory.

11.11. We wish to consider in Dia the two morphisms (s x s), (¢ X t), which (see 11.1) are both
functors e = e x e —> I x I =0. They induce strict exact morphisms of triangulated derivators
(s x $)*, (t x 1)*:Dg —> D. They define two strict exact morphisms of triangulated derivators
by restriction to Exact(DD)

(s x 8)*, (t x t)*: Exact(D) — D.
We also have strict exact morphisms of triangulated derivators

s*

Dy ————=D.

t*

We prove:
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Proposition 11.12. Let Ly, be an additive space functor. Then the following conditions are
equivalent:

(i) The map
(Lstr((s X s)*)a Lstr((t X t)*)) : Lstr(ExaCt(D)) —> Ly (D) x Ly (D)

is a weak homotopy equivalence.
(i) The map

(LSIF(S*)v ler(t*)) :Lgr(Dy) —> Ly (D) X Ly (D)
is a weak homotopy equivalence.
Proof. In the notation of 11.10, we need to prove that
(L((s x $)), L((r x 1)*)) : L(Exact(D)) —> L(D) x L(D)
is an isomorphism in Hot if and only if
(L(s®), L(t%)): L(D;) — L(D) x L(D)
is. In Lemma 11.9 we produced two exact (non-strict) morphisms 6, o’ : D — Exact(ID). They
induce two maps L(0), L(p’) of the form L(D) —> L (Exact(D)). From 11.10 we know that,
for any triangulated derivator D, the (non-strict) direct sum operation & :ID x D — I induces a
commutative H-space structure’ on the space L(ID). We will prove that each of (i) and (ii) above
is equivalent to the following assertion
(iii) The composite

L(p)

LICOLLAVON L(Exact(D)) x L(Exact(D)) — L(Exact(D))

L(D) x L(D)
is an isomorphism in Hot.
The assertion (i) says that some map L(Exact(D)) — L(D) x L(D) is an isomorphism in
Hot, while the assertion (iii) claims that some map L(D) x L(D) — L (Exact(D)) is an isomor-
phism in Hot. To prove the equivalence (i) <= (iii) we will show that the composite

L(D) x L(D) — L(Exact(D)) —> L(D) x L(D)

is an isomorphism in Hot. In fact we will study the composite at the level before we apply the
functor L. On the level of derivators the map is induced by

DxD —>0,X'0/ Exact(D) x Exact(ID) LN Exact(D) —)“SXS)*’(IXZ)*) DxD.

3 We even have an infinite loop space structure; see Corollary A.8.
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The composite above equals the composite below

(sxs5)*

D x D 22 Dy x Dy 25 Dy L& CDD 1y

which is nothing other than the map

(s x8)*0 (xH*P\ . )
<(t><t)*9 (txt)*p).DxD—HD)xID),

in Lemma 11.5 we computed that this comes to

(s x8)*0 (sx8)*p\ _(0 1
xn*0 @ExtH*p ) \1 0
which is an equivalence of derivators.
Now we need to show (ii) <= (iii). The assertion (iii) is a statement that some map
L(D) x L(D) — L(Exact(D)) is an isomorphism in Hot, and the assertion of (ii) claims that

some map L(D;) —> L(D) x L(D) is an isomorphism in Hot. In (11.8) we found that the com-
posite

Exact(DD) inclusion Dg (tx1y)

Dy

is an equivalence of derivators; applying L to it we have an isomorphism @ from L(Exact(D))
to L(IDy). Our proof that (ii) <= (iii) will consist of showing that the composite

L(D) x L(D) —> L(Exact(D)) 2> L(D;) — L(D) x L(D)

is an isomorphism in Hot.

Once again it is convenient to compute this map before applying L. In computing the compos-
ite we first replace Exact(ID) by the larger derivator D ; all the maps were defined as restrictions
to Exact(D) of maps on Dg. Our composite comes to

(tx1p)* (s*,1%) DxD

D x D 22 Dy x Dy > Dy D;

This composite is nothing other than the map

(txs8)0 @Exs8)p)\ .
<(t><t)*9 (txt)*p)'DXD_)DXD'

The useful Lemma 11.5 computes for us that this is
(txs$)* Exs)*p) (1 1
x)*0 (Ext*p ) \1 0)°

This, of course, is not an equivalence of derivators. But on applying the functor L we deduce the
map
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(i é) : L(D) x L(D) —> L(D) x L(D),

which is an isomorphism in Hot. O
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Appendix A. Gamma derivators

A.1. Let D be a triangulated derivator. Let S be a finite set considered as a discrete category. We
denote by P (S) the set of subsets of S ordered by inclusion. We have a canonical, fully faithful
functor

i:S—> P(S), s —> {s}.

For any category X in Dia we define I"ID(S)(X) to be the essential image of the functor
(1x x i)4. Thatis, I'D(S)(X) C D(X x P(S)) is the full subcategory whose objects are

there exists an object
G eD(X x S), and an
isomorphism F >~ (1x x i),G

Objects

Ob[I' D] =1 e px x P(5))

This defines a map, so far only on objects, I"ID(S) : Dia®® —> Cat, sending X to I" D(S)(X).
The functor (i) x : Ds(X) —> Dp(s)(X) factors as

Dg(X) =D(X x §) =25 I'D(S)(X) Px, Dp(s)(X) =D(X x P(S)).
Next we extend I D(S) to be a 2-functor of 2-categories.

Lemma A.2. With the notation as above I' D(S) extends, uniquely, to a triangulated derivator,
in such a way that the maps

Ds %> I'D(S) L5 Dps)
are both morphisms of derivators, with o an equivalence and B a strict, exact morphism.
Proof. Example 10.6, applied to the functor i, :[Dg —> Dp(s), tells us that it is a right exact
morphism of derivators. Proposition 10.9 allows us to conclude that it is exact.
The fact that i, is a morphism of derivators means that, for any morphism u : X — Y in Dia,
the map

u* :]D)P(S)(Y) — DP(S)(X)

takes objects in the essential image of i, to objects in the essential image of i,. We conclude
that u* takes I"ID(S)(Y) C Dp(s5)(Y) to I'D(S)(X) C Dp(s)(X). This means that I" D(S) is a
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subprederivator of D p s, that is the inclusion B is a strict morphism. Furthermore, « is a (non-
strict) morphism of prederivators.

Now Proposition 7.1 says that the functor i, :Dg(X) — Dp(s)(X) is fully faithful, which
means that the map ay :Dg(X) — I'ID(S)(X) is an equivalence of categories. That is, « is
an equivalence of prederivators. Since Dy is a triangulated derivator, so is I"ID(S). Also, since
Ba =i, is exact and « is an equivalence, it follows that 8 is exact. O

Lemma A.3. For any finite set S, the canonical strict exact morphism

rnes) — ]_[ r'D({s})

sesS

is an equivalence of derivators.

Proof. Note that we have an equivalence Dg >~ I" ID(S), and for D the assertion is an immediate
consequence of the non-triviality axiom. O

Lemma A .4. Let D be any triangulated derivator. The essential image of the functor i, :D(S) —>
D(P(S)) consists of the objects F of D(P(S)) such that, for any subsets U and V of S satisfying
the condition U NV =@, the canonical map

Fyuy — Fy @ Fy
is an isomorphism.

Proof. Let F be an object of D(S), and U a subset of S. By the base change axiom one has the
following identification.

ix(F)u =I(S/U, F/U).

Here S/U = U, where on the left U is an element of P(S), and on the right U is a set seen as a
discrete category. Furthermore, F/U is the restriction F|y of F at U. The non-triviality axiom
gives canonical isomorphisms

iw(F)u = (U, Flv) = P Fu.
uel

This description of i,(F’) implies that, for any subsets U and V of § satisfying the condition
U NV =@, the canonical map

ix«(F)yuy — Fy ® Fy

is an isomorphism.

Next we need to prove the converse. Let F' be any object in D(P(S)). By Proposition 7.1 the
functor i, :D(S) —> D(P(S)) is fully faithful. If 5 is the unit of adjunction n:1 —> i,i*, the
full faithfulness means that the map

n: i F — i**F
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is an isomorphism. If s € S is any point, we deduce that the map s*i*F — s*i*i,i*F most
certainly must also be an isomorphism, that is

Nisy: Fisy — i*i*F{S}

is an isomorphism.
Now suppose the object F' € ID(P(S)) satisfies the hypothesis of the lemma. Then, if G is
either F and i,i*F, the natural map

GU — @ G{u}
uelU

is an isomorphism. For G = F this is by assumption, while for G = i,i*F it is by the first part
of the proof. In the commutative square

ny o
Fy i«i*Fy

3 |

Bucv Fuuy = Buev " Fiuy

we now know that the maps 8, y and ny,) are isomorphisms. Hence so is 7y . Der 2 allows us to
deduce that : F —> i,i* F is an isomorphism. O

A.5. We recall here the definition of Segal’s category I". The objects of I" are finite sets, and
morphisms in I" from § to T are maps a:S —> P(T) such that, given any elements s and s’
of S, if s # s’ then a(s) Na(s") = @. The composition of

a:S— P(T) and b:T — P(U)

is defined by
boa:S—s P(U), 5 —> U b(t).
tea(s)
For any integer n > 0, one denotes by n the set of integers {1, ..., n}. In particular, 0 is the empty
set.

There is a canonical functor 7= from I" to Dia, defined by 7 (S) = P(S) on objects, and which
associates to a map a : S —> P(T) the functor

7(@):P(S) — P(T), U | Ja).
uel

Given a triangulated derivator D, we obtain a presheaf on I" with values in the category of
triangulated derivators

S+— Dn(s) = ]D)P(S) .
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One checks easily that one gets a subpresheaf I" D of the latter defined by
S+— I'D(S).

Remark A.6. Let p:2 —> 1 =~ ¢ be the canonical map. Under the canonical strict equivalence
Dy ~ D x D, the exact morphism

Px:Dp— D
corresponds to the exact morphism
w:DxD— D, (F,G)— F®G.

Let m:1 — P(2) be the map in I" which sends the unique element of 1 to 2 = {1, 2} € P(2).
This defines a strict exact morphism

m*: I'DQR) — I'D®),

and under the identifications 1" D(2) >~ D, and I" D(1) >~ D, m™ corresponds to the morphism p,
above. In other words, the operator m™ can be seen as a strictification of the binary direct sum
operation. More generally, the category I” acts on the I"ID(S)’s as a way to strictify the asso-
ciativity and commutativity of the symmetric monoidal structure defined on ID by the direct sum
operation.

Proposition A.7. Let Ly, be an additive space functor, as in 11.10. Then L, (I' D) is a I"-space
as defined by Segal [31]. In other words, for any integer n 2> 0, the Segal map

Lgr(I'D)(m) —> Ly (I' D)D" = Ly (I"D)(A) x - -+ X Lgr(I"D)(1)

n times

is a weak homotopy equivalence.
Proof. This is a direct consequence of 11.10(a) and (b), coupled with Lemma A.3. O

Corollary A.8. The space Ly, (D) is canonically (in particular functorially) endowed with the
structure of an infinite loop space.

Proof. We have a canonical equivalence of derivators
roa) —mD.

By property (a) of 11.10, the map Ly, (I"D(1)) —> Ly, (D) must be a weak homotopy equiv-
alence. The corollary now follows by applying Segal’s delooping machine [31] to the special
I'-space Lgr(I'D). O
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