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Abstract

In the last decades the study of the stable homotopy category made considerable progress
due to the chromatic approach. The core idea of this programme is to decompose said category
in simpler pieces which we can effectively understand and then recompose them together to
reconstruct the global picture. This operation is accomplished via the Bousfield localizations
with respect to the spectra E(n) and K (n), called respectively Johnson-Wilson spectrum and
Morava K-theory. These two objects have crucial properties which encapsulate the information
of complex orientation of spectra at height lesser or equal to n.

Having established the importance of these localization functors, it is not difficult to under-
stand that we want to consider also their compositions and that some kind of regularity in these
situations is desirable. There are classical results going in this direction: for example Ravenel
showed that Lg(,)Lgm) = 0 whenever n > m. Also, he proved that we have an equality
between Bousfield classes (E(n)) = \/i_,(K(7)). This should be read as some version of our
intention of gluing back information after we decomposed it in smaller pieces.

This work aims to answer the following question: if we fix n as upper bound of the chromatic
height, and consider localizations coming from wedges of K (i)’s, for i < n, are their compositions
finitely many up to isomorphism? Not only we will provide a positive answer, but we will
formulate it in an axiomatic framework which will allow us to propose the proof for any collection
of localizations satisfying properties similar to the ones illustrated above. One of the key
points of the proof is that we can reduce the composition of two iterated localizations to the
combinatorics of a finite poset which models how they arise as homotopy limits of diagrams
involving simple localizations.
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Chapter 1

Basics of chromatic homotopy theory

1.1 Boustfield localization

Since Brown’s representability results, the focus of algebraic topology shifted towards the
study of spectra: these objects let us encode cohomology and homology theories via a sequence
of topological spaces connected by structure homomorphisms which represent the suspension
isomorphisms. These spectra can be collected, up to homotopy, in the stable homotopy category
SHC, whose properties are much more interesting than the ones of the homotopy theory of
topological spaces. For example, it has a triangulated structure compatible with the tensor
product induced by the smash product of spectra.

Much of the information about the homotopy type of an object X € SHC is contained in its
stable homotopy groups m,(X) = [S", X] = Homgyc(S™, X ), where S™ is the n-th suspension
of S, the sphere spectrum. In fact, a morphism f: X — Y is an isomorphism if and only if the
induced 7, (f) is invertible for any n € Z.

As conceptually pleasing these properties are, they do not allow us to perform any concrete
computation: determining the stable homotopy groups of a general spectrum is not something
which can be easily done. To provide a specific example we recall the following classical results
about the stable homotopy groups of the sphere spectrum, which have not been completely
determined up to this date.

Theorem 1.1.1. e The sphere spectrum S is connective, i.e. TS = 0 for k < 0. Moreover,
TS = Z.

e (|33]) For any k > 0 the group mS is finite.
e (130]) Any x € mS with k > 0 is nilpotent, that is 2™ = 0 for some n € N.

Also, we observe that by the tensor structure, since S coincides with the tensor unit, every
spectrum X is a S-module and 7,(X) is a graded module over the ring 7S which the previous
results indicate to be very complicated (e.g. it is not Noetherian).

This indicates that the direct approach of understanding SHC by computing the homotopy
groups of all the objects we want to study is destined to fail. This brings us to the question if
we can simplify the picture is some way: can we reduce the information encoded into spectra,
so we can effectively study them even if to provide partial data?

Going back to the setting of topological spaces, even in that situation the homotopy groups
are objects which cannot be trivially determined. But we saw that homology theories provide
other invariants which is more likely to be computed and Hurewicz theorem establishes a bridge
between these two notions. For any spectrum E the functor E,(—) = 7.(E A —) is an homology
theory on SHC, the previous discussion induces us to set up a theory in a way that spectra are
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determined not by their homotopy groups but by these F-homology groups and a morphism f
is an isomorphism if and only if the induced map F,(f) is a bijection. This was accomplished by
Bousfield who laid the foundations for the theory of localizations of SHC in his seminal paper
[4].

Before explaining in details his results we need a few definitions.

Definition 1.1.2. We fix £ € SHC. We say that a spectrum X is F-acyclic if X A E = 0.
A morphism of spectra f: X — Y is called an E-equivalence if the induced map E,(f) is an
isomorphism. A spectrum Z is denoted E-local if [f, Z]. is an isomorphism for any E-equivalence

f.

Remark 1.1.3. We recall that a spectrum Y is contractible if and only if its homotopy groups
T (Y) are zero for every n € Z. Then we have that X being F-acyclic is equivalent to m.(E A
X) = FE«(X)=0,ie. its E-homology is zero. Consequently a morphism f is an E-equivalence
if and only if its fiber is E-acyclic, therefore a spectrum Z is E-local if and only if [X, Z] =0
for any E-acyclic spectrum X.

Theorem 1.1.4 ([4]). For any spectrum E we can form a functor Lg: SHC — SHC, to-
gether with a natural transformation n: Id = Lg such that for every spectrum X we have a
distinguished triangle

CpX - X % LpX — Y0pX

where nx is an E-equivalence (equivalently CpX is E-acyclic) and LgX is E-local.

Moreover, the subcategory of E-local objects in SHC forms a colocalizing subcategory which
can be identified with LpSHC, the essential image of the functor Ly. So we have a retraction
of categories

LpSHC — SHC —22 LpSHC.
\_/

Id

This means that for a generic spectrum X we can present a new spectrum LpX which is
initial among the FE-local spectra equipped with a map from X. The theorem establishes that
such a localization with respect of a generic homology theory F, characterized by the universal
properties spelled out above, not always exists but can be formed in a functorial way. Using
this functor we can project a spectrum to a subcategory of SHC which is hopefully easier to
analyse. The following lemma confirms that after this operation the total information is not
encapsulated any more by the stable homotopy groups, but by the E-homology.

Lemma 1.1.5 (E-local Whitehead theorem). Let f: X — Y be an E-equivalence between
E-local spectra, then it is an equivalence.

Proof. By definition, for any E-local spectrum Z the map [f, Z] is an isomorphism. Thus Yoneda
lemma applied to the category LpSHC shows that f is an isomorphism in this category. Now
the second claim of Theorem [1.1.4] implies f is an isomorphism in SHC, therefore f is an
equivalence of spectra. O

Another concept worth mentioning associated to these localizations is the notion of Bousfield
class.

Definition 1.1.6. Let E, F' be spectra. We denote by (FE) the equivalence class of spectra X
such that being X-acyclic is equivalent to being F-acyclic, that is for any spectrum Z we have
Z NX =0if and only if Z A E = 0. This is called the Bousfield class of E.

We write (E) < (F) if for any spectrum X being F-acyclic implies being E-acyclic, i.e. if
XANF =0then X A E=0.



We can use these classes to compare Bousfield localizations with respect to different spectra.

Lemma 1.1.7. Let E,F be two spectra. If we have an inequality (E) < (F') then being E-
local implies being F'-local, also for any spectrum X there exists a canonical E-equivalence
LpX — LpX. Thus (E) = (F) if and only if there is a natural isomorphism Ly = L.

Moreover, the wedge and smash product of spectra descend to operations on the Bousfield
classes. In other words we have well defined classes

(E)V(F)y=(EVF) (E) N(F)=(EANF).
Proof. Just unravel the definitions and compare the classes of acyclic spectra. O

At this point we have only have to find the right homology theories which will let us deduce
most of the information about the stable homotopy category. An important point is that after
applying the localizations to the spectrum we are studying, we want to be able to recollect the
partial data obtained from such localizations to a global result on the starting spectrum. Our
ideal programme is to first decompose the spectra in smaller pieces, easier to compute, then
glue all these pieces back together.

The identification of a family of homology theories which will allow us to realize this project
and the study of their properties is what chromatic homotopy theory is about.

1.2 The Morava theories

After Quillen unravelled the connection between the geometry of formal groups and the
information that spectra carry encoded in their complex orientation, one of the most successful
approaches to study stable homotopy theory is to realize on it a filtration analogous to the one
on the moduli stack of formal groups given by the height.

We recall that a ring spectrum E is complex orientable if the map E?(CP*) — E?(S?) =
EY = mp(E), induced by the 2-cell inclusion S? — CP, is surjective. Then a choice of an
orientation consists in a choice of an element z € E?(CP) such that its image is 1.

Fixed the orientation we can provide an isomorphism E*(CP*) = m,(EF)[z] and similarly
we have

E*(CP® x CP®) = m,(E)[z ® 1,1 ® z].

Under these identifications the map CP* x CP* — CP*, representing the tensor product of
complex line bundles, induces

E*(CP*) — E*(CP>* x CP™)
r— Flzel,1®)
with F'(s,t) a power series in two variables with coefficients in 7, (E). Since the operation of
taking tensor products admits a unit (the trivial bundle), is commutative and associative we
deduce F' has the following corresponding properties
e F(t,0)=F(0,t) =t;
o F(s,t)=F(t,s);

e F(F(s,t),u) = F(s,F(t,u));



which let us interpret it as some sort of abelian group operation. In fact we can write s +pt =
F(s,t). A power series satisfying these equations is called formal group law.

This procedure let us associate to an oriented spectrum a formal group law, so it comes
natural to ask if we can provide some kind of invariant to classify these.

It can be proved that if R is a Q-algebra then any formal group law over R is isomorphic to
the additive one Fy(s,t) = s + t. Instead, if the ring R is p-torsion the situation is much more
varied: we have that the p-series of F', defined as [p]p(t) = t +p -+ +p ¢t with p summands,
either is 0 or it factors as [p|p(t) = g(tP") for some g € R[t] with ¢’(0) # 0 and a unique positive
integer n. This quantity is denoted as the height of the formal group law, if [p]#(¢t) = 0 then it
is convention to say that I’ has infinite height.

Since the height is invariant under isomorphism we can use it to provide a stratification of
formal group laws. In favourable conditions the height completely determines the isomorphism
class: if R is an algebraically closed field of characteristic p then two formal group laws over it
are isomorphic if and only if they have the same height.

Quillen proved that the stable homotopy group of complex cobordism spectrum MU realizes
the Lazard ring L which classifies the formal group laws. Fixed a prime p, we have a splitting
MU =V, en ¥»2dn BP, where BP, = Zp)[v1,v2,...] and {d; }nen is an appropriate increasing
sequence of natural numbers, coming from the fact that over p-local rings any curve decomposes
as sum of p-typical ones. Therefore, if we restrict to the p-local stable homotopy category
SHC(p), it is enough to work with this reduced version given by the Brown-Peterson spectrum.

From BP we can construct for every n € N, the spectra E(n) and K (n), the Johnson-Wilson
theory and Morava K-theory respectively, characterized by

E(n). = Z(p)[vl, .. Uil] K(n), = Fp[v,jfl].

e n

Informally, we should consider the parameters v,, to represent the information at height n. The
localizations Lp,) and Lg,) on the stable homotopy category correspond to restricting the
stack of formal groups to the open substack of formal groups of height < n and taking the
completion with respect to the locally closed substack of height exactly n respectively.

These spectra have been extensively studied and have exceptional properties which make
them particularly apt to realize the project delineated above. We recollect the most important
ones here. In the literature usually Lg(,) is abbreviated as Ly, we also adopt this convention
for sake of briefness. Since they are p-local, the localizations associated to them provide p-local
spectra: therefore from now on we will restrict to consider SHC;), the p-local stable homotopy
category, as we mentioned above.

Theorem 1.2.1 (Smash product theorem). [35, Thm. 7.5.6] The spectrum E(n) is smashing,
that is for any X € SHC
L, X =L,SAX.

Theorem 1.2.2 ([34, Thm. 2.1]). We have a decomposition of Bousfield classes

This implies that for every n the localization map X — L, X factors through the E(n + 1)-
localization

N

Ly X ——— L, X



thus we obtain a tower of spectra of the following form

IS

y L, X y [1 X —— LopX

which induces a map X — holim L, X. It comes natural to ask if, under the appropriate
—

assumptions, this is an equivalence therefore we can recover X from the data of its E(n)-
localizations.

Theorem 1.2.3 (Chromatic convergence theorem). [35, Thm. 7.5.7] If X is a finite spectrum
the chromatic tower above converges, in the sense that the map

X — holim L, X
<—

18 an equivalence.

This implies that to understand the sphere spectrum S we only have to first disassemble it
in its chromatic pieces L,S, then we can recover it by taking the homotopy limit of the tower
they form.

Another reassembly result which relates the localizations with respect to E(n) and K(n) is
the chromatic fracture square.

Proposition 1.2.4. Let X any spectrum, then for any natural number n we have a homotopy
pull-back square

Lo
Ln_lX —_— Ln—lLK(n)X-

This should be read as the fact that for any spectrum X its E(n)-localization (representing
the information at height < n) can be obtained from its other two localizations L, —1 X (height
<n-—1)and Lg,X (containing some information regarding the height n) after they are tuned
by the gluing data L;,—1 Lk ,)X. The most fitting algebraic analogue would be the p-local Hasse
square

A
L)y — Ly
|7
Q——Q®7Z
establishing that we can recover Z, from its p-completion and its rationalization.
While the spectrum K (n) is not smashing (for n > 0) it has other extremely good traits.

Its main characteristic is that since its homotopy group K (n). is a graded field the spectrum
itself has a similar property.

Proposition 1.2.5. For every n € N the spectrum K(n) is a skew field in the sense of |20,
Def. 3.7.1 (d)]: that is, for any spectrum X which is a module over K (n) we have a decomposition

X =\/2hEK(n)
el

for some k; € Z with indezing set I.
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Proof. We said K(n), is a graded field in the sense that any of its homogeneous non-zero
elements is invertible. As in the non-graded case this implies that every graded module over it
splits as a direct sum of its copies (possibly shifted by degree): given M a graded K (n).-module

[vn|—1

then any basis of @,y M; as Fp-vector space is actually a K (n).-basis for M.
Applying this to m,.(X) we obtain a decomposition

m(X) =2 P K (n)ucr,-

i€l

So we can fix a K(n).-basis {e;}ics for m(X) with e; € m,(X), these elements together with
the module action let us produce maps

SkK(n) = K(n) A SRS 2% Kin) A X & X

which can be assembled into

\/ ZFK(n) - X.

el
By construction this is an isomorphism on the homotopy groups, so it is an equivalence of
spectra. ]

A similar reasoning let us deduce the Kiinneth isomorphism, which is one of the main tools
we have to compute K (n)-homology.

Proposition 1.2.6. Let X,Y be two spectra, then we have an isomorphism
K(n).(X AY) = K(0).(X) @y, K(n)(Y).

Proof. Applying Proposition [1.2.5| appropriately we get the following chain of isomorphisms

Kn)« (X AY)=m(Kn)AXAY)=m, ( \/ ZFE(n) A Y) =
i€l
= (P K(n)up, (V) = K(n)o(X) @), K(n)(Y).
i€l

Proposition [1.2.5]is also the key to proving the following crucial fact

Theorem 1.2.7 (|21, Thm. 7.5]). The K(n)-local stable homotopy category Ly yySHC has no
proper non-trivial localizing subcategories. That is if C C Ly (,)SHC is a localizing subcategory,
then C is either O or the whole category.

This means that we cannot produce a non-trivial Bousfield localization on the category
Ly nySHC, thus for any spectrum X after forming its K(n)-localization X — Lg )X we
cannot localize further to reduce L (,)X to a simpler object.

We conclude this section by stating the classification of thick subcategories of finite p-local
spectra.

Lemma 1.2.8 ([34, Thm. 2.11]). Let F be a finite p-local spectrum, suppose we have K (n).F =
0 for some positive integer n. Then we also have K(n — 1),F = 0.

11



Definition 1.2.9. Let n € N. Let F be a finite p-local spectrum, we call it of type n if
K(n),F #0and K(n—1).F = 0.

We denote by C>,, the thick full subcategory of SHC ;) generated by finite spectra of type
greater or equal to n, that is F' € C>, if and only if K(m).F' = 0 for all m < n. We also write
C>oo for the trivial subcategory 0.

Remark 1.2.10. We observe that for any spectrum X the graded abelian group [X, K(n)].
admits a natural K(n).-action and we have an isomorphism of K (n).-modules

X, K (n)]* 2 Hom ey (K (n). X, K (n).).

Now if we consider DF the Spanier-Whitehead dual of a finite spectrum F' we have K (n).DF =
[F, K(n)]«, therefore DF is of type n if and only if ' is. We conclude all the categories C>,, are
closed under Spanier-Whitehead dual.

Theorem 1.2.11 (Thick subcategory theorem). [35, Thm. 3.4.3] Let T be a thick subcategory
of S’HC?p), the category of p-local compact spectra. Then T = C>y, for some n € NU {oco}.

Remark 1.2.12. It is a consequence of the Periodicity theorem ([35, Thm. 1.5.4]) that the
thick subcategories C>,, are all distinct.

Remark 1.2.13. Since K(n), is a graded field, for any two K (n).-modules M, N if M # 0 and
M ®g(n), N = 0 then necessarily N = 0. This trivial observation can be used quite effectively
in our study of spectra via the Kiinneth isomorphism and the existence of a spectrum of type
n. That is, if X is a generic spectrum then we can fix F'(n) a spectrum of type n and see

K(n).(F(n) A X) = K(n).F(n) @k, K(n).X

therefore X is K (n)-acyclic if and only if F'(n) A X is. This argument lets us use F'(n) as test
case for the acyclicity of a spectrum.

1.3 Compositions of localizations

In the previous section we explained why we are interested in the Morava spectra and why
their Bousfield localizations are essential tools for modern algebraic topology. The next natural
question is how much control can we have about successive compositions of such localization
functors: do we get degenerate cases in which we have infinitely many different strings of
compositions, or must there be stabilization phenomena which make impossible to obtain such
convoluted situations?

We first propose some folklore results which seems to indicate some sort of regularity.

Proposition 1.3.1. For any natural numbers m,n with m < n we have Ly () Lg(m) = 0.

Proof. We let X be a generic spectrum and we fix F' a finite spectrum of type n, this means
K(m)«(F) = 0 while K(n).F' # 0. Hence F' A\ L ()X = Lg(m)(F A X) =0.
By Proposition we have

K(n)+(F) @k (n). K(n)+(Lic(m)X) = K(n)+(F A Lgn)X) = K(n)«(Lgn)(F A X)) = 0.
By Remark we deduce Ly (X is K (n)-acyclic and the claim follows. O

Proposition [1.3.1] seems to indicate that raising the chromatic height we collapse the com-
position to zero. It also implies the following result, which indicates a similar simplification
when we are considering a localization with respect to a wedge of Morava theories.
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Proposition 1.3.2. Consider natural numbers m < t < n, then the natural transformation

Loy Lgmyvim) = LrwLirm)
s an isomorphism.

Proof. The indicated map just comes from applying L ;) to the natural transformation arising
from the inequality of Bousfield classes (K (n)) < (K(m) Vv K(n)).

Proposition [4.3.12| together with Proposition [1.3.1] imply we have for any spectrum X a
chromatic square of the form

LgmyvrmX —— LgmX
|- |

Applying L ;) we still get a homotopy pull-back square, but by Proposition the lower
row is constantly 0 hence the upper horizontal map must be an isomorphism.

Remark 1.3.3. We postpone the proof of Proposition which allows us to obtain the
above chromatic fracture square, it is nothing specific of the Morava K-theories and we will
prove a far more general result.

The results exposed up to now suggest that the compositions of localizations involving
Morava theories should behave reasonably well if we set a limit for the maximum chromatic
height. This intuition inspired the following conjecture, which is the first stepping stone of this
work.

Definition 1.3.4. We fix a positive integer n. Let A C {0,1,...n — 1}, we define

K(A)=\/ K(a)

a€A

and set Aa = Lg(a). If A = (Ay,...,4;) is an l-uple of such subsets we denote by Ay the
COHIpOSitiOH LK(Al)LK(Ag) e LK(AI)-

Remark 1.3.5. It is immediate that Afgy = Lg(q) and Theorem@l implies Ago . 1y = L
for any k£ < n.

Conjecture 1.3.6. Fix the integer n as above, then all the possible iterated localizations Aa
are, up to natural isomorphism, only finitely many.

The results proved up to this point already let us prove this conjecture for low values of n.

Example 1.3.7. If n = 1 the only possible composition we examine is the rationalization L q).
If n = 2, we are considering Lg o), Li(1) and Lg(;): idempotency of localizations together
with Theorem and Proposition let us compute all the possible compositions. These
are LK(I)LK(O) = 0, LK(i)LE(l) = LE(I)LK(i) = LK(i) for ¢ = 0, 1.
The case n = 3 can be solved with Proposition [1.3.2

Even if Conjecture [1.3.6] is easy to formulate and understand it leaves a lot to be desired:
for example we ask only the existence of a natural isomorphism establishing two compositions
to be the same, but in fact what happens is that these iterated localizations are connected by
a network or transformations arising from the homotopical universal properties characterizing
the localizations. These are the maps we want to consider and determine if they are invertible.

We are going to improve Conjecture in the following way:

13



1) for a generic spectrum X we will construct a diagram whose vertices represent these
iterated compositions of localizations of X and the edges are the appropriate combinations
of the natural transformations n: I'd = L 4).

2) We will form this diagram in a homotopy coherent manner: that is, if Q denotes its shape
we will not provide a functor of (SHC (p))@ but instead an element of the homotopy cat-
egory of diagrams HO(SpQ), where Sp is a geometric model for the p-local stable homotopy
category.

3) To verify the finiteness of the number of different localizations, we will show we can take
as indexing diagram Q a finite poset. Moreover, we will endow QQ with a binary operation
which keeps track of the compositions of localizations.

To deal with the homotopy theoretical part of our proof and realize the claim 2) we will employ
the theory of derivators, for which we will have to develop a few ad-hoc results not present in
the literature. These will be presented in after we give a brief overview on the basics
of derivators in §3.1}{3.6]

We will show that such diagrams for different spectra X form the underlying category of a
strong stable derivator F and the functoriality in X will be encoded via a theory of anafunctors,
which we develop in

The first step towards constructing the diagram of 1) is that we can express L KX as
homotopy limit of a cube whose vertices are provided by compositions of localizations L ) for
the various a € A. This is a generalization of the usual chromatic fracture square and will be
presented in

In §4.5| we will finally construct the derivator F with the associated diagrams. The finiteness
outcome will be achieved by proving a formula for the composition of two iterated localizations
(Theorem which will depend only on the combinatorics of the underlying poset Q. This
not only will complete the proof of Conjecture [I.3.6] but also provide us with a useful way to
compute the composition of localizations completely independent of their geometric meaning,
since this composition can be modelled by the operation on Q.

Moreover, we will formulate our proof in an axiomatic framework so it will hold for any
family of localizations satisfying a slight generalization of Proposition [[.3.1] Therefore the
result will be true not exclusively for the chromatic case, even if it was our starting point and
it is the most important example we can think of.
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Chapter 2

Results and their formulations

2.1 The general setting

As we mentioned above, we are going to work with a well-behaved family of localizations on
a category more general than the stable homotopy category. We make now explicit what this
means and establish the setting of our discussion.

Definition 2.1.1. We fix a stable model category or a quasi-category By, such that its homotopy
category B = Ho(By) is a compactly generated triangulated category.

We also set an integer n > 1 and put N = {0,...,n — 1} as before. Then we fix a family of
homology theories K (i).: B — Ab, for i € N and define K(A), = @, .4 K(a)s for any A C N.
We let A4 denote the localisation with respect to the localizing subcategory of K (A).-acyclics.

Remark 2.1.2. Even if we are interested only on the homotopy category B and its localizations,
rather than the specific choice of its geometric model, we invoke the existence of such By so
that B coincides with the underlying category of a strong, stable derivator C. This condition
is not strictly required for our argument to work, but it is the most common way to form a
derivator. Also, the homology theories are usually established on the homotopy category or its
model. Therefore, this comes more natural than asking for the existence of a derivator whose
underlying category admits certain homology theories.

Remark 2.1.3. While the matter of the actual existence of the localizations A 4 is not trivial, it
has been dealt in the literature exhaustively. One of the best classical references for the existence
of Bousfield localizations in a general, well behaved triangulated category is [29, Ch. 9]. Margolis
in |28, Ch. 7] presents a proof for the stable homotopy category, but it can be generalized to
other (sufficiently nice) triangulated categories. This is the approach we adopted in |2, App. A].

It is worth mentioning that analogous existence results have been developed internal to the
geometric models, for both settings of model categories and quasi-categories. Reference for
these two approaches are [17] and [24} §5.2] respectively.

Definition 2.1.4. In the setting of Definition we say the family of homology theories K ()
satisfies the fracture aziom if for every A non-empty subset of N, and b € N with b > max(A),
then K (b)«Aa(X) =0 for all X € B. L.e. being K(A),-local implies being K (b).-acyclic.

Definition 2.1.5. We let P = P(N) be the set of subsets of N, ordered by inclusion. For
A, B e P, we write A/Bifa<bforalla€e Aand b€ B.

Remark 2.1.6. Note that AZB is vacuously satisfied if A = () or B = (), and because of this,
the relation is not transitive.
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Lemma 2.1.7. The fracture aziom implies the following (apparently more general) statement:

if A,B € P with AZB and K(B).(X) = 0, then K(B).(Aa(X)) = 0.

Proof. If A = () then K(A). = 0 and so A4 = 0 and everything is trivial. We can thus assume
that A # ), so max(A) is defined. The assumption AZB then means that b > max(A) for all
b € B. We are given that K(B).(X) = 0, or in other words that K(b).«(X) = 0 for all b € B.
We want to prove that K(b).(Aa(X)) = 0. If b > max(A) then this is immediate from the
fracture axiom. This just leaves the case where b = max(A), so b € A. The map X — As(X)
is a K(A)-equivalence, so it is a K(b)-equivalence (because b € A), and K(b).(X) = 0 by
assumption, so K (b)«(Aa(X)) = 0 as required. O

We next provide a criterion to verify the fracture axiom.

Proposition 2.1.8. Let B be a stable homotopy category in the sense of |20, Def. 1.1.4] (so it is a
closed tensor triangulated category with a set of strongly dualizable generators). Assume we have
N as before and objects K (i) € B representing the homology theories K (i)«(X) = m (K (i) AN X).
Suppose we also have objects F(i) € B, and that the following conditions are satisfied:

(a) F(i) is strongly dualizable for all i.

(b) For j < i we have K(j) A F(i) = 0.

(¢) For any object X € B and any i we have K (i) ANX =0 if and only if K(i) NF(i) AN X = 0.
Then the fracture axiom is satisfied.

Proof. We take a subset A € P, to avoid trivial cases we assume it is non-empty. We suppose
that b > max(A). We need to show that K(b) AA4(X) = 0, by condition (c) this is the same as
showing that K (b) A F'(b) A Aa(X) = 0. For this it will suffice to show that F'(b) A Aa(X) =0,
or that the identity map of F'(b) A X4 (X) is zero which is equivalent to proving the adjoint map

DE(b) A F(b) Aa(X) = Aa(X)

is zero. Here K(A) A F(b) = 0 by condition (b), so the source of the above map is K (A)-acyclic,
whereas the target is K (A)-local; this implies that the map is zero as required. O

The simplest example of a setting as in Definition [2.1.1] we can present is the following
provided by algebra.

Example 2.1.9. Let B = D(Z(p)) be the derived category of modules over Z,, and put
K(0)=Q K(1)=2Z/p
F(O) :Z(p) F(l) :Z/p.

It is then straightforward to check the hypotheses of Proposition so the fracture axiom is
satisfied.
F(0) coincides with the unit of B, while F'(1) is quasi-isomorphic to

"'—>O—>Z(p)£>Z(p)—>0—>"-

hence they are both perfect complexes. The equality K (0) A F(1) = Q ®" Z/p = 0 comes from
the fact that after tensoring with Q the above chain complex it becomes acyclic. Condition (c)
is verified because F(0) is the tensor unit and F(1) ®" K(1) = Z/p @ ¥Z/p (to see this just
apply Z/p ® — to the above complex).
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Example 2.1.10. Now the motivating example. Let By denote the category of symmetric
spectra of simplicial sets, equipped with the p-localisation of the usual model structure. Put
B = Ho(Bo) (so this is the usual SHC (). For any i € N = {0,...,n — 1}, let K(i) denote
the Morava K-theory spectrum of height i at the prime p, and let F(i) be any finite p-local
spectrum of type . It is again straightforward to check the hypotheses of Proposition [2.1.8
Assumptions (a) and (b) are satisfied by construction of our F'(i)’s. (c) follows immediately

from Remark [[.2.13
Therefore, the fracture axiom is verified.

Example 2.1.11. Let B = SHC(,) again. As before F'(i) will denote any finite spectrum of
type i. By the periodicity theorem [35, Thm. 1.5.4] it admits a v;-self map, that is a map
fi: ©% (i) — F(i) such that it is an isomorphism on K (i)-homology and for j # i K (j).(f:) is
nilpotent. We will be considering as objects representing our homology theories T'(i) = f{lF (1)
the i-th telescope.

Again (a) holds by construction of the objects F(i). (b) follows from the fact that for j < i
we have T'(5) A F(i) = (fj A1)7H(F(j) A F(i)). Observe K(n).(fj A1) = K(n).(f;) ® 1 must
be nilpotent for every n € N. Thus, by an application of the nilpotence theorem [18, Thm. 3
(ii)], the morphism f; A 1 itself is nilpotent and the associated telescope must be trivial.

An alternative argument is that f; A 1 and 0 are both v;-self maps for F(j) A F(i), so for
the asymptotically uniqueness of these maps (|35, Thm. 1.5.4 (ii)]) there exists some N € N
such that fJN ANl =0.

Finally, (¢) follows from the following fact: we have X AT'(n) = 0 if and only if X AT'(n)’ =0
where T'(n)’ is another telescope of a v,-self map on a type n finite spectrum. Assuming this, we
have only to notice that T'(n) A F(n) = (f, A1)"Y(F(n) A F(n)) is indeed a new n-th telescope.
The claim is equivalent to the fact that the Bousfield class of T'(n) is independent of the choice
of F(n) and f,. This is a well known fact in the literature, for a reference see |25, Lemma 2.1].

This example is relevant since the Bousfield localization associated to \/!'_,T'(i) coincides
with the finite localization associated to E(n), usually denoted L%. There exists a canonical
comparison map L = Ly, determining whether this is an equivalence or not is the content of
Telescope Conjecture.

Example 2.1.12. Let G = C,n-1 be the cyclic group of order p"~1. We take By to be the
category of orthogonal G-equivariant spectra with the stable model structure provided in [7,
Thm. 1.2.22], so that B is the G-equivariant stable homotopy category.
We set H; for 0 < i < n — 1 to be the subgroup of G of order p"~17%, so we have a sequence
of inclusions
e=H, 1<H, o<---<H <Hy=0G.

As it is usual in the literature, fixed F a family of subgroups of G closed under subgroups and
conjugacy we denote by EF the unbased G-orthogonal space characterized, up to G-equivariant
homotopy equivalence, by

EFE ~ 0 ifK&F
N ifKeF

for all K < G and its unreduced suspension by EF. This is a pointed G-space with the following

the property
EFK m * if K e F
SV ifK¢EF

for any K < @.
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We define the families of subgroups F; = {K < G: K < H;} ={H; : j > i} for 0 <i <n—1,

using these we can set

K(i) = S°G/H; N\X*EF;1  F(i) = 2°G/H;
where we mean K (n—1) = X5°G. We notice that the F(7)’s are finite G-spectra (|7, Prop. 1.3.10]),
so condition (a) is satisfied.

It is immediate to compute the geometric fixed points of these spectra

_ 0 ifm<i , 0 if m#£i
ol (p(i)) =4 LM ol (K (i) = { L
F(7) ifm>1 YXYG/H; it m=1.
Using these results and the fact that geometric fixed points commute with the smash product
we see (b) holds.
To verify (¢) we compute explicitly the smash product
F(i) AT(i) = °G/H; NXPG/H; AN S°EF; 1.
Since ¥G/H are cofibrant objects, for these factors the derived and non-derived smash
products coincide thus
SXG/H ANYYG/H ANS®EFi 2 X2(G/H; x G/H;) NS EF; 1.
We recall the double coset decomposition
G/HxG/K= [[ G/(H'NK)
H\G/K
which applied here for H = K = H; gives us the isomorphism
G/H;
We deduce 3
F(i)AK(i) = \/ SYG/H; N\S®EF;11 = \/ K(i)
and the last condition is ensured.

Before concluding we remark the following fact: unlike the previous examples, here the
condition [S, K (i) A X]. = 0 does not guarantee a priori that K (i) A X = 0. That is the tensor
unit, namely S = ¥°G/G, is not a compact generator for B. Instead we have to consider the
whole set {£°G/H : H < G} (see [7, Cor. 1.3.11}).

Nevertheless we define K (i).(X) = [S, K (i)AX]. and simplify this expression: the Wirthmdiiller
isomorphism (|7, Thm. 2.1.10]) ensures that X°G/H is self-dual thus

K(i)«(X) = [S,K (i) A X, = [2F°G/H;, S°EF;11 A X], =
=i (S®EF 1 A X) = m (P X)
where the last isomorphism comes from |27, Ch. V, Prop. 4.17] after observing F;; coincides

with the family of subgroups not containing H;.
Therefore for any subgroup H < G we have

[SCG/H,K(i) A X]. =[S, K@) AX ANEPG/H, =
= m (T (X ASPG/H)) = . (dTi X A ®HI(ZG/H))

and @Hi(Eﬁ_OG /H) is non-equivariantly either 0 or a finite coproduct of copies of S.
We deduce that actually K (i).(X) = 0 if and only if ¢*iX = 0 (as non-equivariant spec-
trum) if and only if K(i) A X = 0.
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2.2 The main theorem

We proceed to give the statement of our main theorem. First we need to fix some notation
regarding the iterated localizations.

Definition 2.2.1. Let By, n and K (i), like in Definition and assume they satisfy the
fracture axiom. Let A = {a1 < a2 < --- < ai} be an element of P, then we define for every
XeB

PA(X) = Mar} M a} - - - Mag} (X)-
We notice that by the fracture axiom this is the only ordering of the localizations A, which

makes the composition not necessarily trivial.
If A= (Ay,...,4)) is an [-uple of subsets of N we set

An(X) = Aa Aay - - Aa, (X).

Definition 2.2.2. Let Q be the set of all subsets of P that are upwards closed, i.e. if U € QQ and
A, B € Pwith A C B then A € U implies B € U. We endow it with inverse inclusion ordering:
that is for any two U,V € Qweset U <V if V C U. We defineu: P - Qbyud = {B: A C B},
so u is a morphism of posets. We also define v: P — Q by vA = {B: BN A # 0}, so v is
order-reversing.

Remark 2.2.3. In P, the smallest element is () and the largest element is N. In Q, the smallest
element is uf) = P and the largest element is (). Consider P’(NN), the set of non-empty subsets
of N, it is immediate that this coincides with u@\ {#} € Q. This is the second-smallest element
in Q: that is, if U € Q and U # ul then uf) \ {#} < U. The element uN is second-largest in Q,
in the sense that every element U € Q with U # () satisfies U < uN.

Lemma 2.2.4. There is a map *: Q x Q — Q of posets given by
UxV={AUB|AecU, BeV, A/B}.
This operation is associative, with
UxV«W={AUBUC |AeU BeV,CeW, ALB, AZC, BZC},

and ul) is a two-sided identity element. Moreover, it is distributive on both sides with respect to
the union.

Proof. Supposethat Ac U, BeV, AZB and AUB C C. We can then choose t such that a <t
foralla € A,and t <bforallbe B. Weput A/ ={ceC|c<t}and B ={ceC|t<c}.
Then A C A" so A’ € U, and B C B’ so B’ € V. We also have C = A’ U B’ with A’ZB’,
so C € U V. This proves that U *x V is closed upwards, so we have indeed defined a map
¥: QxQ — Q. Itis clear that if U CU’ and V C V' then U *V C U’ * V’, so * is indeed a
morphism of posets. All remaining claims can also be trivially verified. O

We are finally ready to state our results.

Theorem 2.2.5. In the situation of Definition and Definition [2.1.4) we denote by C the
homotopy derivator associated to By. Then there exists a strong stable derivator of fracture
diagrams F, which is a subderivator of the shifted derivator C2 and such that the restriction to
ul provides an equivalence ud*: F — C.
Using this, we can define for every U € Q an anafunctor
o,:c < F e

These anafunctors satisfy the following composition law 0y o Oy = Oy, .
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We now unravel part of the information contained in this Theorem to make more clear how
this result implies Conjecture [1.3.6

Corollary 2.2.6. For every object X € B we can provide in a functorial manner a coherent
diagram Z € HO(BE)Q). If we denote its value at U € Q by Zy, then this diagram has the
properties that Z,y = X and for any A, B € P we have Zya = ¢p4(X), Zyp = Ap(X). Moreover,
the isomorphism Zyawp = AaAp(X) implies that for any l-uple (Ai,...,A;) of elements of P
the iterated localization Ap(X) coincides with the value Zy, o, ..xv,- Since Q is a finite poset we
deduce that these \y are finitely many up to isomorphism.

Proof. We have just to consider the underlying level of the derivators and their anafunctors in
Theorem 2.2.5

The underlying category of F consists of diagrams Z € HO(B?) with the property that if X
denotes the initial vertex Z,3 then value at the vertex uA is given by the iterated localization
$a(X) (see Remark and at vA we have the localization A4(X) (by Proposition [4.5.10).
Accordingly with this, the edge corresponding to the inequality uf) < vA in Q can be identified
with the K (A)-equivalence X — A4(X) and ul) < uA provides the map X — ¢4(X) coming
from combining appropriately the natural transformations associated to the single localizations
Afq) for all the elements a € A.

The anafunctors 6y induce functors (6y). which can be considered generalizations of our
iterated localizations in the sense that (6,4)e = ¢4 and (0ya)e = Aa.

By construction we have for any Z € F(e) an isomorphism (0y7)e(Z,9) = Zy, which let us
conclude. O

It is clear that after invoking this much derivator technology we have to spend a few words
on it. Indeed, the next chapter will be dedicated to establishing the basic terminology and
technical results we developed for our needs.
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Chapter 3

Derivator theory

3.1 Motivations

Derivator theory was independently started by Gothendieck [14] and Heller [16], moreover it
received analogous formulations later by Franke [8], Keller [22] and Maltsiniotis [26]. The core
problem it tries to solve is the following: if we consider a triangulated category as defined by
Verdier we have that the axioms guarantee only the existence of the cone of a morphism, but
not its functionality. This has repercussions on the whole theory of homotopy (co)limits of the
category in the sense that even when we can have results of existence of ad hoc versions of such
objects they usually are not functorial and we can only hope to guarantee some sort of weak
universal property. That is, we do not have the existence of canonical (i.e. unique) morphism
arising from such properties.

The intuition behind the solution, which constitutes the core idea of derivators, is that the
triangulated categories we want to study usually arise as homotopy categories of some geometric
model, and on such model the construction of homotopy fiber can be done functorially. Let us
consider the a simple example given by the derived category of an abelian category A.

This is defined starting from Ch(A), the category of chain complexes in A, after various
procedures finalized to formally invert the quasi isomorphisms. As we stated, if we start with a
morphism f: X — Y in D(A) then its cone C(f) is an object characterized by an exact triangle

x Ly oy -ox

such that if we have another morphism ¢ determining a second cone and the two maps fit in a
commutative diagram

then it can be extend to

X Y C(f) v X
Lo s
X 2y Clg) 2X

in a non-unique way. Thus we cannot form a functor C': D(AM = D(A).
But if we started with a morphism f in Ch(.A) representing f then we have available the

following procedure: the first step is to enlarge f considered as an element of Ch(A)m to a span
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x 1.,y

|
CcX

where C'X is the usual cone chain complex given by (CX), = X,, ® X;,,—1 and i: X — CX is
given degree-wise by the inclusion in the first copy of the sum. The second step is forming the
push-out of such diagram, so we get

x 1 .y

l [eot()

cxX —— C(f).

It is a standard fact that the homotopy class of C(f) coincides with the above cone C(f).
The advantage of this construction is that it is completely functorial, so it allows us to define
C: D(AM) = D(A).

This gives us the idea that the category D(AM) contains much more information than
D(A)M in particular the extra data allow us to form the functorial cone construction we
desire. Actually, this procedure can be generalized to provide functors D(A’) — D(A) providing
homotopy limits and colimits of diagrams of shape I. To further confirm our picture, observe
that the objects in D(A) are honest commuting diagrams of Ch(A)!, while the objects in
D(A)! are diagrams commuting only up to homotopy.

This excursus tells us that instead of working just with the triangulated category D(A)
we should actually consider a whole collection of categories D(.A’) which should be related by
functors D(A’) — D(A’) enabling us to construct all the homotopy limits and colimits we
need.

The most simple way to do this is to encode all this information in a 2-functor

D: Dia® — TCAT I+~ D(AY)

subject to certain axioms. Here Dia is an appropriate full 2-subcategory of Cat, the 2-category
of small categories, while TCAT denotes the subcategory determined by triangulated categories
(not necessarily small) with 1-cells the exact functors. With Dia®” we indicate the 2-category
obtained by formally reversing only the 1-cells, not the 2-cells.

This approach to homotopy theory was developed before the widespread use of the theory of
model categories (first defined by Quillen) and co-categories (popularized by Lurie and Joyal)
which are the most common ways used nowadays to perform computations on homotopy cat-
egories. Derivator theory is a much more simplistic approach since we do not work explicitly
with a model where we can develop a well behaved theory of homotopy fibers and cofibers but
rather we require the homotopy category to admit an extension to a diagram of triangulated
categories which contains functor producing all the homotopy limits and colimits we want.

Since we could reduce our argument to work for any collection of homology theories satisfying
the fracture axiom, regardless of other their properties and of the geometric model for the
ambient category, the axiomatic approach offered by derivator theory is the most fitting to the
generality of our proof.

3.2 Recollection on classical category theory

Before actually starting with derivator theory we will need some background on category
theory. The aim of this section is to fix the notation and recollect basic facts about adjunctions
and mate transformations.
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Definition 3.2.1. An adjunction (L, R): A &= B can be defined in two equivalent ways. The
most common one consists in a datum of bijections

Homgs(LX,Y) 25 Homa(X, RY)
natural in X € A and Y € B. This means that for every morphism v: X — X’ and v: Y — Y’

we have a commutative diagram

Homgs(LX",Y) XY Hom (X', RY)

Hom(Lu, v)l lHom(u Rv)
Homp(LX,Y") *> Hom4 (X, RY").

This is equivalent to providing two natural transformations n: Id = RL and ¢: LR = Id,
called the unit and counit of the adjunction, which make the following two diagrams commute

\LJIL \RZLZ

these are called the triangular identities.
Lemma 3.2.2. The two notions proposed in Definition [3.2.1] are equivalent.

Proof. If we start with the class of bijections ¢ then we set nxy = ¢x rx(Idrx) and ey =
qﬁ]_ﬂl,y(l dRry), from the naturality of ¢ we easily deduce such 1 and ¢ are natural as well. For
any morphism f: LX — Y we form the commutative diagram

dX,LX

Homp(LX, LX) —— Homu (X, RLX)

Hom(LIdX,f)l J/Hom(IdX,Rf)

Homgs(LX,Y) Y5 Homu(X, RY),

if we consider the element Idyx in the upper left set then commutativity implies ¢x y (f) =
Rf o nx and similarly we can prove for any g: X — RY the formula cb)_(ly(g) = ey o Lg.
Therefore we deduce

Idpx = ¢ xdx.ox(Idrx) = oy x(nx) = erx o Lnx

and the first triangular equality is proved, for the second we have to unravel ¢ Ry,yqb;&,y(l dRy).
If instead we start with with a unit and counit, we can define the bijection ¢x y using the
formula we established above

Homgs(LX,Y) 25 Homa(X, RY)
f = Rfonx.

The triangular equalities imply this has inverse given by

Hom4(X, RY) — Homg(LX,Y)
g ey olLg.

and naturality of the transformations implies the same property for this ¢x y. O
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Using the description with unit and counit let us formulate the following useful criterion.
Lemma 3.2.3. Let (L,R): A= B be an adjunction of functors.

1. The left adjoint L is fully faithful if and only if the associated unit n: Id = RL is an
isomorphism. If this is the case, an object X € B lies in its essential image if and only if
the counit e: LR — Id evaluated at X is an isomorphism.

2. Dually R is fully faithful if and only if the counit € is invertible. If this is the case then
Y € A is in its essential image if and only if ny is an isomorphism.

Proof. We deal with the first case, the second follows by duality. By Lemma [3.2.2] we see we
can describe L: Hom 4(X, X') = Homp(LX, LX’) as the composition
-1

d)X,LX’

d ’
HomIxnx1), yom 4(X, RLX') X' Homp(LX, LX).

Hom 4(X, X")
Since the second map is a bijection we deduce L is fully faithful if and only if Hom(/dx,nx/) is
a bijection for every X, X’ € A, Yoneda lemma implies this is equivalent to 7x+ being a natural
isomorphism.
For the second part of the claim we observe if ey is an isomorphism then trivially Y =2 LRY
so Y lies in the essential image of L. Conversely, if we have an isomorphism ¢g: Y — RY” then
we can form the commutative square

y — 2 Ly’

€YT T‘SLY’

~ /
LRY Tre LRLY".

The assumption of 1 being invertible and the first triangle equality imply also 7y is an iso-
morphism, thus ey must have this property as well. O

Lemma 3.2.4. Let (L,R),(L',R): A = B be two adjunctions. Then there exists a bijection
between the natural transformations a: L' = L and B: R = R’ making the following square
diagram commoute

Homs(LX,Y) —" Hom(X, RY)
Hom(ax,Idy )J, lHom(IdXﬂY)
X

Hompg(L'X,Y) —% Homy (X, R'Y).

Proof. The claim is clear from Yoneda lemma and the fact that ¢xy and ¢’X7Y are bijections.
Nevertheless, we write down explicitly the formulas which relate o and .
If we fix Y = LX and start from Idyx in the upper left corner, then the commutativity of
the diagram implies
ax =epx o L'Brx o L'nx
and dually setting X = RY and comparing the two images of Idry under the maps of the
diagram we get
BY = R/EY o R/OéRy (¢] n}%Y
O

Corollary 3.2.5. In the situation of Lemma[3.2.7), the natural transformation « is invertible
if and only if the corresponding 3 1is.
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Definition 3.2.6. In the situation of Lemma [3.2.4] we call the two corresponding transforma-
tions conjugate or total mates.

Corollary 3.2.7. If a functor has a left or right adjoint this is unique up to natural isomorph-
sm.

We now move our attention to the calculus of canonical mate transformations associated
to squares inhabited by natural transformations. In the literature they are also denoted by
Beck-Chevalley transformations.

Consider the diagram of functors

A+ B
C+——D

_Q

and suppose u* and v* admit left adjoints, which we denote respectively by u and v. Then we
can extend horizontally the diagram as follows

we denote such transformation by
* *
o) = £q7 v o waw o wrm.

Suppose instead that r* and ¢* have right adjoints, respectively 7, and ¢, then we can augment
the diagram vertically in the following way

and call the composite transformation
iy = T4 U%E O Ty © NV Q.
We call these transformations the canonical mates associated to «.

Lemma 3.2.8. Suppose that u* and v* admit left adjoints and r*, ¢* have right adjoints so
that canonical mates cy and «, exist, then they are conjugate in the sense of Definition |3.2.6]
Thus ay is an isomorphism if and only if ay is.

Proof. We have just to verify that oy and a, satisfy the explicit relations written in the proof
or Lemma We first observe that if we have a pair of adjunctions

H

E2F=2G6
I

Q1=
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then (HF,GI) forms a new adjunction with unit and counit given respectively by

Id% oF S5 grHF HFGIZEL HI S 14,

We apply this to the adjunctions

vy q* r* uy
B=D=C B=A=C.
v* qx Tx u*

Using the notation of Lemma the two adjunctions we consider will be L = ¢*v, R = v*q,
and L' = wr*, R’ = r,u*. We will be decorating the units and counits with letters to recall
which adjunction they belong to.

In the end we have to show the formula
oy = eq* vy o wrt g v o wyrty

where the above ¢ refers to the adjunction L’ 4 R’ and 7 is the unit of L 4 R. To prove this
equality we form the following diagram

wr*n? wr*v*niv
wr* > w vt wr*v*q.q* o
wrn wr*v*ndu / wWr*nTv* g gt o)
~ - ~ 3
* ok uTrvInT) %, % * * %, % *
wr- v v wr-v (i wr r«r-v v
! ! ! qxq U WETT U e g 1T T qxq U
Uy g g v UWT* T @ q™ )
e * ~q e ~
uuTeETgT U
wu*q o WU GGV e WU g )
! * Ul
evq*u wu*edq*v wr*reu*edq*u
~ ~ ~
* k %k * k ok
(] uu (R wUr-ryuu vr.
q E“q*vy : q L u!a'ru*q*v! : * q !

We notice that the left column is ay and the composite of the maps on other three edges coincides
with the right hand side of the previous equality (after unravelling the units and counits of the
composite adjunctions).

All the subdiagrams commute trivially, except for two. The first is the lower triangle in
the upper right square: this commutes by the triangular identity involving the left adjoint of
r* 4 r,. The second is the left square in the middle row: we rewrite it as

wr*v*niv

wr* vt wr*v*qeqt o

U!Cw!i wu*g*niv lU!OffI*q*”!
—
wu* gty wuq g v
—

wu*elq*v
now it is immediate to see the upper part commutes, then we notice that by the triangle identity

involving the left adjoint of ¢* - g, the two morphisms in the bottom row are inverses, so they
can be interchanged. O

A crucial property of canonical mates is that they are compatible with pasting of squares.
Suppose we have a diagram of this shape

* *

A+——B<+— &
v v
CTDT]:



then we can compose appropriately the transformations a and 8 to get
a®p=ator'f: rsfw* = utq't".

Lemma 3.2.9. In the above situation, suppose that the appropriate adjoints exist to define
and By, then the mate (a ® B); exists and we have

(@B =pOa.
Dually, provided o, and B, exist, we have
(Oé@ﬁ)* = B* © Q.

Proof. We show only the first statement, the second is proved similarly.
Consider the diagram

C+2 A+" B 1
L//u*T V Tv*n )
M= Ce Dy B — £y
€ * ﬁ *
o] 2 TN
rd D F iy &

and observe that when we compose all the natural transformations in the picture the two in the
middle cancel out by a triangle equality. This means f; ©® oy = (@ ® f);. O

3.3 Basic definitions

We finally give the definition of a derivator.

Definition 3.3.1. We let PoSet be the 2-category of finite posets. Its objects are finite posets,
considered as categories as usual, 1-cells consist of the classical morphisms of posets (i.e. maps
of sets preserving the ordering) and we have a 2-cell f = ¢ if and only if f < g.

A prederivator consists of a strict 2-functor

D: PoSet’? — CAT

where CAT is the 2-category of all categories (not necessarily small) and PoSet? is the 2-
category obtained by formally reversing the 1-cells (but not the 2-cells) of PoSet.

Given a 1l-cell u: R — T, its image under the prederivator D(u): D(T) — D(R) will be
denoted by u* and we will call it the restriction functor associated to u.

Similarly for a 2-cell a: u = v we denote by o*: u* = v* the image D(«).

Remark 3.3.2. In full generality a (pre)derivator is defined on Cat, the 2-category of small
categories, but we can restrict the source to a sub 2-category closed under all the constructions
we need to develop our theory (e.g. finite product of categories, forming slice and coslice
categories). For a reference see [5], §1.2].

For this work we choose to restrict to PoSet for two reasons: the first is that since we want
to show finiteness of the composition of localizations we only need to index our diagrams over
finite posets. The second is that we will need a technical result (Theorem whose proof will
make use of this finiteness condition on the indexing categories and does not hold for derivators
taking values on the whole Cat. We will elaborate on this later, when it comes up.
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Definition 3.3.3. We denote by e the poset with just one object. For D a prederivator the

value D(e) is called its underlying category: this terminology comes from the fact that informally

we think of D(R), for any R € PoSet, as a category of enriched diagrams of shape R over D(e).
More precisely, we can form a functor

diag: D(R) — D(e)?

called the diagram functor as follows. For any element r € R we can define a functor r: e = R
sending the unique object of e to r, so for any X € D(R) we define the value diar(X), by r*X.
If we have a morphism f: r — ¢ in R then it induces a natural transformation between the two
evaluation functors f: r = t, thus we get f*: r*X — t*X which we set to be diag(X)(f). It is
immediate that this diag(X) is a functor R — D(e) as we wanted.

When handling an object X of D(R) is much easier to think of it as a diagram, so we
implicitly identify it with diag(X) but this is rather improper. Usually the functor diag is not
an equivalence and with this passage we lose critical information.

Definition 3.3.4. A derivator D consists on a prederivator satisfying the following axioms.

(D1) D takes coproducts to products, i.e. given a finite family {R;};c; of posets the canonical

functor D<]71Ri> B IZID(Ri)

must be an equivalence.

(D2) For any R € PoSet the diagram functor diagr is conservative. That is, a morphism f in
D(R) is an isomorphism if and only if for every r € R its evaluation f, is an isomorphism
in D(e).

(D3) Given a functor u: R — T the restriction u*: D(T) — D(R) must admit both a left and
a right adjoint, which we denote respectively w and u,. These are usually called the left
and right Kan extensions along wu.

(D4) We require the Kan extensions to satisfy the following Kan pointwise formulas, which are
totally analogous to the ones regulating Kan extensions in the classical setting of category
theory.

Let u be as above, for any ¢ € T we can form the slice category (u/t) and the coslice
(t/u) with associated projection functors p: (u/t) — R and ¢: (t/u) — R. These fit in
the square diagrams

(u/t) —— (t/u) —4 R

R
M/t)l 4 J“ M/u)l s J“

e —+—T — =T
which induce, via the calculus of mates, natural transformations
T(u/ty P = tw U = Ty, 9"
which we require to be isomorphisms. We will explain in detail their definition below.
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Remark 3.3.5. A bit of explanation is necessary to make sense of these axioms. (D1) and
(D2) are not too difficult to grasp: these are just regularity conditions which come natural when
we recall the slogan “objects of the derivators are enhanced diagrams”. We want a diagram
defined on [] R; to be determined by its restrictions to the connected components R;, which is
precisely what (D1) establishes.

An isomorphism f between two diagrams of shape R should be a pointwise isomorphism,
i.e. f, should be invertible for every r € R. Which is exactly the content of (D2).

The most critical parts of the definition are axioms (D3) and (D4). The former postulates
the existence of homotopical versions of the classical Kan extensions. For example, recall that
if A is a category complete and cocomplete, fixed I a small category we can form the limit and
colimit functors

limy: AP —» A colimy: AT — A

respectively as the right and left Kan extensions along the projection 7: I — e.

The idea is exactly the same for derivators: (D3) is the requirement for D(e) to be ho-
motopically complete and cocomplete, by the existence of such Kan extensions. The weak
universal properties which homotopy limits and colimits are required to have are encoded in
the adjuctions u* 4 u, and w 4 u*.

(D4) is the condition that such extensions not only exist, but are well behaved and follow
a formula we can use to perform computations. If we evaluate the two natural transformations
at some X € D(R), rewriting T(u/t), S hocilim and 7(, ), as h({)ﬂm, we obtain the maps

hocolim  p*"X = (wX): (uxX)¢ =holim  ¢*X

- (u/t) — (t/u)
and now we can easily see the resemblance with the classical Kan formulas.

Example 3.3.6 (Represented derivators). Let A be a category, then the most trivial example
of prederivator we can provide is the represented prederivator

y(A): PoSet®” — CAT R — A = Fun(R, A)

where the restriction u* consists in the precomposition with w. It is immediate to see that the
adjoints u, and wu; coincide with the classical right and left Kan extensions. Therefore y(.A) is
a derivator if and only if A admits all limits and colimits of shape given by finite posets.

Example 3.3.7 (Homotopy derivators). Let C be a model category or a quasi-category, then
there exists a derivator
He: PoSet”” — CAT R+ Ho(CT)

called the homotopy derivator associated to C.

A complete proof of this is contained in [5, Thm. 6.11] for the case of C a model category:
its core idea is that we can endow Cf with the Reedy model structure and work with this. In
this model the class of weak equivalences W consists of the pointwise weak equivalences, thus
we define Ho(C®) as the localization CE[(W)~1].

An easier reference is [10, Prop. 1.36] where we assume the model category C to be combinat-
orial. This hypothesis guarantees the existence of the injective and projective model structures
on C! which we can use for our arguments. Since for both models the class of weak equival-
ences again is W they provide equivalent homotopy categories, indeed it can be shown that
the adjunction

(Id,Id): CE .= cl

proj inj

is a Quillen equivalence.
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We observe this provides a nice example of the fact that the diagram functor is not an
equivalence.
diap: Ho(C?) — Ho(C)®

as we mentioned in § the objects of the category Ho(C*) are elements of C% i.e. diagrams
commuting in C, while objects in Ho(C)® are diagrams commuting only up to homotopy. The
functor diap can be considered as a forgetful functor which discards the data of coherence in C.

Example 3.3.8 (Shifted derivators). Suppose we start with a derivator D and we fix a finite
poset P, then we can define a new assignment

DY PoSet” — CAT R+~ D(P x R).

It is not difficult to show this provides a new derivator such that its underlying category coincides
with D(P), it is called the shift of the derivator D by P.

We end the section with the application of the theory of canonical mates to derivators.

Definition 3.3.9. We consider a square diagram in PoSet commuting up to a natural trans-
formation

A—"-B
u| oz lv
C—— €&

q

and let D be a derivator, we can apply it to the above square to get a new one

D(A) «+“— D(B)

We observe that all the involved functors have a right and left adjoint, thus we can form the
canonical mates (a*); and (a*).. To keep the notation simple we will drop the upper asterisk
of o, so we will denote them simply by oy and .

We say the starting square is homotopy exact if for any derivator D the associated canonical
mates are isomorphisms.

Example 3.3.10 (The slice and coslice squares). Let u: R — T be a morphisms of finite posets,
then for any ¢ € T' we can form two square diagrams

(u/t) —2— R (t/u) —— R
| v | L7 v
e —— T e —— T
which we call respectively the slice and coslice squares. Using this we can form the mates
(ai)r: hocolim p* = t*u (Bt)s: t*us = holim ¢*.
— —
(u/t) (t/u)

These are the canonical natural maps we mentioned in (D4): this axiom is correctly phrased as
asking the two above squares to be homotopy exact for every t € T.
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Example 3.3.11. Let D be a derivator and suppose that we have a diagram as follows
(A) «— D(B)

d

() o D)

>

S

[ N

>,

where F,G are equivalences and  is a natural isomorphism, we claim that in this situation
the associated canonical mates are invertible. It is enough to observe that -, is formed as the
composition of the natural isomorphism v with unit and counit of adjunctions involving the
equivalences F' and G respectively, hence they are isomorphisms as well.

We observe that if we have a square as

A—>B
o oz iv
C——¢&

t

where s,t are equivalences and « is invertible then by the 2-functoriality of D the induced
restrictions s*,t* are also equivalences and o is again a natural isomorphism. Thus after
applying D we are in the situation just discussed above. Therefore squares of this shape are
homotopy exact.

3.4 Stable derivators

The structure of a derivator is not enough to provide a diagram of triangulated categories.
We have to add additional assumptions, to make sense of them and explain how they provide a
triangulated structure we first have to explain how we define the cone and fiber functors using
a derivator. The basic idea is to mimic the procedure illustrated in § 3.1 to provide a functorial
construction of the cone of a morphisms of chain complexes.

We first legitimate the name “extension” for the adjoints of the restrictions guaranteed by
(D3): that is, we show that the Kan extensions along fully faithful functors are fully faithful
functors.

Proposition 3.4.1. Let u: R — T be a fully faithful functor and D a derivator, then the
induced functors
uy, us: D(R) — D(T)

are also fully faithful.

Moreover, the essential image of wy is given by the objects Y € D(T) such that for all
t € T\ R the morphism (ey): (wu*Y) — Yy is an isomorphism.

Dually X lies in the essential image of u. if and only if (ny ) is an isomorphism for all such
t’s.

Proof. We deal the case of uy, the other involving the right Kan extension is dual.
A concise proof can be formulated using the calculus of mates: if we consider the diagram

R, R
o 5 ]
R/ T

then we can form its canonical mate Id;. Using the diagram
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we clearly see Id) reduces to just the unit n: I'd = v*u;. By Lemma we have to show this
Id, is invertible, i.e. the starting square is homotopy exact.

By (D2) we can reduce to prove 7, is an isomorphism, for all » € R. We consider the
following pasting

(R/r) —— R 144 R

J/Id %Ju

e L R

Lemma 3.2.9|states that the induced mate coincides with 7, composed with the mate associated
to a slice square, which is an isomorphism by (D4). Therefore we have to show the total square
is homotopy exact.

This can be rewritten as

(R/r) —"= (u/u(r)) ——

W/ﬂ/]f“

LA g GRS

The square on the right is a slice square: it is homotopy exact by (D4). Regarding the
square on the left hand side: we observe that since w is fully faithful the induced functor
s: (R/r) — (u/u(r)) is an isomorphism of categories, thus also this square is homotopy exact
by Example We conclude the total square is homotopy exact as well.

The characterization of the essential image comes from the second part of the statements
of Lemma Apply it to wy 4 uw*: Y is in the essential image of u if and only if ey is an
isomorphism. By (D2) this is equivalent to (ey): being invertible V¢ € T'.

Recall that the following triangle identity holds

Id=u"conu™: u* = v uu* = u*.

We proved 7 is invertible, hence also u*e has this property. Thus ey is an isomorphism if and
only if Vt € T\ R (ey): is an isomorphism. O

This means that for every object X € D(R) the unit X — u*u X is an isomorphism, hence
on R C T the Kan extension u; X coincides with the starting diagram X.
We now focus on particular kind of extensions which will be very useful.

Definition 3.4.2. Let u: R — T be a fully faithful functor, it is called

e a cosieve if for any ¢t € T \ u(R) the slice category (u/t) is empty. That is, for all r € R if
there is a morphism u(r) — ¢ in T then ¢ must lie in the image of u;

e a sieve if for any ¢t € T'\ u(R) the coslice (¢t/u) is empty. That is, for all r» € R if we have
a morphism ¢ — u(r) in T then ¢ must belong to the image of w.

Remark 3.4.3. From the axioms of derivators we can deduce that the underlying category
D(e) admits both an initial object () and a terminal object *. Reasoning with the shifts of the
derivator we deduce actually all the categories D(R) have this property, for all R finite poset.
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It is immediate from axiom (D4) and Proposition that if we have a cosieve u then w
just extends the diagrams by adding () as values in T\ u(R). Dually, if u is a sieve u, is just an
extension by *.

Example 3.4.4. We gave the general definition of cosieve and sieve. In our case we will be con-
sidering morphisms between finite posets hence the slice and coslice admit explicit descriptions
as

(u/t)={re R|u(r) <t} (t/u)={re R |t <u(r)}.
This implies a cosieve is just an inclusion of a terminal subposet in T and dually a sieve

corresponds to a initial subposet.
We also observe that if R C T is a cosieve then T\ R C T is a sieve and vice versa.

Definition 3.4.5. Let D be a derivator, we say it is pointed if the underlying category is
pointed. That is, the canonical map () — % in D(e) is an isomorphism. Notice by (D2) this
implies that all the categories D(R) are pointed.

Corollary 3.4.6. Let u: R — T be a cosieve. Let D be a pointed derivator. Then uy: D(R) —
D(T) is a left extension by zero and its essential image is given by the diagrams Y € D(T') such
that Y: =0 for allt € T\ R.

Dually if u is a sieve then uy is a rTight extension by zero and its essential image admits the
same characterization.

Proof. We suppose u is a cosieve, the other case is dual.

The claim about the extension by zero are immediate from the definition of pointed derivator
and Remark

The characterization of the essential image comes from Proposition In the situation
where u is a cosieve (u/t) = () for any t € T'\ R, hence (D4) implies ¥; = 0. O

We are finally ready to give the definition of cone C': D([1]) — D(e) in a pointed derivator
D.

As we explained an element f € D([1]) can be thought as some kind of coherent morphism
f: X =Y between two objects X,Y € D(e).

Consider the following chain of functors

HEN .
where [0 = [1] x [1] and " consists of the span which can be identified with the upper left corner

(0,0) —— (1,0)

|

(0,1)

of 0. The map j just identifies [1] with the upper horizontal edge (0,0) — (1,0).
Observe j is a sieve, thus j, X has as underlying diagram

X —Y

|

0

Now, the functor (ir); consists of completing a span to a homotopy cocartesian square, so the
image of j,X under it has shape
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— Y

X
l Jeott)
0

— C(f).
Therefore we define C': D([1]) — D(e) as the composition

(ir); (1"

D([1]) = D(") D(O) D(e).
Observe that (0,0): e — [1] is also a sieve, hence if we precompose C' with (0,0), we can define
the suspension X: D(e) — D(e).

Dually we can define a fiber functor F': D([1]) — D(e) and a desuspension 2 which is right
adjoint to X.

This gives an idea of how derivator theory works in practice: we started with a set of axioms
which we used to manipulate formally diagrams by extending and restricting them in a way to
perform the operations we desired.

We want to provide a triangulated structure by defining as exact triangles the ones arising
from cofiber sequences like the one produced above to define C(f). There are two problems
though:

e first of all for D(e) to be a triangulated category we have to provide a triangle starting
with f for every morphism in D(e). This is an element in D(e)!!], while our construction
started from an element of D([1]) and we saw that these two categories are very different.

e A fact that is seen explicitly in the case of stable model categories is that cofiber sequences
should coincide with fiber sequence. This does not necessarily hold for a general derivator,
thus we should impose a condition ensuring it.

This makes clear the motivation behind the following two definitions.

Definition 3.4.7. Let D be a derivator, we say it is strong if for any R € PoSet the partial
diagram functor

diagy: D(R x [1]) —» D(R)M

is full and essentially surjective.
Also, if D is pointed we denote it stable if the adjunction X H € is an equivalence.

Remark 3.4.8. There are actually several equivalent conditions defining when a derivator is
stable: we refer to [12, Theorem 7.1]. This theorem establishes that the above condition is
equivalent to the fact that all coherent squares are homotopy cocartesian if and only if they are
homotopy cartesian. That is, if i-: "— [0 and ¢,: o — [ are the inclusions of the upper left
corner and right lower corner respectively, then the essential images of (ir); and (i)« coincide.

This gives all we need to construct the distinguished triangle starting with a morphism f in
D(e). Using the strength of the derivator we lift f to an object f of D([1]). Now we consider
the subposet A C [2] x [1] missing the elements (1,1) and (2,1): we have two inclusions

NN

where a identifies 0 < 1 with (0,0) — (1,0). This is a sieve, hence the right extension
a: D([1]) = D(A) is an extension by 0 and a, f has the form
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L>Y*>O

X
0
we then complete it by applying b so we get

f

X Y 0
|
0 c(f) y DX

The Kan formula (D4) implies that the new values at (1,1) and (2, 1) are obtained by forming
two homotopy push-out squares. Thus the they can be identified with C( f ) and XX respectively.

If we now restrict to the non-zero part of the diagram and take its value under diajz we
obtain a triangle starting with f as we wanted. We actually declare the exact triangles to be
the the ones isomorphic to triangles arising in this form.

Theorem 3.4.9. Let D be a strong stable derivator. Then for any R € PoSet the category
D(R) admits a triangulated structure such that for the underlying category D(e) the collection
of exact triangles is the one described above.

Moreover, for any functor u: R — Q the associated restriction u* admits a canonical natural
isomorphism u*Y = Yu* endowing it with the structure of exact functor. The same holds for
the Kan adjunctions u; and .

The conclusion is that D lifts to a 2-functor

D: PoSet’? — TCAT.

Proof. We first observe that the definitions of pointed, strong and stable derivators are closed
under shift, so it is enough to prove D(e) is triangulated. All the others D(R) are covered by
the shifts DF.

Verifying that the axioms of triangulated category are satisfied and showing u*, u, u, with
the associated canonical transformations preserve exact triangles necessitates careful work. We
refer to |11] for a complete proof. O

3.5 Total fibers

We will need later to work with homotopy limits of diagrams of various shape. Thus we
recall here basic facts about total fibers and their characterizations. Obviously what we will
write has a dual application to homotopy colimits.

Definition 3.5.1. Let R € PoSet, we denote by R the poset obtained by adding a new minimal
element which we denote by 0.

We let ig: R — R® be the associated inclusion. Fixed D a pointed derivator, an object
X € D(R?) will be called cone diagram. If it lies in the essential image of (ir)«: D(R) — D(RY)
it is a limiting cone.

Example 3.5.2. Let R = P’(S) be poset of non-empty subsets of some finite set S. Then R
is isomorphic to P(S) where 0 is identified with 0.

For these posets the limiting cones are also called cartesian cubes, if |S| = 2 they are cartesian
squares.
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Example 3.5.3. Let v: O — [1] be the projection (7, j) — i, we define a coherent diagram of
D(0) to be wvertically constant if and only if it is in the essential image of v*: D([1]) — D(O).
We should think of such squares as the ones in the form

X —Y

% F

X —Y.
Dually we can also define the horizontally constant squares.

Lemma 3.5.4. Let X € D(0O), then it is vertically constant if and only if the morphisms
X0,0) = X(0,1) and X(1,9) = X(1,1) are isomorphism.

Proof. Observe that the functor b: [1] — O given by i — (i,1) is a right adjoint of v. By the
2-functoriality of D we have b* is a left adjoint to v*, hence by uniqueness of adjoints we deduce
v* can be identified with b,.

Since b is fully faithful now the claim follows from Proposition X lies in the essential
image of b, only if the unit nx: X — b.0*X is invertible at (0,0) and (1,0). But () can be
identified with

X(070) — (0,0)*b*b*X = (0,0)*U*b*X = X(O,l)

and similarly 7 o) is the map X g) = X1 1)- O
Corollary 3.5.5. Vertically constant squares are homotopy cartesian.

Proof. We saw in Lemma, that a coherent square is vertically constant if and only if it is
in the essential image of b,. The claim immediately follows from the factorization of b

NESEN
where k is the inclusion of the botton row in the lower right corner of the square . O

Clearly we want the limiting cones to be the diagrams X which present Xy as homotopy
limit of the part of the diagram lying on R, this is what the next proposition confirms.

Proposition 3.5.6. In the situation of Definition given an object X € D(R") we can
provide a canonical natural map Xo — holim % X such that it is an isomorphism if and only
— A

if X is a limiting cone.

Proof. By Proposition X lies in the essential image of (ig). if and only if (nx)o is an
isomorphism. We observe 7 is the mate Id, associated to the commutative square

R 2 Re
iRi Ml/ i]d
RY 14, Re

Arguing as in Proposition [3.4.1] we can consider instead the mate of the pasting

(0/ir) s » RS
Wl /7 ZR\L / lld
e R 11, Re

which differs from 7y only by an isomorphism introduced as the mate of the newly attached
coslice square. Under the isomorphism (0/ig) = R the outer square becomes
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R, Re
A lld

0 R<]

=y

™

D ——

recalling that m, = holim we get (ax)x: Xo — holim (ig)*X which is the canonical trans-
“— R “— R

formation we wanted. O

While the criterion of Proposition confirms our intuition, usually checking explicitly
if such canonical map is an isomorphism is not immediate. The idea behind the definition of
total fiber is to present an obstruction for the diagram to be a limiting cone.

Definition 3.5.7. Let R be a finite poset, D a strong stable derivator. Consider the poset
(RY)Y, we denote by —oo the minimal element of this double construction while 0 refers to the
minimal element of R C (R")?. Therefore, for any r € R we have inequalities —oco < 0 < 7.

We consider the functor Ig = (ig)?: R — (R")? mapping R to itself via the identity and
sending 0 to —oo, thus only 0 does not belong to the image of [g. Define c: [1] — (R)? by
0+— —oocand 1+~ 0.

Let X be cone diagram, its total fiber is defined as
thib(X) = F(c*(Ig)«X).

Example 3.5.8. First of all, let us present a concrete example to better visualize (R)<. We
take R =_, the lower right corner of the square [0 = [1] x [1]

(1,0)

|

(0,1) — (1,1).

Clearly R® = [0: this comes from identifying 0 with the top left corner (0,0). Thus (R)? has
the following shape

—0

I

(0,0) —— (1,0)

If X is a square diagram

X(0,0) — X(1,0)

J |

X0 — X

then (1,),X is formed by adding at position 0 the homotopy pullback or the span lying over
and placing X(g0) at —oo.
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X(0,0)

JI — Xuo
X, — X,

This way we produced a comparison map f: X () — P as a coherent morphism, thus we can
form its fiber and we define it to be tfib(X) = F(f).

Since D is stable it can be shown that a f is an isomorphism (that is, the underlying diagram
diay)(f) is invertible in D(e)) if and only if its fiber is zero.

Therefore the idea is that X is a limiting cone if and only if tfib(X) = 0.

Proposition 3.5.9. In the setting of Definition [3.5.7, the diagram X is a limiting cone if and
only if thib(X) =

Proof. In the proof of Proposition [3.5.6| we saw that the cone is limiting if and only if evaluating
at X the canonical mate associated to
R -2 R®
ﬂl i lld
e —% 4 RS

we get an isomorphism. We can use it to form the pasting
R My pe_1d pe

Ao e

e —2s RT 10, (R

the right square is homotopy exact since [ is fully faithful (Proposition [3.4.1]). Thus a.(X) is
an isomorphisms if and only if evaluating the mate of this pasting at X we get an isomorphism.
Observe this can be rewritten as the vertical pasting

R B, R
[» 7 L
e —>— (R
/ lld
e —25 (R

where the above natural transformation is induced by the inequalities 0 < r for all » € R and the
lower one by —oo < 0. We notice the upper square is isomorphic to the slice square associated
to (0/lr) = R. If we unravel the mate associated to this decomposition we get

D(e) D(R) L, D(RY) 14
\ T / (tr)* \
D(e) D((R)?) < DIRY)

q P

(e) SN D((RY)7)
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and evaluating it at X we obtain the natural transformation

((1R)+X)—o0 — ((1g)+X)o — holim(ig)*X.

F
R

Thus X being limiting is equivalent to ((Ig)+X)—0o — ((Ir)+X)o being an isomorphism.
Now the claim follows from [10, Prop. 4.5]. O

The advantage of total fibers is that they are relatively easy to compute. We restrict to the
case of Example where we can provide a useful computational result.

In this situation we rename 0 by (), given the immediate identification R? 2 P(S). Suppose
s € S, then we can divide a cone X € D(RT) in two smaller cones by restricting along the
inclusions

so: P(S\{s}) = P(S) A~ A, s1: P(S\{s}) = P(S) A~ AU {s}.

We can relate the total fibers of sjX and s7.X to the one of the whole diagram in the following
way.

Proposition 3.5.10. Let D be a stable derivator and S a finite set. Suppose that s € S, and
define the functors sg, s1 as above.

If we take X € D(P(S)) then its total fiber coincides with the fiber of the induced map
bewteen the total fibers of the restrictions of the diagram along sy and s1, in formulas

tfib(X) = fib(tfib(so* X) — tfib(s1*X)).
Proof. We first consider the composition of functors
§iPS) L g

where J; = P(S)? consists of the poset P(S) to which we add an initial object here denoted 4
and j1 = lp/(5). Jo is the push-out of the following diagram

L —— [OF

r| o

P(S)q E— J2

where the upper horizontal functor is just the inclusion. To describe F' we denote as usual the
elements of the square as

(0,0) —— (1,0)

| |

0,1) — (1,1)
and we name the initial point we add to this diagram by —oo. Then F sends (0,0) to 4, (0,1)
to 0 and (1,1) to {s}, it is clear that the resulting poset inherits —oo as initial point. We give

a complete picture of J, in the case |S| = 3 to facilitate its understanding.
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\
(0,0) —— (1,0)

3
0,1) — (1,1)

/ pY /N
Where the lower cube is P(S): the leftmost face is the restriction along sp while the rightmost
one is the restriction along s;. But the functor jo is not the inclusion induced by the push-out,
instead we make jo map i to —oo, ) to (0,0) and {s} to (1,0) while the remaining values stay

at their place.
We now can form the right Kan extension along these functor

jo: DP(S)) Y25 ey B2 pgy)

and we compute j,X. The description of (j1).X is immediate from Proposition we are
adding at the position () the homotopy limit of the punctured cube while we move Xy to ¢ and
the restriction along i < ) gives us the induced morphism from Xj to the limit.

We now claim that for any W € D(J;) the diagram (j2)«W adds the limits of the punctured
faces s§W and s;W at the positions (0,1) and (1, 1) respectively while shifting the values on the
chain i < ) < {s} to —oo < (0,0) < (1,0). The latter claim follows immediately from the fully
faithfulness of Kan extensions along fully faithful functors, for the former we use the detection
result [10, Prop. 3.11]. Or more precisely, an immediate generalization of such criterion to
higher dimensional cubes.

We start with the face parametrized by sg: the only non-trivial assumption of the criterion
we have to show is that the induced functor

PSN{sH) \ {0} = ((0,1)/j2) A= A

is a left adjoint. Since the slice ((0,1)/j2) can be identified with the subposet P(S) \ {0, {s}}
we can easily present a right adjoint by

((0,1)/j2) = P(S\{s) \ {0} A A\{s}.

Therefore s§(j2)«W is an limiting cone.
Now we deal with si(j2)«W in the same way: again we only have to prove that the induced
functor

PSN{sH\{0} = (1, 1)/52) A= AU{s}

is a left adjoint, but this time the slice ((1,1)/j2) is given by the subsets A of S containing s
such that A\ {s} # 0, therefore the above functor is an isomorphism with inverse

(L1)/j2) = P(S\{sHh\ {0} A A\{s}.
Thus s7(j2)«W is a limiting cone. From what we proved up to this point it is clear that 7, X is
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a diagram of the form
Xp

N

limX —— X{s)

! !

limsj X — lims] X

/ N /N
where the the ones appearing in the upper part of the diagram are intended to be the limits of
the appropriate punctured diagrams (we did not restrict X further just to keep the notation at
minimum) while in the lower part X is left unchanged.

We denote by f: 0 — Js the restriction of ¢ at 0 C [9. We claim that f*4,X is a cartesian
square diagram. To prove it, we consider another factorization of j as follows

P(R) S K 22 ko= g,

Here K is defined as the push-out of

L)D

n
|
P(R)

where G maps the poset {0 < 1} to (0,1) < (1,1) while H sends it to ) C {s}. The functor k;
takes 0 to (0,0), {s} to (1,0) and leaves the rest unchanged. ko just maps (0,0) to —oo and is
the identity on the other values of K.

Similarly to before (k1)«X adds the limits of the punctured faces s;X and s7X at the values
(0,1) and (1,1), while shifting X and X, at the positions (0,0) and (1,0). Using again
Proposition we see (k2)«(k1)«X just adds the limit of the punctured diagram on K at the
position (0,0), since (k). (k1)«X = j.X it is trivial to observe that this new limit is just limX.
We now apply again the detection criterion to ko to prove f*j,X is cartesian. This time we
have to show that the functor induced by f

2= ((0,0)/k2)
has a right adjoint. In this case ((0,0)/k2) is the subposet of K obtained by removing the initial
point (0,0), thus we present the desired adjoint as
((0,0)/k2) =
(1,0),(0,1), (1,1) = (1,0), (0, 1), (1,1)

AH{(O,l) ifs¢ A
(1,1) ifse A

We now restrict our attention to ¢*j.X =Y. Since we are going to embed this diagram in the
3-dimensional cube [1]* we identify [J¢ with an appropriate subposet via the functor (09 — [1]?
determined by
—00 = (07070) (070) = (07170) (170) = (1>17O)
(0,1) = (0,1,1) (1,1) = (1,1,1),
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First we take the right Kan extension along [: [0 — C', where C' is obtained from (09 by adding
the point (1,0,0). Using (D4) we have that (1Y) (10,0 is given by the limit of Y on the restriction
along the slice ((1,0,0)/1), since this has (1,0) as initial point (I.Y")(1,0,0) = Y(1,0) = X{s3- Now
we take the left Kan extension along the inclusion C' < [1]? and again reasoning as in the
previous point we get that the new diagram is obtained as constant extension by adding X at
(0,0,1) and X4 at (1,0,1).

At the end we obtain the following coherent diagram Z € D([1]3)

Xg —— X5

v 7
limX X}

Xy Xisy
e Ve

limsj X — lims7 X

This can be seen as a morphism from the rear to the front face after exchanging the second and
third coordinate and using [1]® = [1]? x [1].

We define v: [1]2 x [1] — [1]>xJ as the shift of [1] - sending 0 < 1 to (1,0) < (1,1). v
is a cosieve thus v gives a left extension by zero, that is we are adding another square which
is constantly zero and a morphism from this to the front face. Now take i,: [1]2x1 — [1]? x O
the shift of 4 — [, the right Kan extension along this functor provides the homotopy pullback
of a span of squares. We apply this construction to the diagram we obtained from X: that
is we compute the fiber of Z seen as morphism in the last coordinate. Since the limit can be
computed pointwise the new square we obtain is

tibX — 0

| |

thibs;X — thbstX

if we prove this is cartesian we can conclude. This follows from the fact that the pullback
of cartesian squares is a cartesian square: to see it just consider the two factorizations of
axao — O xOas axao— Oxuo — O x0Oand uxuo —1 xO — Ox O In our case we proved
explicitly that the front face is cartesian, the rear face and the square added by v are cartesian
since they are vertically constant (Corollary . O

Remark 3.5.11. We observe that, if D is also strong, the above cartesian square

tibX — tfibsX

| !

0 — tfibsTX

implies the existence of an exact triangle in D(e)
tfib X — tfib s;X — tfibs] X — Y tfib X.

Corollary 3.5.12. Let S be a finite set, let D be a strong stable derivator. Consider the diagram
e
VAR
P'(S) — P(S
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of inclusions of the element S in P'(S) and P(S). Then for any X € D(e) we have isomorphisms

tfib(s,X) = QIS x holim p X = QISI=1 X
—
P(S)

Proof. Observe that, being s and p cosieves, s1.X and pX are coherent diagrams obtained from
X by extending by zero.
We prove the first isomorphism by induction on |S|. If |S| = 1 then

tfib(s1.X) = fib(0 — X) = QX.
For |S| > 2 we can apply Proposition to get
tfib(s1X) 2 fib(tfib(sfs1 X ) — thib(sts X)) = thb(0 — QST X)) = Q¥ x,
For the second claim observe that by definition of total fiber we have an exact triangle

tfib(1X) = 0 — hczl_imp;X
P'(S)

thus holim pX = Stfib(s,X) = QFI-1X, O
— PUS)

3.6 Two notions of homotopy equivalence on finite posets

We collect here some interactions of the homotopy theory of posets with derivators which
will be useful later. The crucial point is that we want to give conditions to determine whether
restricting along a map of posets preserves homotopy limits and colimits, this requires the two
posets to have a “similar” shape in the sense that their homotopy type should be compatible
in some way which we need to make precise.

Definition 3.6.1. Let R,T be two finite posets, we denote PoSet(R,T") the set of monotone
maps from R to T. We endow this with the partial order given by f < g if and only if f(r) < g(r)
in T for any r € R. It is easy to see that this makes the category PoSet into a cartesian closed
category.

Definition 3.6.2. Let R be a finite poset. We define a functor

PoSet s sSet Top

by composing the nerve functor with usual geometric realization of simplicial sets.

We denote this functor, with a slight abuse of notation, simply | —| and call |R| the geometric
realisation of R. It can be proved that it preserves finite coproducts and finite limits. In
particular, we can apply geometric realisation to the evaluation map PoSet(R,T) x R — T', and
then take adjoints, to obtain a continuous map

|PoSet(R,T)| — Top(|R|, |T)).

Definition 3.6.3. For any finite poset R, we define mo(R) to be the quotient of R by the
smallest equivalence relation such that p ~ ¢ whenever p < ¢q. This is easily seen to be the
same as the set of path components of |R|. It gives a functor from finite posets to finite sets,
which preserves finite products and coproducts. It follows by a formal argument that we can
construct a category Ho(PoSet) as quotient of PoSet with morphism sets mo(PoSet(R,T")). We
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call this the strong homotopy category of finite posets. It also follows that if f and g lie in the
same equivalence class of 7y(PoSet(P, Q)) then the resulting maps | f| and |g| are homotopic (by
a straight-line homotopy, in the basic case where f < g or g < f). Thus, geometric realisation

descends to a functor
| — |: Ho(PoSet) — Ho(Top).

Remark 3.6.4. Suppose we have morphisms f: R — T and ¢g: T — R that are adjoint, in
the sense that f(r) < ¢ if and only if r < g(t). We then have (co)unit inequalities 1 < gf and
fg <1, showing that fg and gf give identities in the strong homotopy category, and thus that
f and g are strong homotopy equivalences.

Definition 3.6.5. We say that R is strongly contractible if the projection map wg: R — e is a
strong homotopy equivalence.

Remark 3.6.6. We note that this is the case if R has a smallest element or a largest element.
If m is the minimum of R then it provides a functor m: e — R left adjoint to wg, dually a
maximum n gives a right adjoint to mg.

We also note that if R is a strongly contractible poset, then |R| is a contractible space, since
the geometric realization transfers homotopic maps to homotopic maps.

Definition 3.6.7. Consider a morphism f: R — T in PoSet, and note that 7pf = mp: R — e.
For any derivator C and any X,Y € C(e) we therefore get a map

(T (mp X, m7Y) = C(R)(np X, mRY).

We say that f is a D-equivalence if this map is always bijective. We also say that R is D-
contractible if the map mr: R — e is a D-equivalence, or equivalently the functor

mr: C(e) = C(R)
is full and faithful.

Remark 3.6.8. The definition of D-equivalence is usually presented differently in the literature.
In [5, §1.8] the following square diagram is considered

R "B, ¢
fl 147

T
T T3¢

which gives the mate Id,: 7} = f.7%. Applying the functor (77). we get a natural transform-
ation : (m7)«m} = (7R)«7} and we declare f to be a D-equivalence if this is an isomorphism.

To see these two conditions are the same observe that by the adjunctions 7* 4 m, we can
form a composition of maps

C(T) (75X, T5Y) —L— C(R)(r%, X, 73Y)

= |=

Cle)(X, (mr)smpY) Cle)(X, (mr)«mRY)

which we can show to coincide with C(e)(X,(y). Now Yoneda lemma makes the equivalence
clear.
We could also consider the diagram
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R-"Ey ¢
fl Iy

T
T "5 e

to get the mate Idi: firy, = 7} and applying (77); the natural transformation (7gr)i7y =
(m )17} We can see that this being an isomorphism is equivalent to f* inducing a bijection on
the hom-sets similarly to before, using the adjunctions m - 7*.

We chose to present the above condition as definition because it is easier to formulate and
it is symmetric.

Remark 3.6.9. Since 7y, is part of two adjunctions (7)1 4 75 and 7}, 4 (7r)«, by Lemma
R being D-contractible is equivalent to the two natural transformations

e: (mphmp = Id n: Id = (TR)«7p

being isomorphism.

This means that for any X € C(e) the homotopy colimit (respectively limit) of 73X, the
constant diagram of shape R, must coincide with X.

Some authors (like [13]) use the term homotopy contractible rather than D-contractible.

Example 3.6.10. Note that for C a represented derivator the condition of € and 1 being
isomorphisms is satisfied whenever R is connected, but in general the property if being D-
contractible is much more demanding.

For example, consider the poset C

—

QU —

a
c
whose geometric realization coincides with the circle S*. This poset is connected but not D-
contractible: take C to be the homotopy derivator associated to the Quillen model category of

topological spaces. Then C' being D-contractible implies that for every space X the canonical
map hocolim 75, X — X is an homotopy equivalence. For X a cofibrant space this homotopy
—

%

colimit can be represented by the space X x S' and it is clear this cannot be homotopic to X
in full generality (take for example X = S1).

Proposition 3.6.11. If [f] = [g] in mo(PoSet(R,T)) then
ff=9": C(T)(mp X, 77Y) = C(R) (7R X, 7RY).
Thus, f is a D-equivalence if and only if g is a D-equivalence.

Proof. We can reduce easily to the case where f < g. AsC: PoSet®® — CAT is a strict 2-functor,
the following diagram of categories and functors must commute on the nose:

PoSet(R,T) x PoSet(T,e) = » PoSet(R, e)
J¢ Je
[C(T),C(R)] x [C(e),C(T)] : » [Cle), C(R)].

The inequality f < ¢ gives a morphism (f,7p) — (g,7r) in the category PoSet(R,T) X
PoSet(T, e), and this becomes the identity morphism of wg in PoSet(R,e). This implies that
for any a € C(T) (75X, 75Y) we have a commutative square
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Frnx Y oy

‘ * ‘

g X g, g Y

thus the claim is proved. ]

Corollary 3.6.12. If f: R — T is a strong homotopy equivalence, then it is a D-equivalence.
In particular:

(a) If f has a left or right adjoint, then it is a D-equivalence.
(b) If R is strongly contractible, then it is D-contractible.

The importance of D-contractible posets lies in the following criterion to determine whether
a map is homotopy cofinal or final. We first recall the definition of these notions.

Definition 3.6.13.

(a) We say that a map f: R — T is homotopy final if the commuting square

R%T
anIC}/ o
Id
e — €

is homotopy exact. That is, the following canonical mate

hogim (X)) = (mph (X)) = (mp if (X) = (7p)1(X) = hogimX
R T

is an isomorphism for all derivators C and all objects X € C(T).

(b) Dually, we say that a map f: R — T is homotopy cofinal if the commuting square

fh

R T
| 1 e
(&

e

k

is homotopy exact, that is the associated mate

holim X = (7). (X) = (wr). f./*(X) = (mg). f*(X) = holim f*(X)
T R

is an isomorphism for all derivators C and all objects X € C(T).

The next proposition should clarify the relation between the classes of morphisms defined
above.

Proposition 3.6.14. If the map f: R — T is homotopy final or cofinal then it is a D-
equivalence.
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Proof. Tt follows immediately from Remark [3.6.8f We spell out the cofinal case, as the other is
dual.

By definition f being homotopy cofinal is asking the canonical mate Idy: (m7)« = (7R)«f*
associated to the square in Definition (b) to be an isomorphism. This mate has as
conjugate Idy: firy, = 77, so this also is an isomorphism. But applying (77): to it we get the
natural transformation (wg)!7}, = (7)1} is invertible, establishing f is a D-equivalence. [

Proposition 3.6.15. The map f is homotopy final if (t/f) is D-contractible for all t, and this
holds if f has a left adjoint. Dually, f is homotopy cofinal if (f/t) is D-contractible for all t,
and this holds if f has a right adjoint.

Proof. We deal explicitly with the first claim: the second follows by duality.
By definition f is homotopy final if and only if the mate Id) associated to the square

R-"E, ¢
fi 14 7

T
T "53¢

is an isomorphism. Equivalently we have show the conjugate mate, Id,, is invertible. By
(D2) this can be verified pointwise, so it is enough to show the following pasting of squares is
homotopy exact for any ¢t € T'.

(t/f)%Ri)e

S 4
y T —F

(&

> e
The left square is a coslice square, and the whole composition coincides with
(t/f) —— e

e e

and this square being homotopy exact is equivalent to (¢/f) being D-contractible.

If f is part of an adjunction f F g then the coslice (t/f) is naturally isomorphic to the
coslice (g(t)/Idg). But this has an initial object, namely (g(t), Idy)), so we conclude by
Remark O

Remark 3.6.16. The content of |13, Rmk. 3.14] indicates that the converse implication of the
above proposition holds: the functor f is homotopy final (respectively cofinal) if and only if
every coslice (t/f) (respectively every slice (f/t)) is D-contractible.

The upshot of the results of Heller and Cisinski is that a map f is a D-equivalence if and
only if the associated nerve N(f) is a weak homotopy equivalence of simplicial sets. Therefore a
poset R being D-contractible is equivalent to being homotopy contractible in the classical sense.

These outcomes are highly non-trivial and it will not be needed here, so we do not elaborate
further on the matter.

Proposition 3.6.17. Consider a square

t

P—
R X
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and the resulting mate transformation o, : w*v, = w,t*. For any r € R we have coslice posets
(r/u) and (w(r)/v), and using t and o we can produce a morphism t,: (r/u) — (w(r)/v). If
this is homotopy cofinal for all r, then ay is an isomorphism.

Proof. Again by (D2) we have to check (ay), is an isomorphism for every r € R and this is
equivalent to the square being homotopy exact after pasting on the left a coslice square

Now we can rewrite the total square as

r

(r/u) —= (w(r)/v) —

Q
ERP

where the right square is a coslice square and the left square is homotopy exact by the assumption
of ¢, being homotopy cofinal. O

3.7 Barycentric subdivision

Definition 3.7.1. Recall a chain of R is a subset ¢ C R such that the induced order on o is
total. If o is nonempty, we define its dimension as dim(¢) = |o| — 1. We put

s(R) = { nonempty chains o C R}
sq(R) = {o € s(R) | dim(o) = d}
s<d(R) = {o € s(R) | dim(o) < d}.

Note that every nonempty chain o has a largest element, which we denote by max (o). We order
s(R) by inclusion, this makes max: s(R) — R into a morphism of posets.

This provides a functor s: PoSet — PoSet and a natural transformation max: s(R) — R
(since for o C o’ we have max(c) < max(c’)). However, if f < g then it is not true in general
that s(f) < s(g): consider chains of dimension 0, we have s(f)({r}) < s(g)({r}) if and only if
f(r) = g(r) hence s(f) < s(g) is equivalent to f = g.

Example 3.7.2. We should think of s(R) as some sort of barycentric subdivision of the poset
R: that is for any sequence of elements connected by inequalities rg < ry < --- < rq we have a
corresponding chain {ro, ..., 74} which encodes all the possible sequence of inequalities between
the elements 7;’s. This provides a subposet in s(R) whose geometric realization is just A% and
the boundary OAY is attached to |R| along the sequence 79 < 11 < --- < ¢ in R, so we are not
modifying to homotopy type of |R|.

As concrete example let us consider [2] = {0 < 1 < 2}, then we can visualize s(R) as

0
01 — 012 — 02

1// 12 \\2.
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Proposition 3.7.3. If [f] = [g] in mo(PoSet(R,T)), then [s(f)] = [s(g)]. Thus, s descends to
an endofunctor of the strong homotopy category.

Proof. We can easily reduce to the case where f < g. We then choose a minimal element r; in
R, then a minimal element 73 in R\ {r1} and so on, giving an enumeration R = {ry,...,rm—_1}
such that r, £ r, whenever a > b. We define ¢: R — [m]| = {0,...,m} by ¢(r;) = i, thus ¢
is injective and monotone, and 0 and m are not in the image. Then for 0 < k < m we define
ug, v S(R) — s(T) by

flr)[rea, o(r) <k}U{g(r)[reo, o(r) =k}
flr)|rea, o(r) <kpu{g(r)|[rea, o(r) =k}

We find that ug (o) and vg (o) are nonempty chains in 7', so we actually have maps uy, vg: s(R) —
s(T) as claimed. It is also clear that o C 7 implies ug(0) C ug(7) and vg(o) C vg(7), so ug
and vy, are morphisms of posets. From the definitions it is immediate that ug, ugy1 < vg, which
implies that all the maps ug and vy, are homotopic. The equalities have uy = s(g) and wu,, = s(f)
let us conclude so [s(f)] = [s(g)]- O

ug (o)
v (o)

{
{

Lemma 3.7.4. The map max: s(R) — R is homotopy cofinal (and so is a D-equivalence).

Proof. Fix r € R; by Proposition it will suffice to show that the poset
U = (max /r) = {0 € s(R) | max(c) <7}
is strongly contractible. Put
V={oces(R)| max(o)=r}={occU|reo} CU.

As {r} is smallest element in V', we see that V is strongly contractible. We can define a poset
map t: U — V by t(1) = 7 U {r}, and we find that this is left adjoint to the inclusion V' — U,
so the inclusion is a strong homotopy equivalence by Remark It follows that U is also
strongly contractible. O

The following proposition is the rephrasing in derivator language of a classical result about
homotopy limits in simplicial or topological categories.

Proposition 3.7.5. Let n be the maximum length of any chain in R. Then for all strong stable
derivators C and objects X € C(R) there is a natural tower

holim(X) = T™(X) = T"1(X) = --- = T%X) = T"HX) =0
P
R
and natural distinguished triangles

P X = TUX) = TH(X).
o€sq(R)

Proof. Put Y = max*(X) € C(s(R)). Lemma [3.7.4] identifies holim (X) with holim (Y, so
< R < s(R)

we will work with Y from now on.
Let jg: s<a(R) — s(R) be the inclusion, and put T¢(X) = h(&mj;(Y). Note that T"(Y) =
holim Y = holim X.

— s(R) — R
Now we fix d and consider the object Z = jZ,(Y') and the two inclusions j: s<(g1)(R) —

s<q(R) and i: sq(R) — s<q(R). Observe j is a sieve and i is its complementary cosieve, thus
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[10, Example 4.25] gives a distinguished triangle i1i*(Z) — Z — j,j*(Z). If we let m: s<q(R) —
e and apply 7., we get a distinguished triangle 7,ii*(Z) — T%(X) — T91(X). Now note that
sq4(R) is a discrete poset: for o, 7 € s4(R) we can only have o < 7 if 0 = 7. Because of this and
(D1), we see that C(sa(R)) ~ [],¢;,(r) C(e). Hence we can write i*(Z) as a coproduct of objects
W (o) € C(s4(R)), where W (o), =0 for 7 # 0, and W(0)s = Z, = Yo = Xpax(e)- It will now
suffice to identify m.i\WW (o) with Q?Y,. Since i is a cosieve, it follows that for 7 € s<4(R) we
have

Y, ifr=0

0 otherwise.

(W () = {

The poset {7 € s(R) | 7 C o} is naturally identified with P'(0). Let k: P'(0) — s<q(R) be
the inclusion, which is a sieve. As the support of 4/W (o) is contained in the image of k, we
see from Corollary [3.4.6] that the unit map i/W (o) — k.k*iyW (o) is an isomorphism. It follows
that m.9/W (o) is the homotopy limit of £*i1¥ (o). By Corollary this can be identified
with Q4Y,. Since C is stable  is an equivalence, hence it commutes with coproducts and we
conclude. O

Corollary 3.7.6. Let n be the mazimum length of any chain in R. Then for all strong stable
derivators C and objects X € C(R) there is a natural diagram

0 =T_1(X) = To(X) = --- = Tp(X) = hocolim(X)
R

and natural distinguished triangles

Ty (X) = Tu(X) = P 2 Xnax(o)-
o€sq(R)

Proof. Apply the proposition to the dual derivator. O

Proposition 3.7.7. Let C be a strong stable derivator. For any map f: R — T of finite posets,
the functors f*, fi and f. all preserve arbitrary products and coproducts.

Proof. The functors f* and fi have right adjoints, so they preserve coproducts. The functors
f* and f, have left adjoints, thus they preserve products. We need only to show that f,
preserves coproducts, by duality it will follow f; preserves products. Consider a family of
objects X, € C(R) and the resulting canonical map

h: @ﬂ(X@%ﬁ(@Xa).

We want to prove that h is an isomorphism: by (D2) it will suffice to show that t*(h) is an
isomorphism for all ¢ € T. We have already observed that t* preserves coproducts, and we
have the Kan formula (D4) expressing t* f. as a homotopy limit over the coslice (¢/f). This
reduces the matter to showing that all homotopy limit functors preserve coproducts. Note that
the functor Q: C(e) — C(e) is an equivalence of categories, so it certainly preserves coproducts.
It follows that all functors of the form X — Q%X, also preserve coproducts. It then follows
by induction that the functors T¢ in Proposition all preserve coproducts. By taking d
sufficiently large, we see that homotopy limits preserve coproducts as required and this completes
the proof. O
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3.8 Thick subderivators

The aim of this section is to establish a correspondence between the thick subcategories of
C(e) (for C a strong stable derivator) and inclusions of derivators & C C which let us identify
E(R) with a thick subcategory of C(R) for any R € PoSet.

We show that any thick subcategory 7 C C(e) can be lifted to a derivator £ with a morphism
& — C given level-wise by inclusions.

Definition 3.8.1. Let C be a strong stable derivator. By a thick subderivator £ C C we mean
a system of full subcategories £(R) C C(R) for all R, such that:

(a) each category £(R) is closed under finite coproducts (including the empty coproduct, so
0 € &(R)).

(b) Every category £(R) is closed under retracts: that is if we have two objects X,Y € C(R) and
morphisms X % Y % X such that ba = Idy and Y € E(R) then also X € £(R). In particular,
E(R) is closed under isomorphisms.

(c¢) For any morphism u: R — T of finite posets, we have u*&(T) C £(R), wE(R) C E(T) and
uxE(R) C E(T). More briefly, we say that the functors u*, u, and wuy preserve &.

Definition 3.8.2. Let C be a strong stable derivator, and let 7 be a thick subcategory of C(e).
For any finite poset R and any r € R recall we have a corresponding map r: e — R.

(a) We put
(T)(R) ={X €C(R) | r*X € T for all r € R}.

(b) We let (71T )(R) denote the smallest thick subcategory of C(R) containing 7 (7) for all
r € R.

(c) We let (727)(R) denote the smallest thick subcategory of C(R) containing r.(7) for all
r € R.

Theorem 3.8.3. The subcategories (v T)(R) are the same fori=0,1,2 (so we will just write
(YT)(R) in future). The map ~ gives a bijection from thick subcategories of C(e) to thick
subderivators of C. Moreover, if € is a thick subderivator of C, then E(R) is a thick subcategory
of C(R) for all R.

Remark 3.8.4. This result is the motivation for our choice to consider derivators defined only
on finite posets, not on any small category. It is easy to see that the claim cannot hold for such
a definition of derivator.

For a derivator D: Dia® — CAT defined on a general 2-category of diagrams Dia (see
[5, §1.2]) usually (D1) is replaced by its stronger variant

(D1) for any indexing set I and any collection of small categories {A;};cr such that [[; A; € Dia

the canonical functor

is an equivalence.

This with the other axioms implies the category D(R) admits products and coproducts over
any indexing set I if this, considered as a discrete category, lies in Dia (see [11, Prop. 7.1]).

If Theorem held even for a derivator D defined on Cat, then we would have that any
T thick subcategory of D(e) would be closed under arbitrary products and coproducts, which
is obviously false.
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Imposing the categories of Dia to have a finite set of objects is not enough either. Fixed
G a non-trivial group, we can consider R = BG the category with just one object x and
its endomorphisms given by G. Then Theorem [3.8.3] would imply that if we have an object

X € C(R) whose associated element X, lies in 7, then hoc_ol)im X € T which is again false
BG
in full generality.

The proof will be given after some preliminary lemmata.

Lemma 3.8.5. If £ C C is a thick subderivator, then E(R) is a thick subcategory of C(R) for
all R, and

(m&(e))(R) U (12€(e))(R) € E(R) € (10€(e))(R).

Proof. We saw in that the triangulation of C(R) is defined in terms of operations of the
form u*, uy, uy, this is elaborated in detail in [10, §4.2]. From this it follows that £(R) is closed
under the suspension functor and its inverse, and under cofibrations, so it is a thick subcategory.
From the definitions we also know that the functors r and r, preserve &, so £(R) contains the
generators of (71€(e))(R) and (72€(e))(R), hence the first inclusion easily follows. On the other
hand, the functors r* also preserve £ and this means that £(R) C (y0€(e))(R). O

Lemma 3.8.6. If T is a thick subcategory of C(e), then vT is a thick subderivator of C, with
(0T)(e) =T.

Proof. Suppose we have a morphism u: R — T of finite posets. It is clear from the definitions
that u*((707T)(T)) € (7T)(R). We claim that also the functors u, and w preserve 7. In
the case T' = e this follows from Proposition and Corollary [3.7.6] using induction of the
maximum length of the chains in R.

The general case can be reduced to the above: by (D4) we have isomorphisms

tu X = ()" X tue X = (T /) )q" X

for p: (u/t) — R and q: (t/u) — R the projections associated to the slice and coslice respect-
ively. If we start from X € (77 )(R) trivially p*X € (707)((u/t)) and ¢*X € (7T)((t/u)).

It is immediate to check that vo7 is closed under retracts, so 7¢7 is a thick subderivator of
C. The relation (7 )(e) = T is clear. O

Corollary 3.8.7. If T is a thick subcategory of C(e), then (1T)(R) U (72T )(R) C (v0T)(R)
for all R.

Proof. Lemma [3.8.6] allows us to apply Lemma to the case £ = yT. ]

Lemma 3.8.8. If T is a thick subcategory of C(e), then all functors u preserve 1T, and all
functors u, preserve yoT .

Proof. Fix amap u: R — T, and put Y = {X € C(R) | w(X) € (mT)(T)}. It is easy to see
that U is a thick triangulated subcategory. As wor = u(r): e — T we see that uy o ry = u(r);,
and it follows that 7(7) C U for all » € R. It follows that (17 )(R) C U, which implies u
preserves v1T as required. Dually, we see that u, preserves vo7 . O

Lemma 3.8.9. If T is a thick subcategory of C(e), then voT =T = T .

Proof. We will write I'; = ;T for brevity. It will be enough to prove that I'y = I'1, as duality
then gives I'y = I's. We already know from Corollary that T'1(R) C T'g(R) for all R, so
it will suffice to prove that T'o(R) C I'y(R). This is clear if R is empty, as (D1) implies C(() is
the terminal category e. If R is nonempty, we can choose a minimal element ¢ € R and put
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T = R\ {a}. Let j: e = R correspond to a, and let i: 7" — R be the inclusion. Consider an
object Y € T'g(R): we must show it belongs to I'1(R). Put X = 75*(Y), the constant diagram
of value Y, over R, and let Z be the cofibre of the counit map X — Y. From Proposition [3.4.1
we have j*jy = 1 and so j*Z = 0, so the support of Z is contained in (7). As i is a cosieve, we
see that Z ~ 4/i*(Z). Now i*(Z) € I'o(T") and we can assume by induction that I'o(7") C I'y(T),
so Z € wl'1(T) C T'1(R). From the definitions we also have j*(X) € T thus X € I'i(R). As
I'1(R) is thick and contains X and Z, it also contains Y as required. O

Proof of Theorem[3.8.3 First we suppose that we start with a thick subcategory T C C(e).
Lemma, tells us that the ;7T are all the same, so we can just write v7. Lemma tells
us that this is a thick subderivator, with (y7)(e) = T.

Suppose instead that we start with a thick subderivator & C C, and we put 7 = &(e).
Lemma tells us that £(R) is a thick subcategory of C(R) for all R, and in particular that
T is a thick subcategory of C(e). We can therefore apply Lemma to 7 and combine this
with Lemma to see that £ =~T. O

Corollary 3.8.10. Let £ be a thick subderivator of C, and let X be an object of C(R). Suppose
that R = |J; R; for some family of subposets R;. Then X lies in E(R) if and only if X|r, € E(R;)
for all i.

Proof. The identity £ = vE€(e) means that X € £(R) if and only if r*(X) € £(e) for all r € R.
Similarly, X|r, € £(R;) if and only if 7*(X) € £(e) for all r € R;. The claim is immediate from
this. O

Lemma 3.8.11. Let C be a strong stable derivator, and let E(R) be a thick subcategory of C(R)
for all R. Suppose that for every u: R — T, the functors u) and u* preserve £. Then & = vE(e),
so in particular € is a thick subderivator.

Proof. Put & = ~E(e) = y€(e) = 11E(e). We now claim that £(R) C £'(R) for all R. Using
the description & = € (e), this reduces to the claim that r*£(R) C E(e) for all r, which is true
because r* preserves £ by assumption. In the opposite direction, we know that the functors r
preserve &£, which means that £(R) contains all the generators of £'(R) = (11€(e))(R). As E(R)
is assumed to be thick, it follows that &'(R) C E(R). O

Definition 3.8.12. Let 7 be a triangulated category with coproducts. We say that an object
X € T is compact if the natural map @, [X,Ys] — [X, D, Ya] is an isomorphism for every
family of objects Y,. We write 7. for the full subcategory of compact objects (which is easily
seen to be thick). If 7 = C(R) for some derivator C, then we will write C.(R) rather than C(R)..
We say that T is compactly generated if

(a) The category 7. is essentially small (so there is a skeleton that has a set of objects, rather
than a proper class); and

(b) T is the only thick subcategory of T that is closed under arbitrary coproducts and contains
Te.

Lemma 3.8.13. Let 7 be a triangulated category, let G be a set of objects of T, and let U be
the smallest thick subcategory containing G. Then U is essentially small.

Proof. Define full subcategories U,, as follows. Start with Uy = G U {0}. Let U,41 consist of
Ukez Y*U,,, together with a choice of cofibre for every morphism in U,,, and a choice of splitting
for every idempotent morphism in U,,. Put Us = |J,,Un. We then find that U, has only a set
of objects, and contains a representative of every isomorphism class in U. O
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Proposition 3.8.14. C.(R) is a thick subderivator of C (and so is the same as vC.(e€)).

Proof. Put € = vC.(e), which is a thick subderivator; if C.(R) actually defines a thick subde-
rivator of C then Theorem [3.8.3| immediately implies C. = £.
If F is left adjoint to G and G preserves coproducts then for compact X we have

[FX, Y. = [X,GEPYa] = [X. P GY.] = PIX, GYa] = PIFX, Yo,
(63 « « (03 [e%
so F'X is compact. Using this and Proposition [3.7.7] we see that u; and u* preserve C.. The

claim now follows from Lemma [B.8.111 O

Corollary 3.8.15. If C(e) is compactly generated, then C(R) is compactly generated for all R.

Proof. First, we can choose a small skeleton G for C.(e), and then put
G(R)={n(X)|reR, X € G} CC.R).

From the description C.(R) = (71Cc(€))(R) we see that C.(R) is generated by G(R), and so is
essentially small by Lemma [3.8.13
Now let 7 be a localising subcategory of C(R) that contains C.(R). Put

U={XeC(e)|n(X)eT forall r € R}.

This is easily seen to be a localising subcategory of C(e) containing C.(e), so U = C(e). From
Theorem it follows that 4/ = C, so in particular C(R) = (71U)(R). However, from the
definition of U it is clear that (v1U/)(R) C T, so T = C(R) as required. O

Definition 3.8.16. We say that C is compactly generated if it satisfies the condition of Corol-
lary [3.8.15

Remark 3.8.17. Unfortunately for a derivator C defined only on finite posets the existence of
arbitrary coproducts on C(R) is not guaranteed, so we cannot apply the above results.

The only examples of derivators of type PoSet admitting small coproducts we can think of
are the ones obtained by restricting a derivator defined over CatP.

Anyway, the above results tell us that in the case C actually has coproducts if C(e) admits
as set of compact generators G, then C(R) has a set of compact generators given by

{nX |reR,X €qG}
and moreover C. defines a thick subderivator.
Definition 3.8.18. Let U be a thick subcategory of a triangulated category 7. We then write
Ut ={Y eT|[UY]=0forall U €U}
U={XeT|[X,U=0forallUeU}.

Similarly, if £ is a thick subderivator of a stable derivator C, we put £-(R) = £(R)* and
(FE)(R) = “(E(R)).

Proposition 3.8.19. £1 and +& are thick subderivators, so £+ = y(E(e)*) and & = v(+E&(e)).

Proof. Suppose that X € (+&€)(R) and u: R — T. For V € &(T) we have u*(V) € £(R) and
so [u(X),V] = [X,u*(V)] = 0. From this we see that u; preserves ~€. As u* is left adjoint to
uy and u, preserves £, we see in the same way that u* preserves €. Therefore, it follows from
Lemma that +€ is a thick subderivator. A dual argument shows that £ is also a thick
subderivator. O
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3.9 Morphisms of derivators

We now provide a brief review of the appropriate notions of morphism of derivators and
of natural transformation between between two such morphisms. Basically we want to be
able to define an appropriate 2-category PDER, of prederivators, and consequently the full 2-
subcategory DER spanned by derivators. Since a prederivator consists in a strict 2-functor
C: PoSet? — CAT the most obvious choice would be to set a morphism F': C — D to be a
pseudo-natural transformation, and a 2-cell o: F = G should be a modification between the
two morphisms. These two notions are taken from |3, Def. 7.5.2 and 7.5.3], but we proceed to
spell them out here explicitly.

Definition 3.9.1. Let C,D be two prederivators, a morphism of derivators between them
F': C — D consists in a collection of functors Fr: C(R) — D(R) for any R finite poset, together
with a collection of natural isomorphisms {7/} (where u: R — T ranges over all the morphisms
of posets) fitting in square diagrams as follows

Fr

Moreover, we require the collection {yf'} to satisfy the following compatibility conditions:
© Vi, = Tdrg;

e for any two composable non-decreasing maps of finite posets R — T - S we have
vE =~AF o qF = yFy* o w4 that is the pasting in the following diagram

coincides with v ;

e for any natural transformation a: u = v between two maps u,v: R — T the equality
Fra* oyl =4I o a* Fr holds, that is the following two pastings coincide

e(T) 2 D(T) e(T) 2 D(T)
C(R) = D(R) C(R) R D(R).

We say F is a strict morphisms if v/ = Id for any u, i.e. F' commutes with the restrictions on
the nose.

Definition 3.9.2. Let F,G: C — D be two morphisms of prederivators. A natural transforma-
tion between them o: F = (G consists in a collection of natural transformations or: Fr = Gg
for every R finite poset which must be compatible with the isomorphisms {7}, {75} in the
following sense: for any map of posets u: R — T the following pastings must coincide
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o(r) ) D(T) e(r) s p(1)
u* “ u* u* 75}/ u*
9 Fr
—
C(R) —5— D(R) C(R) uﬂﬂ D(R).

In formulas 7$' o u*or = ogu* o 4L

Definition 3.9.3. We denote by PDER the 2-category whose objects are prederivators, the
1-cells morphisms of prederivators and 2-cells natural transformations between such morphisms.

We define DER to be the full 2-subcategory of PDER generated by the objects which are
derivators.

We can use this arrangement to provide a notion of adjunction internal to the setting of
(pre)derivators: as in Definition we define an adjunction (L, R): C = D to be a pair of
morphisms going in opposite directions together with two 2-cells n: Id = RL and €: LR = Id
satisfying the triangular identities.

Specifying these data to every finite poset T it is immediate to see we obtain an adjunction
(L7, Rr): C(T) = D(T) in the classical sense.

It comes natural to wonder if also the converse statement holds: given a collection of ad-
junctions (L7, Rr) can we extend it to an adjunction between prederivators? The key step to
answer this question is given by the next lemma.

Lemma 3.9.4. Let C,D be two prederivators and suppose that for any T finite poset we have
an adjunction (L7, Rr): C(T) = D(T). Assume also that we fized a family {vLt} of natural
isomorphisms which let us assemble the functors {Lr} into a morphism L: C — D. Then
for any w: T — S morphism of finite posets, there exists a unique natural transformation
v u*Rg = Rpu* which fits in the following diagram

Homps)(LsX,Y) ———— Home(g)(X, RsY)

el |

Homyp7)(u*Ls X, u"Y) Home () (u* X, u* RsY')

—O(ﬁ)*ll lﬁo—

HomD(T)(LTU*Xy U*Y) i) HOInc(T) (’U,*X, RTU*Y)

Furthermore, these vE’s make {Rr} into a lax morphism of derivators: that is, while not being
necessarily invertible they satisfy the coherence conditions listed in Definition |3.9. 1.

Proof. Even this proof boils down to basic diagram chasing: to determine 7 we fix X = RgY
and compute the image of Idy+rgy € Home(ry(u*RsY,u*RsY) by going through the diagram
in counter-clockwise motion.

Using the formulas of Lemma it is easy to see that v is determined as the composition

L 71R
wRgY TS, R Lyt Rey BE0 S, bt LsRgY TS, Rpury.,

Naturality of the involved transformations guarantees that this v/ is natural as well and it is
the only possible candidate making the diagram commute.

The uniqueness ensures that the compatibility conditions of {yX} are transferred to {vf}.

If w = Idg then the diagram reduces to
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Homps)(LsX,Y) 225 Homes)(X, RsY)

Idl l’yﬁds o—

Homps)(LsX,Y) 25 Homes)(X, RsY)

and 'Vﬁlg can only be Idgy.
If we have two composable morphism of posets T — S - P then we can form the commut-

ative diagram

Homp(py(LpX,Y) = Hompp(LpX,Y) —————— Home(p(X, RpY)
o* o* o*
Homp(g)(v*LpX,v*Y) === Hompg)(v*LpX,v*Y) Home () (v* X, v*RpY)
u* —o(yg) ™t Tito—
Hompp)(u*v*Lp X, u v*Y) Hompg)(Lsv* X, v*Y) - = 5 Home () (v* X, Rsv*Y')
—o(yy) u* u*
Homppy(u* Lsv* X, u*v*Y) === Homp ) (u*Lsv* X, u*v*Y) Home 1y (u*v* X, u* Rsv*Y)
—o(yi) ™! —o(i) ™! Yaro—
Homppy(Lru*v* X, u*v*Y) === Homp(r)(Lru*v* X, u*v*Y) =5 Home(ry (u*v* X, Rru*v*Y).

The equality v%, = v © vE tells us that the left column is the one in the diagram of the claim
associated to vu, we have to notice that similarly the column on the right can be rewritten as

Home(py (X, RpY) == Homg¢(p)(X, RpY)
v* v*
Homg(g)(v* X, v* RpY) === Homg(g)(v*X,v*RpY)
Tiro— u*
Homg(g)(v* X, Rgv*Y) Home () (u*v* X, w*v*RpY)
u” Yoo
Home () (u*v:X, uWRgv*Y) ——= Homc(T)(u*v:X, u*Rgv*Y)
Viro— yRo—
Homg () (u*v:X, Rru*v*Y) === Homg ) (u*v:X, Rru*v*Y')

to conclude %, = 4 © 4.
Now suppose we have two morphisms of posets u,v: T — S with a natural transformation

a:u = v. We want to show that Rra* o yvF = v o a*Rg, we verify this equation directly by
unravelling the formula for v/ and v* provided at the start. After doing this we obtain the

following diagram

* L\—1 *
WReY — RS o p o Rey SOOI b LoRgY — TS L pory

a*Rsl RTLTOC*RSL lRTOz*LsRs JRTO!*

* R L 71R *
V' RsY — VRS o po Lo Rgy SO TS b LRy —PTVES L Ry

o7



We observe that the left square commutes by naturality of nr, the right square by naturality
of a* and the one in the middle by the compatibility condition of the family of transformations
{vEY. This lets us conclude. O

This implies that for two morphisms (L, R): C & D to form an adjunction of derivators
there must be a strict relation between the associated natural isomorphisms % and v¢: fixed
a family for one of the two morphisms the other is uniquely determined.

Moreover it is not guaranteed that from a collection of natural isomorphism {vy%} the
resulting 7/¥’s are invertible, we have to impose additional conditions to guarantee this.

If both C and D are derivators, the equality for v? stated at the start of the proof of
Lemma and the formulas of Lemma imply that v2 is conjugate to the natural
transformation ((7£)~'): wyL7 = Lguy, which is the pasting of the diagram

(1) —2—c(S) —=2— \
\Id\> C(T) —> D(T
This being an isomorphism means that L preserves left Kan extensions along wu, if this is the
case for any u then L is called cocontinuous.
Dually we say that a morphism of derivators R: D — C is continuous if it preserves right Kan
extensions: more precisely the canonical mate (y%),: Rsu. = u,Rr is invertible for any map

of posets u: T'— S. We can similarly show it is conjugate to a transformation Lru* = u*Lg
which is our candidate for (7%)~!, provided it is invertible.

Proposition 3.9.5. In the setting of Lemma assume further C,D to be derivators. Then
the induced v ’s make R into a morphism of derivators if and only if L is cocontinuous. Dually,
if {Rr} form a morphism of derivators R the associated transformation Lru* = u*Lg is always
invertible if and only if R is continuous.

Corollary 3.9.6. Let (L,R): C = D be an adjunction of derivators, then L is cocontinuous
and R is continuous.

At this point we can define an equivalence of (pre)derivators to be just an equivalence
internal to the 2-category of (pre)derivators: i.e. a morphism of (pre)derivators that is part
of an adjunction such that the associated unit and counit are invertible. Also in this case we
provide a levelwise characterization.

Proposition 3.9.7. Let C, D be two prederivators, then a morphism F: C — D is an equivalence
if and only if for any R finite poset Fr is an equivalence.

Proof. The “only if” part is clear, we have to prove the inverse implication.

By assumption Fg: C(R) — D(R) is an equivalence, so we can fix an adjoint equivalence
Gr: D(R) — C(R). Without loss of generality we can assume Fr < Gg. By Lemma we
can provide natural transformations 4& which make {G g} into a lax morphism.

We wrote down 75; explicitly as appropriate composition of transformations coming from
(vE)=1, nr and 5. All of these are invertible thus 7& is a natural isomorphism as we wanted. [

We end this section with a basic lemma which will be crucial in the following discussion.

Lemma 3.9.8. Let P be a prederivator, D a derivator and F: P — D an equivalence of
prederivators. Then P is also a derivator.
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Proof. The idea is to use the equivalence F' to transfer the statements of the axioms from P to D
where they hold. We only give a brief sketch of the proof, not carrying on all the computations.
To see P verifies (D1) we observe the following diagram commutes up to isomorphism

P(I; Ri) —— TI; P(Ry)
FL[Rzl 7 lHiFRi
D(I1; Ri) — II; D(R:).

For a generic poset R we know Ffp is an equivalence (hence conservative) and suitably compatible
with the evaluations r* for all r € R: from this (D2) follows immediately.
Regarding (D3): we observe that for any u: R — T" we have a diagram

where the bottom functor has a left and a right adjoint (u; and w, respectively), while the
horizontal functors are equivalences. It is easy to cook up two functors going in the right
direction composing only left adjoints or right adjoints, that these candidates are indeed the
Kan extensions we need is a consequence of Corollary (modulo tedious computations).
Finally for (D4) we show the Kan formula for left extensions holds for P. The diagram

o Fwi(ﬁ/t)) e F,J \

Dle) u/t))%P/
N M/

implies that the composite a* ® 'yp coincides, up to pasting with additional various ¥, with
the next diagram

D((u/t)) +—— D(R)
dl % [
(e )« D(T)

7’5/ TFT
P(e — P(T).

We observe that the mates associated to the various v must be isomorphisms by Example|3.3.11
The total mate of the last pasting is an isomorphism by (D4) for D and the fact just explained.

It follows that P(«); is invertible after composing with (vp )iz thus it had this property to begin
with. O



Chapter 4

Localizations as anafunctors

4.1

Anafunctors

We now introduce the notion of anafunctor: this is the way we adopted to avoid implicit
choices when inverting equivalences in the constructions which we will form to prove the finite-
ness of the compositions of localizations. The idea is to introduce a calculus of fractions in
bicategories and then conjugate it to invert the class of 1-cells given by equivalences. Our main
reference for such calculus is [31], from which we take the following definition.

Definition 4.1.1. Let C be a bicategory and let W be a class of its morphisms. We say W
admits a right calculus of fractions in C if the following conditions are satisfied.

BF1

BF2

BF3

BF4

All equivalences of C are in W.

W is closed under compositions: that is if f: X — Y and g: Y — Z are elements of W
sois go f.

For any w: A — X in W and any morphism f: B — X there exists a square commuting
up to an invertible 2-cell

Yy —*— B
gi A:;/ lf
A—— X

with v € W. Moreover, we assume that in every class of such squares we have a preferred
choice.

Let w € W and suppose we have a 2-cell a: wf = wg, then there exists v € W and a
2-cell B: fv = gv such that av = wpB. Moreover, if « is invertible we require § to be
invertible as well.

If v/ and ' are another pair with such property, then we require the existence of two
1-cells u and u' such that vu,v'v’ € W and we have a 2-cell : vu = v'u’ making the
following diagram commute

fou P, guu

|

/Blu/
fo'u —— gv'u.
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BF5 W is closed under isomorphisms: if f € W and we have an invertible 2-cell f = g then
also g is in W.

In the situation of the above Definition we can define a new bicategory C[W 1] by formally
inverting the 1-cells in W. Its objects are the same as C, its 1-cells are the spans fw ™! = A <~

X i) B where w € W and f is an arbitrary 1-cell.
Composition is given as follows: taken two spans A <— X i> Band B <Y % by BF3

there exists a preferred square associated to the span X i> B <Y which allows us to form a
diagram

so we set the composite to be gh(wu)™1.

A 2-cell between two morphisms fw™! and gv~
of the following shape

! consists in an equivalence class of diagrams

X

Y
where we require wuq, vug to be in W, «, 8 are 2-cells and the former must be an isomorphism.

Remark 4.1.2. Obviously Definition [4.1.1]is a generalization of the calculus of fractions intro-
duced by Gabriel-Zisman to the context of bicategories. The core ideas are the same, we only
have to modify the classical definition to take into account the 2-cells and the fact that in this
new context composition is defined only up to natural isomorphism.

In fact, observe that 1-cells are not defined by equivalence classes of spans but directly as
spans. This works because in a bicategory we consider two 1-cells to be morally the same if
they are connected by an invertible 2-cell. Thus when we consider compute the composition of
fractions, two different choices of squares invoked by BF3 give two results related by invertible
2-cells which are well behaved by the other axioms.

Thus, we are moving the problem of well definiteness of compositions to the level of 2-
cells, which are identified according a precise equivalence relation. We do not write down such
relation since it is very convoluted and we will not actually need the full potential of this
theory of fractions in bicategory. We just mention that BF4 is needed to ensure this relation is
transitive.

For the complete definitions and all the necessary verifications that this calculus of fractions
is well defined we refer again to [31].

We present a criterion to determine the existence of a calculus of right fractions.

Definition 4.1.3. Let C be a bicategory, a square diagram
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P, C
g’i K
A-tL.B
with o invertible is defined as bipullback if for every other diagram commuting up to isomorphism

) LAYy

A

A*>B

there exist a 1-cell [: X — P and invertible 2-cells a: ¢'l = h and 3: f'l = k such that the
following diagram commutes

That is, we can fill the second square as

aﬂ]j Z

Moreover such filling is unique in the following sense: suppose we have another one given by
I': X - Pand o: ¢'l' = h, B': f'l! = k, then there exists a unique invertible 2-cell X: " = [
such that « o ¢\ =o' and So f'A = f.

We say C admits bipullbacks if and only if every span

c
L"
A—1.B

can be filled to a bipullback. In this case, for any 1-cell f we can consider the square diagrams

Dy —— X x 1y x
l ”/7 Jf Idl Jf
x .y x .y

with the first a bipullback, so we have induced a 1-cell which we denote 6;: X — Dy.

Proposition 4.1.4 ([36, Proposition 2.8]). Let C be a bicategory such that all 2-cells are in-
vertible. Suppose it admits bipullbacks and let W be a class of morphisms. Assume W satisfies
the following conditions:

BP1 W contains all the equivalences;

BP2 W is closed under compositions;
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BP3 W is stable under bipullbacks;

BP4 for any w € W, &, € W;

BP5 W is closed under invertible 2-cells.

Then W admits a right calculus of fractions in C.

Remark 4.1.5. Let C be a bicategory admitting bipullbacks. Then it is easy to see that taking
W to be the class of equivalences the conditions of Proposition are satisfied. This guar-
antees that all the conditions of Definition hold, except for BF4 when « is not invertible.
Nevertheless, since equivalences admit inverses up to invertible 2-cells we can verify directly
that even in this case BF4 is satisfied.

The point of Proposition is that, if they are available and they are compatible with the
chosen class W, bipullbacks offer an excellent choice of preferred squares as required by BF3.

Definition 4.1.6. In the situation of Remark we call a 1-cell of the resulting bicategory
of fractions C[W 1] an anafunctor.

Example 4.1.7. Consider C = CAT the 2-category of locally small categories. Take C' a
category admitting finite products, then we can express the operation of forming the product

of two elements as the anafunctor C' x C <~ P 2 C where P is the category of pullback squares

T —— A

|

B — «

where * is the terminal object and T is the product of A, B. Then a: P — C x C sends this
diagram to the pair (A, B), while s: P — C maps it to T.

Remark 4.1.8. Using the language of anafunctors we could rephrase all definitions of the usual
categorical colimits and limits, by encoding their universal properties in appropriate categories
of diagrams (like we did in Example . Usually this is not the adopted approach: classical
colimits and limits are characterized by said properties and then treated as functors in practice.
This is because in all the examples we want to consider or we have explicit constructions or we
invert the reverse morphism of the respective anafunctor in virtue of the axiom of choice. This
axiom in fact establishes that the datum of a fully faithful and essentially surjective functor is
equivalent to an adjunction with invertible unit and counit.

4.2 Anafunctors for derivators

We want to conjugate Definition in the case of the 2-category of derivators DER. So
we have to prove it admits bipullbacks, at least along equivalences.

Lemma 4.2.1. The 2-category DER admits bipullbacks along equivalences.

Proof. Given a span D . F & € with G an equivalence of derivators we provide an explicit
model for the bipullback. For a finite poset A we define P(A) to be the category with objects
triples (X,Y,a) where X € D(A), Y € £(A) and a: Fa(X) — Ga(Y) is an isomorphism in
F(A). A morphism (f,g): (X,Y,a) = (X',Y’, B) consists in a pair of morphisms f: X — X’
and g: Y — Y’ respectively in D(A) and £(A) such that the diagram
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FaX 240 paxe

| l

GaY -S4 Gy

commutes. Now we define the restriction along a functor u: A — B as follows: on objects
we set u*(X,Y,a) = (v*X,u"Y, a,) where the isomorphism «,, is the unique one making the
following square commute

FaurX —25 Gau*Y
%ﬁﬁ %5
W FX Y% w*GgY

and on morphisms u*(f, g) = (u*f,u*g), it is immediate to show this pair defines a morphism
(v X, u*Y, ) = (u* X', u*Y’, B,). This gives us a prederivator P and we can easily augment
the starting span to a square commuting up to isomorphism

P

P &
o] o Lo
DT>}"

where the morphism P, P> are given component-wise by the projections and ¢(xy,q) = «
defines an invertible modification from F'P; to GPs.

Using the fact that G is an equivalence we easily show P; to be an equivalence as well. Thus
by Lemma [3.9.8 P is a derivator.
Given another square

L)g
B e

— F

CPLLEPN

we can easily form a filling (L: C = P,«a: PLL = H, P,L = K) by
Lr:C(R) = P(R) Zw (Hr(Z),Kr(Z), r(Z): FRHR(Z) — GrKRr(Z))

and « and § can be taken to be identities. We should verify that this L actually defines a
morphism of derivator, and that the filling provided in unique in the sense of Definition [£.1.3]
These are just bothersome and trivial computations which we do not report here.

Therefore, we conclude P is a model for the bipullback of the starting span as claimed. [

Remark 4.2.2. It is not true that DER admits general bipullbacks, but the above proof shows
clearly that the 2-category PDER of prederivators has this property.

The preferred squares we will use for the composition of fractions are the explicit bipullbacks
constructed above.

Remark 4.2.3. We state here two easy consequences of the definition of the bicategory DER[W 1]
which we will use automatically without mention.
First, suppose we have a commutative diagram of derivators as follows
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where F' and H are equivalences, hence J is also an equivalence. The diagram then presents an
isomorphism between the anafunctors GF~!' and K H .

Second, suppose we fix an equivalence F': X — C, and consider two functors Gog, G1: X — D.
Then any natural transformation a: Gg = G gives rise to a 2-cell GoF ! = G1F~! between
anafunctors

|

X

and this is functorial in .

4.3 The derivator of fully localizing cubes

We now establish our framework for Bousfield localisation in the context of derivators.

Definition 4.3.1. Let C be a derivator equivalent to the homotopy derivator associated to a
stable model category (or stable quasi-category) with compactly generated homotopy category.
This implies C is a compactly generated strong stable derivator.

Let K: C(e) — Ab be a homology theory. As usual, we extend this to a graded theory
K,: C(e) = Ab, by K,(X) = K(X7"X). For X € C(R) define K*(X) = @, K(X,), and
note that this is again a homology theory. Using Theorem we see that the subcategories
ker(KE) C C(R) form a localising subderivator of C, which we will just call ker(kK,).

Now suppose we have an object X € C([1] x R). This gives a morphism u: Xy — X; in C(R)
by taking the partial diagram along [1]. We say that X is a localisation object if fib(u) € ker(K[)
and X; € ker(KF)t. We write £(R) for the subcategory of localisation objects in C([1] x R).
This is clearly a subprederivator of C!!!, and we have a morphism 0*: £ — C of prederivators.

Proposition 4.3.2. £ is a thick subderivator of CV, and 0*: L — C is an equivalence of
derivators.

Proof. We know from Theorem and Proposition that ker(K,) and ker(K,)" are
thick subderivators. Together with the result we recalled in Theorem this implies that £
is a thick subderivator of Cl.

To prove our claim regarding 0*: £ — C we show that the general level 0% is an equivalence
of categories.

Essential surjectivity: since C(R) is a compactly generated triangulated category with cop-
roducts we can form the localization with respect to ker(K[) and we get for any X € C(R) a
morphism 7: X — LX which is an K[-localization. Since C is strong there exists a coherent
diagram f € C([1] x R) such that diay) f = 7 in C(R)MM, this clearly means that 0*(f) = X.

Fully faithfulness: we have to show that for any two coherent localizations X: Xy — X3
and Y: Yy — Y7 the map

Hom( gy (X, Y) = Home(yx gy (X, Y) = Home (g (Xo, Yo)
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is a bijection.
We name the functors

0: R—[1] xR r—(0,r) I:R—=[1] xR r— (1,r).
Observe that we can form in C([1] x R) the triangle
00X =5 X — Z — %00 X

where ex is the counit of the adjunction 0, 4 0* evaluated at X. The associated incoherent
diagram in C(R) is

Xo —— Xo 0
| b
Xo = X, C(X)

where C'(X) denotes the cone of the coherent morphism X. Therefore by Corollary we
can identify Z with the diagram 1,C'(X). Now we apply Homg((1)xg)(—,Y’) to this triangle to
get the long exact sequence

SR HomC([l]xR)(O!O*Xa Y) — HomC([l]XR)(Xa Y) — Homc([l]xR)(llc(X)aY) — ...

We have Homg((1)x ) (11C(X),Y) = Home(g)(C(X),1"Y) = 0 since by construction C'(X) is
KR acyclic and 1*Y =Y is K*-local. This implies that the map

(ex)": Home((1)xr) (X,Y) = Home((1)x r) (010" X, Y')

is an isomorphism. Composing this with the bijection Home((1)x r) (0,0 X, Y) & Homg(g) (0 X, 07Y")
we obtain
0*: Homc([l]xR) (X, Y) — HomC(R) (XQ, %)

by Lemma therefore 0% induces isomorphisms on the hom-groups as we wanted. O
We will sometimes need a slightly more general statement.

Lemma 4.3.3. Suppose that X,Y € C'(R), giving morphisms f: Xo — X1 and g: Yo — V1
in C(R). Suppose that fib(f) € ker(K[) and Yy € ker(KE)L. Then the map

1s bijective.
Proof. These weakened hypotheses are all that was used in the proof of Proposition ]

Definition 4.3.4. We define Ly to be the anafunctor C <~ £ X C, and call this Bousfield
localisation with respect to K.

We now return to a framework similar to that of Definition 2.1.4t we assume that we have a
compactly generated stable derivator C together with homology theories K (i) on C(e) fori € N,
satisfying the fracture axiom. As in Section we define P to be the poset of subsets of N
(ordered by inclusion) and Q to be the poset of upward closed subsets of P (ordered by reverse
inclusion). They are related by the morphism u: P — Q given by uT' ={U | T C U}.
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Definition 4.3.5. Consider a finite poset R and an object X € C(P x R). Suppose that t € N
and U C N with ¢ < u for all w € U. We then write tU for {t} UU, so we have U < tU
in P, giving maps fiu,: Xur = Xw, in C(e). We say that X is (t,U)-localising if fiy is a
K (t)s-localisation. Equivalently, Xy, should be K (t).-local, and the fibre of f; 17, should be
K(t).-acyclic for every r € R. We also say that X is fully localising if it is (¢, U)-localising
for all ¢ and U. We write P(R) for the full subcategory of fully localising objects in C(P x R).
There is an evident inclusion §: R — P x R, which gives a functor §*: P(R) — C(R).

Example 4.3.6. Consider the case n = 1, thus N = {0}, and suppose that our derivator C
arises from a stable model category By. Under the isomorphism of posets P 2 [1] an object of
P(R) is a diagram X: [1] x R — Cp such that the morphisms Xy, — X7, are all localisations
with respect to K (0). Informally, we can therefore say that an object of P is a diagram of type
(X =1L K(0)X ). In the case n = 2 an object of P is essentially a diagram of the following type:

1( — LgoX X — ¢oX
LgyX —— Lgo)LrxnX 01X —— o1 X

The right hand diagram is just alternate notation for the left hand one. For n = 3, the diagram
is as follows:

X ——— ¢poX

l\ \

» X - P01 X

p2 X lﬂ P02 X l

\ \

P12X —— do12X
where to keep the notation simple we write ¢4 by just presenting the set A as a string of
increasing integers.

Proposition 4.3.7. P is a thick subderivator of C*, and 0*: P — C is an equivalence of
derivators.

Proof. The claim is clear if N = (). If N # (), we let ng € N be the smallest element, so N can
be decomposed as {ng} II N say. This gives an obvious decomposition P = [1] x P;. We can
define P; C CP using N, and by induction we can assume that this is a thick subderivator
with (*: P; — C being an equivalence.

Now define £ as in Definition with respect to the homology theory K (ng) for the
derivator P;. We find that

PR)={X € L(P; x R) | X0 € P1(R)},
and the claim now follows from Proposition together with the induction hypothesis. [

Again, from the proof we can deduce a slightly more general statement.

Lemma 4.3.8. Suppose that X,Y € CF(R). Suppose that for t, U and r as before, the map
fror: Xu — X ts a K(t)-equivalence, and the object Yy is K(t)-local. Then the map

0*: C(Px R)(X,Y) = C(R)(Xp, Yyp)
1s bijective.
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Proof. As above taking ng the minimum of N we get a decomposition P = [1] x P; and arguing
by induction we can assume the map C(P; x R)(Xo, Yp) — C(R)(Xy, Yy) is a bijection. Now we
have just to compose this with C(P x R)(X,Y) — C(P1 x R)(Xo, Yo) which is an isomorphism
by Lemma O

Definition 4.3.9. We finally adapt the iterated localizations of Definition and Defini-
tion to this setting. For A C N define A4 to be the anafunctor Ly of Definition [4.3.4] for
the homology theory K = @, 4 K(a)«.
We also set ¢4 to be
cdpAe
Remark 4.3.10. Suppose that A = {a1,...,a,} with a; < --- < a,. It is then not hard to see
from the definitions that in some sense we have

¢A = LK(al) e LK(aT)a

so that Definition 4.3.9] is a more precise version of Definition A rigorous formulation
with anafunctors will be given in Corollary

Proposition 4.3.11. The anafunctor ¢4 is isomorphic to Lg(q)-

Proof. Define j: [1] — P by j(0) = 0 and 5(1) = {a}. This gives a morphism j*: C¥ — ¢cl.
If we define £ as in Definition with respect to K(a), we find that j* restricts to give a
morphism P — L. This fits into a commutative diagram as follows:

From this it is clear that j* is an equivalence and the anafunctor ¢y, = {a}"(0*)~! is equivalent

to LK(a) = 1*(0*)_1. O

Now let j be the inclusion of P’ =P\ {0} in P, and consider the fibration

6b(X) = §*(X) — bolim j*(X) — T tfib(X).
P/

We can now give a derivator formulation of the chromatic fracture argument.

Proposition 4.3.12. For any X € P(R), the above morphism (*(X) — holim j*(X) is a
— P

localisation with respect to K(N)x = @;cn K (1)«
Proof. From the definition of P(R) we see that for all T € P, the object j*(X)r is local with

respect to K (min(7)), and thus with respect to K(N).. Proposition |3.8.19 tells us that the
K (N).-local objects form a thick subderivator, so the object LX = holim j*(X) is K(N).-
— P

local. It will therefore suffice to show that the fibre tfib(X) = fib(Xy — LX) is K(N).-acyclic,
or equivalently, that it is K(i).-acyclic for all 7. Let Y, be the total fibre of the subdiagram
indexed by subsets of {r +1,...,n — 1}, so Y;,_; = 0 and Y_; = tfib(X). Let Z, be the total
fibre of the subdiagram indexed by subsets of {r,...,n — 1} containing r, so that Y, — Z,
is a K(r).-localisation, and the fibre is Y,_; by Proposition This shows that Y;_; is
K (i),-acyclic. The fracture axiom then tells us that Z;_1 is also K (i).-acyclic, and since Y;_o
is the fibre of the map Y;_1 — Z,;_; it is again K (i).-acyclic. By iterating this, we find that
Y_; is K(i)«-acyclic as required. O
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Definition 4.3.13. We say that an object X € C(P x P x R) is doubly localising if

(a) X is fully localising relative to P x R, so it lies in P(P x R).

(b) The restriction to {0} x P x R~ P x R lies in P(R).
We write Pa(R) for the full subcategory of doubly localising objects in C(P x P x R).
Proposition 4.3.14. Py is a thick subderivator of C**F, and (0, 0)*: Py — C is an equivalence.

Proof. The first claim is immediate from Theorem [3.8.3

We can apply Proposition to the shifted derivator C¥ and denote by P, the resulting
derivator of cubes of localizations. Then the two properties of the Definition easily imply
that we can restrict the associated equivalence to

7?s®*;>c]P>

ro 1
P2T>P

we have just compose the lower equivalence with #*: P — C and the second claim is verified. [

It is easy to see that X € C(P x P x R) = C(P x P) is doubly localising if and only if the
following conditions are satisfied:

(a) For all a, A, B with {a}ZA, the map Xa p — X(,ua,p is a K(a)«localisation.
(b) For all b, B with {b}/B, the map Xy p — Xp yup is a K(b)«-localisation.
This essentially means that if A = {a; <--- < ap} and B ={b; <--- < b;} we must have
XA,B =Ly Li@)Lrwm) L)X 0,0
In particular, we see that X4 gy = 0 unless AZB. This motivates the following construction.

Definition 4.3.15. We put M = {(A,B) e Px P | AZB}, and define 0: M — P by 0(A, B) =
AU B. We say that an object X € C(M x R) = C*(M) is doubly localising if

(a) for all a, A, B with {a}/A and {a} U AZB, the map Xap — X{nuap is a K(a)«
localisation.

(b) For all b, B with {b}/B, the map Xy g — Xy 3yup is a K (b).-localisation.
We write P5(R) for the subcategory of C(M x R) of doubly localising objects.

Proposition 4.3.16. P} is a thick subderivator of C™, and the inclusion inc: M — P x P
induces mutually inverse equivalences

; incs inc*

Py —= Py — P,

and the resulting morphism (0,0)": Py — C is also an equivalence. Moreover, the map o: M — P
gives an equivalence o*: P — Ph and thus an equivalence inc, oo*: P — Pa.
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Proof. We denote by Cy the subderivator of C**F spanned by the objects X such that X, =0
whenever p € (P x P) \ M.
The subposet Ml C P x P is a sieve, so Corollary gives mutually inverse equivalences

incy

C(M x R) 2% cu(R) 2% ¢(M x R).

We have observed that if X € C(P x R) is doubly localising then X4 g = 0 for (A, B) € M, so
X € Cu(R). It follows that inc* restricts to give an equivalence from Py (R) to some subcategory
of C(M x R), with inverse given by inc,. It is easy to check that the relevant subcategory is
P,(R). We have now seen that in the diagram

P, inc* ,Pé (0,0) C,

the first map and the composite are both equivalences of (pre)derivators, so the second map is
also an equivalence. From this and Lemma it follows that PJ is also a derivator. Finally,
direct inspection of the definitions shows that o*: C®* — CM restricts to o*: P — P, and
(0,0)"c* = 0*, which implies that o*: P — P} is an equivalence as well. O]

Proposition 4.3.17. If A/ B then there is an equivalence of anafunctors ¢ a¢pp =~ ¢ AuB-

Proof. Define jp: P — P x P by jp(T) = (T, B). Consider the following diagram:

P
(4,B) c

A~

C

A~

@*
B* 7)2

(A.B)"

(AuB)*

1
14

Given that C is a strict 2-functor, we see that everything commutes on the nose. Several
morphisms have been marked as equivalences; these are justified by Proposition [£.3.16] It
follows that all routes from the middle bottom C to the middle right C give the same anafunctor
up to equivalence. If we go clockwise around the edge of the diagram we get ¢pa¢p, and if we
go anticlockwise we get ¢ 4uB-

To be precise the composition of anafunctors ¢ 4¢p is given by the following composition of
spans via the bipullback

P xcP
> N\
P P
y Yﬁl V Y‘
C C C.
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The upper left part of the previous diagram means that we can easily produce an isomorphism
of anafunctors

P xe¢P

@V X"Pz

C L C

m\ A%)*

Py
where L is obtained using 0* and j}. O

Corollary 4.3.18. Suppose that A = {ai1,...,a,} with a1 < -+ < a,. There is then an
equivalence of anafunctors

A >~ L) Lk (a,)-

Proof. This follows by induction using Propositions[4.3.11]and [4.3.17} The base case A = () says
that ¢y is equivalent to the identity, which is clear because ¢y = 0*((0*)~! by definition. O

4.4 The iterated chromatic localizations ¢, are distinct

Before carrying on our proof, we present an interesting digression about Example [2.1.10
That is, we show that in this case the various iterated localizations ¢ 4 must be distinct.

Definition 4.4.1. We let BP,-Mod be the category of graded BP,-modules. We recall BP is
the p-local Brown-Peterson spectrum, thus BP, = Z,[v1,va,...] where |v;| = 2(p" — 1). We
denote, for any positive integer m, by I,,, the ideal of BP, generated by vg, v1,...,Umnm_1, where
vo = p. We define the functor

¢r,: BP-Mod — BP,-Mod M + (v;,' M) .

There is an evident natural map n,,: M — ¢ (M), also we have a unique natural transformation
1 making the following diagram commute

MN
ZW m)
Gy (M) @ ¢35, (N) = b3 (M @ N)
o I+
(vt M) /IE, ® (v, N) /1, e (vl (M ® N))/IE,.

These make ¢, into a lax monoidal functor. In particular, we deduce ¢, (BP;) has a natural
ring structure and ¢}, (M) is a module over ¢, (BP,).

For any finite subset A C N such that A = {a1 < a2 < --- < q;}, we define the functor
¢+ BP.-Mod — BP.-Mod by ¢ = ¢ ¢, .- ¢s,- We can define natural transformations
Oaa: ¢y = ¢ for any A C A’ by composing iteratively the maps n,, as follows. If A’ =0 we
must have A = () hence ¢% = ¢%, = Id and we set 6y = Id. Otherwise, we put a = min A" and
Ay = A"\ {a} so that ¢%, = qb;;qu%. If a ¢ A then A C Aj), we can suppose 04,4, has already

been defined and we put

9A,A’ « o "
(Oa,a)ar = ($3M —= ¢y M = ¢y M).
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If instead a € A, we set Ag = A\ {a} and we must have Ay C Aj, hence ¢ = ¢;¢%  and we can
assume we already established 6 4, Ay Pu, = gzﬁf% so we define 04 4 = ¢304,, A Y = -

Remark 4.4.2. Using the naturality of the maps 7,, it is easy to verify that for any triple of
subsets A C B C C we have 0 col4 p = 04 c and it is clear that 64 4 = Id. Also, the monoidal
structures on the functors ¢} give rise to monoidal structures on the composite functors ¢%
and the natural transformations 64 4/ are compatible with these: the maps 04 4/: ¢% (BP,) —
¢*%/(BP,) are ring homomorphisms and in general ¢* (M) — ¢*,(M) is a morphism of ¢* (BP;)-
modules.

Definition 4.4.3. Given Q C N we define

Fylvi :i € Q] f0é€Q

BPQ:BP*/(Ui:ng):{Z(p)[vi:iGQ\{OH if0e€q.

In particular BFy = IF,,. We observe that if ) is finite then BFy is a Noetherian graded ring.

Our first objective is to show that the functors ¢% are all distinct. This will be demonstrated
by the following Proposition.

Proposition 4.4.4. Fiz Q C N and let A C Q be a finite subset. Then we have {i € N :
v; is invertible in ¢*(BPg)} = A. Hence for different finite subsets A,B C @ the two BP,-
modules ¢ (BPg) and ¢;;(BPg) cannot be isomorphic.

Before presenting the proof we will need some algebraic preliminaries about regular sequences
in a (graded) ring.

Definition 4.4.5. Let R be a commutative ring with identity element, possibly graded. Let
x1,...,T be a sequence of elements of R, where in the graded case we assume these to be
homogeneous. We say such sequence is regular if for any ¢ < k multiplication by x; provides an
injective morphism

Z;: R/(:L‘l, . ,."L‘Z'fl) — R/(:Ul, . ,l'ifl).

Remark 4.4.6. There are two important observations on this definition. The first one is that
we do not require the quotients R/(x1,...,2;—1) to be non-zero, in this case we have that the
multiplication by z;_1 on R/(x1,...,2;—2) induces an isomorphism. Hence z;_; must be a unit
on this quotient.

The second fact to be noted is that the regularity of the proposed sequence could depend
on the ordering of the elements. As example consider R = Z[z,y] and x; = 2,29 = 3z, 23 = 3y,
this sequence is obviously regular but if we reorder it as y; = 3x, yo = 3y, y3 = 2 then regularity
does not hold any more.

Lemma 4.4.7. Let R be a (graded) commutative Noetherian ring and x1,...,x a reqular
sequence of (homogeneous) elements of R.

(a) For every S C R multiplicatively closed subset (of homogeneous elements) the same se-
quence is reqular in the localization S™'R.

(b) IfI C R is a (homogeneous) ideal then the sequence in question is regular in the completion
R},

(c) Let T be an R-algebra obtained by applying iteratively localizations and completions, in
any order, then the sequence is again reqular in T .
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Proof. We observe that regularity can be expressed recursively as the existence of short exact
sequences
;
0— R/(:L’l,...,.fEi_l) — R/(a;l,...,a:i_l) — R/(l’l,...,%i) —0

For point (a) we have just to recall that localization is an exact functor, hence after applying
— ®r ST'R we obtain the same sequences stating x1, ..., is regular in the ring S™'R.

For point (b) we need a bit more of machinery: the Artin-Rees lemma ensures that for a
Noetherian ring R the completion with respect to I of finitely generated R-modules is given
by tensoring with R} ([1, Prop. 10.13]) and this ensures the morphism R — R} is flat ([
Prop. 10.14]). Hence, as in (a) applying — ®pg R} to the mentioned short exact sequences
provides the same sequences for the ring R}.

Finally (¢) follows by applying repeatedly (a) and (b), keeping in mind that the localization
of a Noetherian ring is still Noetherian ([1, Prop. 7.3]) and the completion of a Noetherian ring
remains Noetherian (another deep consequence of Artin-Rees, see [1, Thm. 10.26]). O

Lemma 4.4.8. We fiz a finite subset A C N. Let B C A, then the elements {v; : i € AcinB}
(taken with the natural ordering) provide a regular sequence in the ring ¢1;(BPa), moreover we

have (¢5(BPa))/Imin B # 0.

Proof. We prove the claim by induction on |B|. In the starting case B = () we set the convention
min B = 400 80 Iypinp = (v; : ¢ € N). Since BP4 is a polynomial algebra, it is immediate to
see the sequence provided by the v;’s for i € A is regular and clearly BP4/Ining = F, # 0.

Suppose now |B| > 1, so we can write B = {b} U B’ for b = min B and B’ = B\ {b}. We
observe that BPj is a Noetherian ring and ¢7;, (BP,) is obtained from it by applying recursively
localizations and completions, thus arguing as in the proof of Lemmam (¢) we conclude also
@5 (BPa) is Noetherian. By [1, Prop. 10.15 iii)] we have an isomorphism

(¢65(BPA)) /1y = (v, &5 (BPA))}) /1y = (v, ' ¢ (BPA)) /1
and since localization is an exact functor we have
(v ' &% (BPA)) /1y = (v &5 (BPa))/(vi + i € Acy) = vy (¢33 (BPa)/ (vi i € Acy)).
From the surjection
¢p(BPa)/(vi 11 € Acp) = ¢ (BPa)/(vi 11 € Acminp) = ¢ (BPa)/Icminp # 0

we conclude ¢%,(BPa)/(v; 1 i € Acmin) # 0.

By inductive assumption {v; : i € Acyin pr } is a regular sequence in ¢}, (BP4) and we notice
{v; 11 € Ap} provides an initial segment of such sequence and the next element to be added is
vp, thus the map

Up: @i (BPa)/(vi 11 € Acpy) — ¢i(BPa)/(vi 11 € Acy)

is injective and we proved ¢J;, (BPa)/(v; : i € Acp) # 0. Thus vy is not a zero-divisor in this B Py-
algebra, in particular it is not nilpotent and we conclude the localization vy ' (¢%, (BPa)/(v; :
i€ Acp)) is not zero.

The claim that {v; : i € A<} constitutes a regular sequence in ¢j;(BPy4) follows easily from
the inductive assumption and Lemma [.4.7 (c). O

Proof of Proposition[{.4.4. Take v; with i € A, then there are clearly maps of BP,-algebras
-1 * GASZ"A *
v, BPg = ¢4 (BPg) —— ¢4(BFg)
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ensuring v; is invertible in ¢* (BFg).
Now the inclusion A C @ induces the quotient map

BPQ — BPQ/(UZ' 11 Q/A) = BPy4

and we can consider its image under ¢%. If v; for ¢ ¢ A were invertible in ¢* (BPg) then we would
get ¢%(BPa) = 0. But Lemma for the case B = A establishes that ¢* (BPa)/Imina =
¢%(BPy) is not trivial.

We conclude v; is invertible in ¢% (BPg) if and only if i € A. O

The connection between the algebraic functors ¢* and the iterated localizations ¢4 of Ex-
ample [2.1.10]is established by the next result. Recall that for any i € N the spectrum BP(i) is
given by BP/(vit1,vit2,. .. ), hence BP (i), = Zy)[v1, ..., vi).

Proposition 4.4.9. Let A C N, then we have an isomorphism of graded BP,-modules
Te(daBP(n — 1)) = ¢4 (BPy).

Proof. This follows directly from |19, Lemma 2.3] and the surrounding discussion. The cited
Lemma implies immediately that m. (¢, BP) = ¢}, BP., but the proof can be adapted to any
BP-algebra E so that the sequence vy, ..., vy, is regular in 7.(E) and m.(FE)/I,, # 0. This
way v,,' E results a v,,-periodic Landweber exact spectrum. This lets us prove the claim by
induction on |A].

Let A = {a} U B with ¢ < min B and |B| > 1. Since the localization functors ¢, have a
clear lax monoidal structure it follows ¢p(BP(n — 1)) admits the structure of BP-algebra, by
inductive assumption m,(¢ppBP(n — 1)) = ¢ BPy and Lemma guarantees vg, v1,. . ., Uq
is a regular sequence in this ring.

Thus v, !¢ BP(n—1) is a v,-periodic Landweber exact spectrum and [19, Cor. 1.12] implies
it is Bousfield equivalent to E'(a). Since it is a ring spectrum, it must be local with respect to
itself, therefore v;1¢pBP(n — 1) is E(a)-local.

We now claim that ¢pBP{n — 1) — v, 1¢pBP(n — 1) is an E(a)-equivalence: the proof
is exactly the same as the second part of |19, Lemma 2.3]. We have to verify that the map
vg: BlelgppBP(n — 1) — ¢pBP(n — 1) is an E(a)-equivalence, this is equivalent to proving
that nr(ve) is a unit in E(a).¢pBP(n — 1) = E(a). ®pp, BP.BP ®pp, ¢3(BPn). Again the
formula

Nr(ve) = vg mod I,

immediately shows the claim to be true. Notice that, differently from the starting case, here
m¢pBP(n — 1) is Iy, p-complete hence any element of v, + I, is invertible.

At this point we proved Lpg¢pBP(n —1) = v;'¢pBP(n —1). Now [19, Cor. 2.2] states
LK(m) = LF(m)LE(m)a thus

quBP(n - 1) = ¢Q¢BBP<TL - 1) = LF(Q)LE(Q)¢BBP<TL - 1> = LF(a)<Ua_1¢BBP<n - 1>)
Finally (19, Thm. 2.1] implies
Ly opBP(n — 1)) = (v, '3 BPy)}, = ¢4 (BPy).
O

Remark 4.4.10. The same reasoning would allow us to prove that m,(¢4BP) = ¢ BP; if we
could show that the functor ¢ preserves the regularity of the sequence vg,v1,...,v; for i < a
from ¢ BP; to ¢,¢BP,. Unfortunately, since BP, is not Noetherian, the arguments adopted
in Lemma and [£.4.8 do not work.
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Corollary 4.4.11. The iterated localizations ¢4 of Example cannot be naturally iso-
morphic for different subsets A C N.

Proof. Immediate from Proposition and Proposition [.4.4] O

The same computations of Proposition [£.4.9] also show the ¢4’s are distinct in the case of

Example [2.1.11

Proposition 4.4.12. Let E be a BP-module spectrum, then the canonical map
LT(n)E — LK(n)E
1 an equivalence.

Proof. We have just to show Ly, E is K(n)-local.
Fix F(n) a finite spectrum of type n, it can be proved that we can choose a v,-self map

v: ¥¥F(n) — F(n) such that 1 Av = vﬁl A1 as endomorphism of BP A F(n) for some [ € N, a
reference for this assertion is [21, Thm. 4.6]. This implies that BP A T(n) = BP Av~'F(n) =
v, 'BP A F(n).

We claim that for any spectrum X the wedge product BPAT(n)AX is K (n)-local. Consider
W a K(n)-acyclic spectrum then

[W,BP AT(n) A X] = [W,v,'BP A F(n) A X] 2 [W A DF(n),v,, 'BP A X].

By Remark the spectrum DF'(n) is of type n, hence W A DF(n) is E(n)-acyclic. Since
v, ! BP is a BP-algebra which is a v,,-periodic Landweber exact spectrum it is Bousfield equival-
ent to E(n) by [19, Cor. 1.12] and being v, ! BPAX a module over v, ! BP it must be F(n)-local.
We conclude the above hom-group is zero hence BP A T(n) A X is indeed K (n)-local.
Because E is a BP-module we have T'(n) A E is a retract of BP AT (n) A E, hence even this
is K(n)-local.
By [21, Prop. 4.22] there exists a tower of generalized Moore spectra of type n

o= My > My — - — M — My

with BP, M}, = BP,/Jj for some ideal J = (pio,v’f, . v;"__ll) of BP, such that the sequence
of n-uples (ig,...,in—1) is cofinal at the varying of k. Also, we can choose v,-self maps
wg: X" My — My, which are compatible with the tower so that we can form the homotopy
limit
holim Tel(Mj) A E = holimw, "My A E.
& &

We showed each term in the inverse system is K (n)-local, so the limit has this property as well.

This concludes our argument once we realize the presented homotopy limit is a model for
the T'(n)-localization of E: for a reference of this fact see [25, Prop. 5.1], the proposed proof
actually deals with the localization of the sphere spectrum but it can be immediately adapted
to any other spectrum. O

In the general case the fracture axiom immediately implies that if ¢, = ¢ for a < b then
0o = Pppe = 0. But we do not know if we can distinguish the compositions ¢4’s. In the
chromatic case we relied on the properties of the Morava K-theories and on the existence of a
universal example (namely BP) which contains the information of all the involved homology
theories.

In the situation of Definition [2.1.1] we could ask the homotopy category B to be monoidal
and the homology theories K (i), to be represented by objects K (i) with good properties: e.g.
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they are ring objects and they are skew fields. Then we could think of providing as universal
discriminant object U = @?:_01 K (i), but this will not do the trick.
Being K (i) a ring object it is local with respect to itself, hence we have

K(i) ifa=i

0 else

¢aK(i) = {
thus

0 else.

ol — {K(i) if A={i

The fact is that that the direct sum of the objects K (i) does not keep track of the gluing data
between the homology theories. Thus while U contains information about every isolated object
K (i), it does not provide any data about how they interact.

In fact, it is known that (BP) # \/;cn(K (7)), for reference see |34, Thm. 2.2].

This could be interpreted in the language of algebraic geometry as the fact that the Hopf
algebroid (BP,, BP,BP) represents the moduli stack of formal group laws and the localization
Lk ;) corresponds to the completion along the locally closed substack of formal group laws of
height exactly 7. But to put together the information provided by these completions we need
the underlying complete stack.

4.5 Fracture diagrams

We now define the anafunctor version of the iterated localisations with respect to the direct
sums of the fixed homology theories K (7).

Definition 4.5.1. Recall the poset Q and the order-embedding u: P — @Q we presented in
Definition Consider an object X € C(Q x R), and the restriction (u x 1)*: C(Q x R) —
C(P x R) induced by u: P — Q. We say that X is u-cartesian if the natural map

(ux1)*:C(Qx R)(W,X) —=C(PxR)((ux1)"(W),(ux1)"(X))
is an isomorphism for all W, or equivalently X is in the essential image of the functor
(ux1): C(Px R) —C(Qx R).

This equivalence comes from Lemma and the triangular equalities.

We say that X is a fracture object if it is u-cartesian, and (u x 1)*(X) is fully localising. We
write F(R) for the subcategory of fracture objects in C(Q x R). We also define j: R - Q x R
by j(r) = (ud, R).

Remark 4.5.2. Because we have ordered Q by reverse inclusion, for U € Q we have U < uA
if and only if uA C U, which is equivalent to A € U. Using this together with the Kan formula
(D4), the u-cartesian condition becomes

Xy = holim X 4.
(_
AeU

Example 4.5.3. Consider the case N = {0, 1}, and put
W=uvN=u{0}Uu{l} ={ACN|A#0} €Q.

We then have Q = {uA | A € P} U{W, 0}, with partial order as shown below.
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u

@\ ) / u{0}
N

u{0, 1}

O\

u{l} 0

An associated fracture diagram is in the shape is

\ /%

)\01X

N\

P01 X

/N

0.

X X

b1

Observe we are extending the fully localizing square associated to X € C(R) by adding 0 (the
zero-localization) and A1 X by embedding the fracture square associated to K (0) and K (1).

Now consider the case N = {0, 1,2}, where |P| = 8. It turns out that |Q| = 20: while it is
possible to present a graphical representation of Q it is not rather pleasant or illuminating. We
present instead a partial picture of a corresponding fracture diagram

X — do12X / PoX
/

o2 X
v Ao1 X
/ PoA12X
s 91X 4 B P01 X
/ot %
P2 X $02X
Ao1¢2 X
d12X $012X .

Proposition 4.5.4. F is a thick subderivator of C2, and j*: F — C is an equivalence of
derivators.

Proof. Let E(R) be the subcategory of u-cartesian objects in C(Q x R), so the functor (u x
1)*: E(R) — C(P x R) is an equivalence. An object is u-cartesian if and only if the unit
map X — (u x 1).(u x 1)*(X) is an isomorphism, and from this we see that £(R) is a thick
subcategory of C(Q x R).
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Now consider a morphism f: R — T of finite posets. We know from [10, Prop. 2.6] that
the resulting morphism f*: CT — C® preserves homotopy Kan extensions (both left and right).
Thus it commutes up to a canonical isomorphism with the functors (u x 1),, so it restricts to
give a functor f*: £(T) — E(R). It is straightforward that the functors (1 x f). commute with
(u x 1), so they restrict to give f.: E(R) — E(T). By the dual of Lemma we deduce
that £ is a thick subderivator of C2.

We can see that £ is actually the essential image of u,: C* — C@, by Proposition
this morphims must be fully faithful. Thus the restriction u,: C¥* — & is an equivalence of
derivators.

By the fully faithfulness of u, we see that an object X € C(Q x R) lies in F(R) only if it is
the right Kan extension along u of an object of P(R), hence we obtain the diagram of derivators

ct ¢
I 7

P— F

where the vertical arrows are inclusions and the horizontal ones equivalences. Therefore, com-
posing the inverse equivalence u*: F — P with (* of Proposition we get the second
claim. O

Definition 4.5.5. For U € QQ, we define 6y to be the anafunctor
clrfoe

We also note that an inequality U < V gives a natural transformation U* = V* and thus a
2-cell Oy = 0y between anafunctors, as discussed in Remark

Remark 4.5.6. Consider an object X € C(R), and a fracture object Y € F(R) with j*Y ~ X.
Then the object Yy = U*Y € C(R) is a choice of 0y7(X). As Y is u-cartesian we have

Yy = holimY, 4 = holimY,, 4.
— —
U<uA AeU

As v*Y € P(R) we know that Y, 4 is a choice of ¢4(X). Thus, the basic idea is that 0y (X) =

holi X).
Ay 4L

Remark 4.5.7. Consider the original chromatic context where the homology theory K (i) is
represented by a spectrum, so we can apply ¢4 or Oy to that spectrum. Using |34, Thm. 2.1
(1)] it is easy to see that ¢ (K (i) = K (i) if A C {i}, and ¢4(K (7)) = 0 in all other cases. From
this we find that 0y (K (i) = K(3) if {i} € U, and 0y (K (i)) = 0 in all other cases.

Thus, for any U,V € Q if there exists 0 < i < n — 1 such that {i} belongs to just one of
these two elements then the corresponding 0y and 60y are different.

However, since the occurrence {i} € U is very rare this statement is not particularly strong.

Lemma 4.5.8. If A ={ay,...,a,} withay < --- < a, then there are equivalences of anafunctors
Oua >~ ¢a =~ Li(ay) " Lic(a,)-

Proof. We have a diagram as follows, which commutes on the nose:

F—A .c




This gives an equivalence uA*(5*)~! ~ A*(#*)~! of anafunctors, or in other words 6,4 ~ ¢a.
Moreover, Corollary gives A ~ Lgc(ay) Lk (a,)- O

Lemma 4.5.9. The functor 6y is zero.

Proof. Fix X € C(R) and choose Y € F(R) together with an isomorphism X =~ j*(Y). It will
suffice to prove that Yy = 0. By Remark we have

Yy =holimY,, 4.
<—
A€l

Since (0/u) ={AeP: A} =0 clearly Y = 0. O
Proposition 4.5.10. For vA ={T C N |TNA # 0} we have 0,4 ~ \4.

Proof. Let Y be any object of F(R). We claim that the morphism Y3y — Y, 4 is a localisation
with respect to K(A),. In order to simplify notation, we replace C by C* and thus reduce to
the case R =e. AsY is a u-cartesian object, we see that Y, 4 is the homotopy inverse limit of
(u*Y)|ya. We define the poset

P =P (A)={BCA:B#0}.
Note that the inclusion i: P’ — v A is left adjoint to the map
r:vA— P B+~ BN A.
It follows from Proposition [3.6.15| that i is homotopy cofinal, so
Y,4 = holimY, g = holim Y, .
G —
BevA BeP!

We can now apply Proposition 4.3.12| (with N replaced by A) to see that this homotopy limit
is a K (A)-localisation, as required.

Now define k: [1] — Q by k(0) = uf) and k(1) = vA. This gives a morphism k*: C¢ — C[1,
and the previous paragraph shows that this restricts to give a morphism F — L (where L is as
in Definition for localisation with respect to K (A)). We now have a diagram as follows,
which commutes on the nose:

JT_'
C

— L
0

C

|

vA*
k* 1*

As 0* and j* are equivalences, we see that k* is also an equivalence. This gives an isomorphism
vA*(7%)71 ~ 1*(0*)~! of anafunctors, or in other words 0,4 ~ A4. O

The crucial point of our proof will be the following result which reduces the composition of
the anafunctors 0 to the operation * on Q of Lemma

Theorem 4.5.11. The composite 00y is naturally isomorphic to Oy.y .

The proof will be given after some preliminaries.
We start with the following result, which will be needed in the proof of Theorem [4.5.11] and
which also shows that Theorem is consistent with Proposition
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Lemma 4.5.12. For A, B € P we have
u(AUB) if AZB

uA xuB =
1) otherwise.

Proof. By definition, we have
uAxuB={CUD|ACC,BCD,CZD} Cu(AUB).

If AZB then we can choose k with a < k for all a € A, and k < b for all b € B. Then any
E € u(AU B) can be written as CUD with C={j € E|j<k} D2 Aand D={j € E|j>
k} O B, so E € uA x uB. We therefore have uA * uB = u(A U B) in this case. On the other
hand, if it is not true that AZB then we can choose a € A and b € B with ¢ > b. If C' and D
are as in the definition then a € C' and b € D so it cannot be that CZD. From this it follows
that uA x uB = 0. O

Definition 4.5.13. We say that an object X € C(Q x Q x R) is a double fracture object if
(a) X is a fracture object relative to Q x R, so it lies in F(Q x R).
(b) The restriction to {ull} x Q x R~ Q X R lies in F(R).

We write F2(R) for the full subcategory of double fracture objects in C(Q x Q x R). We
also define k,1: Q — Q x Q by k(V) = (uh,V) and [(U) = (U,uld). This gives functors
E*, 1*: Fo(R) — C(Q x R). Finally, we define j2: e — Q x Q to be the map with image (uf), u@).

Proposition 4.5.14. F; is a thick subderivator of C2*Q, and the maps k and | give equivalences
as shown:

Proof. Put E(R) = F(Q x R) C C(Q x Q x R) (so this is the subcategory of objects satisfying
condition (a)). From Proposition we see that £ is a thick subderivator of C2*Q and that
k*: &€ — CQ is an equivalence of derivators. Moreover, it is clear k* restricts to an equivalence
k*: Fy — F, since F is a thick subderivator of C? we deduce F» must be a thick subderivator
of C2XQ, We have seen that j*: F — C is also an equivalence.

Next, recall again that F is a thick subderivator. Any monotone map f: R — T gives
a functor (1 x f)*: C(Q x T) — C(Q x R), and the subderivator property implies that (1 x
)*(F(T)) C F(R). Take T =Q x R and f(r) = (uf),r); the conclusion is then that I[*(E(R)) C
F(R), and so I*(F2(R)) C F(R). This means that we have a diagram of functors as claimed.
The upper right triangle commutes on the nose, while the lower left triangle commutes up to
a natural isomorphism interchanging the two copies of Q x Q to identify the subderivator of
cOW0} with F c clulr<Q,

As j* and k* are equivalences, we can chase the diagram to see that [* and (ul),u())* are
equivalences as well. O

Example 4.5.15. We give an example of a diagram in F» to make sense of the above Propos-
ition We consider the case n = 2, since the cardinality of ) x Q increases quickly this
is the only non-trivial case we would be able to present concretely (e.g. if n = 3 then |Q| = 20
and |Q x Q| = 400). We also remove the element ) from Q to simplify the picture further, since
in this position the value of the diagram will be zero. Thus Q x Q has shape
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(ud), uh) —— (ul,u{0}) (u{0},ud) — (u{0},u{0})

NS NS

(ud, W) (u{0}, W)
(ud, u{1}) — (ub, uN) (u{0}, u{1}) — (u{0},uN)
(W, ud) —— (W, u{0})

\/
/

(W,u{1}) —— (W, uN)

/

(u{1},ud) — (u{1},u{0}) (uN,ud) — (uN,u{0})
(u{1},W) (uN, W)
(u{1},u{1}) — (u{l},uN) (uN,u{1}) — (ulN,uN)

and a corresponding double fracture diagram is
X ——— ¢oX Po X —— PoPo X
NS NS
A1 X Poro1 X
v e

91X —— o1 X P01 X — o1 X

N /

A1 X — A1 X

||
Ao1Ao1 X
v

Ao101 X — Ao1¢o1 X

/

01X —— 9190 X 01X — Po1PoX
h NS h h NS h
P1 A1 X $o1 01X
7 7
P1901X — P11 X 0191 X — Po1¢01 X.

The smaller squares are indexed on the second copy of O, while the bigger square which contains
these is indexed on the first copy of Q. Thus the subdiagram on the upper left corner starting
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with X occupies the positions (ul), V) for V € Q and by condition (b) of Definition it
must be a fracture diagram. Condition (a) means that we have to obtain the other subdiagrams
by applying 6y to get the one placed in position U. For example in the lower left corner we
have the positions (u{1}, V") so the associated diagram is produced just by applying ¢; to the
starting square.

It is clear that at the position (U, V) we have just 0y of the value in (u), uf)).

Both [* and £* being equivalences corresponds to the fact that restricting along [ and k£ we
obtain two fracture diagrams starting with X, and since fracture diagrams are determined by
their initial value this means we did not lose any information.

Corollary 4.5.16. For any U,V € Q, the composite anafunctor 0y6y is isomorphic to the

fraction
AR
—

C& C.
Proof. Note that if X € F5(R) then X € F(Q x R) and F is a subderivator so we have
V*X € F(R). We can thus interpret V* as a morphism from F3 to F. It fits into a diagram as
follows, which commutes on the nose:

C « T F 7 » C.

The bottom edge represents the anafunctor 6y, whereas the right hand edge represents ;7. The
claim is clear from this. O

Proposition 4.5.17. The morphism u2: C**F — C2*Q restricts to give an equivalence Py —

Fo, with inverse (u?)*.

Proof. In this proof all the restrictions will be with respect to the base derivator C, even if we
will apply them to elements we will prove are in the derivator of (doubly) localizing or fracture
objects. This lets us avoid awkward notation and it is not confusing since the above derivators
are subderivators of appropriate shifts of C.

We must show that Pa(R) ~ Fo(R) for all R, but we can reduce to the case R = e by
replacing C with C*.

We will factor the map u?: PxP — Qx Q as u? = ujous, where ug =ux1: PxQ - QxQ
and ug = 1 xu: PxP — P x Q. We also use the maps ip: P - P x P and 7,p: Q - Q x Q
given by ig(B) = (0, B) and i,4(V) = (uf), V). These fit in a commutative diagram

P—2 5 PxP
| & |
Q T QxQ.
Note that an object X € C(IP x IP) lies in Pa(e) if and only if it satisfies the following conditions:

(a) X € P(P)
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(b) i5X € P(e).

Similarly, by unwinding the definitions a little we see that an object Y € C(Q x Q) lies in F(e)
if and only if the following hold:

(c) ulY € P(Q)
(d) ¥V = (u1)«(ulY)
(e) i%yY € Fe).

Suppose that Y € F(e), so that (c), (d) and (e) are satisfied. Put X = (u?)*Y € C(P x P);
we must show that X € Pa(e), or in other words that (a) and (b) are satisfied. Note that
X = u5(uiY) and ujY € P(Q) by (c) and P is a subderivator so u3(ujY) € P(P) so (a) is
satisfied. Moreover, the diagram shows that i§ X = is(u?)*Y = u*i¥,Y, and i)Y € F(e) by (e),
so u*iy,Y € P(e) and (b) holds.

Suppose instead that we start with X € Ps(e), so that (a) and (b) hold. Put Y = u2X €
C(Q x Q); we must then prove (c), (d) and (e). We first note that ¥ = (u)«(u2)«X and u; is
fully faithful so e: uj(u1)« = Id and we deduce ujY = (u2).X. Moreover, we have X € P(P)
by (a) and P is a subderivator so (u2).X € P(Q) and this proves (c). Condition (d) is also
clear from this discussion. For condition (e), we note that the diagram gives a canonical mate

(Id)x: ity = itgulX — u.igX € C(Q).

We know that iz X € P(e) by (b), and it follows that u.izX € F(e). It will therefore suffice to
show that (Id,)x is an isomorphism. Using (D2) this is equivalent to to checking that V*(Id,)x
is an isomorphism in C(e) for all V' € Q. Put

B={BeP|V<uB)
C={(A4,B)ePxP|(ud,V) < (uA,uB)}.

(These can in fact be simplified to B = V and C = P x V.) The map iy restricts to give a
map B — C. The Kan formula tells us that the domain of V*(Id.)x is holim X, whereas the
— C

codomain is holim 43X . The evident projection C — B is right adjoint to ip, so 7p: B — C is
%

B
homotopy cofinal by Proposition [3.6.15] so (Id.)x is an isomorphism as required.
The discussion above shows that the adjunction of morphisms
(u?)*: CPXQ = CFPXF .2

restricts to an adjunction
(u?)*: Fo = Py i

and by Proposition the counit e: (u?)*u2 = Id is invertible. All that is left is to prove
is that when Y € Fy(e), the unit map Y — u?(u?)*Y is also an isomorphism. Put Z = u}Y,
so condition (d) gives Y = (u1).Z (via the unit associated to uj - (u1)s). It will suffice to
show that Z = (ug),u5Z (via the unit for u3 - (u2)«). Note that Z € P(Q) by condition (c),
and P is a subderivator, so (uz).u3Z also lies in P(Q). As i5: P — C is an equivalence, it will
suffice to check that the map il — za(ug)*u’z‘Z is an isomorphism. For this, we claim that
za(uQ)*fu;Z =~ u*u*iaZ . This follows from the fact that 16 P 5 Cisa morphism of derivators
and so it is compatible with u, and u*. We must therefore check that the map i3Z — u.u*izZ
is an isomorphism. Here i5Z = ijuiY = i,V and this lies in F(e) by condition (e), so the
claim follows from the definition of F. g
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Definition 4.5.18. Given U,V € QQ we put
URV=UxV)NnM={(A,B)ePxP|AcU, BeV, ALB}.
The definition of U % V' can then be written as
UxV={AUB|(A,B)c UK V}.

Note that U XV and U * V can be seen as subposets of M and P respectively. We define
o:URV — U=xV by 0(A4, B) = AU B, and note that this is a morphism of posets.

Proposition 4.5.19. The map o: URV — U %V is homotopy cofinal.

Proof. If UKV = () the claim becomes trivial, hence we examine the case U XV # (.

We apply Proposition after showing that for every C' € U xV the slice category (o/C)
is D-contractible.

If C =0 then (0/C) = {(0,0)} thus we can assume C is not empty. For any integer i we
set OC<; ={ceC:c<i}and C>;={ceC:c>i}.

We start by defining the map

¢: (0/C) = (9/C) (A, B) = (C<max 4; C>min B)

where we assume the convention min() = n and max() = —1. This ensures C<max AZC>min B
even in the case one among A and B is empty. It is easy to see that ¢ is well-defined: since
A C C we have A C C<pmaxa and being U upward closed we deduce C<pmax 4 € U, similarly
Csmin B € V. Also ¢ is a morphism of posets: if (A, B) < (A’, B’) then A C A’ implies max A <
max A" which means C<max 4 C C<maxar, similarly B C B’ implicates C>minB C Csmin B/-
Moreover, we have Id < ¢.

Now we observe there exists k € {0,1,...,n — 1} such that (C<g,C>i) € UK V: since by
the definitions (o/C) is not empty we can take an element (A, B) € (¢/C), then if A # ) we
set k = max A. Clearly A C C<j, and B C C>j, thus (C<g, C>) € UKV again because both U
and V are upward closed. If A = () take K = min C and it is trivial to see this does the trick.

We define the map

Ak (0/C) = (0/C)
A if maxA <k,

(A, B) — (A, B) where A = '
C<r if maxA > k.

The idea is to truncate A at k if its maximum is bigger that this value, but since U is not
downward closed in general A<j will not be an element of U, thus we substitute A with C<y,
which is in U by assumption.

It is easy to see Ay, is well defined: if max A > k then clearly C< /B hence (C<y, B) € (¢/C).
We verify )\ is a map of posets, that is A C A’ implies A C A’. As before we notice that
max A < max A, if maxA’ < kthen A = A Cc A’ = A', if k < max A then 4 = C<pp = Al
For the case max A < k < max A’ we observe that the condition (A, B) € (¢/C) implies A C C
thus A=A C C<, = A’. Moreover we have the inequality ¢ > .

Similarly we can define a map

or: (0/C) = (a/C)
B if Kk < min B,

(A, B) — (A, B) where B = T
C>r  if minB <k.
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We can use the same arguments to show this is well defined and it is non-decreasing, also ¢ > g
and opAp = AL Ok-

If we apply Ar to the inequalities Id < ¢ > o we get A\ < Ap@ > Apog, thus in the end we
have a chain of inequalities

Id < ¢ > M, < A > Ao

But (C<g, C>) is the maximal element in the image of the last map, thus by Remark we
conclude the slice is contractible. O

Proposition 4.5.20. Consider the map pu: Q x Q — Q (given by (U, V) — U % V) and the
induced morphism p*: C2 — CQ*Q. This restricts to give an equivalence p*: F — Fa, making
the following diagram commute up to natural isomorphism:

u
P—% L F
incy o* |~ ~ | u*
Py — = Fo
u*

Proof. By the usual reduction via shifts, it will suffice to work with P(e), F(e) and so on.
Proposition gives the left hand equivalence, the top and bottom equivalences are given
by Proposition and Proposition respectively. We claim that for X € P(e), there is
a natural isomorphism p*u, X ~ u?inc, 0*X. Assuming this, everything else follows easily by

chasing the diagram.
To prove the claim, we apply Proposition to the square

M—2— P
u20incl Id/’ lu
QxQ — Q

which commutes by Lemma [4.5.12, This square induces the canonical mate (Id).: p*u, =

u?inc, o*, and the Proposition tells us that this is an isomorphism provided that the map

owyy: (U, V)/(u? oinc)) = (u(U, V)/u)

is homotopy cofinal for all U,V € Q. By unwinding the definitions, we see that this is just the
map UKV — U % V whose cofinality was proved in Proposition O

Proof of Theorem |/.5.11 By Proposition we obtain the following commutative diagram:

F (UxV)* c
N‘j* w }U’V)*
Ce—F—— F

*
2

J

The anafunctor provided by the upper left corner is 0y, by definition, and the other given on
the lower right corner is 860y by Corollary O
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Proposition established the identification 6,4 = A4, thus by Theorem we have
for any k-uple of subsets A = (Ay,..., Ag)

Aa = A4, 0 0 h 4, = O0pAivvAossvAy-

But it would be better to give a more intrinsic characterization of the element of Q presenting
such iterated localization.

Definition 4.5.21. Let A = (Aj,..., Ag) an uple of elements of P, a subset T" € P is called a
thread set of A if and only if there exists an increasing sequence a1 < ag < --- < ag such that
a; € TNA; forall 1 <i<k.

We define T'(A) to be the collection of all thread sets of A.

Lemma 4.5.22. For any A we have T(A) € Q. Moreover, we have the equality
T(A) =vA; * - xvA.

Proof. The claim T'(A) € Q is trivial: by definition T'(A) C P and if T is a thread set of A then
clearly any B € PP containing it contains also an increasing sequence presenting B as a thread
set.

The second assertion can be easily be proven by induction. If £ = 1 clearly T'(A4;) = vA;.
For k > 1 we have to apply the induction hypothesis after showing

T(Al, ‘e ,Ak) == T(Al, ‘e 7Ak—1) *UAk.

For T € T(A) there exits a sequence a3 < --- < a; with a; € A; N T, so we can give a
decomposition T' = T<,, UT>,, which presents T as an element of the set on the right hand
side.

Conversely take T'= BUC with B € T(Ay, ..., Ax—1), C € vA; and BZC. By assumption
there exists a sequence a1 < --- < ap_1 with a; € BN A;, now BZC implies ap_1 < maxB < ¢
for any ¢ € C' N Ag. Therefore a1 < --- < ax_1 < ¢ is a sequence establishing T' € T'(A). O

Corollary 4.5.23. Let A and B be two uples of subsets, even with a different number of ele-
ments. If T(A) =T (B) then Ay = Ap.

Proof. Immediate from Theorem [4.5.11] and the above discussion. O
Lemma 4.5.24. Let A, B € P with A C B, then vAxvB =vB xvA = vA.

Proof. We prove only vA xvB = vA, the other equality can be showed with similar arguments.
We first establish vA C vA x vA: if C € vA by definition there exists x € C N A, so
C = C<; U >, giving the inclusion.
It is immediate that if UV, W € Qand V C W then UxV CU*xW and V«U C W x U,
thus vA CvA*xvA CvA*vB (because A C B implies vA C vB) and vA*xvB CvAxul) = vA
(because uf) is the minimal element of Q). O

Corollary 4.5.25. Let A = (Ay,..., Ax) as above and suppose for some | we have A; C A; for
all 1 <i<k. Then Ay = Ay,.

Proof. This is a straightforward consequence of Lemma and Lemma [£.5.24] O

Remark 4.5.26. Lemmal[4.5.24)is just the combinatorial version of the first part of Lemmal[l.1.7]
For two localizations Ly and Lp the inequality (E) < (F) between the associated Bousfield
classes means that being L g-acyclic implies being L g-acyclic, therefore LgLr & LrLp = L.

By the notation fixed in Definition[2.1.1] it is clear that for A C B we have (K (A)) < (K(B)).
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Example 4.5.27. We will use Corollary [£.5.23] to compute all the iterated compositions of Ay
for A = ({0,1,3},{0,2,3}). It is easy to verify that

v{0,2,3} *xv{0,1,3} = v{0,3},
this and Lemma imply that
T(A)* =v{0,3} Vk>2
thus )\g = A{0,3}

Another application of Corollary lets us provide an explicit formula for A; in the
situation of Example 2.1.12]

Proposition 4.5.28. In the setting of Ezample we fir i € N and define A = N>,
B = N<;. Then for any G-equivariant spectrum X we have

M(X)=F(ETEF,X)  Mp(X) =S EFuAX
where F'(—,—) denotes the internal hom of the G-equivariant stable homotopy category.

Proof. Recall we showed that for any 0 < j < n — 1 a G-spectrum Y is K(j).-acyclic if and
only if Y = 0.

For the first claim we observe that |32, Prop. 3.3.10] implies a G-spectrum X is K(A),-
acyclic if and only if 7r£{ J(X) =0 for all j > i. The localization corresponding to this class of
acyclics has been studies extensively in the literature and it is known to have such expression:
for a reference see |27, Ch. IV, Prop. 6.4].

We now pass to the second identification. For i = n — 1 we observe the K (B).-acyclics are
just 0, hence Ap is trivially the identity functor. So we can assume i < n — 1, we will be proving
directly that X — X®°EF;,1 A X is a K (B),-localization.

The fiber of this map is S°EF; 1 A X, since (EF;41)Hi = 0 for all j < i it is immediate to
see this G-spectrum is K (B),-acyclic.

To conclude we prove Y®EF; 1 A X is K(B).-local: fix Z a K(B).-acyclic G-spectrum, we
have to verify that

(Z,5°EF;i1 A X] = 0.

Since ®7iZ = 0 for 0 < j < 4 the map YPEFiy1 N Z — Z must be an equivalence by
32, Prop. 3.3.10], moreover ¥%5° EF; 11 belongs to the localizing subcategory of B generated by
+ +
{E¥FG/H; : j > i+ 1} (see [27, Ch. IV, §6] and surrounding discussion) so we can reduce to
prove
[Z A EcjroG/Hj, SXEFii1 A X] =0

for any 5 > ¢ + 1. Using the self-duality of the suspension spectra of the orbits we have
Z ANSYPG/H), S EFi ANX] = [Z,5FG/Hj NS EF;11 A X]

and we notice that the G-spectrum LG/ H; A Y E Fi,1 is contractible since all its geometric
fixed points are trivial. O

Corollary 4.5.29. In the setting of Example for any i € N and any G-spectrum X we
have

N(X) = F(SPEF;, S°EF11 A X).
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Proof. Taken A and B as in the notation of Proposition [£.5.28]it is trivial to verify the equality
T(A,B) = u{i}, then Corollary |4.5.23| implies \;(X) = AaAp(X). We have only to use the
formulas showed in Proposition 4.5.28| to conclude. O

A question which immediately arises from the above discussion is that if we can express
every element of Q as T'(A) for some uple of subsets. In fact we proved that the all the iterated
localizations Ay can be expressed as anafunctors 0y for particular elements of QQ, so it comes
natural asking if also the converse holds. Unfortunately this is false: we can easily present an
explicit element U which is not a collection of thread sets.

Example 4.5.30. Fix n = 3 and take U = {{0,1},{1,2},{0,1,2}} € Q. We claim that
U # T(A) for any A. Indeed, suppose that U = T'(A) with A = (A4;,..., Ax) as usual. Then
{1} € T(A), so we can choose m with 1 € A,,. Similarly {0} ¢ T'(A), so 0 ¢ A; for some I.
On the other hand, we have {0,1} € T'(A), which means that there exists p with 1 < p < k
and 0 € A; for ¢ < pand 1 € A; for i > p. From this it is clear that p > m. Similarly, as
{1,2} € T'(A) there must exist ¢ with 1 < g < kand 1 € A; fori < gand 2 € A, fori > q. From
this we see that ¢ < m and so ¢ < p — 2. It follows in turn that {0,2} € T(A), contradicting
our assumption that T'(A) = U.

Remark 4.5.31. If we consider Example we see that in such diagram the object 0y (X),
for the element U defined in Example is presented as the homotopy pullback of the span

P01 X

|

$12X —— ¢Po12X.

This cannot be reduced to a chromatic fracture square. We currently do not know whether it
can be actually be written as iterated localization of X at all.

To conclude this section we discuss if the above formulation provides a concrete upper bound
to the number of iterated localizations for a fixed n. That is, can we compute the cardinality
of Q7

Since Q C P(P) we have |Q| < 22" but this number obviously amply overestimates such
cardinality.

It is known that an upward closed subset U of a finite poset P is uniquely identifiable with
an antichain, which is a collection of non-comparable elements of P. The bijection is provided
just by taking the minimal elements in U.

In the case of PP, the power set of a set with n elements, the question of counting the
number of such antichains is a famous problem: this number is usually referred as the Dedekind
number M (n). This can also be characterized as the cardinality of a free distributive lattice in
n generators, or the number of monotone Boolean functions in n variables.

Unfortunately, even this better estimate has exponential growth. Moreover, M (n) has been
computed explicitly only for n < 8. In [23] it is proved that

9(n72)) < M(n) < 2(1+O(10%))(Ln72j),

logn
=5

Other more accurate bounds exist, but they are more complicated to present. The bottom
line is that we cannot expect to determine |Q| exactly and our approach does not offer any

further insight on this problem than the results already existing in the literature.

where O(l(’%) indicates a function in n with the same asymptotic behaviour as
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4.6 Monoidal structures

In the setting of Definition if the homotopy category B has a symmetric monoidal
structure and the kernels of the homology theories K (i), are tensor ideals it is know that the
localizations A4 admit the structure of lax monoidal functors.

We want to show that also our generalized localizations 6y can be endowed with a lax
monoidal structure, spelled out in the appropriate sense for anafunctors.

We refer to [9, §2] for the complete account on the notion of monoidal derivator.

Lemma 4.6.1. Let C,D be two prederivators, then we can define a new prederivator C X D by
the following composition of 2-functors

PoSet? 25 PoSet® x PoSet® Py CAT x CAT 5 CAT,

where A: PoSet®” — PoSet? x PoSet? is the diagonal and x : CAT x CAT — CAT the cartesian
product of categories.

Moreover, if both C and D are derivators so is C x D. If C and D are both strong or stable
so is C x D.

Proof. See |9, Lemma 1.2]. O

This means that the usual cartesian product of categories endows PDER, the 2-category of
pre-derivators, with the structure of symmetric monoidal 2-category. Its unit consists of y(e),
the derivator represented by the category e, and the braiding isomorphism 7 is induced by the
one on CAT exchanging positions in the product of two categories.

This allows us to provide the following easy definition

Definition 4.6.2. A (symmetric) monoidal prederivator is a (symmetric) monoidal object of
the monoidal 2-category (PDER, x,y(e)).

While conceptually neat, it is better to unravel this definition to have a better understanding
of the notion.

A monoidal prederivator consists in a 6-uple of objects (C,®, 1,a,l,r) where C is a prede-
rivator, ®: C X C — C and 1: y(e) — C are two morphisms of derivators, and finally a,l,r are
three invertible modifications as in the following diagrams

e) x C 2% ¢ x ¢ &L ¢ x y(e) CxCxC 2% cxe

xk/ o 2k

These modifications are required to satisfy the usual pentagon and triangle identity. Moreover,
C is symmetric if also we have an invertible 2-cell b fitting in the diagram

®RxC

CxC——T 5 CxC
T

and satisfying the appropriate coherence conditions, we refer to |6, Def. 13] for the explicit
spelling.

By specifying these data at any finite poset R, we easily deduce C(R) is a (symmetric)
monoidal category with tensor product ® g, unit 1z and the required associator and units given
by agr, lg and rg.
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Since ® and 1 are morphism of prederivators, for every u: R — T we have associated
compatibility isomorphism ¢ and ~{ which endow «* with the structure of strong (symmetric)
monoidal functor. The coherence conditions required by monoidal functors are obtained after
unravelling the fact that a,l,r are modifications.

Therefore, C factors as C: PoSet®” — MonCAT, where the target is the 2-category of mon-
oidal categories. Similarly in the symmetric case C lands in sMonCAT, the 2-category of sym-
metric monoidal categories.

In the case of derivators, we want also to ensure the left Kan extensions to be (strong)
monoidal functors if possible. This is why in [9, Def. 2.4] we require ® to preserve homotopy
left Kan extensions in both variables: this implies u; admits a canonical (i.e. arising from the
appropriate mates) structure of strong monoidal functor.

We do not require ® to commute with right Kan extensions simply because usually this is not
the case. In a lot of situations we have that the tensor product on a category ®: M x M — M
is a left adjoint of two variables: that is we have two functors

hom;, hom, : M x M — M

called respectively the left and right internal hom functors, which come with compatible families
of isomorphisms

Hom (X ® Y, Z) = Hompa (Y, homy (X, Z)) = Hompy (X, hom, (Y, Z))

for any X,Y,Z € M, providing us with adjunctions X ® — 4 homy(X,—) and — ® Y A
hom, (Y, —). Thus, we should expect the tensor product to preserve left Kan extensions in both
variables, but we have no indication it should do the same for right Kan extensions in general.

In the case of a derivator C, if for every R the tensor product @z on C(R) is a left adjoint
of two variables there is a canonical way to collect the two right adjoints hom;(—,—) and
hom, (—, —) into lax bimorphisms of derivators. In this manner ® preserving left Kan extensions
corresponds to some of the natural transformations 4™ 4h°mr o be invertible (see [9, Lemma
1.9], which is an adaptation of Lemma to bimorphisms). This justifies the following
definition.

Definition 4.6.3. A monoidal derivator C is biclosed if its tensor product ® is a left adjoint of
two variables. If additionally C is symmetric then the braiding isomorphism let us identify the
two right adjoints of the tensor product ®, so we call C simply closed.

As we could expect, (symmetric) monoidal model categories induce a monoidal structure on
the associated homotopy derivator.

Theorem 4.6.4. Let M be a combinatorial monoidal model category, then the associated homo-
topy derivator Has admits the structure of biclosed derivator. Furthermore, if M is symmetric
then Haq is closed.

Therefore, for the remainder of this section we suppose that the geometric model By invoked
in Definition is a combinatorial (symmetric) monoidal model category.

This is not actually too restricting: we observe that in the first three examples presented
(Examples [2.1.9] [2.1.10 and [2.1.11)) the chosen model By is in this form. For Example
the model category of G-orthogonal spectra we proposed is not combinatorial, nevertheless it is
Quillen equivalent to the flat model structure on the category of symmetric G-spectra ([15, Thm.
7.5]) which has this property.

We can finally start with the preliminary results.
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Lemma 4.6.5. Let R be a finite poset, take X,Y € C(Q x R) such that Y is u-cartesian and
the associated restrictions uw* X, u*Y satisfy the assumptions of Lemma [{.5.8 Then we have a
bijection

7 C@Q@x R)(X,Y) = C(R)(j" X, jY).

Proof. Since Y is u-cartesian by Lemma the unit morphism Y — wu,u*Y is invertible.
Thus composing along it induces an isomorphism

C(Q x R)(X,Y) = C(Q x R)(X,uwu*Y)

now the target is isomorphic to C(P x R)(u*X,u*Y) and the composition these two bijections
coincides with
u:C(Qx R)(X,Y) = C(P x R)(u"X,u"Y).

Finally apply Lemma to get the desired isomorphism

0*u* = j*: C(Q x R)(X,Y) — C(R)(j*X, j*Y).

Lemma 4.6.6. Suppose that X,Y,Z € F(R). Then the natural map
ar: CQx R)(X®Y,Z) = C(R)(j"X @)Y, j"Z)
s a bijection. Moreover, this is compatible with the restrictions.

Proof. We start by observing that in general X ® Y will not be an object of F(R) any more
(since the tensor product of two K (7).-local objects is not necessarily K (i).-local), but it still
retains the property that the induced maps u*(X @ Y)4 — u*(X ® Y )4 are K(t).-equivalences
(where A € P with ¢ < a for any a € A) by our assumption that the localizing categories of
K (t).-acyclics are tensor ideals.

Lemma gives a bijection
7 C@Q X R)(X @Y, Z) = C(R)(J (X ®Y),j"Z)
and precomposing with the isomorphism
() X @Y = (X Y)

coming from the fact that j* is a strong monoidal functor we obtain the desired ap.
We now spell out explicitly the compatibility with restrictions along u: T — R: we claim
the following diagram commutes

. —o( ;_X))fl
CQxR(X®Y,Z) —L 5 CR)(H (X ©Y),j*2) —— C(R)(j*X © j*Y, j* Z)
CQx T)(u* (X @Y),u"Z) C(T)(u ("X © j*Y ), u*§* Z)
—o(y2)—1 —o(yi)!
l ¥ —o ,Y;X>)—1 \L

C(Q x T)(u* X @ u*Y,u*Z) —— C(T)(j* (' X @ u*Y), j*u*Z) —22 C(T)(j*u*X ® j*u*Y, j*u*Z)

91



where the two horizontal compositions coincide with ap and ap. Recall that for any morphism
of derivators F the compatibility conditions on the natural transformations 4% require for any

two composable morphisms of posets I = .J % K the equality
F K7k 75 * * 75 *7 %
Moo = (a*0"Fg — a*Fjb* = Fra*b*)

must hold. Specifying this for F = ® and j, u and considering these two maps commute
appropriately the claim follows trivially. ]

Proposition 4.6.7. Define £ to be the bipullback derivator of the span

F

I

FxFI% exe—2se.
Let G be the prederivator determined by
GR)={(X,Y,Z,¢): X,)Y,Z € F(R), v: X ®Y — Z s.t. ar(y) is invertible}

for any R finite poset and for any u: T — R the associated restriction is given by

u*: G(R) — G(T) (XY, Z,¢) — (WX, u'Y, u" Z, )
where the morphism 1, is the composition

WX @u'Y % (X ®Y) Y

Then the bijection agr induces an equivalence of derivators F: G — &

Fr:G(R) = E(R) (XY, Z4) = (XY, Z,ar(¥)).

Proof. Observe the compatibility of o with restrictions proved in Lemma [4.6.6] implies for any
u: T'— R we have ar(¢,) = (agt)y, ensuring that the restriction for G is well defined: that is
a7 (1) is a bijection.

We now claim F' is a strict morphisms of prederivators, i.e. it commutes with restrictions.
This is equivalent to the statement ag (1) = ar(¥), (for the restrictions with respect to G and
€ respectively) which can be reduced to ’yﬁ = ’yf;. More explicitly, recalling the description of
u* for the bipullback & we have (ar1)), and ag(1),) are given by the two rows in the diagram

1‘? -1 *( ®)_1 * ok
X @ u Y P (X @ Y) —s wr (X @) LY ez

® H H
u

H ® -1 -k -1 kK
X ® Y s X 9w Y)Y 0 (X @ Y) Y% etz
and the left square commutes by v]% = 71%.
It is trivial to see F' is an equivalence, hence by Lemma also G is a derivator. ]

Proposition 4.6.8. For any U € Q there exist 2-cells my: ® ofy x Oy = 0y o ® and
uy: 1 = 0y o1 endowing Oy with the structure of lax monoidal functor. Moreover, these
natural transformations are compatible in the sense that for U <V in Q the appropriate dia-
grams involving my, uy, my,uy and Oy = 0y commute.
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Proof. We first provide explicitly my: recall this must be a 2-cell between the anafunctors

FexCél purp iU v S e

G:cxc&el e

We have an invertible natural transformation ’yg@ U o® = ®oU* x U*: C¥ x €Y — C which
restricted to F x F C C2 x CQ allows us to rewrite F as

F:exC purp® et e

By the definition of the composition of anafunctors, G coincides with the fraction induced by
the following bipullback

P— F

l

7 ce Y, ¢
i

}

cxc—2-c
if we precompose ®: C x C — C along j* x j* we obtain

£ P F

|
J 7 CE*L c.

FxFi cxe—2,¢

By the pasting law for bipullbacks the left square is also a bipullback. Since j* x j* is an
equivalence the induced morphism £& — P is an equivalence of derivators as well.

Now Proposition implies we can substitute £ with G. Moreover, we can extend this
diagram of derivators as follows

CxC——F—C

where for a generic poset R the functors ap and bp are given by the formulas

ar: G(R) = F(R) x F(R) (X,Y,Z,0) — (X,Y)
br: G(R) — F(R) (X,Y,Z,0) — Z

and the natural transformation pp is provided by (X,Y, Z,¢) — .
This induces the 2-cell myr: F = G: we write down it explicitly via the diagram
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FxF
J \

0xc%g u U,

— A

Gt F

We can form the 2-cell uy in a similar fashion: first we observe that the composite 6y o 1
consists in the fraction obtained from the pibullback

z FYsc

| = I

y(e)

A
SN
where for any R finite poset

I(R) = {(x,Y,0) : * € y(e)(R), Y € F(R), 0: Lp(*) = j*Y}.

Lemma, provides a bijection

Br: C(Q x B)(Lgxr(),Y) 2 C(R)(*1gua(+), °Y) = C(R)(1p(x), j*Y)

which we can use as in Proposition to define an equivalence between Z and another
derivator J given by

J(R)={(x,Y,0) :x €yle)(R), Y € F(R), 0: lgxr(*) = Y s.t. fr(0) is invertible}.
This new model for the bipullback lets us provide a new diagram as follows

gt F

l/’f

1Q \CQ U* C

i |7

y(e) N

with (eRr)(y,s) = 0, furthermore we added the transformation j* = U* arising from the
inequality uf) < U in Q.
From this we see € induces a 2-cell uy: 1 = 0y o 1: explicitly we write 1 as the fraction

y(e) &2 T 2% ye) b e

which is isomorphic via vj]-l to

and now form the diagram
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j*

y(e) Eﬂ cQ /l_l\ C.

J—1—F

Compatibility of my and uy with the inequalities U < V is immediate from the construction:
we saw these two natural transformations are induced respectively by p and ¢ which are modi-
fications between morphisms of derivators landing in C?, before even taking the evaluation at
U eQ.

From the construction of p and ¢ it is also clear that compatibility of my and uy with
the associator a and the two unitors [,r can be checked after applying the isomorphisms in-
duced from j* by Lemma At this point the desired equalities between morphisms in the
appropriate categories follow from the monoidality of the derivator C. O
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