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Local to global phenomena are omnipresent in mathematics, and since the appearance of
the work of Grothendieck and his school it has been settled that the best way to treat such
problems formally is via the theory of sheaves. It has been noticed already many years ago
that sheaves are natural coefficients for cohomology theories defined on geometric objects of
any kind, which means that they show their full power when set within a homotopical context.
Therefore, one is somehow forced to move to the world of higher categories to work efficiently
on the subject. This thesis essentially revolves around the theory of sheaves with values in
oo-categories, with a particular attention to its manifestations in topology and differential
geometry.

The initial sparkle that paved the way for the making of the present work was the intuition
that Lurie’s version of Verdier duality, expressed as an equivalence between sheaves and
cosheaves, would have to be the starting point in the setup of the whole theory. The term
Verdier duality is also often used in more classical literature to refer to an equivalence between
some derived categories of constructible sheaves and their opposite: we will conclude this
thesis by providing a generalization of this result. For these two reasons, we felt obliged to
pay tribute to Jean-Louis Verdier in the choice of the title of this work.

Verdier duality will make its initial appearence in the first chapter, which is devoted
to the construction of the siz functor formalism for sheaves on locally compact Hausdorff
spaces. We will use it to transport the pushforward and pullback of cosheaves to sheaves,
thus providing an abstract description of the well-known pushforward with proper support
and exceptional pullback. Alongside with this interaction between sheaves and cosheaves,
we will consider Lurie’s tensor product of cocomplete oco-categories as a second fundamental
tool to build our six operations. This will allow us to work with a surprisingly vast class of
stable coefficients, and to formulate Kiinneth and projection formulas in a both unusual and
convenient way.

In the second chapter, Verdier duality will be used to produce an actual duality on
certain oo-categories of constructible sheaves. More precisely, we will consider stratified spaces
equipped with conically smooth atlases, an extension of smooth atlases to the setting of
singular spaces introduced by Ayala, Francis and Tanaka. The theory of conically smooth
structures provides a procedure that allows to functorially resolve singularities to smooth
manifolds with corners. We will make use of this procedure to perform some computations
of exit path oco-categories needed to obtain the aforementioned duality theorem. The reader
who is not familiar with conically smooth spaces might wonder how our results interplay with
more classical approaches to smoothly stratified spaces. To resolve this reasonable doubt, we
also provide a proof of a conjecture of Ayala, Francis and Tanaka written in collaboration
with Guglielmo Nocera, which asserts that any Whitney stratified space admits a conically
smooth structure.
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Chapter 1

Six functor formalism

1.1 Introduction

Tell all the truth but tell it slant —
Success in Circuit lies

Too bright for our infirm Delight
The Truth’s superb surprise

As Lightning to the Children eased
With explanation kind

The Truth must dazzle gradually
Or every man be blind —

Emily Dickinson

One of the most complete and general reference dealing with the siz functor formalism for
sheaves on topological spaces is Masaki Kashiwara and Pierre Schapira’s seminal book Sheaves
on Manifolds [KS90]. However, for technical reasons related to the construction of derived
functors, the authors there restrict themselves to bounded derived categories of sheaves of
R-modules, where R is assumed to have finite global dimension. From a modern perspective,
considering oo-categorical enhancements of derived categories, this can be regarded as the
full subcategory of hypercomplete sheaves with values in D(R) spanned by bounded objects.

For many applications though, one would like to be able to consider non-hypercomplete
sheaves with values in unbounded derived categories of any ring. On the other hand, more
recent papers such as [RS18|, [JT17], [Jin19] and [Jin20], justify the need of even further
generalizations to sheaves of modules over ring spectra, in order to apply the power of six
functors to generalized cohomology theories. The work of Voevodsky on stable motivic homo-
topy theory has provided an analog of such constructions in the world of algebraic geometry
(see [CD19] for a textbook source on the subject), whereas topologists have succeded only
partially in this direction by introducing parametrized spectra (see [MS06]), which correspond
to locally constant sheaves of spectra. In this thesis we exploit the power of the now estab-
lished theory of co-categories (as developed for example in [Lur09] or [Cis19]) to extend the
six functor formalism on locally compact Hausdorff spaces to a much broader setting.

Let f : X — Y be a continuous map between locally compact Hausdorff topological
spaces and € is any stable bicomplete (i.e. complete and cocomplete) oco-category. For any



such map, we construct adjunctions

fé fE
/_\,1 /\
Shv(Y;€) L 8hv(X;€)  Shv(X;€) L Shv(Y;C).
__ -
e e

To do this, we make use of Lurie’s Verdier duality equivalence ([Lurl?, Theorem 5.5.5.1])
De : Shv(X;€) —=— CoShv(X;C)

where the target is the oo-category of C-valued cosheaves on X, i.e. Shv(X;CP)°P. The
adjunctions above are then defined to satisfy natural equivalences

DefS =~ (fE7)PDe  Def = (fop)PDe.

Notice that, since we do not require € to be presentable, the existence of f3 is not at all
obvious (see the discussion in [Remark 1.2.34]), and so we will have to work a bit harder
than one might expect. Nevertheless, even though the presentability assumption will be
enough for applications, we would like to point out that our efforts to make the results in
this chapter as general as possible are not vain, and actually lead to many advantages. First
of all, with our definition of f!e, it is basically immediate to verify that the lower shrieks are
functorial with respect to compositions of continuous maps (see . Moreover,
by working with a class of coefficients closed under the operation of passing to the opposite
category, we do not break the symmetry which comes from Verdier duality, meaning that
whenever we prove some result involving the functors f& and f¢ that is true for all € stable
and bicomplete, we immediately obtain a dual theorem involving the functors f!G and fé, and
viceversa. Another way to put it is that our formalism applies with no distinctions to sheaves
or cosheaves: this will be used in the second chapter in which we will prove a duality theorem
for constructible sheaves on a conically smooth stratified space, as we will need to extend
some results about constructible sheaves, such as homotopy invariance (see [Hai20]) or the
exodromy equivalence (see [PT22]), to constructible cosheaves. It is also worth noticing that,
even if one would restrict to presentable coeflients, it would nevertheless be desirable to have
formulas such as f!Sp ® C ~ f!e, and to get this one would still need to verify everything we
prove in Section 5.

We try to outline the key ingredients that allow us to work with non-presentable co-
efficients. As we explained above, the main difficulty lies in showing the existence of the
pullback functor f;. The main tool we employ to carry out this purpose is Lurie’s tensor
product of cocomplete oco-categories as defined in [Lurl7, 4.8.1]: in particular, a property of
this tensor product that we will use over and over is that it preserves adjunctions between
cocontinuous functors (see . We show in that it restricts to a
monoidal structure on Coconts! (i.e the co-category of stable cocomplete co-categories with
cocontinuous funtors between them) and use it to formulate the following theorem.

Theorem 1.1.1 (Corollary 1.5.16]). Let € be a stable bicomplete co-category. Then there is
an equivalence

Shv(X;8p) ® € ~ 8hv(X;C)
where ® on the left-hand side denotes the tensor product of stable cocomplete co-categories.

will play a crucial role in what follows, because it will allow us to reduce
a lot of arguments involving cocontinous functors to the case of sheaves of spectra. To prove



Theorem 1.1.1} we start by observing in [Theorem 1.5.15| that the model of K-sheaves (see
[Lur09, Theorem 7.3.4.9]) implies that Shv(X;8p) is a strongly dualizable object in Cocontst,

where 8p denotes the oco-category of spectra (see also [Lurl6, Proposition 21.1.7.1]). Hence,
for € any stable and cocomplete co-category, we get an equivalence

Co8hv(X;8p) ® € =~ CoShv(X;C).

Combined with Verdier duality gives [Theorem 1.1.1
Having at hand, the question of constructing f; can be reduced to the

case of sheaves of spectra, where we can directly use the existence of sheafification by the
presentability of Sp. More precicely, we first observe that any map f can be factored as the
composition of a closed immersion, an open immersion and a proper map (see factorization
(1.5.1)), and then prove the existence of a left adjoint to f© in these separate cases. When

f is an open immersion this is done easily in [Lemma 1.5.19] and the only non-trivial part
constists in the following theorem.

Theorem 1.1.2 (Lemma 1.5.14} [Proposition 1.5.18). Let f : X — Y be a proper map
between locally compact Hausdorff topological spaces. Then the pushforward

fE: 8hv(X; @) — Shv(Y; @)

preserves colimits. Furthermore, there is a commutative square

Shv(X;8p) ® € —=— Shv(X;C)

lffpez)e lff

8hv(Y;8p) ® € —— Shv(Y; C).

The proof of[Theorem 1.1.2|essentially consists of providing a convenient description of f¢

through the model of K-sheaves, which is easily seen to preserve colimits and to be compatible
with Verdier duality. We then achieve our final goal observing that, since f*8 P ® € admits a
left adjoint of the form fgp ® @, the same is true for f¢. In particular by taking f to be the
projection X — %, we see that the global section functor

Shv(X;C) — C

admits a left adjoint. As a consequence, using the results in [Cis19, 6.7], we show in
that the inclusion of Shv(X; C) in C-valued presheaves on X admits a left adjoint.

The discussion above involves only the four functors f°, fe f!e and fé, but what about
the other two? Our first observation is that, a priori, there is no need to require our category
of coefficients to have a monoidal structure to make sense of things like projection formulas
or Kiinneth formulas. To be more precise, one can show that there is a functor

S8hv(X;€) x 8hv(Y;D) —— Shv(X x Y;8p) ® (C® D)

(F,G) FXG

which preserves colimits in both variables and induces an equivalence
S8hv(X;€) ® Shv(Y; D) ~ 8hv(X x Y;8p) ® (C® D).

Taking X =Y and composing with A ® (€ @ D), where A : X < X x X is the diagonal
embedding, we get a variablewise colimit preserving functor denoted as

S8hv(X;€) x Shv(Y; D) —— Shv(X;8p) ® (C® D)

(F,G) FeG



(see|Construction 1.2.25/and [Remark 1.5.22{for more details). For this kind of tensor product
of sheaves, we prove the following formulas.

Theorem 1.1.3 (Corollary 1.2.31} [Proposition 1.6.12| [Proposition 1.6.11)). Let € and D be
stable and bicomplete co-categories. Then we have the following functorial identifications

fegn(F®@G) = foF @ fhG
EEP(F @ f5G) ~ ffFaG
(f x 9P (FRG) =~ f£F K gPG.

In particular, when C admits a monoidal structure whose tensor preserves colimits in both
variables, one obtains a cocontinuous functor

Shv(X;8p) ® (C® €) — Shv(X;C)

whose composition with ((1.2.27)) induces a monoidal structure on Shv(X; C): this way we can
deduce all the analogous formulas in the monoidal setting. If C is also closed, we deduce their

dual versions involving the internal homomorphism functor (see |[Remark 1.2.29)).

We describe one last advantage of our general rendition of the six functor formalism. In
Definition We define locally contractible geometric morphisms (see also [AC21], Defini-
tion 3.2.1]). Later, in [Definition 1.3.21} we specify a vast class of continuous maps between
topological spaces called shape submersions which induce a locally contractible geometric
morphism (see [Corollary 1.3.26)). Topological submersions are examples of such morphisms,
but our definition is much more general in the sense that it does not force the fibers to be
topological manifolds. Another illustrating example to keep in mind is that of the unique map
X — *, when X is any CW-complex. An easy implementation of our machinery generalizes
[KS90, Proposition 3.3.2] and [Ver65l, Section 5] beyond the case of submersive maps.

Theorem 1.1.4 (Proposition 1.6.16). Let f : X — Y be a map which induces a locally
contractible geometric morphism, and let € be a stable and bicomplete oco-category. Then fé
admits a right adjoint and we have a formula

FoF © [5G = foop(F @ G).

Then, inspired by parallel results in motivic homotopy theory, we conclude the chapter
by formulating and proving a relative version of Atiyah duality.

Theorem 1.1.5 (Corollary 1.7.14). Let f : X — Y be a proper submersion between smooth
manifolds. Denote by Sy € 8hv(X;8p) the constant sheaf at the sphere spectrum, and by
Th(—=Tf) the sheaf the Thom spectrum of the virtual vector bundle —7'f. Then f;(Sx) is
strongly dualizable with dual Th(—=T'f).

1.1.1 Linear overview

We now give a linear overview of the contents of the chapter.

In section 2 we recall the definition of Lurie’s tensor product of cocomplete co-categories
and prove some of its basic properties. In particular, we will interpret the results in [Cis19,
6.7] in terms of this tensor product in [Theorem 1.2.10} show that it preserves the property
of being stable in and show that compactly generated stable oo-category is
a strongly dualizable object in the symmetric monoidal co-category Coconts! in
ftion 1.2.74l Afterwards we recall the definition of sheaves and cosheaves with values in a




general co-category and explain how Lurie’s tensor product can be used to conveniently de-
scribe Shv(X; €C) at least when € is presentable. Most of the results in this section are not
original, but we still felt the necessity to spend some time writing them up to make our
discussion as self contained and reader friendly as possible.

In section 3 we define for any geometric morphism Y — X the relative shape TIX (Y) as
a pro-object of X and describe explicitly in [Proposition 1.3.3| how this construction can be
enhanced to a functor

e - Jopx — Pro(X)

and, even more, to a lax natural transformation between functors TJop°? — Cat,, (see
: these coherent structures with which we equip the shape will be used to prove
easily that the shape is homotopy invariant in |[Corollary 1.3.4) and later in |[Proposition 1.7.7|
to show that the Thom spectrum gives a natural transformation of sheaves of commutative
monoids in spaces. Later we define locally contractible geometric morphisms and give a
characterization in [Proposition 1.3.11| which mimics the one in [Joh02, C3.3] for the locally
connected case. We also show that, when f is a geometric morphism induced by a continuous
map of topological spaces, the property of being locally contractible is checked more easily.
Then we define shape submersions and prove in a base change formula which
will imply that they induce locally contractible geometric morphisms (see [Corollary 1.3.26)).

In section 4 we follow the approach of [Khal9| to obtain the localization sequences associ-
ated to a decomposition of a topological space into an open subset and its closed complement.
Also the results here are not so new but, after section 5, they will imply that there is a rec-
ollement of Shv(X; C) associated to any open-closed decomposition of X whenever € is stable
and bicomplete, while this was previously known only for € presentable.

Section 5 is devoted to Verdier duality, and how it can be used to show that the pushfor-
ward f¢ admits a left adjoint for any C stable and bicomplete in the way we have sketched
at the beginning of the introduction.

In section 6 we develop the six functor formalism: as usual, we prove base change (Propo-|
sition 1.6.9)), projection (Proposition 1.6.12)) and Kiinneth (Proposition 1.6.11|) formulas for
f,e, and discuss the properties of fé when f is a shape submersion in |Pr0position 1.6.16L

At last, in section 7 we show how the six functor formalism can be used to express a
relative version of Atiyah duality for any proper submersion between smooth manifolds.

1.2 Sheaves and tensor products

The goal of this section will be twofold: first we are going to introduce Lurie’s tensor product
of cocomplete co-categories as defined in [Lurl7], and secondly we will recall the definition
of sheaves and cosheaves with values in general co-categories. The reason why we want to
spend some time discussing this matter, aside from it being interesting on its own, is that
in the following sections this tensor product will prove to be an extremely convenient tool
to describe some categories of sheaves and functors between them: through it we will be
able to produce a vast class of essential geometric morphisms, we will extend easily some
results regarding sheaves of spaces to sheaves with values in any presentable co-category, and
later prove the existence of a sheafification functor when the oo-category of coefficients is
stable and bicomplete with no presentability assumption, and construct the full six-functor
formalism in this setting. Most of the results in this section are not at all original and can
be found for example in [Cis19], in [Lurl?], or are already well known.



1.2.1 Tensor product of cocomplete co-categories

For the whole section we will fix two universes V, U such that V is U-small, and de-
note by Cocont, the co-category of U-small co-categories admitting V-small colimits, with
V-cocontinuous functors between them. For short, we will call an object of Coconty, a co-
complete oco-category and, for any two cocomplete oo-categories € and D we will denote by
Fun(C, D) the oo-category of functors preserving V-small colimits.

Let € and D be cocomplete. Recall that, by [Lur09, 5.3.6], there exists a cocomplete
oo-category, denoted by € ® D, and a functor

M:CxD—C®D,

which preserves colimits in both variables and such that precomposing with X gives an
equivalence

(1.2.1) Funy«(€ x D, &) ~ Funy(C ® D, &)

functorial on €, D and & cocomplete, where Funy,, indicates the oo-category of bifunctors
preserving V-small colimits in each variable. More precicely, [Lurl7, Corollary 4.8.1.4] shows
that this operation provides Coconts, with the structure of a symmetric monoidal co-category,
and the inclusion of Coconts, in Cat,, is lax monoidal, where the latter if equipped with the
cartesian monoidal structure. Since we obviously have a functorial equivalence

Funy« (€ x D, &) ~ Fun(€, Fun(D, &)),
this monoidal structure is closed.

Remark 1.2.2. As usual, one may regard Coconty, as a (00, 2)-category. It follows by
that, for any cocomplete co-category €, tensoring with € actually gives rise to a 2-functor.
An important consequence of this observation is that tensoring with C preserves adjunctions
of cocontinuous functors, since any adjunction is characterized by the classical triangular
identities (see for example [Cis19, Theorem 6.1.23, (v)]).

We will now present a list of results about the tensor product of cocomplete co-categories
that will turn out to be very useful later.

Let A be a small co-category, € cocomplete. For any two objects a € A and ¢ € €, denote
by aX ¢ = ajc the left Kan extension of ¢ along a (here we are considering a and c¢ as functors
A% < A® — @). Thus we get a functor

Ax e 2, Fun(A°P, C)

(a,c) ——— alec

which preserves colimits on the € variable that we will call the relative Yoneda embedding.
By definition, we have a functorial equivalence

Hom(a X ¢, F) ~ Hom(c, F'(a))
for any F' € Fun(A°P, C).

Remark 1.2.3. Recall that in a closed symmetric monoidal oco-category, an object z is
strongly dualizable if and only if the canonical map

(1.2.4) y ® Hom(z, 1) — Hom(z, y)



obtained as adjoint to
y@Hom(z, 1)@z — yo1 =y

is an equivalence. In the case of Cocont,, one sees easily that the map (|1.2.4]) can be described
as induced by
D x Funy(€,8) ~ Funy(8, D) x Funy(€,8) — Fun,(C, D)

where the last functor is given by composition.

Remark 1.2.5. By the naturality on = of the map ([1.2.4]), we see that the full subcategory
spanned by strongly dualizable objects is closed under retracts.

Remark 1.2.6. Consider the variablewise cocontinuous functor
(1.2.7) Fun(A°P,8) x € — Fun(A°P, @)

obtained as the extension by colimits of the relative Yoneda embedding, and denote by F'X ¢
the image of a pair (F,c) € Fun(A°P,§) x €. This induces a cocontinous functor

(1.2.8) Fun(A°P,8) ® € — Fun(A°P, C).
By definition one has identifications
Hom(F X ¢, G) ~ Hom(F, Home(c, G(—)))

functorially on F' € Fun(A°P,8), G € Fun(A°,C) and ¢ € €, where the hom-space on the
right-hand side is taken on the oco-category of presheaves of U-small spaces.

A very convenient way to model the functor is as follows. Let y : A? < § be
the Yoneda embedding. Copmbining the fact that y is fully faithful and [Cis19, Proposition
6.4.12], we have

yeoay ~ a(yicoy) ~ ac

and hence we get a commutative triangle

Fun(A°,8) x € —=— Fun(A°P, C)

lidxy! /

Fun(A°P;8) x Fun(8, C)

where the vertical arrow is an equivalence and the diagonal one is given by composition. In
particular, one deduces that the functor ((1.2.8]) can be seen as an instance of (1.2.4)).

For any cocomplete co-category D, precomposition with y4 /e induces a functor
Fun(Fun(A°P,C), D) — Fun(A x €, D) ~ Fun(€, Fun(4, D))
and since colimits are computed pointwise in functor categories, it restricts to
(1.2.9) Fun|(Fun(A°P, €), D) — Fun(C, Fun(4, D)).

Theorem 1.2.10. The functor (|1.2.9) is an equivalence. In particular, Fun(A°P, §) is strongly
dualizable in the monoidal co-category Coconte, with dual Fun(A,8), and thus the functor

(1.2.8)) is an equivalence.
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Proof. A complete proof of the first statement can be found in [Cis19, 6.7]. The main
ingredient of the proof is that, by [Cis19, Lemma 6.7.7], any F' € Fun(A°P, C) can be written
canonically as
F=lim aXc
¢ — F(a)
where the colimit is indexed by the Grothendieck construction of the functor (a,c)
Home(c, F(a)). Furthermore, even though this indexing category is not small a priori, [Cis19),
Lemma 6.7.5] proves that it is finally small. From this one may deduce easily the theorem,
in a similar spirit to how one proves that Fun(A°P,8) is the free cocompletion under small
colimits of A.
To prove the last statement, we just observe that we have canonical equivalences

Fun;(Fun(A°P, €), D) ~ Fun(€, Fun(A4, D))
~ Fun(C, Funy(Fun(A°?, §8), D))
~ Fun|(Fun(A°,8) ® €, D)

whose composition is given by precomposing with (1.2.8]), and so we may conclude by
mark 1.2.61 O

Corollary 1.2.11. Let v : A — B be a functor between small co-categories, and let C be any
cocomplete oo-category. Then we have equivalences uy ® € ~ uy and u* ® € ~ u* . Here by
an abuse of notation we write uy (u*) to indicate both left Kan extension (restriction) along
u for functors with values in § and in C.

Proof. By [Remark 1.2.2| and [Theorem 1.2.10], we have an adjunction wy ® € 4 u* ® C of
cocontinuous functors between C-valued presheaves. By uniqueness of adjoints, it suffices to
show that v* ® C ~ uw*. But this is clear because by we have a commutative

square

u* xid

Fun(B°P,8) x € —— Fun(A°",8) x €

J= J=

Fun(B°P, €) —“— Fun(B°?, C).
O

Denote by Contkl (Contsl) the full subcategory of Coconts, spanned by pointed (stable)
cocomplete oco-categories.

Lemma 1.2.12. Let € be any pointed (respectively stable) cocomplete oo-category, and
let D be cocomplete. Then € ® D is pointed (respectively stable). In particular, ContZ,
(respectively ContsL) inherits an obvious monoidal structure from Coconts, and the inclusion
in Coconts, admits a left adjoint given by tensoring with 8, (respectively Sp).

Proof. First of all, notice that A° ® D ~ A Since € is pointed, the zero object A? — € is
simultaneously a right and a left adjoint of the unique functor € — A°, and thus one may
tensor these two adjunctions with D and obtain by [Corollary 1.2.11| that € ® D is pointed.

Assume now that C is stable. Since € ® D is pointed, one sees easily that the suspension
functor for € ® D is obtained by applying — ® D to the suspension of €, and so it is in
particular an equivalence.

To prove that last part of the statement, it suffices to show that, for any pointed (stable)
and cocomplete co-category €, the evaluation at SO (respectively S) induces an equivalence
Fun(8., C) ~ € (respectively Fun(8p, C) ~ €), but this follows easily by noticing that 8, ~
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Ind(Sim) (respectively Sp ~ Ind(8p/™™)) and that evaluation at S° (respectively S) induces
an equivalence between finitely cocontinuous functors from 8, (respectively Sp/™) to € and
C. O

Remark 1.2.13. Let A be any small category and € any object of Cocont?!. By the previous
lemma, the functor ([1.2.7)) factors as

Fun(A°,8) x € —=— Fun(A°P, @)

Y

] Xst
Fun(A°P, 8p) x €

inducing an equivalence
Fun(A°P, €) ~ Fun(A°P,8p) ® C.

Moreover, implies that one has identifications
Hom (F X* ¢, G) ~ Hom(F,Hom,(c, G(—)))

functorially on F' € Fun(A°P, 8p), G € Fun(A°P,C) and ¢ € €, where Hom, (¢, —) denotes the
canonical enrichment of € in U-small spectra, and we have a commutative triangle

Fun(A°P,8p) x € L Fun(A°P, C)

lide! /

Fun(A°P, 8p) x Fun(8p, C)

Proposition 1.2.14. Let C be a compactly generated stable co-category. Then € is a strongly
dualizable object of Cocontst.

Proof. Since C is stable and compactly generated, it follows that there exists a small stable
oo-category A with finite colimits such that € ~ Fung,(A°P,8p). Thus, since Fun,(C, 8p) ~
Fun,, (A, 8p), to prove the proposition we have to show that, for any D stable and cocomplete,
the canonical functor

Fune; (AP, 8p) ® D — Fung, (AP, D)

is an equivalence. We first prove that the inclusion ¢ : Fun.,(A°P, D) < Fun(A°P, D) admits
a left adjoint L.

For any a € A, denote by y*!(a) the spectrally enriched representable functor associated
to a, obtained as usual through the equivalence

(1.2.15) Fune, (AP, 8p) ~ Funye, (A, 8).

We define L as the unique (up to a contractible space of choices) cocontinuous functor ex-
tending

A x D —— Fung,(A°P, D)
(a,x) — yt(a) X5 2.

Indeed, y*!(a) X* x is exact as it can be modelled by the composition of two finite colimit
preserving functors. When D = 8Sp, by (1.2.15) and the Yoneda lemma, one sees that L is
left adjoint to i.

12



Let D be any stable cocomplete co-category. To see that L is the desired left adjoint, we
observe that for any F' € Fung,(A°, D), x € D, we have functorial identifications

Hom (y*(a) X* z, F') ~ Hom (y*(a), Hom,, (z, F(~)))
~ Hom(y(a), Homy (z, F(—)))
~ Hom(a Xz, F)

where the hom-space on the right-hand side is taken on the oo-category of presheaves of
U-small spectra on A, and the second equivalence follows by the fact that F, and hence
Hom,, (z, F(—)), is exact.

Now notice that i : Fung, (A°, 8p) — Fun(A°P, 8p) preserves colimits, and so, by tensor-
ing with D, one obtains an adjunction between cocontinuous functors

L®D

Fun(A°P, D) L Fung,(A°P,8p) ® D
i®D
where i ® D is fully faithful. Since Fun,;(A°P,8p) ® D and Fune, (AP, D) can be respectively
identified with the essential images of (Li) ® D and Li, to conclude the proof it suffices to
show that the two functors are naturally equivalent, but this is true because they coincide
on objects of the type a X x. O

Recall that an co-category C is called V-presentable (for short, when there is no possibility
of confusion we will only write presentable) if there exists a V-small co-category A such that
C is a left Bousfield localization of Fun(A°P,8) by a V-small set of morphism in Fun(A°P,§).
If we furthermore assume that the localization functor Fun(A°,8) — C is left exact, we will
say that C is an co-topos. It follows easily by this definition that any presentable co-category
is complete and cocomplete. Presentable categories are equivalently defined as follows. Recall
that, for € any oo-category and S a class of morphisms in €, we define an object X € C to
be S-local if, for every morphim f: A — B in S, the induced morphism

Home (B, X) — Home (A4, X)

is invertible. Then we say that an oo-category C is V-presentable is there exists a V-small
class S of morphisms in Fun(A°P,8) such that € is equivalent to the full subcategory of
Fun(A°P,8) spanned by S-local objects.

We denote by Pry, the full subcategory of Cocont, spanned by presentable co-categories
and Prp = Pr%p. Notice that, by the adjoint functor theorem (see for example [Cisl9,
Proposition 7.11.8]), the morphisms in Pry are functors which admit a right adjoint and,
consequently, morphisms in Prg are functors which admit a left adjoint. We also denote by
Top the non full subcategory of Prg whose objects are oo-topoi and morphisms are functors
which admit a left exact left adjoint (such functors are called geometric morphisms).

Proposition 1.2.16. Let C and D be two presentable co-categories. Then C ® D is pre-
sentable and there a canonical equivalence C®D ~ RFun(€°P, D). In particular, Pry, inherits
a symmetric monoidal structure.

Proof. Let A and B be two small oo-categories, S and S’ two small sets of morphisms of
Fun(A°P, 8) and Fun(B°P,8) respectively such that € and D are equivalent the full subcate-
gories of S and S’-local objects. By [Theorem 1.2.10| we have
Fun(A°,8) ® Fun(B,8) ~ Fun(A°?, Fun(B°?, §))
~ Fun((A x B)°P,8).
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It then follows from the proof of [Lurl7, Proposition 4.8.1.15] that € ® D can be identified
with the full subcategory of Fun((A x B)°P,8) spanned by S ® S’-local objects, where S ® S’
is the image of S x S’ through the canonical functor

Fun(A°P,8) x Fun(B°?,8) — Fun((A x B)°P,8).

The proof of the last assertion follows by [Lurl7, Lemma 4.8.1.16] and [Lurl7, Proposition
4.8.1.17). 0

Remark 1.2.17. Let C be a presentable co-category. One can deduce easily for
identifications € ® 8, ~ €, and C® 8p ~ Sp(C), where C, denotes the oo-category
of pointed objects of C, and Sp(C) denotes the co-category of spectrum objects of C, i.e. the
limit of the tower

2,e s,
where € is the usual loop functor. Both these constructions come with canonical functors
Cr — € and Q= : Sp(€C) — €, and since € is presentable one can show that these admit left
adjoints (—)4 : € = C, and T : € — Sp(€). By construction, we have a factorization

e e, I sp(e).

In particular we see that, if € is presentable and pointed (stable), by tensoring (—)4 : 8§ — 8.
(X3 : 8§ = 8p) with € we obtain an equivalence € ® 8, ~ € (C ® 8p ~ Sp(C)). Thus, if C,
D and € are presentable co-categories where D is pointed and € is stable, we get functorial
identifications

Fun| (€ ® 84, D) ~ Fun(C, Fun(8,, D)) ~ Fun(€, D)
Fun (€ ® 8p, €) ~ Fun(C, Fun(8p, £)) ~ Fun(C, &)

induced respectively by precomposing with (—); and XF. Furthermore, we see that (—); :
§ — 84 and X¥ : § — Sp make 8, and Sp into idempotent cocomplete oco-categories with
respect to Lurie’s tensor product: by [Lurl7, Proposition 4.8.2.9] this implies that there are
canonical variablewise cocontinuous symmetric monoidal structures on 8, and Sp with unit
objects given by S° := (x)1 and S := X% (x), and one can show that these coincide with the
usual smash products of pointed spaces and spectra. In particular, we see that the functors

3 (—)+> s, == Sp

are all monoidal, where 8 is equipped with the cartesian monoidal structure.

1.2.2 Sheaves and cosheaves

We now pass to recalling the definition of sheaves with values in an oco-category. Let X be
a small co-category equipped with a Grothendieck topology. Recall that there is a small co-
category Cov(X), as defined in [Lur09, Notation 6.2.2.8], which can be described informally
as having for objects pairs (x, R), where z € X and R — y(x) is a sieve covering z, and
morphisms between (z, R) and (y, R') are just maps f :  — y in X such that the restriction
of y(f) to R factors through R’. There is an obvious projection p : Cov(X) — X which has
a section s : X — Cov(X) defined on objects by sending = to (x, y(z)).

Definition 1.2.18. Let € be a complete co-category. With the same notations as above, we
say that a functor F' € Fun(X°P,€) is a sheaf if the unit morphism

P*F — 5,8 p"F ~ s, F
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is an equivalence. Dually, for a cocomplete co-category €, we say that a functor F' € Fun(X, )
is a cosheaf if the counit morphism

s1F ~ 58"p*F — p*F

is an equivalence. We denote by 8hv(X; €) (CoShv(X;C)) the full subcategory of Fun(X°P, C)
(Fun(X, €)) spanned by (co)sheaves. When € is the oco-category of spaces 8, we will simply
write Shv(X).

Remark 1.2.19. More concretely, one can describe a sheaf as a functor F' such that for any
covering sieve R — y(z) the canonical morphism

F(z) — lim F()
y(z') =R

is an equivalence. Notice also that we clearly have an equivalence CoShv(X; €) ~ Shv(X; C°P)°P,

Remark 1.2.20. It is well known that, for any co-site X, the category Shv(X) is an oo-topos.
Unlike the case of 1-topoi, it’s still unclear whether any oo-topos is equivalent to Shv(X) for
some oo-site X (see [Rezl9)]).

We now give another description of categories of sheaves and cosheaves.

Lemma 1.2.21. Let X be an oo-site, € be any cocomplete oo-category. Then the restrictiong
along the functor X % Fun(X°P,8) & Shv(X) defines an equivalence

Co8hv(X; €) ~ Funy(8hv(X), C),

where ¥ is the Yoneda embedding and L is the sheafification functor. Equivalently, a functor
X — Cis a cosheaf if and only if its extension by colimits Fun(X°P,8) — € factors through
L. Dually, for any complete co-category C, we have an equivalence

Shv(X; €C) ~ Fun,(Shv(X)°P, €).

Proof. Since L commutes with colimits, by the universal property of localizations composition
with L embeds Funi(8hv(X), €) in Fun(Fun(X°P,§),C) as the full subcategory of functors
sending covering sieves R < y(x) to equivalences in €. On the other hand, a functor F :
X — @ is a cosheaf precisely if there is an equivalence

lim F(z') ~ F(x)
y(a') =R

for any sieve R on x € X, thus precisely if its extension by colimits Fun(X°P 8) — € lies in
Fun(Shv(X), C). O

We provide a couple of examples of cosheaves.

Example 1.2.22. (i) Let f : X — Y be a continuous map between topological spaces.
Recall that this induces a geometric morphism f : Shv(X) — 8hv(Y’), which amounts
to an adjunction f* 4 f., where f, : S8hv(X) — Shv(Y) is defined by I'(U; f.F) =
L(f~Y(U); F) for any U C Y. By one may characterize f* : Shv(Y) —

Shv(X) as the essentially unique Shv(X)-valued cosheaf on Y with the property that
fy) =y(f~1(U)).
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(ii) Let Top be the 1-category of topological spaces, and Kan < sSet be the full subcategory
of all simplicial sets consisting of Kan complexes. Recall that there is a functor Top —
Kan defined by assigning to each topological space X its singular complex, i.e. the
simplicial set defined by n — Homqy,, (A", X), where A" is the standard n-simplex.
Recall also that, by [Cis19, Theorem 7.8.9], there is a functor sSet — 8 which identifies
8 as a localization of sSet at the class of weak homotopy equivalences. We define
Sing : Top — & as the composition of the two functors defined above. It is proven in
[Lurl?, A.3] that, for any topological space X, the restriction of Sing to U(X) is indeed
a cosheaf: this may be regarded as a non-truncated version of the classical Seifert-Van
Kampen theorem. Furthermore, one can also show that Sing is a hypercomplete cosheaf
(see [Lurl7, Lemma A.3.10]): this means that, as cocontinuous functor Shv(X) — 8,
Sing factors through the hypercompletion of Shv(X).

Corollary 1.2.23. Let X be an oco-site, € be any presentable oo-category. Then the inclusion
Co8hv(X; C) — Fun(X, C) admits a right adjoint.

Proof. By [Lur09), Proposition 5.5.3.8] and the previous lemma, the co-category CoShv(X; C)
is presentable. Thus, since CoShv(X;C) — Fun(X, €C) obviously preserves colimits, we may
conclude by the adjoint functor theorem. O

Corollary 1.2.24. Let X be an oco-site, € be any presentable co-category. Then we have an
equivalence Shv(X) ® C ~ Shv(X;C).

Proof. Tt follows by the adjoint functor theorem that Fun, (Shv(X)°P, €) ~ RFun(Shv(X)°P, C).
Thus, by the previous lemma and by [Proposition 1.2.16} we get the conclusion. O

Construction 1.2.25. Let X and Y be two topological spaces. The functor
U(X) x U(Y) —— Shv(X xY)
(U, V) ——— y(U x V)
extends by colimits to a functor
Fun(U(X)°P,8) x Fun(U(Y)°?,8) — Shv(X x Y).
Since it clearly sends covering sieves to equivalences in both variables, we obtain a functor
Shv(X) x 8hv(Y) —— Shv(X x Y)

(F,G) ——— FKG.

More generally, by [Corollary 1.2.24] tensoring with two presentable co-categories € and D

gives
(1.2.26) Shv(X;C) x Shv(Y;D) — Shv(X x Y;C® D)

for which the image of a pair (F,G) in the domain will still be denoted as F' X G. Let
A : X — X x X be the diagonal. By post composing with A* we get a functor denoted by

(12.27) Shv(X; €) x Shv(X; D) — Shv(X;€® D)
(F,G) —————— Fo G = A*(FRG).
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Suppose now that € is equipped with a monoidal structure ®e such that the functor ®e :
€ x € — € preserves colimits in each variable. Then we have a cocontinuous functor
Shv(X;C® €) — 8hv(X;C) and by composing with we obtain an induced monoidal
structure on Shv(X; €), which will still be denoted by ®¢. It is straightforward to check that
the functor

(1.2.28) ®e : Shv(X;C) x Shv(X;C) — Shv(X;C)
can be described as
(F,G)— LY(U = T(U; F) e T(U; G))
where L® is the sheafification for C-valued presheaves. In particular, we have that any F €
Shv(X; €) induces a colimit preserving functor
— ®e F : Shv(X; €) — Shv(X;C).
Since 8hv(X;C) is presentable, this has a right adjoint denoted by

Hom, (F,—) : Shv(X;C) — Shv(X;C).

This functor supplies Shv(X;C) with a self-enrichment and for this reason will be called
internal Hom sheaf functor.

Remark 1.2.29. Let X and Y be two topological spaces, €, D and € be presentable oo-
categories, and let o : Shv(X) — Shv(Y') and ® : C®D — € be cocontinuous functors. Notice
that the functoriality in each variable of the tensor product of cocomplete co-categories gives
a commutative diagram

Shv(X x X;C® D) —2" shv(X;€® D)2 shv(x; € ® D)

lA* lShv(Y)®<I>

Shv(X)®®
Shv(X;€ @ D) M gpi(xe) — 2% shy(Y;e).
In particular, the diagram above shows that whenever we prove a formula involving the
functor ((1.2.27) and operations on sheaves coming from some continuous map, then we may
deduce immediately a corresponding formula for the functor (1.2.28]).

We may now formulate the following proposition, which could be interpreted as a sort of
Kinneth formula (we will actually see later in [Proposition 1.6.11 how one can deduce the
Kiinneth formula from this).

Proposition 1.2.30. Let X and Y be topological spaces, € and D two presentable oo-
categories, and assume that one of the two is locally compact. Then the functor (1.2.26))
induces an equivalence

Shv(X;C) ® Shv(Y;D) ~ 8hv(X x Y;C® D).

Moreover, let f: X — X’ and g : Y — Y’ be two continuous maps and assume that at least
one among X’ and Y’ is locally compact. Then we have an equivalence

(f X 9)een(FRG) = foF KW gpG

which is functorial on F' € 8hv(X’; €) and G € Shv(Y’; D).
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Proof. By [Lur09, Proposition 7.3.3.9], for any topological space X and any oo-topos Y,
Shv(X;Y) is a product of 8hv(X) and Y in the oco-category Top. Thus, by the previous
corollary combined with [Lur09, Proposition 7.3.1.11], if Y is a locally compact topological
space, we have an equivalence

Shv(X) @ 8hv(Y) ~ Shv(X x Y).

For the second part of the statement, we first observe that by [Corollary 1.2.24] and [Propo-|
sition 1.2.16| it suffices to prove the case when € = D = §, which amounts to providing a
commutative square

Shv(X’) x 8hv(Y') —— Shv(X’' x Y”)

[ Jrear

Shv(X) x 8hv(Y) —— Shv(X x Y).

Since both the top right and the down left composition commute with colimits in both
variables, one then gets this by [Lemma 1.2.21] [Example 1.2.22| (i) and by observing that

(fxg) U xV)=f1U)x g7 (V)

for any U and V open subsets of X’ and Y respectively. O

Corollary 1.2.31 (Monoidality). Let f : X — Y be a morphism of locally compact topolog-
ical spaces, € and D two presentable co-categories. Then we have a canonical identification

ff(FRG)~ f'F G
and in particular, when € = D is monoidal, by transposition
fHom (f*H, K) ~ Hom, (H, f.K).
Proof. The commutativity of the diagram

Shv(Y; €) x Shv(Y; D) — ) Shy(X; €) x Shv(X; D)

Shv(Y;C® D) I Shv(X;C® D)
follows from the commutativity of
X Ly
Al lA
(f.f)

XxX ———YXY
that is trivially verified. The last part follows directly from the previous lemma. O

Consider now the oco-category Shv(X;C), where X is any oo-site and € is complete and
cocomplete. It is natural to ask oneselves whether at this level of generality one is still able
to obtain a result like [Corollary 1.2.24] at least when the inclusion 8hv(X;€) — Fun(X°P, C)
admits a left adjoint. In the rest of the section we will briefly outline the reason why the
answer to this question doesn’t seem to be affirmative. We start with a general proposition
concerning left Bousfield localizations and categories of local objects.
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Proposition 1.2.32. Let C be an oco-category and S a class of morphism in €. Denote
by Cg the full subcategory of € spanned by S-local objects, and assume that the inclusion
i : Cg — € admits a left adjoint L. Thus, composition with L gives a fully faithful functor

(1.2.33) LFun(Cg, D) — LFun(C, D)

whose essential image is given by left adjoints € — D sending all morphisms in S to equiva-
lences.

Proof. Let W be the class of morphisms in € which are sent by L to equivalences and denote
by A and A’ the full subcategories of LFun(C, D) spanned respectively by left adjoints € — D
sending all morphisms in W to equivalences and left adjoints € — D sending all morphisms
in S to equivalences. By [Cisl9l Proposition 7.1.18], we already know that is fully
faithful and that its essential image is given by A. It follows immediately by the definition
of a local object that L sends all morphisms in S to equivalences, thus we just need to show
that A’ is contained in A.

Consider a functor F' : € — D in A’ with right adjoint G : D — €. By definition of A’,
we have that for every morphisms in f € S and every d € D

Home (¢, G(d)) —L— Home(d, G(d))

Homy, (F(c), d) ), Hom, (F(),d).

Thus G(d) is S-local, and hence there exists a functor G’ : D — Cg suche that G = iG’. Let
now f be a morphism in W. By definition of W we have, functorially on d € D,

Homy (F(c),d) — 5 Homy(F(¢), d)

E

Home(c,iG'(d)) ———— Home(c,iG'(d))

E

Hom,_ (L(c), G'(d)) L5 Home, (L(¢'), G'(d)),

1

1R

and hence F'(f) is invertible, and so we may conclude. O

We now claim that there exists a class of morphisms S of Fun(X°P, C) such that Shv(X; C)
can be identified with the full subcategory of S-local objects of Fun(X°P, €). We define S as
the class of morphisms

S={RXM — 2R M| R— y(x)is a sieve, M € C}.
For any sieve R — y(z), M € € and F € Fun(X°P,C), since R ~ lim y(a), we have a
y(z')=R
commutative diagram
Home (—, F(z)) —— Home(—, lm F(z")

y(z/)—R
I -

Hompun(xopﬁ) (.'17 X —y F) #) Hompun(XOP’e)(R X -, F)
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where the upper horizontal arrow is induced by the canonical map F(z) — lim F(a').
y(z')—R

Thus, we see that the upper horizontal arrow is invertible if and only if the lower horizontal

one is, and so F' is a sheaf if and only if it is S-local. In paricular, by the previous proposition,

whenever the inclusion Shv(X;C€) — Fun(X°P,C) admits a left adjoint, the oco-category

Shv(X; €) is characterized by the universal property

LFun(8hv(X;C€),D) — LFung(Fun(X°,€), D)

where the right-hand side denotes the oco-category of left adjoint functors sending all mor-
phisms in S to equivalence. On the other hand, tensoring the usual sheafification Fun(X°P,§) —
Shv(X) with € gives a colimit preserving functor

L' : Fun(X°P, €) ~ Fun(X°P,8) ® C — Shv(X) ® C.

Combining the universal property of the tensor product of cocomplete categories and
rem 1.2.10, we see that, for any cocomplete co-category D, precomposition with L' may be
factored as
Fun(8hv(X) ® €, D) ~ Funy(C, Fun(8hv(X), D))

— Fun (€, Fun,(Fun(X°P,§), D))

~ Fun,(Fun(X°P, €), D)
and hence indentifies Fun(Shv(X) ® €, D) with the full subcategory of Fun(Fun(X°P, €), D)
spanned by those functors sending maps in S to equivalences. Hence we obtain a comparison

functor
Shv(X) ® € — Shv(X;C)
but unless € is presentable, there is no evident reason why one should expect this to be an

equivalence.

Remark 1.2.34. A close inspection of the proof of [Lur09, Proposition 6.2.2.7] shows that
the usual formula for sheafifcation provides the desired left adjoint whenever € is bicomplete
and, for every z € X and every sieve R < y(z), the functor

Fun(X°P, @) » C

Fr——— (8+F)(z,R) ~ lim F(z')
y(z') =R

is accessible: this will be true automatically for example when C is presentable, since any
functor between presentable co-categories which is a right adjoint is automatically accessible.
A similar observation in the case of sheaves with values in ordinary 1-categories can be found
in [KS06, 17.4]. However, if we drop the presentability assumption for €, it is not clear a
priori why the inclusion 8hv(X;€) < Fun(X°P, €) should admit a left adjoint.

Remark 1.2.35. Suppose that € is such that Shv(X;C) «— Fun(X°P, C) admits a left adjoint
L. Hence, for any x € X an M € €, by applying L to x X M gives an object denoted by M,
with the property that, for any other sheaf F', we have a functorial identification

Hom (M,, F') ~ Hom (M, F(x)).

It follows by [Cis19L Proposition 7.1.18] and [Theorem 1.2.10| that, for any cocomplete oo-
category D, we have a fully faithful functor

Fun(Shv(X;€), D) — Fun(C, Fun(A4, D))

and thus any cocontinuous functor with domain S8hv(X;C) is uniquely determined by its
values on objects of the type M,.
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1.3 Shape theory and shape submersions

In this section we will deal with questions related to shape theory from the perspective
of higher topos theory: we recommend [Lurl7, Appendix A] and [Hoyl8| for some good
introductory accounts to this subject. We will start by defining a version of shape which
is relative to a geometric morphism, and give a detailed description of its functoriality as
well as a proof of its homotopy invariance. After that we will define essential and locally
contractible geometric mophisms: the first notion refers to morphisms f : X — Y whose
relative shape is constant (as a pro-object on Y) locally on X, while the second to essential
geometric morphisms satisfying an additional push-pull formula. After that we will define
shape submersions, i.e. continuous maps which are locally given by projections X x Y — Y,
where X is such that the unique geometric morphism Shv(X) — 8 is essential. These are
proven to satisfy a base change formula, which will imply that they induce locally contractible
geometric morphisms.

1.3.1 Relative shape

For any oo-category €, denote by Pro(€) the oco-category of pro-objects in €, i.e. the free
completion of C under cofiltered limits. When € is accessible and admits finite limits, one
shows ([Lur09, Proposition 3.1.6]) that Pro(C) is in fact equivalent to the full subcategory of
Fun(C, 8)°P spanned by the left exact functors.

Let F': € = D be an accessible functor between presentable oco-categories, and let G :
D — Fun(C, 8)°P be the composition of the Yoneda embedding D — Fun(C, 8)°P with F* :
Fun(D, 8§)°? — Fun(C, §)°P. By the adjoint functor theorem, G factors through € if and only
if F commutes with limits, and when this condition is verified G is a left adjoint to F'. If F'is
only left exact, by the characterization stated above G factors through Pro(€): in this case,
we say that G is the left pro-adjoint of F. Notice that, in this situation, G is a genuine left
adjoint of the functor Pro(F') : Pro(€) — Pro(D).

Specializing to the case of a geometric morphism between oco-topoi f : X — Y, we see
that the pullback f* admits a pro-left adjoint, that we will denote by f; : X — Pro(Y). More
explicitly, for every object U € X, f3(U) is the pro-object on Y defined by the assignment

V +— Homy (U, f*(V)).

Definition 1.3.1. Let X be an oco-topos, f : Y — X a geometric morphism. We define the
shape of Y relative to X as

Hé(%) = fﬁlyv
where 1y is a terminal object of Y. We will say that f is constant shape if Hgo(H) belogns to

Y. In the case where f is the unique geometric morphism a : Y — 8, ayly will be denoted
just by I, (Y) and will be called the shape or fundamental pro-oo-groupoid of Y.

Remark 1.3.2. Notice that, as a left exact functor X — 8, fyly can be identified with the
functor ay fi f*, where a : X — 8§ is the unique geometric morphism.

Proposition 1.3.3. There exists a functor
e - Jopx — Pro(X)
whose values on objects coincides with the shape relative to X and whose values on morphisms
g /
d N v g is given by the transformation
fox f

a*fif/* — a*fig*g*f'* ~ ay fif*
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induced by the unit of the adjunction ¢* - g,.

Proof. Since we clearly have a functor
Fun'®* (2, X) — Fun'®(X, 8) ~ Pro(X)°P
given by post composition with a., it suffices to prove that there is a functor

T : T, ¢ (Top x)% — Fun'™ (X, X)

that assigns fi f* to any f:Y — X and at the level of morphisms g ﬁ 4 is given by
mx r
the transformation
L™ = fag™ f" =~ fuf”
induced by the unit of the adjunction ¢* - g.. We will proceed through some reduction steps.
First of all, the Yoneda embedding induces a fully faithful functor

Fun(X, X) < Fun(X, Fun(X,8)) ~ Fun(X°? x X, §)
and thus it suffices to construct a functor
(‘J’op/x)(’p — Fun(X°? x X, 8)

whose image lies in Fun'®™(X, X). By [Cis19, Remark 6.1.5], standard computations with
adjunctions of 1-categories show that we also have, functorially on F,G € X, a commutative
square

Hom‘d(f*F7 f*G) ;) Homx(Fa f*f*G)

g *l lunit

Homy (¢* f*F, g* f*G) = Homy (F, frg+9* f*G),

so it suffices to show that the transformation on the left hand side can be enanched to a
functor (Topx)°? — Fun(X x X°P,§). Recall also that we have a forgetful functor

(Topx)P = (JopP)x, — Catoox)

(f:Y=>X) —— (f*: X —=Y).
Hence, we will construct a functor
Catoy, — Fun(XP x X, 8).

Let Cats be the full subcategory of sSet spanned by co-categories, and let LFib(X°P x X)
be the full subcategory of sSet yopxy spanned by the left fibrations. Since Cato is the
category of fibrant objects in the Joyal model structure on sSet, it follows by [Cis19, Theorem
7.5.18], |Cis19, Example 7.10.14] and |Cis19l Theorem 3.9.7] that one may regard Cat., as a
localization of Cats, by the class W of fully faithful and essentially surjective functors. Thus,
by [Cis19, Corollary 7.6.13] and [Cis19, Proposition 7.1.7], we get an equivalence Catqgy, ~
Catooy/[W 1. On the other hand, LFib(X°? x X) is the category of fibrant objects in the
covariant model structure on sSet jyop oy, and so by [Cis19, Theorem 7.5.18], [Cis19, Theorem
7.8.9] and [Cis19, Theorem 4.4.14] we may regard Fun(X°P? x X,8) as the localization of
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LFib(X°P x X) by the class W’ of fibrewise equivalences. Thus, to produce T it will suffice
to provide a functor Caty.y, — LFib(X°P x X) of 1-categories which maps W into w’.
(s 2 CP x €, called

the twisted diagonal, classifying the hom-bifunctor €°P x € — 8§ (as it is defined in [Cis19,
5.6.1]). For any functor f : X — Y, consider the left fibration defined by the pullback

Recall that, for any co-category €, we have a left fibration S(€) ——

which classifies the functor
Homy (f(=), f(=)) : X x X — 8.

The functoriality on Y of the twisted diagonal and the universal property of pullbacks imply
that T defines a functor Catogy, — LFib(X°P xX), as illustrated by the diagram corresponding

to a morphism fk/ X \f'

Y —g Y
T(fl /
|7 \ l ys )
0P 5 X — L yop oy 99 — (Y)P x Y.

Moreover, [Cis19, Corollary 5.6.6] implies that 7" sends any fully faithful functor to a fibrewise
equivalence, and hence we can conclude. ]
fi
Recall that, for two maps Y ?0; Y’ over a topological space X, we say that fy is
1

homotopic to fi over X if there exists a map h : Y x I — Y’ over X such that f; = hi;
t =0,1, where i; : Y — Y x I is the inclusion corresponding to t € I.

Corollary 1.3.4 (Homotopy invariance). Let Y, Y’ be two topological spaces over X, and
fo

let Y ——= Y’ be two homotopic maps over X. Then the functor T induces an equivalence
f1

T(fo) ~ T(f1). In particular, T' sends homotopy equivalences over X to invertible morphisms
in Fun(X, X)°P.

Proof. Let p: Y x I — Y be the canonical projection. By [Lurl?7, Lemma A.2.9], we know
that p* is fully faithful, and hence T'(p) is invertible. Since pig = pi; = idy and T is functorial,
we get an equivalence T'(ig) ~ T'(i1). Thus, since there exists a homotopy h over X such that
ft = hiy t = 0,1, the functoriality of T gives the desired T'(fo) ~ T'(f1). O

Remark 1.3.5. Recall that, for any oco-topos X, there is a fully faithful functor
X —— Top/x

(1.3.6)
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Since Jop,y has small cofiltered limits, the latter can be extended to a functor
B : Pro(X) — Top y.
It is possible to construct the functor
- Jopx — Pro(X)
directly by showing that there is an equivalence
Hommp o) (115 (4), Z) ~ Homy, . (4, 8(2))

which is functorial on Z € Pro(X), as it is done in [Lurl6l Proposition E.2.2.1]. However,
we preferred to prove directly the functoriality of the relative shape, namely because the
approach mentioned above leaves unclear how the functor cho would behave at the level of
morphisms, which is needed to have a proof of homotopy invariance as clean and immediate
as the one above.

Remark 1.3.7. As usual, since Jop has pullbacks, the slice Top /x can be equipped with a
contravariantly functorial structure

Top? — Cat,

that can be described for any geometric morphism g : X — Y by sending an object (f : Y —
Y) € Top sy to the resulting arrow over X obtained by performing the pullback of f along g.
Thus, since by [Lur09, Remark 6.3.5.8] we have for any y € Y a canonical pullback square

x/f*y ’ I3/3;

|,

fx%y

in Jop, we see that the functor is actually natural in X, where the left hand side is
functorial by the usual forgetful Top®®? — Cat,., sending a geometric morphism f to f*. In
particular we obtain that

B : Pro(X) — Top )y

is actually natural in X. Notice that, if one regards Cat,, as an (0o, 2)-category, the universal
property of Pro(X) and the definition of the slice imply that 5 can be seen as a natural
transformation between 2-functors. Hence, by [Hau20, Theorem 3.22], by adjunction we may
regard the relative shape as a lax natural transformation, where the 2-cells involved may be
described as follows: any geometric morphism induces an adjunction

94
P

Pro(X) L Pro(Y)
~_

*

g

and for any commutative square of topoi

X’ g 13/

b

Xiﬂﬁ
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applying ¢”* to the unit of the adjunction f; 4 f* induces a natural transformation
gl* - g/*f*fﬂ ~ f/*g*fﬁ
and hence by transposition
fig"™ = 9" fy

called the base change transformation, which when evaluated at 1y gives the desired
fi9" 1y =~ fily — g" fily.

1.3.2 Locally contractible geometric morphisms

We start by recalling the definition of a locally cartesian closed co-category.

Definition 1.3.8. An oo-category C is cartesian closed if it admits finite products and, for
any object ¢ € €, the functor — x ¢ : € — € admits a right adjoint.

An oco-category C is locally cartesian closed if it has pullbacks and, for any object ¢ € C,
the slice €/, is cartesian closed, or equivalently, if for any arrow f : ¢ — d in C, the functor
€/qa — €/ given by pulling back along f admits a right adjoint called the dependent product
along f and denoted by Hf :Cj. — €/q. A functor F': € — D between locally cartesian oo-
categories if locally cartesian closed if F' commutes with pullbacks and dependent products,
i.e. for any arrow f : ¢ — d in €, we have a commutative square

Ce My Cra

Fl lF
D/pe w D/Fa-

We will denote Cat'® the subcategory of Cat, whose objects are locally cartesian closed
oo-categories with locally cartesian closed functors between them.

Example 1.3.9. By universality of colimits and adjoint functor theorem, any oo-topos is
locally cartesian closed.

Let F' — G be a morphism in Pro(Y) and let H — f*G be a morphism in Pro(X). Then
we have a canonical commutative square

fﬁ(f*F Xfrq H) —_— fﬁH

| |

K —— fif*G

| |

F— G
which determines a unique morphism
(1.3.10) fﬁ(f*F Xfrq H) — F X¢g fﬁH.

Proposition 1.3.11. Let f : X — Y be a geometric morphism between co-topoi. Consider
the conditions
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(i) f* admits a left adjoint and, for every F' — G in Y and H — f*G in X, the associated
projection morphism is invertible;

(ii) f* is locally cartesian closed;

(iii) f* admits a left adjoint and, for every F' in Y and H in X, the associated projection
morphism

f(ffFxH)—=Fx f{H
is invertible.

Then (i) and (ii) are equivalent. Moreover, if f is induced by a continuous map between
topological spaces, then these are also equivalent to (iii).

Proof. We first show that (i) implies (ii). Since f* commutes with finite limits, it suffices to
show that it commutes with dependent products. But, for any o : F' — G in Y, the square

9/F SRICEN e

f*i if*

X Y
commutes if and only if the square given by the corresponding left adjoints commutes. This
last assertion is equivalent to requiring the projection morphims to be invertible, and so we
are done.

We now show that (ii) implies (i). By the same argument as above, it suffices to prove
that f* admits a let adjoint. Since f* is cocontinuous and preserves finite limits, we are only
left to prove that f* commutes with infinite products: we will do this by exhibiting products
(more generally, limits indexed by small co-groupoids) in any oo-topos as a special case of
dependent products, so that the result will follow by assumption (ii). Let X be an oo-topos,
m: X — § the unique geometric morphism. First of all, we observe that the cocontinuous
functors

§ — Cat® § —— Cat®P

A —— Fun(4,X) Avr——= X/ g
are naturally equivalent, since have equivalences
Fun(A", ) ~ X 2 X/ p0.
In particular, if o : A — A is the unique map, we have a corresponding commutative square

X/ﬂ-*AD % X/W*A
Fun(A°, X) <% Fun(A, X)

where the lower horizontal arrow assigns to an object F' of X the constant functor at F'. Thus
we obtain an identification of the respective right adjoints, i.e. a commutative square

x/n*A % x/ﬂ.*Ao

Fo,o b

lim
Fun(4,X) —— Fun(A° X)
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which is what we wanted.

Assume now that we have an essential geometric morphism f : X = Shv(X) — Y =
S8hv(Y) induced by a continuous map f : X — Y. Clearly (iii) is a special case of (i).
Assume then that f satisyes the hypothesis (iii). Let o : F' — G be a morphism in Y and let
H — f*G be a morphism in X. Since the projection morphism is a natural transformation
between colimit preserving functors and since for any H € Xy« we have an equivalence
H~ lim (H xsgy(f~'U)), we may assume that H — f*G factors as H — y(f~*U) —

y(U)—G
f*G for some open U € U(Y'), and hence by the pasting properties of pullbacks we may also
assume that G = y(U). Notice that, for any (-1)-truncated object V in a topos Z and for any
other two objects A, B € Z )/, we have an identification Axy B ~ Ax B: this follows because
for any other object C' mapping both to A and B, we have that Hom, (C, V') is contractible,
and thus Hom,(C, A xy B) ~ Hom,(C, A x B). Thus, since both y(U) and y(f~1U) are
(-1)-truncated, we are only left to prove that

fﬁ(f*F X H) — ' x fﬂH
is invertible, which is true by assumption. O

Definition 1.3.12. Let f : X — Y be a geometric morphism of co-topoi. We say that f is
essential if fy factors through Y, or equivalently if f* admits a left adjoint. Furthermore, we
say that an essential geometric morphism is locally contractible if it satisfies the equivalent
conditions (i) and (ii) in [Proposition 1.3.11} We say that a geometric morphism is of trivial
shape if f* is fully faithful, or equivalently if the unit transformation idy — f.f* is an
equivalence. When f is the unique geometric morphism X — 8, we will say that X is locally
contractible.

Remark 1.3.13. For a continuous map f : X — Y be a continuous map inducing a, essential
geometric motphism, one may interpret the condition of being locally contractible geometric
morphism as the requirement of a base change for f; along open immersions. More precicely,
let U be an open subset of Y, and consider the pullback square

o) v

!

x 1 .y

<.

For any F' € Shv(X), we have natural equivalences
B RE —— RF xy(U) —— f(F xy(fH0))) —— L") F —— j i)' F

where the second morphism is (1.3.10). Therefore, since jy is fully faithful, we obtain a
natural equivalence

7" f = £,
and, by transposition, an equivalence
Example 1.3.14. (i) Recall that any object U € X of an co-topos determines a geometric

morphism j : X,; — X. By [Lur09, Proposition 6.3.5.1] j is locally contractible, and
Ji + Xy — X can be described as the usual forgetful functor.

27



(ii) By [Lurl7, Proposition A.1.9], an co-topos is locally contractible if and only if the unique
geometric morphism X — § is essential, since in this case the projection morphism is
automatically invertible.

(iii) Let f : X — Y be an essential geometric morphism. For any the oco-topos Z, by
Remark 1.2.2) we obtain a geometric morphism f® 2 : X ® Z — Y ® Z by applying to f
the functor —® Z. Since both f* and f; commute with colimits, the adjunction f; 4 f*
is preserved by — ® Z, and so f ® idy is an essential geometric morphism.

Remark 1.3.15. Let f: X — Y be a continuous map. Notice that, since the functor
FHUY) = U(X)

preserves open coverings, for any complete oco-category € we still have a well defined push-
forward f. : Shv(X;€) — Shv(Y;C) given as usual by I'(U; f.F) = T'(f~1(U); F) for all
U € U(Y). Although at this level of generality there is no reason to expect f. to have a left
adjoint, if f induces an essential geometric morphism at the level of sheaves of spaces, then
it actually does. Indeed, recall that there is an equivalence

Shv(X; €C) ~ Fun,(Shv(X)P, €).

Through this equivalence and [Example 1.2.22| (i), we can identify f, : Fun,(Shv(X)°, C) —
Fun, (Shv(Y)°P, €) with precomposition with the opposite of the pullback f* : Shv(Y) —

Shv(X). Thus, similarly to [Remark 1.2.2) by applying the 2-functor Fun,((—)°P,C) to the
adjunction between cocontinuous functors fy - f*, we obtain the desired left adjoint.

It is straightforward to check that the composition of two locally contractible geometric
morphism is again locally contractible (see [AC21, Corollary 3.2.5]). We observe that the
properties of being essential or locally contractible can be checked locally on the source.

Lemma 1.3.16. Let f: X — Y be a geometric morphism, and let B C X which generates X
under colimits. For any object U € B, consider the composite geometric morphism

(1.3.17) Xy — X~y

We have the following

(i) f is essential if and only if is of constant shape for any U € B;

(ii) f is locally contractible if and only if is locally contractible for any U € B.
Proof. A proof can be found in [AC21, Proposition 3.1.5] and [AC21, Proposition 3.2.6]. O

Remark 1.3.18. The content of part (i) in suggests that a valid alternative
way to call a geometric morphism whose pullback has a left adjoint could have been locally
of constant shape. This is actually the approach taken by Lurie in [Lurl7, Appendix Al;
however, we have decided to stick with the more concise nomenclature which appears also in
[Joh02] and [AC21].

Corollary 1.3.19. Let X be a locally contractible topological space, a : X — * the unique
map, and assume that X = Shv(X) is hypercomplete. Then Shv(X) is locally contractible
and ay is equivalent to the extension by colimits of the cosheaf Sing. Consequently, for
sheaves of spectra, the functor ay : Shv(X;8p) — 8p obtained by applying — ® Sp is uniquely
determined by the formula a;(Sy) = X3U for any U € U(X).
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Proof. Let B be the poset of all contractible open subsets of X. Notice that, even though B in
general is not a sieve, by the hypercompleteness assumption of Shv(X) we get an equivalence

lim y(U) ~y(V)
UGB/V

for any V' € U(X) that can be easily checked on stalks. In particular, we see that the full
subcategory Shv(B) C 8hv(X) generates Shv(X) under colimits. Thus by it
suffices to check that Shv(X),; >~ Shv(U) is of constant shape for any U € B, but this is
true by homotopy invariance of the shape. The last assertion follows immediately by noticing
that through the equivalence 8 ® Sp ~ 8p, an object A ® S corresponds (functorially on A)
to XFA. O

Remark 1.3.20. Beware that the viceversa of [Corollary 1.3.19is not true. For this reason,
to avoid confusion, from now on we will say that a topological space X is essential if Shv(X)
is (or equivalently, if Shv(X) is locally contractible by [Example 1.3.14] part (ii)).

1.3.3 Shape submersions

Definition 1.3.21. A continuous map f : X — Y between topological spaces is a shape
submersion if for every point z € X there exist an open neighbourhood U of z and a space
X' which is essential, such that f(U) is open in Y, U is homeomorphic to f(U) x X’ and the
diagram

FU)x X' —=5 U « X
x l d
flU) —— Y

commutes, where p is the obvious projection.

Example 1.3.22. (i) By |Corollary 1.3.19, if X is locally contractible and hypercomplete,
then X — % is a shape submersion.

(ii) Any topological submersion of fiber dimension n is a shape submersion.

Remark 1.3.23. (i) It follows easily from the definition that shape submersions are stable
under pullbacks of topological spaces.

(ii) If f : X — Y is a shape submersion, then the set of open subsets of X of the type
X' x V, where V is open in Y and X' is essential, forms a basis for the topology of
X. Although this basis is not closed under finite intersections, the set of representable
sheaves corresponding to open subsets homeomorphic to the product of an open in Y
and an essential space generates Shv(X ) under colimits. To see this, consider

B={UcWX)|U=W,withiWW € U(V x S)for someV € U(Y), S essential}.

The set B clearly forms a basis closed under finite intersections, and then we have
Shv(X) ~ Shv(B) by [Ack20, Appendix A]. Moreover, since open immersions induce
essential geometric morphisms, and since U(V') x U(.S) forms a basis of V' x S which is
closed under finite intersections, we get our claim.

In the particular case of a topological submersion of fiber dimension n, since R™ is
hypercomplete, we have an equivalence Shv(R") ~ 8hv(W) where W C U(R") is
the poset of open balls inside R™, and thus, since R" is locally compact, we have
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Shv(V x R™) ~ 8hv(V) ® Shv(W). In particular, the set of representable sheaves corre-
sponding to open subsets homeomorphic to the product of an open in Y and an open
ball in R™ generates Shv(X) under colimits.

For technical reasons that will be justified in a moment, from now on whenever we have
a shape submersion f: X — Y we will assume that either Y is locally compact or all spaces
of locally constant shape appearing in the basis of X are locally compact.

Lemma 1.3.24. Any shape submersion f : X — Y induces an essential geometric morphism.
Thus, for any presentable co-category C, we obtain an adjunction fy - f* for C-valued sheaves.

Proof. Since f* is a left adjoint, it is in particular accessible. Hence, by adjoint functor
theorem, it suffices to prove that f* commutes with limits. For any functor I — Shv(Y") we
have a canonical map
f*(lim F5) — lim f*F;
icl icl

and it suffices to check that this is an equivalence after restricting to any open subset in
the basis of X associated to f. Hence, since the operation of restricting a sheaf to an open
subset commutes with limits, we can assume that f is a projection f : X x Y — Y where
either X or Y is locally compact and X is essential. Thus, by point (iii) in [Example 1.3.14]
and [Proposition 1.2.30, we get that f is essential. The last assertion follows immediately by
[Corollary 1.2.24] O]

Lemma 1.3.25 (Smooth base change). Let € be a presentable co-category. For every given
pullback square

x o x
_

g’l J(g

vy Ly

of topological spaces where g and ¢’ are shape submersions, there is a natural equivalence
o~ gif”

and, by transposition, also
!/ Ix

g fs = frg

for C-valued sheaves.

Proof. First of all, the base change transformation as defined in defnes a com-
parison natural transformation. Since all functors appearing are colimit preserving, it suffices
to check that the morphism is an equivalence only on a family of objects generating Shv(X;)

by colimits. Hence, applying [Remark 1.3.23| (ii), we see that we can assume that the pullback
square is of the type

X xy Xy oy
g’J{ - J’g
vy — Ly

where X is essential, g and ¢’ are the canonical projections. By |[Example 1.3.14|point (iii) and
Proposition 1.2.30, we have (idx x f)* = (idx)* ® f*, gy ~ a; ® (idy )y and gj ~ a; ® (idy~)y,
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where a : X — %, and so, since ® is a bifunctor, we have

Fogs = £*(as ® (idy)p)
~ay @ f*
~ (ag ® (idy)g)(idx @ f7)
:gé(idx x f)*.

O

Corollary 1.3.26 (Smooth projection formula). Let f : X — Y be a shape submersion, C
and D two presentable oo-categories. Then for any F' € 8hv(X;C€) and G, H € Shv(Y; D),
we have a canonical equivalence

HF® G~ iFRG
and hence, by transposition, when € = D is monoidal, equivalences
f*@x(F7 f*G) = HoimY(ftiFa G)

and
f*Hom, (G, H) ~ Hom . (f*G, f*H).

In particular, any shape submersion induces a locally contractible geometric morphism.

Proof. Let I'y : X — Y be the graph of f. We have

fﬁ(F & f*G) ~ fﬁF}(F X G)
~ A*(f X idy)ﬁ(F X G)
~ fﬁF ®G

where the second equivalence follows by applying |[Lemma 1.3.25|to the pullback square

Ly
X — X xY

lf lf xidy
A

Y — Y xY.

The last assertion follows by specializing ((1.2.28)) to the case when C is § equipped with the
cartesian monoidal structure and by the commutativity of the diagram

Fx f*G s [*(fiF x G)

; -

TH(FRG) —— THf x idy)*(f x idy)y(F R G)

where the upper horizontal arrow is the one which transposes to the projection morphism
and the lower horizontal one transposes to the smooth base change transformation. O
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1.4 Localization sequences

We will now prove a version of the localization theorem for sheaves of spaces (and of spectra)
on a topological space X: this essentially states that, for any closed immersion 7 : Z — X
with open complement j : U — X, the inclusions

Shv(Z) —“— Shv(X) —— 8hv(U)

form a recollement (in the sense of [Lurl7, Definition A.8.1]). Achieving this goal in our
context will be slightly more complicated than in the case of [KS90), Proposition 2.3.6], namely
because we don’t want to assume all our spaces to be hypercomplete. We will follow instead
the strategy outlined in [Khal9]: the main ingredient will be to show that the pushforward i, :
Shv(Z) — 8hv(X) commutes with contractible colimits, i.e. colimits indexed by contractible
simplicial sets. From this we will be able to reduce to checking the theorem in the case of
representable sheaves, which is almost straightforward.
We start by reporting [Khal9l Definition 3.1.5] and [Khal9l Lemma 3.1.6].

Definition 1.4.1. Let X and Y be essentially small oco-sites, and assume that Y admits
an initial object fly. A functor v : X — Y is topologically quasi-cocontinuous if for every
covering sieve R’ < y(u(z)) in Y, the sieve R < y(z), generated by morphisms ' — z such
that either u(z’) is initial or y(u(x’)) — y(u(x)) factors through R — y(u(x)), is a covering
in X.

Lemma 1.4.2. With notation as in the previous definition, let v : X — Y be a topologically
quasicocontinuous functor. Assume that the initial object ()y is strict in the sense that for
any object y € Y, any morphism d — (}y is invertible. Assume also that, for any object
y €Y, the sieve Dpun(y,s) = y(d) is a covering in Y if and only if y is initial (where Dpyy(y;s)
denotes the initial object of Fun(Y,8)). Then the functor Shv(Y) — Shv(X), given by the
assignment F' +— Lx(u*(F)), where Lx : Fun(X,8) — 8Shv(X) denotes the sheafification
functor, commutes with contractible colimits.

Lemma 1.4.3. Let 7 : Z — X be a closed immersion. Then 7, commutes with contractible
colimits.

Proof. By the lemma above and by unraveling the definition of topologically quasi-cocontinuous
functor, this amounts to check that, for any V' € U(X) and any open covering {W; }icr € U(Z)
of V N Z, the family

T={UCV|UNZ =0orUNZ C W;for somei € I} CU(X)

covers V. But this is clear, because V'\ Z € T and any W; can be written as W/ N Z for some
wW! e u(v). O

Corollary 1.4.4. Let € be any pointed presentable oco-category. Then the pushforward
i¢ : 8hv(Z;@) — 8Shv(X;€) commutes with all colimits, and thus admits a right adjoint
it : Shv(X;C) — Shv(Z; ).

Proof. It suffices to prove the corollary for € = S8,. Note that it suffices to check that i,
preserves the initial object and commutes with contractible colimits: any F : I — D from a
simplicial set I to an co-category D with an initial object ()p may be seen as I — Dy,,, and
thus corresponds to a functor A?x I — D with the same colimit as F but indexed by weakly
contractible simplicial set. But i, preserves the initial object because Shv(Z;8.) is pointed,
and thus we may conclude by the previous lemma. O
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Let i : Z — X be a closed immersion with open complement j : U — X. For any
F € 8hv(X), consider the functorial commutative square

g™ (F) ————— ]j
Gpg*ixi*(F) ——— iyi*(F),

where all the morphisms are given by the obvious units and counits. Notice that for any
G € Shv(X) and V € U(U), we have

I'V;i.G) =T(UNZ;G) ~ x,

and so we can identify j*i, : Shv(Z) — Shv(U) with a constant functor with value the
terminal object y(U) € Shv(U). Hence the previous square may be written as

Gyg*(F) ————

F
(1.4.5) | l

i (y(U)) —— ixi*(F).

Theorem 1.4.6. The canonical square ([1.4.5)) is a pushout.

Proof. Since all functors appearing in commute with contractible colimits and any
sheaf on X is canonically written as colimit indexed by the contractible category UW(X)/p =
Shv(X)/p Xsny(x) U(X) (it has an initial object), it suffices to prove the theorem when
F =y(V) for some V € U(X), and hence we just need to show that i.i*(y(V)) ~ y(UU V).
For any W € U(X), we have

DOV, 420" (y(V)) = (W3 i (y(V 1 2))
—T(WNZy(VN2)
= Homy,(WNZ,VNZ)
= Homyx,(W,V UU)
=I(W;y(Vul)),

where the second to last identification follows by the usual exponential adjunction in the
boolean algebra of all subsets of X. O

Corollary 1.4.7. Let ¢ : Z — X be a closed immersion with open complement j : U — X,
and let iC, i, iIG, jf and jg be the induced pushforward and pullback functors at the level of
C-valued sheaves, where € is any pointed presentable co-category. Then we get a canonical
cofiber sequence

(1.4.8) JfieF — F — iligF
and dually a fiber sequence
(1.4.9) iSigF — F — jLjeF.

denote

33



Proof. 1t suffices to treat only the case of the sequence . Furthermore, we only need to
prove the case of sheaves of pointed spaces, since all functors appearing are colimit preserving
and we have a canonical equivalence 8hv(X;C) ~ Shv(X;8,) ® €, where € is any presentable
pointed oco-category and X is any topological space. We define the canonical morphisms in
through counit and unit of the appropriate adjunctions, and we see immediately that
the composition of those two morphisms is null-homotopic because ig jﬁ* is equivalent to a
constant functor with value the zero object in Shv(Z;8.).

Let a : 8hv(X;84) — Shv(X) be the forgetful functor. A close inspection of the appro-
priate universal properties shows that, for any ' € Shv(X;8.), there is a canonical pushout
square

Js(y(U)) —— y(X)

Lo

Jgita(F) —— a(Gi" 5. F),

where the left vertical map is induced by the point of F'. Thus, since « reflects pushouts and

we have an equivalence aii*ig* ~ j,i", it suffices to prove that the canonical square

a(j; 5, F) — a(F)

! l

y(X) — ii*a(F).

induced by applying « to the sequence (|1.4.8)) is a pushout. For this purpose, consider the
commutative diagram

B (U)) ——— y(X)

! !

it a(F) —— a(j5ji F) — a(F)

! ! !

313" (W(X)) ——— y(X) ——— i a(F).

denote The upper left square and the left vertical rectangle are both pushouts, and so also
the lower left square is a pushout. But the lower horizontal rectangle is a pushout, and so
we can conclude. O

Corollary 1.4.10. Consider a pullback square

7 -z

IR
X —Y

where f and f’ are shape submersions and s (and consequently s') is a closed immersion.
Then, for sheaves with values in a pointed presentable oco-category, we have a canonical
equivalence

S!fé >~ fﬁS{
or equivalently

fl*s! ~ S/!f*.
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Proof. Let j and j' be the complement open immersions associated respectively to s and s’.
By the localization sequences and by smooth base change, we have a commutative diagram
where all the rows are cofiber sequences and all the vertical arrows are invertible

Jed™ fe It > 518" fy
Jefid™ fy sifis™

Eookk

fﬁjéjl* — fﬁ — fﬁsfs’*.

Hence we may conclude by precomposing the dotted equivalendenotece with s, since s is
fully faithful. O

Remark 1.4.11. It is not hard to see that one may deduce from that i, is
fully faithful (this was already proven in [Lur09, Corollary 7.3.2.10]). From this follows imme-
diately that, in the case of sheaves of pointed spaces or of spectra, one has the identification

i*(unit) |

it~ fib (1 = %),

Remark 1.4.12. From [I'heorem 1.4.6| one deduces immediately that, at least when C is
presentable stable, the functors ¢* and j* are jointly conservative, i.e. a morphism o : F' — G
in Shv(X;C) is invertible if and only if both i*(«) and j*(«) are invertible. This implies in
particular that the fully faithful functors i, and j. make Shv(X; @) a recollement of Shv(Z; @)
and Shv(U; @), in the sense of [Lurl7, Definition A.8.1]. However, this is true in a much greater
generality: see [Hai2l] for a proof in the cases when C is an co-topos or compactly generated.
After [Corollary 1.5.16] for stable coefficients, we will also be able to relax the presentability
assumption to the more general requirement for € to admit both limits and colimits.

1.5 Pullbacks with stable bicomplete coefficients

From now on, unless otherwise specified, all the topological spaces we will deal with will be
assumed to be locally compact and Hausdorff. This implies that the following are equivalent

1. f: X =Y is proper (i.e. the preimage of any compact subset of Y is compact);
2. f is closed with compact fibers;

3. f is universally closed.

Another important consequence of the previous assumption is that any map X i) Y can
be factored as a composition of a closed immersion (which is in particular proper by the
characterization above), an open immersion and a proper map as follows

indY

XxY 5 X xY

I

(1.5.1) FfT
x —1 .y

where I'y is the graph of f, X - X is the inclusion of X into its one point compactification
and p is the projection to the second coordinate: this factorization will be used very often
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later. Notice that one may also use the Stone-Cech compactification 5 to produce a functorial
functorization

(1.5.2) Xy
_

1]

X —— Y

where j is an open immersion and p is proper. However, in many cases it will turn out to be
more convenient to have the proper map in the factorization to be a product projection.

This section contains the central technical ingredients of this chapter. We will explain
what are the two fundamental facts that allow us to construct pullbacks with non-presentable
coefficients: in brief, these these are covariant Verdier duality (see [Lurl7, Theorem 5.5.5.1])
and the dualizability of Shv(X;8p) in Cocontsl.

We will start by giving an exposition of covariant Verdier Duality. Following [Lurl7,
Theorem 5.5.5.1], this is an equivalence between the categories of sheaves and cosheaves on
a locally compact Hausdorff space. We will essentially review the proof of [Lurl7, Theorem
5.5.5.1], and try to clarify a bit the last step. The reader who is aware of this result may
safely skip the first part of this section. Later, we will prove that Shv(X;8p) is strongly
dualizable in the symmetric monoidal co-category Coconts!, by explicitely exhibiting it as
a retract in Coconts, of a compactly generated oco-category. This result is not new, as it
could be deduced from [Lurl6, Proposition 21.1.7.1] (see also [Hoy|): we would like to thank
Peter Haine for pointing this out. We then use the above retraction to provide a convenient
description of pushforwards along proper maps, that is compatible with tensor products in
Cocontst. We conlude the section by showing that fgp ® € is a left adjoint of f¢, which is not
at all immediate. It will require a use of the factorizations mentioned in the beginning, and
a careful combination of all the previously mentioned results.

1.5.1 Recollections on covariant Verdier duality

We start by recalling the definition of K-sheaves.

Definition 1.5.3. Let X(X) be the poset of compact subsets of a topological space X.
Consider the following conditions:

(i) F(0) is a terminal object,
(ii) For every K, K’ € X(X) the square
I(K UK, F) — T(K; F)
| l
D(K';F) — (K N K", F)
is pullback,
(iii) For every K € K(X), the canonical map

lim T(K'; F) = I'(K; F)
KeK'

is invertible, where K € K’ means that K’ contains an open neighbourhood of K.
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Notice that (i) and (ii) together are equivalent to the sheaf condition for the Grothendieck
topology on X(X) given by finite covering. Hence, we will denote by Shv(XK(X);C) the
full subcategory spanned by presheaves satifying (i) and (ii). Moreover, we will say that
a functor F' : K(X) — C is a K-sheaf if it satisfies (i), (ii) and (iii). We will denote by
Shvy (X; €) C Fun(X(X)°P, €) the full subcategory spanned by K-sheaves.

It is possible to relate K-sheaves with usual sheaves. Let M be the union U(X) U K(X)
considered as a poset contained in the power set of X, and let i : U(X) — M and j : X(X) —
M be the corresponding inclusion. We thus get two adjunctions

-k

7 J

/_\/\

Fun(U(X)°P,€) L  Fun(M°P,€) L Fun(K(X)°P, C).

\_/\/

3

7 I
More explicitly, at the level of objects the functors are given by the formulas
Fun(U(X)°P, €) — 5 Fun(K(X)°P, €)
Fr————— (K~ lim I'(U; F))
KCU
Fun(X(X)°P, €) ——~— Fun(U(X)°P, €)

G——— (U lim I(K;G)).
KCU

These two functors actually restrict to an equivalence, assuming € has limits and colimits,
and filtered colimits are exact.

Theorem 1.5.4. Let € be a bicomplete co-category where filtered colimits are exact. Then
the functors 6 and v defined above restrict to an equivalence

Shv(X; C) ~ Shvy(X;C).
Proof. A proof can be found in [Lur09, Theorem 7.3.4.9)]. O

Remark 1.5.5. Since in any stable oo-category € filtered colimits are exact, and since the
opposite of any stable co-category is again stable, by we get equivalences

Shv(X; C) ~ Shvy(X; C)
and
Co8hv(X; €C) ~ Shv(X; CP)°P ~ CoShvy(X;C)
where we define CoShvy(X; C) to be Shvy (X; COP)°P.

Definition 1.5.6. Let F' € Shv(X;C), U € U(X), and K any closed subset of X. We define
the sections of F' supported at K and compactly supported sections of F' over U respectively

" Fe(X;F) =fib(I'(X; F) - T(X \ K; F))

[.(U; F) == lim T (X; F),
KCU

where the colimit ranges over all compact subsets of U.

37



Remark 1.5.7. Notice that, if K C U for some open U, we get a pullback square

I'(X;F) —— (X \ K; F)
I(U;F) —— I(U\ K; F)

and hence the fibers of the two horizontal maps coincide: for this reason, we will often also
Ik (X; F) by 'k (U; F). Furthermore, if S C X is locally closed, we define

Ls(X3F) =T,U;j°F)

where S = U N Z, with U open, Z closed and j : U — X the inclusion, but we will also use
the notation I's(U; F).

Remark 1.5.8. The definition of the sections of a sheaf F' on a compact K is functorial both
in F' and in K: since we have an obvious functor

K(X) —— Fun(Al, U(X)°P)
Kr— (X - X\K)

we get
K(X) x Fun(U(X)°P,€) —— Fun(Al,€) -2 ¢

I

Fun(A, U(X)°P) x Fun(U(X)°P, @)

where the diagonal arrow is the composition of functors and the right horizontal arrow is
given by taking the fiber of an arrow in €, and so by adjunction we get the desired

Fun(U(X)°P, €) ———— Fun(X(X),C)
Fr— (K= Tx(X; F)).

Finally, by further composing with the functor ¢ defined in we get

(159) Fun(U(X)%, €) — ¢ Fun(U(X), €)
F—— (U~T/(U;F)).
Theorem 1.5.10. The functor (1.5.9) restricts to an equivalence

De : 8hv(X;C) —— CoShv(X;C).

Proof. We first prove that, if F'is a sheaf, then De(F) is a cosheaf. By virtue of/Theorem 1.5.4
it suffices to prove that the functor

K—Tg(X;F)
is a K-cosheaf.

e I')(X;F)~0since F(X) — F(X \0) is an equivalence.
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o Let K, K' € X(X). The square

FKmK’(X§F) — FK(X;F)

| l

FK’(X§F) — FKUK/(X;F)

is the fiber of the obvious map between the pullback squares

I'(X;F) — (X F) I(X\(KNK');F) — (X \ K; F)
I'(X;F) — I(X; F) [(X\K;F) ——— T(X\ (KUK'); F),

and so it is a pullback. Thus, since € is stable, it’s also a pushout.

e For any K € K(X), we have a map of fiber sequences

(X5 F) —_— lln L (X5 F)
KeK’

I'(X;F) b > lim [(X;F)
KeK’

I(X\K;F) —*— lim (X \K';F).
KeK'

To prove that a is an equivalence, it suffices to prove that b and ¢ are. But b is an
equivalence because the poset { K’ € X(X) | K € K’} has a contractible nerve (since it
is filtered) and ¢ is an equivalence because {U € UW(X) | U = X \ K’ for some K € K'}
gives an open covering of X \ K.

We will now prove that ]D)‘(;Ep is an inverse of De. By symmetry, it suffices to show that it
is a left inverse. Unraveling the definitions and using the equivalence of this
amounts to check that we have a cofiber sequence

(1.5.11) I(X\K;F) —— I.(X;F) — T'(K; F)

natural in K and F'.
First of all, we show that it suffices to prove that, for any fixed K € K(X), U € U(X)
containing K and with compact closure, and K’ € X(X) containing U, the sequence

(1.5.12) T (X; F) —— To(X; F) —— T(U; F),

where the first morphism is given by the functoriality of sections supported on a compact
and the second one is given by is a cofiber sequence. To see this, we start
by noticing that the sequence is natural in K’ and F', since both morphisms are canonically
induced by the restrictions of F'. Thus we can pass to the colimit ranging over all compacts
K’ D U and get a fiber sequence

lim [gng(X;F) —— T(XG F) —— T'(U; F),
K'DoU
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since the poset {K' € K(X) | K’ 2 U} is filtered (it is non-empty because it contains the
closure of U) and the inclusion {K' € X(X) | K’ 2 U} C X(X) is cofinal. Since any K' D U
is contained in (K’ UU) \ U, we get an equivalence

im Ty (X5 F) >~ lim - D (X5 F),
K'2JU {K'|K'nU=0}

and hence, adding everything up, we obtain a fiber sequence

lim  Tw(X;F) —— [(X;F) — D(U; F),
{K'|K'nU=0}

which is natural in U, since the morphism I'.(X; F') — I'(U; F) clearly is. Hence we can get
the desired sequence (|1.5.11]) by passing to the colimit ranging over P = {U € W(X) | U €

K(X)andU 2 K} because I'(K; F') = lim I'(U; F') (since open subsets with compact closure
vepP
form a basis of X), and because we have equivalences

lim  lim T (X5 F) ~ lim Ly (X5 F)
UeP {K'|K'nU=0} U {K'|K'nU=0}
UeP

~ lim T (X;F)
KICX\K

~T (X \K;F)

where the first one follows by [Lur09, Remark 4.2.3.9] and [Lur09, Corollary 4.2.3.10].
We are now left to show that (|1.5.12]) is a cofiber sequence. Consider the commutative
diagram

~
o

FK’\U(X§ F)

T (X;F) Z 0

~ ~ ~

DX F) —— T(X\ (K'\U); F) —— (X \ K'; F)

~

I(U; F) 0

where Z :— fib(I'(X \ (K'\U); F) — I'(X \ K'; F')). Since the middle big horizontal rectangle
is a pullback, it follows that also the left middle square is. But since the left vertical rectangle
is pullback, then also the upper left square is. Then it suffices to prove that the composition

Z 5 T(X\ (K'\U); F) - T(U; F)

is an equivalence, but this is clear since the lower right square is pullback because F is a
sheaf. 0
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1.5.2 Dualizability of spectral sheaves

Lemma 1.5.13. Let € be a bicomplete co-category where filtered colimits are exact. Then
there exists a functor ¢ : Shv(X(X); €) — Shvy(X; €) satisfying the following properties

1. for any F' € Shv(K(X);C) and K € X(X), we have

I(K;@F) ~ lim T(K';F),
KeK’

2. ¢ preserves filtered colimits,
3. it is right inverse to the inclusion Shvy (X;C€) — Shv(K(X);C).

Proof. Let M be the set whose elements are pairs (K,4) with K € K(X) and i = 0, 1, where
we define (K,i) < (K',j)if K’ C K andi=jor K' € K and i < j. It is easy to see that <
actually defines a partial order on M. We have two functors

K(X)P —2 5 M K(X)P —2 s M
K — (K,0) K+— (K,1)
and consider the cocontinuous functor
= (i1)*(ig) : Fun(K(X)°P,€C) — Fun(XK(X)°P,C).
Unravelling the definition, we see that

N(KipF)~ lim  T(K3F)~ lim D(K;F),
(K',0)—(K,1) KeK'

and so @F ~ F whenever F' is a K-sheaf. Hence, to conclude the proof, it suffices to show
that the essential image of Pl (x€) is contained in Shvy (X C).
Indeed, for any F' € Shv(X(X); ) we have
lim T(K";pF) ~ lim lim (K F)
KeK" KeK" K'"eK'’
~ lim I'(K';F)
KeK'
~T'(K; k),

where the second equivalence holds by [Lur09, Remark 4.2.3.9] and [Lur09} Corollary 4.2.3.10]
since for any K compact, the full subposet of K(X)°P spanned by those K’ such that K € K’
is filtered, and we have

U (KK eK'}={K'KeK'}.
{K//|K@K//}

Moreover, since filtered colimits are exact in €, pF belongs to Shv(X(X);C), and so it is a
XK-sheatf. O

emma 1.5.13| is useful to describe conveniently pushforwards of sheaves along proper
maps. Let f: X — Y be a proper continuous map between topological spaces, and let again
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C be a bicomplete co-category where filtered colimits are exact. Since for any K € K(Y), the
preimage f~!(K) is compact, we obtain a functor

Fun(X(X)%, €) — L Fun(X(Y)°P, €)

Fr—m7— (K= T(fY(K); F)).

Notice that the restriction of fi to Shvy(X;€) lands in Shv(K(Y);C), but a priori not in
Shvy(Y; ), therefore we define

X 8hvy(X; @) — Shvy(Y;C)
as the composition of fy restricted to Shvy(X;€) and ¢ : Shv(K(Y); €) — Shvy(Y;C).

Lemma 1.5.14. Let f : X — Y be a proper continuous map between topological spaces, and
let € be bicomplete co-category where filtered colimits are exact. Then there is a commutative
diagram

Shv(X;€) —— Shvy(X;€)

|7 |z
Shv(Y;€) —2— Shv(Y;€),

where 6 is as in [Theorem 1.5.4] In particular, f, preserves filtered colimits, and when C is
stable it preserves all colimits.

Proof. For any K € K(Y'), we define
T={UcWX)|3K' > K with f(K') CU}.

Notice that if V' € U(Y) contains K, then there exists an open neighbourhood W of K with
compact closure, and thus, since f is proper, f~1(V) € T. In particular we obtain a functor

a:{VellY) KCV}—>T
which is obviously final. We have
D(K; ff0F) =~ lim  lim T(U;F)
KeK’ f~1(K"cU
lim I'(U; F)
verT

lim T(f~'(V); F)
KCV

~T(K;0f.F)

12

12

where the second equivalence follows by [Lur09, Remark 4.2.3.9] and [Lur09, Corollary
4.2.3.10], and the third one since « is final. O

Another straightforward application of [Lemma 1.5.13]is the following theorem, that will
be of crucial importance for what follows.

Theorem 1.5.15. The oo-category Shv(X;8p) is a strongly dualizable object in Cocontsl.
In particular, for any € € Cocont?!, the canonical functor

CoShv(X;8p) ® € — CoShv(X;C)

is an equivalence.
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Proof. By |Proposition 1.2.14] [Theorem 1.5.4] and [Remark 1.2.5] it suffices to show that
Shvy(X;8p) is a retract in Cocontl of a compactly generated oo-category. We see that
Shv(XK(X);8p) is clearly compactly generated, as it is equivalent to Funge, (K (X)°P,8p). The
proof is then concluded by noticing that the inclusion Shvy(X;8p) C Shv(K(X);Sp) and
¢ : Shv(K(X);8p) — Shvy(X;8p) are exact and preserve filtered colimits since filtered col-
imits in Sp are exact, and thus preserves all colimits since Sp is stable. One then concludes

the proof by identifying CoShv(X;8p) with the dual of Shv(X;8p), via [Lemma 1.2.21 O

Corollary 1.5.16. There is a unique equivalence

(1.5.17) n : 8hv(X;8p) ® € — Shv(X;C).

making the diagram
Shv(X;8p) ® € —— Shv(X;C)

J{Dgp(@e J(]D)e

Co8hv(X;8p) ® € —— CoShv(X;C)

Proof. The functor 7 is obtained by composing

sp®C ~ D!
Shv(X;8p) ® € Dp®S Co8hv(X;8p) ® € —=— CoShv(X;C) —— Shv(X;C).

where the middle map is the one in|Theorem 1.5.15| More concretely, for any F' € 8hv(X;Sp)
and M € €, we have n(F X M) ~ D, (M oDg,F), where M on the right-hand side denotes
the essentially unique colimit preserving functor Sp — € corresponding to M. O

1.5.3 The pullback f;

Proposition 1.5.18. Let f : X — Y be a proper map, and denote by f¢ : Shv(X;C) —
S8hv(Y’; €) the pushforward. Then we have a commutative square

Shv(X;8p) ® € —— Shv(X;€)

J,ffpe@e lff

Shv(Y;8p) ® € —— Shv(Y;C).
In particular, f& admits a left adjoint which is identified through n with fgp ® C.

Proof. By a slight abuse of notation, denote as f¢ : CoShv(X;€) — CoS8hv(X;C) the push-
forward for cosheaves (i.e. (f&)°P). We have that the square

CoShv(X;8p) ® € —— CoShv(X;C)

lff’p®€ lff

Co8hv(Y;8p) ® € —=— CoShv(Y;C)

commutes since the horizontal arrows can be modelled by a composition of functors, and thus
we are only left to show that the square

Shv(X;C) —2— CoShv(X;C)

| |-

Shv(Y;€) —2— CoShv(Y;€)
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commutes.

First of all, we show that there exists a natural transformation f,[D — Df, even when f
is not proper. Fix V € U(Y) and a compact K C f~(V), so that f(K) is a compact subset
of V. For any F € 8hv(X;C), the commutative triangle

DX\ K F) DX\ fHA(K)) F)

~.

I'(X;F)

provides a morphism
(X5 F) = Ti (Y5 fouF) = TV foF).

Since all morphisms are induced by the restrictions of F', the resulting map is natural in K
and V', and hence gives rise to the desired transformation as K varies. Furthermore, when
f is proper, each compact K C X is contained in the compact f~!f(K), so by cofinality we
obtain an equivalence
lim FK(X;F)ZH_I’HFC(Y;]”*F)
KCf=1(v) ccv

where C varies over the compact subsets of V', and thus we may conclude. ]

Lemma 1.5.19. Let j : U — X be an open immersion, and denote by ji : Shv(X;€) —
S8hv(U; C) the restriction. Then we have a commutative square

Shv(X;8p) ® € —— Shv(X;C)

[EX Ik

Shv(U;8p) ® € —1— Shv(U; Q).

In particular, j; admits a left adjoint which is identified through 7 with jfp ® C.

Proof. By an abuse of notation, denote by jg : CoShv(X;C) — Co8hv(U;€) the restriction
for cosheaves. Again we see that the square

Co8hv(X;8p) ® € —— CoShv(X;C)

ljgp@)e J/jé

Co8hv(U;8p) ® € —=— Co8hv(U; €)
is obviously commutative, and thus we only have to show that the square

Shv(X;C) —2— CoShv(X;C)

I I

Shv(U; €) —2— CoShv(U; €)

commutes. But this follows immediately because by and by observing that
I(V;j*F) ~T(V;F) for any V C U, we have that

L. (V35" F) ~T(V; F)

functorially on F' and V. O
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Corollary 1.5.20. Let f : X — Y be any continuous map. Then the pushforward f¢ :
Shv(X;C) — Shv(Y; C) admits a left adjoint f3 such that there exists a commutative square

Shv(Y;8p) ® € —— Shv(Y;€)

J’fgp(@e J( 13

Shv(X;8p) ® € —— Shv(X;€).

Proof. Using the factorization this follows immediately by [Proposition 1.5.18 and
Lemma 1.5.19 O

Theorem 1.5.21. Let i¢ : Shv(X;€C) — Fun(U(X)°P, €) be the inclusion functor, and let
Lgp, : Fun(U(X)P, 8p) — Shv(X; 8p) be the left adjoint of is,. Denote by Le the composition

S e
Fun(U(X)°P, 8p) © € 2% shv(X;8p) @ €

= |7

Fun)(U(X)P,€) " 5 Shv(X;C).

Then Le is left adjoint to ie.

Proof. From the proof of [Theorem 1.2.10| and [Remark 1.2.13] we see that we may write any
F € Fun(U(X)°P, C) as a colimit

F~ lim URXR'M
M—T(U;F)

where the indexing category is Grothendieck construction of the functor
(U, M) — Home(M,T'(U; F)).

By definition, the presheaf of spectra U X' M represents the functor taking sections at U,
and thus we get an equivalence

Sy = Lsp(U K S) ~ 5, a5, S

which is natural in U, where j : U — X denotes an open inclusion, a : U — * the unique
map. We have equivalences

HOmShv(X;C)(LeF7 G) ~ lﬁl HomShv<X;Sp)®€(jﬁspa§pS bt M, n_IG)
M—T(U;F)
~ lim  Homgp(x.e (jé?agM’ G)
M—T(U;F)
M—T(U;F)

~ lln HOmFun(u(X)Opqe) (U IE M, ZGG)
M—T(U;F)

~ HomFun(u(X)Op,@) (F, 'LGG)
where the first equivalence follows by the observations above, and the second is a consequence

of [Lemma 1.5.19] and [Corollary 1.5.20l Since all identifications are functorial on F and G,
we obtain the thesis. ]
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Remark 1.5.22. After the results in this section, we are now able to extend everything
we have proven so far for sheaves with presentable coefficients to sheaves with values in a
stable bicomplete co-category. The only detail we have to handle with more care is the
functor : since the tensor product of two stable bicomplete co-categories is not again
complete in general, will now take values in Shv(X;8p) ® (C ® D). Nevertheless,
when C has a monoidal structure such that its tensor ®e preserves colimits in both variables,
the composition of with the obvious functor

Shv(X;8p) ® (C® €) — Shv(X;C)

still gives the usual monoidal structure on Shv(X;C). As a consequence, we see that the
equivalences in [Corollary 1.2.31|and [Corollary 1.3.26|still hold in S8hv(X;8p)® (C® D) and in
Shv(X; C) when (1.2.27)) is exchanged with the tensor product in Shv(X; €) described above.

1.6 Six functor formalism

In this section, we will define the operations fi and f', and prove all the usual formulas
that one expects for these functors. A first attempt towards these results for sheaves of
spectra can be found in the paper [BLI6], even though it almost totally lacks proofs. A
proof of the proper base change theorem with unstable coefficients was provided in [Lur09,
Corollary 7.3.1.18], and later extended to spectral coefficients in [Hai21]: our only contribute
to this theorem is to explain how to extend it to general stable bicomplete coefficients. A
novelty of the approach presented in this section is our expression of the formulas involving
tensor products, such as projection or Kiinneth formula. Here we do not a priori require the
coefficients of our sheaves to be equipped with a monoidal structure, but rely instead on the
tensor product of stable cocomplete co-categories. The advantage of this perspective is that,
using the observations in [Remark 1.5.22] it clarifies how to obtain all these formulas for a
general stable bicomplete co-category equipped with a closed symmetric monoidal structure.
At the end of the section, building up on the our discussion of Section 3 related to shape
theory, we will explain how to prove the formula

e fr~f

for any map f which induce locally contractible geometric morphisms.

1.6.1 The formulas for f,e

Throughout this section, € is going to be any stable and bicomplete oco-category. For any
continuous map f : X — Y, consider the functor

(fE7)°P : Shv(X; €°P)°P = CoShv(X; C) — Shv(Y; C°P)°P = CoShv(Y; €).

*

Since taking opposite categories switches left with right adjoints, the functor

(feop)P : Shv(Y; C°P)°P = Co8hv(Y; €) — Shv(X; CP)° = CoShv(X;C)

is right adjoint to (f°")°P. Hence, by [Theorem 1.5.10, we get a corresponding adjunction at
the level of sheaves

I
/\
Shv(X;€) L  Shv(Y;0).
~_

I
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where f!e and fé are defined to be the unique functors fitting in commutative squares

e !

Shv(Y;C) f—'> Shv(Y;C) Shv(Y;C) L) Shv(Y; @)
b Ip b [p
(7)o (Feop)

Co8hv(X;C) = CoShv(Y;C) Co8hv(Y;C) —— CoShv(X;C).

Definition 1.6.1. The functors f!e and fé constructed as above are called respectively push-
forward with proper support and exceptional pullback. Unless it is required from the context,
we will often omit to include € in subscripts or superscripts in our notation.

More concretely, fi is the functor uniquely determined by the formula
L. (U; AiF) =T.(f'(U); F)
for all U € U(Y"). In particular, when a : X — x is the unique map, we get
aF ~T (X;F).

In different geometric contexts, when one deals with six functor formalisms, it is common to
define the shriek operations making use of appropriate compactifications of maps analogous
to . This approach, however, makes it a bit tricky to verify that f; behaves well under
compositions. An advantage of our definition of f; is that its functoriality is more or less
immediate, as illustrated by the following lemma.

Lemma 1.6.2. Let LCH be the category of locally compact Hausdorff spaces. Then, for any
@ stable and bicomplete, there is a functor

Shvy(—; €) : LCH — Cocont®!
whose values on an object X is given by 8hv(X;C), and on a morphism f is given by f!e.

Proof. We first observe that there is a functor
Shv,(—;€) : LCH — Cocont®,

whose value on a morphism f : X — Y is given by the pushforward f¢. By definition, f¢
is given by precomposing with the functor f=! : U(Y) — U(X). Thus, the functoriality of
Shv,(—; C) descends from the functoriality of internal-homs in Cat.,, which is straightforward
in the model of quasi-categories. By passing to opposite categories, we obtain a similar functor
Co8hv,(—;C).

Let J be the interval object for the Joyal model structure (see [Cis19 Definition 3.3.3]),
and consider the monomorphism of simplicial sets Ob(LCH) < LCH. By |Theorem 1.5.10}
we have a functor

Ob(LCH) x J ULCH x {1} 22050

Cat,,.
which admits a lifting

Ob(LCH) x JULCH x {1} — Cat.,

[

LCH x J

since the vertical arrow is a categorical anodyne extension. Thus we get the desired functor
by restricting the dotted arrow to LCH x {0}. O
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Lemma 1.6.3. There exists a natural transformation fi — f, which is an equivalence when
f is proper.

Proof. By Verdier duality, it suffices to construct a natural tranformation between D fy — D f,
and show it is an equivalence when f is proper, which is the content of the second part of
the proof of [Proposition 1.5.18| O

Corollary 1.6.4. Let i : Z — X be a closed immersion. Then the functor z'!gp : 8hv(X; 8p) —
Shv(Z;8p) coincides with the one defined in [Corollary 1.4.4}

Proof. This follows immediately by the previous lemma, since any closed immersion is proper.
O

Lemma 1.6.5. Let j : U — X be an open immersion. Then we have j, 4 j* or equivalently
. .l
Jr~ g

Proof. By the proof of [Lemma 1.5.19] we have a natural equivalence Dj* ~ Dj', and thus we
may conclude. O

Remark 1.6.6. A useful consequence of|Lemma 1.6.2] [Lemma 1.6.5} [Lemma 1.6.3|and (1.5.1])
is that the functor f!e is uniquely determined by the fact that it is right adjoint to f; when
[ is proper and left adjoint to f3 when f is an open immersion.

From [Remark 1.6.6] we also see that fi behaves well with respect to tensor products in
Cocont?l.

Corollary 1.6.7. Let f : X — Y be any continuous map. Then there is a commutative
square

Shv(X;8p) ® € —— Shv(X;€)

J’f'SP@e J{f}@

Shv(Y;8p) ® € —— Shv(Y;C).

Proof. This follows immediately by [Remark 1.6.6] [Proposition 1.5.18 and [Lemma 1.5.19, O

Remark 1.6.8. Let j : U — X be the inclusion of any open subset with compact closure.
Then a simple computation involving and the closure of U shows that, for any
sheaf F' on X, one has

DU; F) ~T(X;5.J°F).

Since U has compact closure, any closed subset of U can be written as the intersection of U
with some compact subset of X, and thus we obtain

(X5 F) = lim Dyni(Us F)
KCX

~ lim I's(U; F),
SCU

where the last colimit ranges over all closed subsets of U.

Proposition 1.6.9 (Base change). For every given pullback square

x I x

g’J{ - lg
vy L,y
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of topological spaces, there is a natural equivalence

frg=gf”
and, by transposition, also
| |
9 fe=fig"
Proof. First of all we observe that, since all functors appearing are colimit preserving, by
[Corollary 1.6.7]it suffices to prove the proposition in the case of sheaves of spectra.

By it suffices to prove the statement in the separate cases when g is an open
immersion or a proper map. The open immersion case follows immediately by [Lemma 1.6.5
and [Lemma 1.3.25 while the proper case follows by [Hai2ll Corollary 3.2]. For the reader’s
convenience, let us briefly summarize the strategy of [Hai21].

By [Lur09, Corollary 7.3.1.18] we know that the statement of the theorem is true for
sheaves of spaces. Since 8p is compactly generated, by [Proposition 1.2.16| we

Shv(X; 8p) ~ Fun,(Sp°?, Shv(X))
~ Funye, ((8p*)°P, Shv(X))
where 8p“ denotes the full subcatgory of Sp spanned by all compact objects. One checks

easily that, for any continuous map h : W — T of topological spaces, there is a commutative
square

Shv(W;8p) —— Funye, ((8p*)°P, Shv(W))

|ne |

8hv(T;8p) —— Funye, ((Sp*)°P, Shv(T)),

where the right hand vertical square denotes a post-composition with the pushforward h$ of
sheaves of spaces. Reasoning analogously to we see that the functor

Funge, ((Sp*)", =)

preserves adjunctions between left exact functors, and so we get a similar commutative square
involving the pullbacks hgp and hg. Hence, we obtain base change for spectral sheaves by
applying Fun,((8p¥)°P, —) to Lurie’s nonabelian proper base change in [Lur(9, Corollary
7.3.1.18]. 0

Remark 1.6.10. It follows from [Remark 1.2.17|and the definition of the tensor (|1.2.27]) that

for any topological space X and any bicomplete stable co-category €, Shv(X;C) is tensored
over 8hv(X;8p). When there is no possibility of confusion we will denote by F'® G the image
through the canonical variablewise colimit preserving functor

Shv(X;C) x 8hv(X;8p) — Shv(X;C)

of a pair (F,G), and, when G € 8hv(X;8p) by Hom (G, F') the image of any F' € Shv(X;C)
through the right adjoint of — ® G.

Let f: X — X" and g : Y — Y’ be morphisms of topological spaces, and let f x g :
X xY — X’ x Y’ be the induced map on the products. For any two stable bicomplete
oo-categories € and D, the variable-wise colimit preserving functor

S8hv(X;€) x Shv(Y; D) ELEN Shv(X’; €) x Shv(Y"; D) —= Shv(X' x Y';8p) @ (€ @ D)
induces a functor

fiKg:8hv(X xY;8p) ® (C® D) — Shv(X' x Y';8p) ® (E® D).
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Proposition 1.6.11 (Kiinneth formula). We have a natural equivalence

filkg = (f xg).

Notice that, since X and Y are locally compact, fiK g is the image of the pair (fi, g1) through
the bifunctor given by the tensor product of cocomplete co-categories.

Proof. By the factorization , it will suffice to prove the statement when both f, g and
f X g are either open immersions or proper maps. By uniqueness of adjoints and [Remark 1.2.2]
both cases will then follow by [Proposition 1.2.30, More precisely, in the open immersions
case we use that fi X g1 is left adjoint to f* X ¢g*, while in the proper case we use that
i g is right adjoint to f* X g*, and by |Proposition 1.2.30| we always have an equivalence

frRg"~(f xg). O

Proposition 1.6.12 (Projection formula). Let f : X — Y be a morphism of topological
spaces, and let € and D be two stable and bicomplete oo-categories. Then, for any F €
Shv(X;€) and G, H € 8hv(Y; D), we have a canonical equivalence

[F @G~ fi(F® f*G)

or, when € = D has a closed symmetric monoidal structure, by transposition
f«Hom, (F, f'G) ~ Hom, (fiF,G)

and
f'Hom, (G, H) ~ Hom, (f*G, f H).

Proof. Exactly as for the [Corollary 1.3.26] one may deduce this result from [Proposition 1.6.9|
and [Proposition 1.6.11] applied to (f x idy ). O

Corollary 1.6.13. Let k£ : Z — X be the inclusion of a locally closed subset of X, F' €
Shv(X;C) with C stable and bicomplete. Let D be another stable bicomplete co-category,
M € D any object. Then we have a canonical equivalence

kE*(F@ M) ~F® My.
Moreover, when € has a closed symmetric monoidal structure, we have
klk*F ~F®ecly

or equivalently
k.k'F ~ Hom, (14, F),

where 1 and is the monoidal unit of C.
Proof. This is an immediate consequence of Proposition ((1.6.12)) and Corollary (1.2.31f). [
Corollary 1.6.14. For every given pullback square

x Ix

g’J{ - lg
A e
of topological spaces where f and f’ are shape submersions, there is a natural equivalence
9fi =~ fig
or equivalently

fl*g! ~ g/!f*-
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Proof. First of all we construct a natural transformation. Applying g; to the unit of the
adjunction f; - f* and using base change we obtain

g = af"fi~frafi

and hence by transposition the desired transformation. By factorization (|1.5.1)) and [Corol|
we are only left to prove the case of a pullback square

X xy 4 v oy

_
ax idyll Ja xidy

yr— Iy

where X is compact and a : X — * is the unique map, but this follows by [Proposition 1.6.11]
and by the functoriality of the tensor product of cocomplete co-categories as follows

(a xidy)i(idx x f) = (ar ® (idy)r)((idx )z ® f3)
~ ay fy
~ ((ids)gar) ® (fy(idy))
~ ((id)g ® fp)(a@r @ (idy+ )1).

O

Remark 1.6.15. Using (|1.5.2), [Lemma 1.3.25| |Corollary 1.3.26] [Corollary 1.5.20] |Proposi-|
ftion 1.6.9} [Proposition 1.6.12} [Corollary 1.6.14) and [Man22, Proposition A.5.10], one sees
that the functor

LCH®® ———— Cat,,
X —— Shv(X;0C)
(f: X =Y)—— [

defines a six functor formalism in the sense of [Man22 Definition A.5.9].

1.6.2 f, when f is a locally contractible geometric morphism

Let f: X — Y be a continuous map inducing an essential geometric morphism (see
tion 1.3.12). In particular, we have an adjunction fy 4 f* for €°P-valued sheaves, and thus,
after passing to opposite categories and applying [Theorem 1.5.10] we get an adjunction

f!
/\
Shv(Y;€) 1L 8hv(X;C).

kf/

We now want to show that, in the special case when f induces a locally contractible geometric
morphism (see [Definition 1.3.12)), one the exceptional pullaback coincides with the usual
pullback up to a twist. In this way, we will vastly generalize the classical formula relating
the f' and f* when f is a topological submersion.

Proposition 1.6.16. Let f : X — Y be a continuous map inducing a locally contractible
geometric morphism, and let € and D be two stable and bicomplete oco-categories. Then, for
any F' € Shv(Y;€C) and G € Shv(Y; D), we have a natural equivalence

foF @ [5G = foon(F @ G)
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of functors Shv(X;€) x Shv(Y;D) — Shv(X x Y;C® D). Equivalently, when € = D has a
closed symmetric monoidal structure, a canonical equivalence for any K € Shv(X;C)

Hom, (F, f,K) — f.Hom,(f'F, K).
Proof. For any F' € 8hv(Y;C), G € Shv(Y;D) and H € 8hv(Y;C® D), we have the map

comit  G: fiff FRG = F®G

which by adjunction and [Proposition 1.6.12] gives the desired natural transformation

FOef (=)= fl-o-)

Since all functors appearing are cocontinuous, by [Remark 1.6.10| it suffices to prove the
invertibility of the map when € = D = 8p, and after evaluation on pairs of the type (F,Sy),
where F' € 8hv(Y;8p), S denotes the sphere spectrum, and j : U < Y is an open subset.
Keeping the same notations ad in we see that by [Theorem 1.5.10| we have an
equivalence

feit = (F (e
Thus, we get

FF) ® f*(Su) ~ f1(Sy) ®Sy-1p
~ Ji(f)'5*(F)
~ f5*(F)
~ f{(F @ Sy),

where the second equivalence follows by |Corollary 1.6.13| and [Lemma 1.6.5] the third by
and the fourth again by [Corollary 1.6.13] [

Remark 1.6.17. We thank Marc Hoyois for pointing out that a result similar to

tion 1.6.16|can be found in [Ver65, Section 5|. By adapting our proof of [Corollary 1.3.26, one
can actually deduce the theorem in [Ver65|] from [Proposition 1.6.16]

Proposition 1.6.18. Let f : X — Y be a topological submersion of fiber dimension n, € be
any stable bicomplete co-category. Then:

(i) if f is a trivial submersion, then there is a canonical equivalence
f! ~ an*’
(ii) f' preseves locally constant sheaves;

(iii) for all F' € Shv(Y;C) there is a canonical equivalence
fSy®fF~fF
or equivalently by adjunction, for every G € Shv(X;C)

fiG ~ [i(G® f'Sy).
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Proof. Since f* preserves locally constant sheaves, we see that (ii) follows from (i). Hence,
we now prove (i). By assumption, f is a projection p : X xR™ — X. By|Proposition 1.6.16} it
suffices to show that p'Syx ~ XSy, gn. Since p induces a locally contractible geometric mor-
phism, we have that p' preserves colimits. Hence, by [Proposition 1.6.11| and the uniqueness
of adjoints, we may assume that p is the unique map a : R™ — x.

We first show that p'M is locally constant for each M € 8p. By a standard argument
(see [Hai20, Proposition 3.1] or [Proposition 2.5.13)) it suffices to show that for any U C R"
euclidean chart, the restriction

D(R";p'M) — T(U;p'M)
is an equivalence. By adjunction, we know that for any open V there is an equivalence
D(V;p'M) ~ Hom, (T.(V;Sxn), M).
Thus, it will suffice to prove that the canonical map
L. (U;Sgn) — To(R™; Sgn)

is invertible. Since any compact subset of a vector space is contained in some compact closed
ball, it suffices to show that, for any K compact closed ball in U, the map

is invertible. But this follows by homotopy invariance of the shape, since the inclusion
U\ K — R"\ K is a homotopy equivalence. In particular, we also see that the canonical
map

oy (R;Sg) — T'.(R; Sg)

is an equivalence.

To conclude the proof of (ii) it suffices to check that the global sections of p'M are
equivalent to X"M. We start with the case n = 1. Arguing as above, this amounts to
proving that we have an equivalence

By |Corollary 1.3.4] we may identify I', (R;Sz) with the fiber of the diagonal map

I'(R;Sgp) — T'(R; Sg) & I'(R; Sp).

It is then a straightforward exercise in pasting pushouts to verify that, for any object A of a
stable co-category, the fiber of the diagonal map is equivalent to QA. For n > 1, we see that
by |Proposition 1.6.11| we have

T.(R";Sen) ~ T, (R;Sp) ® - - - @ T (R; Sg),

and thus what we wanted.

To conclude, we observe that (iii) follows by |[Proposition 1.6.16| and the fact that any
locally constant sheaf whose stalks are invertible spectra is an invertible object with respect
to the smash product of sheaves of spectra. O
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1.7 Relative Atiyah Duality

Recall that, if X is a compact smooth manifold, then the Atiyah duality states that XX
is strongly dual to the Thom spectrum associated to the virtual vector bundle given by the
inverse of the tangent bundle of X, which is denoted by Th(—7'X). In this setion we will
revisit Atiyah duality using the six functor formalism, in the spirit of motivic homotopy
theory.

By what we have achieved up to now, we can see very easily that whenever f : X — Y
is a proper map inducing a locally contractible geometric morphism, f;(Sy) € Shv(Y’;8p)
is strongly dualizable with dual fi(Sx). The question is then about identifying fi(Sx) with
some sheaf theoretic construction reminiscent of Thom spectra, at least in more geometric
situations (e.g. when X and Y are manifolds). We will provide a natural trasformation

Th : Vect(X) — Pic(8hv(X;8p))

where the left-hand side denotes the co-groupoid of real vector bundles over X, the right-hand
side is the co-groupoid of invertible sheaves of spectra, and X ranges through all paracompact
Hausdorff spaces. By observing that the left-hand side is a constant sheaf on the site of
all paracompact Hausdorff spaces, the natural transformation above will automatically be
induced by a functor

Vect(x) — Pic(Shv(X;8p))

given by one-point compactification. After that, we will show that for any vector bundle
E, Th(FE) can be described through six operations analogously to the definition in motivic
homotopy theory. The advantage of our perspective on the definition of Th(F) is that it
makes the verification of all its expected properties, such as compatibility with pulling back
vector bundles or short exact sequences, essentially trivial. We will then conclude the section
by showing that for a submersion f between smooth manifolds, there is an equivalence

f!(Sy) =~ Th(-Ty)

and hence obtaining a generalization of Atiyah duality.

1.7.1 Thom spaces and the J-homomorphism

Let Vect be the co-groupoid obtained by taking the coherent nerve of the topological groupoid
whose objects are finite dimensional real vector spaces, and morphisms are spaces of linear
isomorphisms between. Here we consider GL,(R) equipped with the usual topology of a
manifold (or equivalently the compact-open topology). As usual, one may equip Vect with
a symmetric monoidal structure given by sum, and hence we may regard it as an object of

CMon(8). Notice that we have an homotopy equivalence Vectg ~ [[ BGL,(R).
neN
Let PH be the category of paracompact Hausdorff spaces with continuous maps between

them. Throughout this section, we will assume all topological spaces appearing to be in
PH. Recall also that PH can be equipped with a Grothendieck topology with the usual open
coverings. Let U be a universe such that PH is U-small, and denote by 8’ the oo-category of
U-small spaces. Hence, the inclusion of Shv(PH;8’) < Fun(PHP,§8’) admits a left adjoint.

Definition 1.7.1. We denote by
Vectpy : PH® — CMon(§)

the sheafification of the constant presheaf with value Vect.
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The next lemma will justify our choice of notation.

Lemma 1.7.2. There have an equivalence
Vectpp (X) ~ Sing(Map(X, |Vect|)),

which is natural on X € PH, and Map denotes the mapping space equipped with the compact-
open topology. In particular, mo(Vectp (X)) is in bijection with the set of equivalence classes
of real vector bundles over X.

Proof. This is a consequence of [Lur09, Theorem 7.1.0.1]. The last part of the statement is
standard: see for example [Hat17, Theorem 1.16]. O

Consider the map
GL,(R) — Homs, (S",S™) ~ Q"S"

given by the functoriality of the one-point compactification. The restriction of the map above
to O,, is what’s known as the J-homomorphism. We thus obtain a functor

Vect — 8

that at the level of objects sends a finite dimensional real vector space V to its one-point
compactification V. Moreover, this is easily seen to be symmetric monoidal, where the right
hand side is equipped with the smash product. By post composing with X, we get

Vect — 8p~
and since V is homoemorphic to a sphere, this factors as
Vect — Pic(8Sp),

where Pic(8p) is the Picard oo-groupoid of 8p, i.e. the full subcategory of Sp~ spanned by
the objects which are invertible with respect to the smash product of spectra.

Let f : X — Y be any map of topological spaces. Since the pullback functor f* :
Shv(Y;8p) — Shv(X;8p) is monoidal, we obtain consequently a functor

PH® ——— CMon(8)
X 5 Pic(Shv(X; 8p))

whose global sections are Pic(Shv(x;8p)) ~ Pic(8p). Since taking spectrum objects and
Picard oo-groupoids both commute with limits, such functor is a sheaf. Thus,
yields a map

(1.7.3) Th : Vectpy — Pic(Shv(—;8p)).
in Shv(PH; CMon(§)).

Definition 1.7.4. For each vector bundle E — X, we define Th(E) to be the image of
through the morphism (|1.7.3)).

Remark 1.7.5. Denote by CMon??(8) the full subcategory of CMon(8) spanned by those
commutative monoids M such that mo(M) is a group. The inclusion CMon?(§) < CMon(8)
admits a left adjoint, denoted by (—)9, which is called the group completion. Since

mo(Pic(Shv(X; Sp)))
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is a group, for any X € PH we obtain a morphism
Vectpr(X)% — Pic(8hv(X;8p)).

In particular we see that, for any vector bundle £ — X it makes sense to define Th(—FE) as the
tensor inverse of Th(E), where —E denotes the inverse of the class of E in mo(Vectpy(X))9P.
Moreover, for any split exact sequence

0>FE—>V-oSE =0

we get an equivalence
Th(V) ~ Th(E) @ Th(E').

Out next goal is to describe Th(E) in terms of the six operations. Let p : E — X be a
real vector bundle over X, and denote by s : X — E its zero section and by j : E* < FE its
open complement. Consider the sheaf

pgeofib(jyj*Sp — Sg) € Shv(X;8p)

where the morphism j3j*Sp — Sg is the counit. Notice that p; exists since any vector bundle
is obviously a shape submersion, so indeed the definition above makes sense. Notice also

that, using [Theorem 1.4.6 one has pycofib(jyj*Sy — Sp) ~ pysiSx.
We will need the following lemma.

Lemma 1.7.6. Let
X — X

L)

Y —— Y

be any pullback square of locally compact Hausdorff spaces. Then the corresponding diagram

Shv(X') — Shv(X)

| |

Shv(Y') —— Shv(Y)
is a pullback of oco-topoi.

Proof. Using the factorization (|1.5.1]), we just need to prove seperately the case of an open
immersion and a proper map. The first is treated in [Lur09, Remark 6.3.5.8], while the second
follows by the proof of [Lur09, Corollary 7.3.1.18]. O

Proposition 1.7.7. The assignment E — pycofib(j3j*Sp — Sp) € Shv(X;8p) defines a
natural transformation
Vectpy — Pic(Shv(—;8p))

which is naturally equivalent to (|1.7.3)).

Proof. First of all, we show that the Thom spectrum induces a natural transformation
(1.7.8) Vectpy — Shv(—; 8p)

of presheaves of oco-categories. Let p : E — X be a vector bundle, p* : E* — X be
the induced map on the complement of the zero section. Since one can write Th(E) as
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coﬁb(pﬁX Spx — pySg), it will suffice to show that the associations E — pySy and E — pﬁX Spx
induce natural transformations. Consider a pullback square in Top

rE-L ., E

p’J{ - J’p
x L x

where p is a vector bundle. By

Shv(f*E) — Shv(E)

/| I

Shv(X') —L— Shv(X)

is a pullback square in Top. Similarly one has that the square

Shv(f*EX) — 5 Shv(EX)

v I

Shv(X') —I 5 Shv(X)

is a pullback. Hence we have two natural transformations
Vectpg — ‘.Top/ShV(,)

given respectively by sending a vector bundle £ — X to Shv(F) — Shv(X) and to Shv(E*) —

Shv(X), and thus, by further composing with the relative shape, by [Remark 1.3.7| we obtain
lax natural transformations

Vectpy — Pro(Shv(—))

which factors as
VeCtpH — ShV(—)

since any shape submersion induces a locally contractible geometric morphism by
lary 1.3.26, Furthermore, by [Lemma 1.3.25( and [Hau20, Theorem 3.22], we see that these
are actually natural transformations, and thus, composing with

Shv(—) — Shv(—;8p)

we get the natural transformation (|1.7.8]).

We now prove that is symmetric monoidal and that it factors through Pic(8hv(—; 8p)).
Since Vectpy is the constant sheaf associated to Vect, for any sheaf F' € Shv(PH; CMon(8)),
we have a commutative diagram

Hom (Vectpy, Pic(F)) —=— Homcy,n (Vect, Pic(F(x)))

| |

Hom (Vectpy, F) ————— Homcy,, (Vect, F(x))

l l

Hom (Vectpy, ) ————— Homg(Vect, F'(x))

where the horizontal arrows are induced by taking global sections, the upper vertical arrows
by the natural transformation Pic(F) — F' and the lower vertical arrows by the forgetful
functor CMon — 8. By [Corollary 1.7.9| we know that, after taking global sections,
factors through Pic(Sp), and thus we may conclude by a simple diagram chase. O
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Corollary 1.7.9. Assume that X is essential. Then, for any vector bundle E over X,
a;Th(E) is equivalent to the Thom spectrum of E as classically defined.

Proof. Let b : E — % and ¢ : EX — % be the unique maps. By |Corollary 1.3.19, we have
equivalences

aﬁTh(E) ad bﬁCOﬁb(jﬁj*SE — SE)
~ cofib(csSpx — bySg)
~ cofib(XTE* — XTE)

and the spectrum on the last line coincides with the usual Thom spectum of E. O

Corollary 1.7.10. Let p: E — X be a real vector bundle over X, and denote s : X — E
its zero section. Then Th(E) is invertible with inverse given by s'Sp.

Proof. By definition, we already know that Th(F) is invertible, and thus to compute its
inverse we just need to look at its dual Hom, (Th(F),Sx). Then we may conclude by
[[ary 1.3.26| and [Proposition 1.6.12] since

Hom, (pss1Sx, Sx) ~ p.Hom,(s1Sx,Sg)
:p*s*s!SE

1
~ $'Sg.

1.7.2 Relative Atiyah duality

Theorem 1.7.11. Let f : X — Y be a submersion between smooth manifolds. Then we
have an equivalence f'Sy ~ Th(T}), where T} is the relative tangent bundle of f, defined by
the short exact sequence of vector bundles

(1.7.12) 0Ty =TX — f*TY — 0.

Proof. First of all we prove the case when f is the unique map a : X — % and X is a smooth
manifold. Choose a closed embedding i : X < R™, and let a’ : R™” — % be the unique map.
By [Proposition 1.6.18] we have a'S ~ %"Spn and thus, since TR” is a trivial vector bundle
of fiber dimension n, we have Th(TR") ~ %"Sgn ~ a”'S. Let p : N; — X be the conormal

bundle of the embedding i, defined by the short exact sequence

(1.7.13) 0—-TX —i"TR" - N; — 0,

s: X < N; its zero section. Let k : U < N; be a tubular neighbourhood of X in R™. Thus,
we get a commutative triangle

N

U——>"— > R"
where ¢ is an open immersion and § is a closed immersion. Hence we get an equivalence

.| ~!
7Sen ~ §'Sy.
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Then, by [Proposition 1.6.18/ and (|1.7.13)) we have

a'S ~ a'i'S
~ a"'S @ i*Th(TR™)
~ Th(N;)~! ® Th(i*TR"™)
~ Th(TX).

Suppose now that f: X — Y is any submersion between smooth manifolds, a : X — * and
b:Y — x be the unique maps. Then, by [Proposition 1.6.18 and [Remark 1.7.5] we have

Th(T}) ~ Th(TX) ® Th(f*TY)™*
~a'S® (f*b'S)™!
~a'S® (f'4'S) '@ f'Sy
~ f'Sy

and thus we can conclude. O

Corollary 1.7.14 (Relative Atiyah Duality). Let f : X — Y be a proper map inducing a
locally contractible geometric morphism. Then f;Sy € 8hv(Y';8p) is strongly dualizable with
dual fiSx. Moreover, if X and Y are smooth manifolds and f is a proper submersion, then
f¢Sx is strongly dualizable with dual fyTh(—7%).

Proof. Since f is proper, by [Corollary 1.3.26|and [Proposition 1.6.12], we have, functorially on
F € 8hv(Y;8p)

Hom, (f;Sx, F') ~ f.Hom  (Sx, f*F)
~ fof*F
~ fif*F
~ f!SX ® F.

In particular, when f is a submersion of smooth manifolds, by [Proposition 1.6.18| and the
previous theorem, we have fiSy ~ fyTh(—Tj%). O

Remark 1.7.15. Let X be a smooth manifold, a : X — * the unique map. By specializing
the previous corollary to a and [Corollary 1.7.9] we see that we recover the classical Atiyah
duality.
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Chapter 2

Verdier duality on conically smooth
stratified spaces

2.1 Introduction

Constructible sheaves are of great interest both in algebraic and differential geometry, as they
provide tools to study invariants for singular spaces (such as intersection cohomology, follow-
ing the approach of [BBDGIS]|) and have surprising and beautiful relations with D-modules
(see [Kas84]). A fundamental feature of constructible sheaves is that, assuming a certain
kind of finiteness properties on the stalks and considering nicely behaved stratifications, they
carry a duality (sometimes referred to as Verdier duality) which enables one, through abstract
trace methods, to associate to any such sheaf a class in Borel-Moore homology. One of the
interests of these classes is that they can be related to Euler characteristics via routine com-
putations with the six functor formalism (see [KS90, Chapter 9] for a discussion on classical
index formulas and their microlocal enhancements).

As far the author knows, it was an idea of MacPherson that the duality should actually
be thought of as a combination of two different equivalences of categories. The former,
given by the usual construction of sections with compact support, was expected to identify
constructible sheaves with constructible cosheaves (without constructibility assumptions, this
was proven by Lurie in [Lurl7, Theorem 5.5.5.1], and there named after Verdier); the latter
maps back contravariantly construtible cosheaves to sheaves, and obtained using a foreseen
combinatorial description of constructible (co)sheaves, similar in spirit to the monodromy
for local systems, which is nowadays referred to as ezodromy (see [Lurl7, Theorem A.9.3],
[BGHIS]). In this chapter we make use of the language of oo-categories to realize the vision
of MacPherson and prove the expected duality result in a very general setting.

Let us spend a few words to specify more precisely the framework in which we are working.
Relying on the theory developed in the first chapter, we will be able to deal with sheaves
valued in any stable bicomplete co-category C, equipped with a closed symmetric monoidal
structure. The machinery of six functors developed in the first chapter supplies us with a
dualizing sheaf wgf( for any € as above and X locally compact Hausdorff stratified space. Our
duality functor will thus be defined as usual by taking an internal-hom into wgf{, and denoted
by D%.

Following the nomenclature of [BGHIS|, we will define a sheaf with values in € to be
formally constructible{ﬂ if its restriction to each stratum is locally constant, and constructible
if furthermore all its stalks are dualizable. Similar definitions can be given for C-valued

'Notice that we will only deal with sheaves which are constructible with respect to a fixed stratification,
as opposed to [KS90, Chapter 8], for example.
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cosheaves by observing that, up to passing to an opposite category, these are just C°P-valued
sheaves. The requirement of dualizability for stalks is really unavoidable mainly because,
when X has a unique point, we see that wg( is the monoidal unit of €, and thus the duality
functor coincides with the one coming from the monoidal structure on €. Moreover it is
also extremely reasonable, since if € = D(R) where R is a ring (or more generally, modules
over any E.o-ring spectrum), it is well-known that a complex is dualizable if and only if it is
perfect, and hence our assumptions allow us to recover the classical setting as a special case.

For the geometric side of the story, we will consider conically smooth stratified spaces.
These were introduced by Ayala, Francis and Tanaka in [AFTI7], and provide a natural
extension of C°-structures in the stratified/singular setting. The definition of conically
smooth atlases is rather involved, as it relies on a elaborate inductive construction based on
the depthE| of a stratification. We suggest the reader to have a look at the introduction of
[AFTI7] or alternatively, to have a look at the short outilne of the main steps to build up
the construction that we provide in section 2. To convince the reader of the soundness of
this definition, we will also provide a vast class of examples of conically smooth spaces via
the following theorem, that was proven in collaboration with Guglielmo Nocera.

Theorem 2.1.1. Any Whitney stratified space admits a conically smooth structure.
We are now ready to give a precise statement of our duality theorem.

Theorem 2.1.2. Let X be a conically smooth stratified space, and let Shv’(X;C) be the
full subcategory of Shv(X;C) spanned by constructible sheaves. Then the restriction to
8hv®(X; C)° of the functor D% factors through an equivalence

D% : 8hv(X;€)? —=— Shv®(X;C).

To conclude this introduction, let us make a short comment on how our proof strategy
goes. Our first observation, as anticipated above, is that the functor Dg'( factors through
Lurie’s equivalence

De : Shv(X;€C) — CoShv(X;C),

and most of the work then lies in proving that the restriction of De to constructible sheaves
factors through constructible cosheaves. We first show in |Proposition 2.6.1| that w% is con-
structible when € = Sp (the oco-category of spectra), and from the techniques developed in
the first chapter we deduce immediately that

ap : € — Shv(X; )

factors through formally constructible sheaves. As a consequence of this and some easy
properties of constructible sheaves that follow from homotopy invariance (see,
one gets that De maps formally constructible sheaves into formally constructible cosheaves.
We want to stress that the possibility of working with such a general class of coefficients,
which is closed under passing to opposite categories, makes this step extremely formal.

The missing piece then consists in showing that De preserves the property of having
dualizable stalks, and this is the point where we will actually have to employ the geometry of
conically smooth structures. More specifically, we will use the unzip constuction to prove in

2Recall that, for a stratified space s : X — P, the depth is defined as

depth(X) = sup dim, (X) — dime (X)),
rzeX

where dim denotes the covering dimension and X,(,) is the stratum of X corresponding to s(z) € P.
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[Proposition 2.4.15| through an inductive argument on the depth, that any compact stratified
space equipped with a conically smooth structure has a finite exit path co-category. The key
observation then is that, if X = C(Z) with Z compact, € X is the cone point and F' is any
constructible sheaf on X, then there is a fiber sequence

(2.1.3) I.(X:F)— F, - T\(Z;F),

where I',(X; F') denotes the sections of F' supported at x (i.e. the stalk of the associated
cosheaf of compactly supported sections of F') and Fy, is the stalk of F' at . By
and the exodromy equivalence (which will be show to hold also for our general
class of coefficients in [Theorem 2.5.16]), one gets that I'(Z; F') must be dualizable, and thus
F, is dualizable if and only if I',(X; F') is, which proves our claim.

2.1.1 Linear overview

We now give a linear overview of the results in this chapter.

In section 2 we recall the definitions of stratified spaces, Whitney conditions and conically
smooth structures. The reader who knows already about all this may directly skip the section.

In Section 3 we prove that any Whitney stratified space admits a conically smooth struc-
ture. We will first recall how to get conical charts using compatible systems of tubular
neighbourhood following [Mat70] and [Mat73], and then check that these charts satisy the
compatibility conditions required for conically smooth atlases in

Section 4 is mainly devoted to prove [Proposition 2.4.15l In the first part we will recall
the definition of a finite co-category, and show how these can be described in the model of
quasi-categories. None of these results or definitions are new, but we decided to include a few
words on the subject since we could not find any reference dealing with it in our preferred
fashion. In the second part we recall Lurie’s definition of the simplicial set of exit-paths of
a stratified topological space, and show in how one can conveniently compute
the exit-paths of the cone of a proper stratified fiber bundle L — X in terms of L and X.
The main idea for proving [Proposition 2.4.15| is then to cover a conically smooth stratified
space X into the open subset U given by the locus of points of depth zero and a tubular
neighbourhood of the complement of U. By induction and one is then left to
show that Exit (U) is finite, but this follows by observing that, through the unzip construction,
U can be identified with the interior of compact manifold with corners.

In Section 5 we deal with extending the results of [HPT20] to sheaves values in stable
bicomplete oco-categories. This is very simple and formal, after one has the six operations. As
a consequence, we show in [Corollary 2.5.6| that the stalk at a point x of a constructible sheaf
is the same as sections at any conical chart around z, and compute in [Corollary 2.5.9| the
restriction of a construtible sheaf along a stratum in a convenient way. These two results are
essential and are used very often in what follows (for example, the first implies immediately
the existence of (2.1.3)). In the second part we will then characterize constructible sheaves
by the property of being homotopy invariant (see [Proposition 2.5.13), and use this to deduce
exodromy for conically smooth spaces with general stable bicomplete coefficients.

Section 6 deals with proving our main result. We start by showing, through an inductive
argument on the depth, that wg( is constructible whenever X is C-stratified. We first reduce
to proving the statement in the case € = Sp by employing the techniques developed in the
first chapter, and then the only non-trivial part consists in showing that, when X = C(Z),
the stalk of the dualizing sheaf at the cone-point is a finite spectrum. We then conclude by

proving As explained at the beginning of the introduction, our argument
starts by observing that the duality functor factors through Lurie’s Verdier duality, and
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the hard part then consists in showing that the latter restricts to an equivalence between
constructible (co)sheaves, for which we have to implement all the results obtained previously.

2.2 Background on stratified spaces

In the present section, we recall notations and results from the theory of Whitney stratifica-
tions and of conically smooth stratifications.

2.2.1 Whitney stratifications (Thom, Mather)

For our review of the theory of Whitney stratifications, we follow [Mat70], with minimal
changes made in order to connect the classical terminology to the one used in [AFT17].

Definition 2.2.1. Let M be a smooth manifold, and Z C M a subset. A smooth strat-
ification of Z is a partition of Z into subsets {Z,}qca, such that each Z, is a smooth
submanifold of M. More generally, if M is a C*-manifold, then a C* stratification of a
subset Z of M is a partition of Z into C*-submanifolds of M.

Remark 2.2.2. In particular, all strata of a smoothly stratified space Z C M are locally
closed subspaces of Z.

Definition 2.2.3 (Whitney’s Condition B in R™). Let X,Y be smooth submanifolds of R,
and let y € Y be a point. The pair (X,Y) is said to satisfy Whitney’s Condition B
at y if the following holds. Let (z;) C X be a sequence converging to y, and (y;) C Y be
another sequence converging to y. Suppose that T, X converges to some vector space 7 in the
r-Grassmannian of R™ and that the lines z;y; converge to some line [ in the 1-Grassmannian
(projective space) of R™. Then | C 7.

Definition 2.2.4 (Whitney’s condition B). Let X,Y be smooth submanifolds of a smooth
n-dimensional manifold M, and y € Y. The pair (X, Y) is said to satisfy Whitney’s Condition
B at y if there exist a chart of M ¢ : U — R™ around y such that (¢(U N X),o(UNY))
satisfies Whitney’s Condition B at ¢(y).

Recall (e.g. from [Pfl01l Lemma 1.4.4]) that Whitney’s Condition B is invariant under
change of charts, and therefore [Definition 2.2.4is well-posed.

Definition 2.2.5 (Whitney stratification). Let M be a smooth manifold of dimension n. A
smooth stratification (Z,S) on a subset Z of M is said to satisfy the Whitney conditions if

e (local finiteness) each point has a neighbourhood intersecting only a finite number of
strata;

e (condition of the frontier) if Y is a stratum of S, consider its closure Y in M. Then we
require that (Y \ Y) N Z is a union of strata, or equivalently that S € S,SNY # & =
ScY:

e (Whitney’s condition B) Any pair of strata of S satisfies Whitney’s condition B when
seen as smooth submanifolds of M.

Case (1). We define the ne Given two strata of a Whitney stratification X and Y, we say
that X <Y if X C Y. This is a partial order on S.

A feature of Whitney stratified spaces, perhaps not very evident from the definition, is
the existence of compatible tubular neighbourhoods around strata, in a sense that we will
now recall. We refer to [Mat70, Section 6] for more details.
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Definition 2.2.6. Let M be a manifold and X C M be a submanifold. A tubular neigh-
borhood T of X in M is a triple (E,¢,¢), where 7 : E — X is a vector bundle with
an inner product (,), € is a positive smooth function on X, and ¢ is a diffeomorphism of
B. ={e € E| (e,e) < e(m(e))} onto an open subset of M, which commutes with the zero

section ( of E:
B
| \’5/‘

X —— M.

From [Mat73l, Corollary 6.4] we obtain that any stratum W of a Whitney stratified space
(M,S) has a tubular neighbourhood, which we denote by (T ,ew); the relationship with
the previous notation is the following: Ty is ¢(B;) N M (recall that a priori ¢(B.;) C M, the
ambient manifold). We also denote by p the tubular (or distance) function

TW — RZO

v = (v,v)

with the notation as in [Definition 2.2.6, Note that p(v) < e(m(v)).

A final important feature of the tubular neighbourhoods of strata constructed in Mather’s
proof is that they satisfy the so-called “control conditions” or “commutation relations”.
Namely, consider two strata X < Y of a Whitney stratified space M. Then, if Tx and
Ty are the tubular neighbourhoods relative to X and Y as constructed by Mather, one has
that

TyTxX = Ty
PXTYy = PX-

We explain the situation with an example.

Example 2.2.7. Let M be the real plane R? and S the stratification given by
X ={(0,0)}

V ={z=0}\{(0,0)}
Z=M\{z =0}

We take R? itself as the ambient manifold. Then Mather’s construction of the tubular neigh-
bourhoods associated to the strata gives a result like in Here the circle is T,
and the circular segment is a portion of Ty around a point of Y. We can see here that Ty is
not a “rectangle” around the vertical line, as one could imagine at first thought, because the
control conditions impose that the distance of a point in Ty from the origin of the plane is
the same as the distance of its “projection” to Y from the origin.

Keeping this example in mind (together with its upper-dimensional variants) for the rest
of the treatment may be a great help for the visualization of the arguments used in our proofs.

The notion of having a compatible system of tubular neighbourhoods around strata is
axiomatized in the definition of abstract stratified set ([Mat70, Definition 8.1]. Roughly, this
consists of a triple (V,;S,Z) where V is a locally compact Hausdorff topological space, S is
a partition of V into locally closed subsets (called strata) each equipped “abstractly” with
a smooth structure, and Z is a collection of neighbourhoods around each stratum with some
structure abstractly axiomatizing the notion of “tubular” neighbourhood.
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Figure 2.1: Tubular neighbourhoods in (R?, (X,Y, Z)).

Definition 2.2.8. Let (V. S,Z) be an abstract stratified set. If P is a smooth manifold and
f 'V — P is a continuous mapping, we will say that f is a controlled submersion if the
following conditions are satisfied.

e flx : X — P is a smooth submersion for each stratum X of V.

e For any stratum X, there is a neighborhood T'xs of X in T'x such that f(v) = frx(v)
for all v € T'x/.

The following result follows from [Mat70l, Proposition 7.1].

Proposition 2.2.9. Let (M,S) be a Whitney stratified space. Then it admits a canonical
structure of abstract stratified set (up to equivalence of abstract stratified sets, see again
[Mat70, Definition 8.1}).

Conversely, we have:

Theorem 2.2.10 ([Nat80, Theorem on page 3|). Every paracompact abstract stratified set
(V,S,T) with dim V = n can be topologically embedded in R?"*! such that the image of the
embedding is a stratified space satisfying the Whitney condition, and the smooth structures
on strata coincide with the ones inherited from R?"*!. All such “realizations” as Whitney
stratified spaces in RV are isotopic if N > 2n + 2.

2.2.2 Conical and conically smooth stratifications (Lurie, Ayala-Francis-
Tanaka)

We now turn to the more recent side of the story, namely the theory of conically smooth
stratified spaces. In order to do that, we briefly recall the treatment of stratified sets given
by Jacob Lurie in |[Lurl?], which is the base of the formalism used in [AFET17].

Definition 2.2.11. Let P be a partially ordered set. The Alexandrov topology on P is
defined as follows. A subset U C P is open if it is closed upwards: if p < g and p € U then
qeU.
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With this definition, closed subsets are downward closed subsets and locally closed subsets
are “convex” subsets: p<r <gq,p,qe U =reU.

Definition 2.2.12 ([Lurl7, Definition A.5.1]). A stratification on a topological space X is a
continuous map s : X — P where P is a poset endowed with the Alexandrov topology. The
fibers of the points p € P are subspaces of X and are called the strata. We denote the fiber
at p by X, and by S the collection of these strata.

Remark 2.2.13. Note that, by continuity of s, the strata are locally closed subsets of X.
However, in this definition we do not assume any smooth structure, neither on the ambient
space nor on the strata. Furthermore, the condition of the frontier in [Definition 2.2.5| need
not hold for stratifications in the sense of [Definition 2.2.12} for example, the map R — {0, 1}
where 0 < 1 and the map is given by mapping the interval (0,1) to 1 and the rest to 0 is a
stratification in the sense of [Definition 2.2.12] but the two strata do not satisfy the condition
of the frontier.

Note however that the condition of the frontier implies that any Whitney stratified space
is stratified in the sense of [Definition 2.2.12} indeed, one obtains a map towards the poset S
defined by S < T <= S C T, which is easily seen to be continuous by the condition of the
frontier.

Definition 2.2.14. A stratified map between stratified spaces (X, P, s) and (Y, @, 1) is the
datum of a continuous map f : X — Y and an order-preserving map ¢ : P — @) making the
diagram

AN

“U<T><
O —=

_®
commute.

Definition 2.2.15. Let (Z, P, s) be a stratified topological space. We define C(Z) (as a set)

as
Z % [0,1)

{(2,0) ~ (,0)}
Its topology and stratified structure are defined in [Mat73, Definition A.5.3]. When Z is
compact, then the topology is the quotient topology. Note that the stratification of C'(Z) is
over P9, the poset obtained by adding a new initial element to P: the stratum over this new

point is the vertex of the cone, and the other strata are of the form X x (0,1), where X is a
stratum of Z.

Definition 2.2.16 ([Lurl7, Definition A.5.5]). Let (X, P, s) be a stratified space, p € P, and
xz € X,. Let P, ={q € P|q>p}. A conical chart at z is the datum of a stratified space
(Z, P~p,t), an unstratified space Y, and a P-stratified open embedding

YxC(Z) — X

.

whose image hits x. Here the stratification of Y x C'(Z) is induced by the stratification of
C(Z), namely by the maps Y x C(Z) — C(Z) — P>, — P (see |Definition 2.2.15|.
A stratified space is conically stratified if it admits a covering by conical charts.
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More precisely, the conically stratified spaces we are interested in are the so-called C°-
stratified spaces defined in [AFT17, Definition 2.1.15]. Here we recall the two important
properties of a CY-stratified space (X,s: X — P):

e every stratum X, is a topological manifold;

e there is a basis of the topology of X formed by conical charts
R x C(Z) = X

where Z is a compact C-stratified space over the relevant P.,. Note that Z will
have depth strictly less than X; this observation will be useful in order to make many
inductive arguments work.

Hence the definition of [AFT17] may be interpreted as a possible analogue of the notion
of topological manifold in the stratified setting: charts are continuous maps which establish a
stratified homeomorphism between a small open set of the stratified space and some “basic”
stratified set.

Following this point of view, one may raise the question of finding an analogue of “smooth
manifold” (or, more precisely, “smoothly differentiable structure”) in the stratified setting.
We refer to [AET1T7, Definition 3.2.21] for the definition of a conically smooth structure
(and to the whole Section 3 there for a complete understanding of the notion), which is a very
satisfying answer to this question. The definition is rather involved, as it relies essentially on
a technical inductive construction based on the depth of a stratification. We sketch the main
steps of the definition below.

Definition 2.2.17 ([AFTI7, Definition 2.4.4]). Let s : X — P be a stratified topological
space. We define

depth X = sup (dim, (X) — dim, (X)),
zeX

where dim denotes the covering dimension and X,(,) is the stratum of X corresponding to
s(z) € P.

Remark 2.2.18. Let Z be an unstratified space of Lebesgue covering dimension n. Then
the depth of the cone C'(Z) at the cone point is n + 1.

Remark 2.2.19. Note that there is an alternative natural definition of depth at a point x:
namely, the maximal k such that there exists a chain of strata of the form Xy < --- < X}, such
that x € Xy. The depth of a stratification at a point in the sense of [Definition 2.2.17]is always
greater or equal than the latter, and they coincide if and only if there is a chain of maximal
length Xy < --- < X} such that x € X; and dim X;4; =dim X; +1fori=0,...,k — 1.

The following observation will be useful for the proof of our main result.

Remark 2.2.20. Let (X, P, s) be a CY stratified space whose strata are all finite dimensional,
and suppose that depth(X, P,s) = 0. Then P is a discrete poset, i.e. for any two p,q € P
we have that p < ¢ <= p = ¢q. Indeed, by assumption, we know that for any z € X the
following formula holds:

dim, X, = dim, X
where X, is the stratum containing x. Up to taking a conical chart centered at w, this
translates into

dim, (R") = dim, ., (R" x C(Z))

ie.

n=n+dmC(Z2)

where * is the cone point of C'(Z). This implies that Z is empty, hence the conclusion.
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In particular, if X — P is a CY stratified space such that depth X = 0, then a conically
smooth atlas on X is just the usual notion of a smooth atlas which defines C'°°-manifolds.
If depth X > 0, roughly a conically smooth atlas is a collection of stratified open subsets
{Ui}ier of X satisfying the following conditions

(i) for each Uj; there exists a stratified open embedding ¢; : R" x C'(Z;) — X whose image
is U;, where Z; is a compact stratified space equipped with a conically smooth atlas
(notice that depth Z; < depth X, so that by induction the notion of an atlas on Z; is
well defined): an object of the type R™ x C(Z;) where Z; is as above will be called a
basic conically smooth stratified space;

(ii) for any i,j such that U; N U; # 0, there exists some k € I and conically smooth open
embeddings R™ x C(Zy) — R™ x C(Z;) and R™ x C(Z}) — R™ x C(Z;) such that

the square
R™ x C(Zy) —— R™ x C(Z;)
R x C(Zj) —— X
commutes.

For the above definition to make sense, one has to explain what a conically smooth map
between basics is. By playing again with inductive arguments on the depth of the target,
the main new conceptual input one has to give to formulate precisely this definition is the
notion of differentiability along a cone locus (see [AFT1T, Definition 3.1.4]): for a map f :
R™ x C(Z) — R™ x C(S) between basics, this amounts to requiring the existence of a
continuous extension

R>o x TR" x C(Z) ---------- » R>o x TR™ x C(S)

| |

—1o o
Rog x TR? x C(Z) 27, R_o x TR™ x C(8)

where the lower horizontal map is built out of f and an appropriate use of the action of
scaling and translating on the conical charts such that, in case in which Z = S = 0, this
recovers the usual notion of differentiability.

One main feature of conically smooth structures is the unzip construction, that allows
one to functorially resolve any conically smooth stratified space into a manifold with corners.
For example, if X} < X is the inclusion of a stratum of maximal depth, there is a square

Linkg (X) «—— Unzip,(X)

(2.2.21) lﬂx i

Xpe— 3 X

which is both pushout and pullback, and Unzip, (X)) is a conically smooth manifold bound-
ary given by Linkg(X) such that both its interior and Linky(X) have depth strictly smaller
than the one of X. An interesting consequence of the existence of pushout/pullback square
(Equation (2.2.21)) is that the notion of conically smooth map is completely determined by
the one of smooth maps between manifolds with corners.

Definition 2.2.22. A C-stratified space together with a conically smooth structure is called
a conically smooth stratified space.
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Remark 2.2.23. Let us list some useful properties of conically smooth structures:

any conically smooth stratified space is a C?-stratified space;

all strata have an induced structure of smooth manifold, like in the case of Whitney
stratifications;

the definition of conically smooth space is intrinsic, in the sense that it does not depend
on a given embedding of the topological space into some smooth manifold, in contrast
to the case of Whitney stratifications (see [Definition 2.2.1] and [Definition 2.2.5));

the notion of conically smooth map (which is a map inducing conically smooth maps
between basics in charts) differs substantially from the “naive” requirement of being
stratified and smooth along each stratum that one has in the case of Whitney strati-
fications. The introduction of this notion defines a category Strat of conically smooth
stratified spaces. In this setting, [AFT17] are able to build up a very elegant theory and
prove many desirable results such as a functorial resolution of singularities to smooth
manifolds with corners and the existence of tubular neighbourhoods of conically smooth
submanifolds. These results allow to equip Strat with a Kan-enrichment (and hence, a
structure of co-category); also, the hom-Kan complex of conically smooth maps between
two conically smooth spaces has the “correct” homotopy type (we refer to the introduc-
tion to [AFTI7] for a more detailed and precise discussion on this topic), allowing to
define a notion of tangential structure naturally extending the one of a smooth manifold
and to give a very simple description of the exit-path oco-category of a conically smooth
stratified space.

Up to now, the theory of conically smooth spaces has perhaps been in need of a good
quantity of explicit examples, especially of topological nature. The following result (conjec-
tured in [AETI1T, Conjecture 1.5.3]) goes in the direction of providing a very broad class of
examples coming from differential geometry and topology.

Theorem 2.2.24. Let (M,S) be a Whitney stratified space. Then it admits a conically
smooth structure in the sense of [AFT17].

The rest of the section is devoted to the proof of this theorem ((Theorem 2.3.7)).

2.3

Whitney stratifications are conically smooth

2.3.1 Whitney stratifications are conical

Lemma 2.3.1. Let (M,S,Z) be an abstract stratified set, T a smooth unstratified manifold,
and let f: M — T be a controlled submersion. Then for every p € T the fiber of f at p has
a natural structure of abstract stratified set inherited from M.

Proof. We may assume that for any stratum, up to shrinking tubular neighbourhoods (in
such a way to obtain an equivalent abss),

f(v) = frx(v) Yo € Tx.

We only need to prove that for any other stratum Y

(Tx \ X)NY = (X N fHx)) x Rxg

is a submersion.
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Therefore, it suffices to show that the square

Tx N f(z) —— XN f )

| !

Txy ———— X
is a pullback. But the pullback is, by definition,

{veTx | fr(v) ==}

which is equal to
{veTx | flv)=a}=TxnNf ().
O

Lemma 2.3.2. Any open subset U of a space M endowed with a structure of abstract
(M,S,T) stratified set inherits a natural structure of abstract stratified set obtained by
intersecting the elements of Z with U.

Proof. This follows from the immediate observation that an open embedding of smooth man-
ifolds is a submersion, applied to the open embeddings Y NU C Y for every stratum Y. [

Now we closely review the proof of [Mat73, Theorem 8.3|, but adapted to the context
of abstract stratified sets (whereas the original proof is given for Whitney stratified spaces).
This review is also useful to fix some notations.

Lemma 2.3.3 (Thom’s first isotopy lemma, [Mat70, Corollary 10.2]). Let (V,S,Z) be an
abstract stratified set, P be a manifold, and f : V — P be a proper, controlled submersion.
Then f is a locally trivial fibration.

Theorem 2.3.4 ([Mat73, Theorem 8.3]). Let (V,S,Z) be an abstract stratified set. Then M
admits a covering by conical charts of the type R’ x C(Z), where Z is a compact topological
space endowed with a natural structure of abstract stratified set.

Proof. Let W be a stratum of V', and let z be a point of W. Denote by my : Tyy — W
the projection, pw : Tyy — R>q the “distance” function. Let us choose a “closed tubular
subneighboorhood” of Ty, i.e. a subset N of Ty which is of the form

{z € Tw | pw(z) < e(mw(2))}

for some smooth function & : W — R such that for every z € W we have e(z) € py (1, ().
Let also

A={zeTw | pw(z) =ce(rw(z))}

and f = mwy|a: A — W. Note that f is a proper controlled submersion, since 7y is a proper
controlled submersion and for any stratum S of M the differential of my|s vanishes on the
normal to ANS. Hence by the restriction of the stratification of M to any fiber
of f has a natural structure of abstract stratified set. Consider the mapping

g: N\W =W x(0,1]

defined by

o(0) = (o), 00 )
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The space N\ W inherits from M a structure of abstract stratified set (see|[Lemma 2.3.2)) and,
by [Mat70, Lemma 7.3 and above|, the map ¢ is a proper controlled submersion. Thus, since

A =g Y (W x {1}), by |[Lemma 2.3.3| one gets a stratified homeomorphism h (with respect to
the stratification induced on A, see [Lemma 2.3.1)) fitting in the commuting triangle

N\W h » A x (0,1]

W x (0,1]

x (0,
Furthermore, since W = p~1(0) C N, h extends to a homeomorphism of pairs

v, w) LD @), w),

where C(f) is the closed mapping cone of f (we recall that f : A — W is the projection

(mwa))-

Now for any euclidean chart j : R < W around z, the pullback of f along j becomes
a projection R* x Z — R’. Note that Z is compact by properness of f, and has an induced
structure of abstract stratified set being a fiber of f, as we have noticed above. Finally,

C(f) ~C(R* x z ZL R ~ C(Z) x R
The open cone C(f) is thus of the form C(Z) x R?, and this provides the sought conical chart
around z. ]
As a consequence, by [AFTI7, Definition 2.1.15, Axiom (5)], every Whitney stratified
space is CV-stratified.
2.3.2 Whitney stratifications are conically smooth

Construction 2.3.5. Let (M,S,Z) be an abstract stratified set. The procedure explained
in the proof of provides a family

T={¢:R' x C(Z) — M}
indexed by the choice of
e WesS
e ¢ : R" < W smooth chart in W
o c: W — Ryp.

We will say that a chart is “centered at the stratum W?” and “induced by the smooth chart 1
and the function €”. The image of such a chart is a tubular neighbourhood which we denote
by N(W,,¢). The inverse of the chart is (up to composing with the map induced by ¢~1)
exactly the map h appearing in

We already know that the family 7 is a covering of M, and it will be referred to as the
family of Thom-Mather charts associated to the abstract stratified set (V,S,7).

Remark 2.3.6. If two charts are centered at the same stratum W, up to changing the v’s
and the ¢’s one can assume that their sources are the same basic R" x C(Z) (for the same n
and 7).
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In particular, if (M,S) is a Whitney stratified space, by [Proposition 2.2.9| we can endow
it with the structure of an abstract stratified set, and thus obtain a family of Thom-Mather
charts. The rest of this section will be devoted to prove that these charts form a conically
smooth atlas in the sense of [AFT17, Definition 3.2.10] for M, as conjectured in [AFTI7,
Conjecture 1.5.3 (3)]. We will then prove that equivalent structures of abstract
stratified set on the same Whitney stratified space induce equivalent conically smooth atlases,
again in the sense of [AET17, Definition 3.2.10].

Theorem 2.3.7 (Main Theorem). Let (M,S,J) be an abstract stratified set, and assume
that M has finite dimension. Then the Thom-Mather charts form a conically smooth atlas
on (M,S).

Proof. Since M has finite dimension, the depth of (M,S) must be finite. The proof will
therefore proceed by induction on the depth of (M, S) (see [Definition 2.2.17)).

In the case of depth 0, by we know that M is just a disconnected union
of strata which are smooth manifolds. Therefore, the claim follows easily, since the family of
Thom-Mather charts reduces to a collection of smooth atlases for each stratum.

Thus, we may assume by induction that for any abstract stratified set (M’,S’,Z’) with

depth(M’,S') < depth(M, S)

the Thom-Mather charts form a conically smooth atlas on (M, S").

Fix a Thom-Mather chart ¢ : R? x C(Z) <+ M: then by the proof of [Theorem 2.3.4]
we know that depth(Z) < depth(M,S) when considering Z with its induced structure of
abstract stratified set; thus, by the inductive hypothesis, the Thom-Mather charts on Z form
a conically smooth atlas, and this implies that the R? x C(Z) is a basic in the sense of [AFT17,
Definition 3.2.4].

Hence it remains to prove that the “atlas” axiom is satisfied: that is, if m € M is a point,
u:R x C(Z) = M and v : R x O(W) — M are Thom-Mather charts with images U and
V, such that m € U NV, then there exist a basic R*¥ x C(T') and a commuting diagram

R x O(Z3) —1s R™ x C(Zy)

(2.3.8) lf2 yl

R™ x O(Zs) — 25 M

such that = € Im(¢1f1) = Im(gpaf2) and that f; and fo are maps of basics in the sense of
[AFT17, Definition 3.2.4].

Let d = depth M, and let M, be the union of all strata X of depth exactly d (i.e. such
that sup,cyx depth, M = d). Since M \ My has depth strictly less than d and it is open in
M, by the inductive hypothesis we know that the induced structure of abstract stratified set
on M \ M, satisfies the claim (i.e. the Thom-Mather charts form a conically smooth atlas).
Therefore, it will suffice to examine the following two cases:

(1) the two charts are centered at the same stratum W of depth d (and m may or may not
be contained in W or belong to My)

(2) one chart is centered at a stratum Y of depth < d and the other is centered at a stratum

X of depth d and lying in the closure of Y. (One may use [Example 2.2.7| as a guiding
example, with m a point on {x = 0} \ {(0,0)}.)
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Indeed, in the remaining case when the two charts are both centered at strata of depth less
than d, then m must lie in M \ My, and therefore, up to choosing smaller &’s, we can assume
that both charts lie in M \ My and apply the inductive hypothesis.
Case (1). We define the new chart as follows. Suppose that the chart ¢; : R” x C(Z) —
M is centered at W and induced by the smooth chart ¢; : R®™ — W and the function
1 : W — Rsp. Analogously, suppose that ¢ : R" x C(Z) — M is centered at W and
induced by the smooth chart 2 : R® — W and the function €1 : W — Rs(. Note that
we can suppose that the basic has the same form in both cases by Choose a
smooth chart 3 for X and a smooth function €3 : W — R~ such that

o Im(¢3) C Im(¢1) NIm(epe) C W
o £3(w) < min(er(w),ea(w)) for any w € W
e the image of the Thom-Mather chart ¢3 associated to (W, 13, e3) contains m.

We call 41,49 the transition maps (coming from the smooth structure of X) fitting into
the diagram

| \ I

R" T w.
Let us define the following two maps:
fi:R"xC(Z)—=R"xC(Z)

e3(1i1(v))
e1(Yrir(v))

fo :R"xC(Z)—=>R"xC(Z)

e3(¥2i2(v)), 2)
e2(aia(v)) T

These are maps of basics. Indeed, let us call, for j = 1,2, n; = el Rgn o _y R~o. This

g5ty °
is a smooth function. For j = 1,2, the verification of the condition that f; is a map of basics

amounts to check that:

(v,t,2) = (i1(v), t,z)

(v,t,2) — (i2(v),

e f; is conically smooth along R". That is, that the map
Roo x TR" x C(Z) = Rso x TR" x C(2)
ij(tv -+ JZ) — Z](:L’)
t
extends to ¢t = 0. This follows from smoothness of ;.

(t,v,x,[s,2]) — (t,

7ij(‘r)7 [nj(x)sv ZD

e The differential
T.R" x C(Z) — Tij(w)R" x C(Z)

(0, s, 2]) = (Dwij(2), [nj(x)s, 2])

is injective. This follows from the fact that ¢; is a smooth open embedding.
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e the pullback of the atlas A that we are considering on C7 = R™ X Ryg X Z to Cy =
R"™ x Ry x Z along fj|rnxrooxz = i X n-1id x id coincides with A. Indeed, for any
chart ¢y = ji X Iy x wy : R" Xx Ry x W1 — (1 there exists a chart c3 =i; x n-id x w :
R™ x Rso x Wy — (5 and a commutative diagram

j1 ><l1 xid

R™ x Rsg x Wy > R™ x Ry x Wy

Cli c2
~

R" X Ryg X Z ———  R®" xRy X Z.
flR"xJR>0><Z

The last thing to do is to check that, with the notations of the proof of and
of [Construction 2.3.5 the front square in the diagram

W 1/13,83 — N(W ¢1,51

[ \

(Wlbg,é‘g) ) \RnXC ‘—>RHXC(Z)

= & fQI\\\\ Lﬁl

R" x C(Z) <¢—2% M.

commutes. This follows from the fact that, by an easy computations, for j = 1,2 the
diagram

N (W, 13, £3) —55 R x C(2)

I g

N(W,0,¢;) —2s R™ x O(Z)

commutes.
Case (2). We can assume that the point m lies outside My, and that the image of ¢ is
contained in M \ M,. Therefore we have the following diagram:

R" x Rog X Z; — R" x C(Zy)

l |

R™ x O(Zy) —— M\ My ——— M
By [AEFT17, Lemma 3.2.9] (“basics form a basis for basics”) there exists a map of basiscs
i RY x C(Z)) = R" x C(Zy)

whose image is contained in R” x Ryg x Z; and contains m. This induces a commutative
diagram

R" x C(Z})

[

R" xRsgx Z —— R" x C(Z)

| |

M\My——— M.
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and therefore a span

R™ x C(Z})

|

R"2 x C(Zy) ——— M\ M,.

To this span we can apply the inductive hypothesis, since depth M \ My < d. This yields
maps of basics f] : R™ x C(Z3) — R™ x C(Z}) and fy : R™ x C(Z3) — R" x C(Z) fitting
into the diagram

R™ x C(Z3) 1y R x C(Z]) —s R™ x C(Z1)

> | |

R"2 x C(Zy) —— M\ My ———— M

Finally, we define f; =i o f], which is a map of basics because both i and f{ are. O

Remark 2.3.9. Let (M,S) be a Whitney stratified space. By [Mat70, Proposition 6.1],
different choices of structures of abstract stratified sets over (M,S) (and hence different
families of Thom-Mather charts) induce equivalent conically smooth atlases in the sense of
[AFTT1T, Definition 3.2.10]. Indeed, the construction of a Thom-Mather atlas A depends
on the choice of a tubular neighbourhood for each stratum X, along with its distance and
projection functions px,myx. Thus, let A, A" be two conically smooth atlases induced by
different choices of a system of tubular neighbourhoods as above. We want to prove that
AU A" is again an atlas. The nontrivial part of the verification is the following. Let us
fix two strata X,Y, and a point y € Y; take ¢x a Thom-Mather chart associated to the
A-tubular neighbourhood T'x of X, and ¢, a Thom-Mather associated to the A’-tubular
neighbourhood 73 of Y. We want to verify the “atlas condition” ; let Ty be the A-
tubular neighbourhood of Y. Now by [Mat70, Proposition 6.1] there is an isotopy between
Ty and Ty fixing Y. By pulling back ¢} to Ty along this isotopy, we obtain an .A-Thom
Mather chart vy around y; we are now left with two A-charts ¢x and 1y and we finally can
apply the fact that A is an atlas.

2.4 Finite exit paths

This first section contains the main geometric input needed to achieve our goal. Namely,
we show the exit-paths co-category of a compact conically smooth stratified space is finite
(Proposition 2.4.15)).

2.4.1 Finite oco-categories

This short section is devoted to recalling the definition of a finite oco-category. Before going
into that, we say a few words about what an co-category is for us. We work in the model
of quasicategories. Following [Cis19, Example 7.10.14], we define Cat,, as the localization
of the 1-category of simplicial sets at the class of Joyal equivalences. The class of Joyal
equivalences and fibrations equip sSet with the structure of a category with weak equivalences
and fibrations in the sense of [Cis19, Definition 7.4.12], and so by [Cis19, Theorem 7.5.18] it
follows that any object in Cat., is equivalent to the image through the localization functor
sSet — Cat,, of a fibrant object in the Joyal model structure. For this reason, objects of
Cat,., will be called oco-categories.
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The first definition we propose is expressed internally to the co-category Cat., in terms of
pushouts, and so in a kind of model-independent fashion. Later we prove that this is actually
equivalent to a notion of finiteness that one might expect in the simplicial model. All the
results appearing here are not at all original, but we still felt the need to write this section
as, in the process of completing this chapter, we could not locate a reference dealing with the
subject.

Definition 2.4.1. An oco-category is said to be finite if it belongs to the smallest full subcat-
egory of Cat., which contains (), A, and A' and is closed under pushouts. An co-groupoid
is said to be finite if it is so as an co-category. We will denote by Catf and 8f respectively
the full subcategories of Cat., and 8 spanned by finite objects.

Remark 2.4.2. Recall that the inculsion 8§ — Cat., admits both a left and a right adjoint,
and one may describe the left adjoint on objects by sending and oco-category € to the local-
ization €[C~1]. Thus, since 8§ — Cat., preserves colimits and A'[(A!)~!] ~ A® one may
identify the class of finite co-groupoids with the objects of the smallest full subcategory of &
which contains () and A° and it’s closed under pushouts. This implies in particular that, for
any finite co-category C, the localization €[C~!] is again finite.

Lemma 2.4.3. Let C be a finite co-category, and let W be a finite subcategory of €. Then
the localization C[W 1] is again finite.

Proof. We have a pushout square

W —2C

I

WW-1 —— ew1,

in Cat,,, thus it suffices to show that W[W 1] is finite. This follows immediately by
mark 2.4,2 ]

Recall that a simplicial set is said to be finite if it has a finite number of non-degenerate
simplices. In the next proposition we reconcile this notion of finiteness with the one in
[Definition 2.4.1] We will need the following lemma, whose proof was explained to us by

Sebastian Wolf.

Lemma 2.4.4. Let C be an oo-category, and let f : K — C be a map of simplicial set,
where K is finite. Moreover, suppose that there exists a finite simplicial set K’ and a Joyal
equivalence g : K/ — €. Then there exists a finite simplicial set L and a commutative diagram

of simplicial sets
e

K <F

S ®

where k is a monomorphism.

Proof. We define inductively a sequence of finite simplicial sets { K], }nen. We set K| = K,
and we define K, via the pushout

[ A} — K,

A?%K';Lfl J
I .

I A" — K.
An—K!
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Now set
K. =colim(Kj— Kj < - K] < ...).

Furthermore, since all horns are finite simplicial sets, any map A;L — K/ factors through

some K , and by construction of the sequence we get a commutative diagram

A} —— K, —— K[,

| 1.7

n !
A y Ko

which implies that K/ is an co-category. Since the class of categorical anodyne extensions
is saturated (see [Cis19, Definition 3.3.3]), we see that K’ — K/ is a categorical anodyne
extension, and in particular a Joyal equivalence. Hence, by the assumption that C is an
oo-category, we get a commutative triangle

K %50

3
j_,¢
K,

where ¢ is a Joyal equivalence by the 2-out-of-3. Since K/_ is also an oco-category, ¢ admits
a quasi-inverse

€ — K.
By the finiteness of K, we get that the composition
f: K —C— K/

factors through some ¢ : K — K],. Thus, we get a triangle
C
LN
K-35 K «— K/,

which commutes up to J-homotopy, where J is the interval object for the Joyal model struc-
ture as defined in |Cis19l Definition 3.3.3].

Let now L be the mapping cylinder of §. Since J is a finite simplicial set, L must be finite
as well. By the usual factorizations obtained via mapping cylinders, we get a triangle

e
e
K<'s[

commuting up to J-homotopy, where 7 is a monomorphism and p is a Joyal equivalence. If
H is a J-homotopy between f and pi, we may find a map H fitting in the diagram

KxJULx{1} 22 ¢

L><J.‘

since K x JUL x {1} — L x J is categorical anodyne extension. Hence, by restricting H to
L x {0}, we get the desired commutative triangle, and the proof is then concluded. O
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Proposition 2.4.5. Let v : s8et — Cat,, be the localization functor. Then an co-category
C is finite if and only if there exists a finite simplicial set K and an equivalence C ~ ~(K).

Proof. Let sSet! be the full subcategory of sSet spanned by the finite simplicial sets, and
denote by F the essential image of the restriction of 7 to s8et/. We need to show that Cat/
coincides with J.

Let K be any finite simplicial set, so that in particular there exists some finite n such
that K = sk, (K). By induction on n and using the cellular decomposition

I A" —— sk,_1(K)

OAT— K
[ |

[ A" — sk, (K)
A=K

we see that to prove that L(K) belongs to Gatfo, it suffices to show that each A™ does. But
this is clear because n-simplex is Joyal equivalent to the n-spine. Thus we have F C Gat{o .

Since J contains (), A°, and A', we are now only left to show that F is closed under
pushouts. Let

D+—C—=¢&

be any cospan of co-categories in F, and let K — C be any Joyal equivalence, where K is a
finite simplicial set. Thus, by applying twice, we get a map of cospans

L K —— M
Ll
D < e > &

where the vertical arrows are Joyal equivalences and the upper horizontal arrows are monomor-
phisms. We then get a Joyal equivalence between the respective homotopy pushouts, and
thus the desired conclusion. d

2.4.2 Finiteness properties of compact conically smooth spaces

The main goal of this section is to show that the exit path co-category of a compact conically
smooth stratified space is finite (Proposition 2.4.15). For this purpose, we make use of
Lurie’s model of the exit path oo-category, of which we now recall the definition for the
reader’s convenience. By a slight abuse of notation, for a poset P we still denote by P the
topological space obtained by equipping the poset with the Alexandroff topology. If X — P
is a stratified topological space, then we define Exitp(X) by forming the pullback

Exitp(X) —— Sing(X)
| =

N(P) ——— Sing(P)
in the category of simplicial sets. Lurie showed that if the stratification X — P is conical,
then Exitp(X) is an oo-category ([Lurl7, Theorem A.6.4]). The reason why we prefer to focus
on this perspective is that, as opposed to the model given in [AFT17], it has an evident much
richer functoriality: by the functoriality of Sing, Exit is functorial with respect to general
stratified maps. On the other hand the one in [AFTI7] is only functorial with respect to

conically smooth open embeddings. We also see immediately that, if we stratify P over itself
through the identity, then Exitp(P) = N(P). We will also need the following easy lemma.
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Definition 2.4.6. Let f: (X — P) — (Y — @) be a map of stratified spaces. We say that
f is a full inclusion of strata if the underlying map of posets P — @ is injective and full, and
the square

X —Y

P—Q

is a pullback of topological spaces.

Lemma 2.4.7. Let X — P and Y — (@ be stratified spaces, and assume that the strat-
ification on X is conical. Assume that we have a stratified embedding Y < X which

is a full inclusion of strata. Then Exitg(Y) is an oo-category and the induced functor
Exitg(Y) — Exitp(X) is fully faithful.

Proof. Since the functor Sing from topological spaces to simplicial sets preserves limits and
since Y — X is inclusion of strata, we get a pullback square

Exitg(Y) —— Exitp(X)

(2.4.8) l - l

N(Q) ——— N(P)

of simplicial sets. By [Lurl7, Theorem A.6.4, (1)] the functor Exitp(X) — N(P) is an
inner fibration, and so by the pullback square also Exitg(Y) — N(Q) is an inner
fibration, which implies that Exity (Y)) is an oo-category. Moreover, since the inclusion is
full, we know that the functor N(Q) — N(P) is fully faithful, and thus we may conclude

again by (Z49). O

Recall that for a proper conically smooth fiber bundle 7 : L — X, we define the fiberwise
cone of w as the pushout

L*)LX]RZO

(2.4.9) l ]

X — C(n)

taken in the category of conically smooth stratified spaces. By definition, we get a new fiber
bundle C(7) — X whose fibers are isomorphic to basics. We now show how to compute the
exit paths of C'() in terms of L and X.

Lemma 2.4.10. Let m : L — X be a proper conically smooth fiber bundle. Then the
commutative square

EXit(L) S EXit(L X Rzo)

| |

Exit(X) —— Exit(C(w))
in Cat,, induced by (2.4.9) is a pushout.

Proof. By the Van Kampen theorem for exit paths [Lurl?, Theorem A.7.1], we may assume
that X is a basic. Thus, by [AFT17, Corollary 7.1.4], we may also assume that 7 is a trivial
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bundle. Since Exit commutes with finite products, we may assume that X = %, and hence
we are only left to prove that for any compact conically smooth space L the square

Exit(L) —— Exit(L x Rxq)

| |

A — Exit(C(L))

is a pushout in Cat.,. This follows, for example, by [AFT17, Lemma 6.1.4], or can be easily
checked by hand even without any conically smooth assumption on L. O

We will also need to use the unzip and link construction, as defined in [AFT17, Definition
7.3.11]. For any proper constructible embedding X < Y we have a pullback square

Linkx (Y) —— Unzipx(Y)
(2.4.11) l” 3 l
X ——Y

Here Unzipy (Y) is a conically smooth manifold with corners whose interior is identified
with Y\ X, and Unzipx(Y) — Y and 7wy : Linkx(Y) — X are proper constructible bundles.
To get a feeling of how Unzipy (YY) works, one may think of it as a generalization of the
spherical blow-up (see [AK10]): more precisely, when Y is a smooth manifold stratified with
a closed submanifold X and its open complement, then the unzip of X — Y coincides with the
spherical blow-up of X in Y, and the link is diffeomorphic to the boundary of any normalized
tubular neighbourhood of X in Y.

The link of a proper constructible embedding is used to provide tubular neighbourhoods
in the stratified setting. In [AETI1T7, Proposition 8.2.5], the authors show that there is a
conically smooth embedding

(2.4.12) Clrx) =Y

under X which is a refinement onto its image and whose image is open in Y (here we are
— e —

using the same notations are in (2.4.11))). Hence, if we denote by Linkx (Y) x Rso and C'(7x)
the respective refinements of Linkx (Y) x Rsg and C(mwx) through the embedding (2.4.12)), a
straightforward application of Van Kampen theorem gives the following.

Corollary 2.4.13. Let X — Y be a proper conically smooth constructible embedding. Then
the square

Exit(Linkx (V) x Rsg) —— Exit(Y \ X)

l |

Exit(C(ry)) — Exit(Y)

is a pushout in Cat.

Remark 2.4.14. Notice that, for the existence of tubular neighbourhoods, one may relax
the assumption of properness for a constructible embedding i : X < Y to just requiring that
there is a factorization




where ¢’ is a proper constructible embedding and j is a conically smooth open embedding.
For example, if P is the stratifying poset of Y and X =Y, for some o € P, one may pick
Y’ =Y>, and thus get a tubular neighbourhood of Y.

We are now ready to prove the main result of the section.

Proposition 2.4.15. Let X be any compact conically smooth stratified space. Then Exit(X)
is a finite co-category.

Proof. Since X is compact, X is finite dimensional, and hence also has finite depth. We then
argue by induction on depth(X) = k.

If £ =0, it is well known that that Exit(X) = Sing(X) is a finite co-groupoid. For
example, this follows by Van Kampen theorem [Lurl7, Theorem A.3.1] and the existence of
finite good covers for X.

Assume now that k is positive. Denote by Xy the union of strata of minimal depth, and
by X< its complement in X. Clearly X<¢ < X is a proper constructible embedding, and
hence by [Corollary 2.4.13| we get a pushout

Exit(Linkog(X) x Reg) —— Exit(Xo)

l -

Exit(C(7s0)) ——— Exit(X).

——— e~
By|Lemma 2.4.10} to conclude the proof it suffices to show that Exit (Link (X)), Exit(C(7s0)),

and Exit(Xy) are finite.

Being a closed subset of X, the space X~¢ is compact. By the pullback square
Link~o(X) is compact too. Since the depths of both are stricly less than depth(X), by the
inductive hypothesis we get that X< and Link-(X) both have finite exit path co-categories.
Notice that we have a stratified embedding

Link>0(X) X R>0 — X()

and X is a smooth manifold. In particular, we see that the stratification on Linkq(X)
—_— -
is trivial. Thus Exit(Linkso(X)) is a localization of Exit(Links(X)) at all maps, and by

Lemma 2.4.3| we see that Exit(Linkso(X)) is finite.
By [Lemma 2.4.10| and the inductive hypothesis, we also know that Exit(C(7~¢)) is finite.

By [AET17, Proposition 1.2.13] we know that the canonical functor

¢ : Exit(C(ms0)) — Exit(C(70))

is a localization at the class of exit paths that are inverted by ¢. Since the inclusion
C(m>0) — X lies under X-g, the same argument as above shows that an non-invertible
exit path is inverted ¢ is and only if it lies inside Link>o(X) x Rsg < C(m>o). Further-

more, since Links(X) x Rsg < C(7s0) is a full inclusion of strata, by [Lemma 2.4.7| the
induced functor on exit paths is the inclusion of a full subcategory. This implies that one can

L
identify Exit(C(m0)) with the localization of Exit(C(ms0)) at Exit(Linkso(X) x Rsg). By
Lemma 2.4.3] Exit(C(70)) is finite.
We know that Xy is the interior of the compact manifold with corners Unzip.(X).

By an argument completely analogous to [AMGR19, Lemma 2.1.3], one can show that the
existence of collaring for corners (JAFTI17, Lemma 8.2.1]) implies that the inclusion Xy —
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Unzip.((X) is an homotopy equivalence. Hence to conclude the proof it suffices to show that
Sing(Unzip. (X)) is finite. This follows by the existence of good covers for manifolds with
corners. ]

Corollary 2.4.16. Let X be a finitary conically smooth stratified space (see [AFT17, Def-
inition 8.3.6]). Then Exit(X) is a finite co-category. In particular, if X is the interior of a
compact conically smooth manifold with corners, then Exit(X) is a finite oo-category.

Proof. By |[Proposition 2.4.15| and [Lemma 2.4.10], the class of conically smooth spaces with
finite exit path co-category contains all basics. Thus it suffices to show that it is closed under
taking collar glueings. But this is clear, since for any collar glueing f: Y — [—1,1] we get an
open covering of Y given by f~1([-1,1)) f~1((=1,1]) and f~1(0) are finitary.

The last part of the statement follows by [AFT17, Theorem 8.3.10 (1)]. O

2.5 Homotopy invariance and exodromy with general coeffi-
cients

In this section we explain how to use our development of six operations to extend homo-
topy invariance and the exodromy equivalence to (formally) contructible sheaves (see
inition 2.5.2) valued in stable and bicomplete oco-categories (Theorem 2.5.16). With these
at hand, we show that global sections of constructible sheaves on compact conically smooth
stratified spaces are dualizable ((Corollary 2.5.18]).

2.5.1 Homotopy invariance of constructible sheaves

From now on, all co-categories appearing as coefficients for sheaves will be assumed to be
stable and bicomplete, all topological spaces locally compact Hausdorff and all posets Noethe-
rian.

Remark 2.5.1. Recall that, by [AFT17, Lemma 2.2.2], any C-stratified space admits a
basis given by its open subsets homeomorphic to R” x C(Z), where Z is a compact C°-
stratified space. A simple inductive argument shows that the stratifying poset of Z, and
hence of R x C(Z), is finite. Therefore the stratifying poset of any C%-stratified space is
locally finite, and therefore Noetherian.

Definition 2.5.2. Let X — P be a stratified space. We say that a sheaf F' € Shv(X;C)
is formally constructible if for any a € P the restriction of F' to the stratum X, is locally
constant.

Assume now that € admits a closed symmetric monoidal structure, and denote by €dual
the full subcategory of € spanned by dualizable objects. We say that F' is constructible if F
is formally constructible and each stalk of F' belongs to 41,

We denote by Shv/¢(X;C) and Shv®(X;C) the full subcategories of Shv(X;€) spanned
respectively by formally constructible and constructible sheaves. Dually, we define formally
constructible and constructible cosheaves on X just as CoShv/¢(X; €) := Shv/*(X; @)% and
Co8hv®(X; €) := Shv®(X; CP)°P.

In this chapter we only deal with constructible sheaves with respect to a specified stratifi-
cation. Therefore, we will take the liberty of omitting the stratifying poset from our notation
for constructible sheaves.

We first recall the proof of the homotopy invariance of constructible sheaves. Our argu-
ment follows precisely the one in [HPT20]. Nevertheless we will try to quickly outline the
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main steps just to convince the reader that all the results in [HPT20], after what we achieved
in the first chapter, generalize to the setting of stable bicomplete coefficients, at least if we
restrict ourselves to locally compact Hausdorff spaces.

Theorem 2.5.3 (Homotopy invariance). Let X — P be a stratified space. Let p : X x[0,1] —
X be the canonical projection. Then p* : Shv(X;C) — Shv(X x [0,1];C) restricts to an
equivalence

Shv/¢(X; @) ~ 8hv/*(X x [0,1]; C).

As a consequence, if Y — P is another stratified space and f : X — Y is a stratified homotopy
equivalence, then the functor

f*:8hv/e(Y; @) — Shv/e(X; ).
is an equivalence.

Proof. We first treat the case of locally constant sheaves, i.e. when P = *. By [Lurl7, Lemma
A.2.9] we know that p* is fully faithful. We first show that f, preserves constant sheaves: if
a:X —xand b: X x[0,1] — * are the unique maps then, for any object M € C, the fully
faithfulness of f* implies

pb* M ~ pyp*a*M
~ qa"M.

Moreover, since I is compact, [Proposition 1.6.9| provides a base change formula for p.. Using
basechange and [HPT20, Lemma 4.9], we then see that p, preserves locally constant sheaves.
Hence to conclude we only need to show that, for any locally constant sheaf F' on X x I, the
counit map p*p.F — F' is an equivalence. Again by basechange and [HPT20, Lemma 4.9],
we may reduce to F' ~ b* M constant. In this case we have a commutative diagram

counityx pz

p*p bt M b*M
p*p*p*a*M counitp*a* M p*a*M
p* (unitq* py )TZ id
pra*M

which implies the desired result.

Now assume that P is any Noetherian poset. Using basechange, one sees that p* preserves
constructible sheaves, and thus we are left to show that for any F' constructible p*p,F — F'is
an equivalence. By |Corollary 1.4.7|any stable and bicomplete co-category respects glueing in
the sense of [HPT20), Definition 5.17]. Hence [HPT20, Lemma 5.19] implies that the functor
given by restricting to the strata of X are jointly conservative. By base change we may thus
assume that F' is locally constant, in which case the counit is known to be an equivalence by
the previous step.

The last part of the statement then follows by a standard argument analogous to the

proof of m

We now present a couple of useful corollaries of homotopy invariance.

Corollary 2.5.4. Let f : X — Y be a stratified homotopy equivalence, F' € SthC(Y; ©).
The the natural map
INY;F) = T(X; f*F)

is an equivalence.
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Proof. The commutative triangle

induces an invertible natural tranformation f*b* ~ a*. Since both a* and b* factor through
formally constructible sheaves, we get b* ~ na*, where 7 is any adjoint inverse of the re-
striction of f* to Shv/¢(Y;@). Thus, by passing to right adjoints, we get the desired equiva-
lence. O

We will need the following easy lemma.

Lemma 2.5.5. Let Z be a compact topological space, and let C'(Z) be the cone of Z. Then

the family of open subsets
{C:(Z) | e € Rso}

forms a basis at the cone point.

Proof. Let R>g x Z — C(Z) be the quotient map, and for each ¢ > 0 denote by C.(Z) the
image of the open subset [0,¢) x Z. We will prove that for every open subset W of R>o x Z
containing {0} x Z there exists some £ > 0 such that [0,e) x Z C W. Since Z is compact,
one can obtain a finite covering of {0} x Z with opens of the type V; x [0,¢;) C W, and thus
by taking € to be the minimum of the ¢; we get the claim. O

Corollary 2.5.6. Let X be a CO-stratified space and F € Shv/¢(X; €). For any point z € X
and any conical chart R” x C(Z) centered in x, the natural map

INR" x C(Z); F) — Fy
is an equivalence.

Proof. By and a standard cofinality argument, we see that

lim I'(R™ x C.(2); F) ~ Fy
e>0

and by [Corollary 2.5.4| we have

T(R" x C(Z); F) = imT(R" x C.(Z); F)
e>0

which concludes our proof. ]

Now ler X — P be a conically smooth stratified space, and let a € P. By [Remark 2.4.14]
we get commutative triangle

C(mq) © , X

where 7, is the fiber bundle Linky, (X>a) — Xq, @ is the cone-point section of the fiber
bundle p : C(7,) — X, and j is a conically smooth open immersion. For any F' € Shv(X;C),
the unit of the adjunction i* - i, gives a natural map

(2.5.7) P F — puini*j*F ~ i* F.
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Furthermore the map (2.5.7)) can be obtained by applying the sheafification functor to
(2.5.8) Puf*F = puin (i) F o (i2)PPCF
where (:*)P"¢ and (i%,)P"¢ denote the corresponding presheaf pullback functors.

Corollary 2.5.9. Let X, < X be the inclusion of a stratum in a conically smooth stratified
space, and let F' be any formally constructible sheaf on X. Then the map (2.5.7) is an
equivalence.

Proof. Since F is a sheaf, it suffices to show that (2.5.8) is an equivalence. As usual, it suffices
to prove that it is an equivalence after taking sections on any euclidean chart U of X,. For
any such U, by [AFT17, Corollary 7.1.4] we have

L(U;peg"F) =T(U x C(Z); F)

for some compact conically smooth stratified space Z. Thus we are left to show that the
natural map

(2.5.10) T(U x C(2); F) — lim T(V; F)
UCVv

is an equivalence.
By a cofinality argument, the map ([2.5.10)) factors through an equivalence

lim [(C(2); F) ~ lim T(V; F),
e>0 UCVvV

and thus we are left to show that

LU x C(2); F) — im I(Ce(Z); F)

e>0

is an equivalence. This last assertion then follows by [Corollary 2.5.4] ]

2.5.2 Exodromy

This subsection is devoted to extending the proof of the exodromy equivalence on coni-
cally smooth stratified spaces to constructible sheaves valued in stable and bicomplete oo-
categories. To do this we will use the model of the exit path co-category of a conically smooth
stratified space given in [AFTI17, Definition 1.1.3], so we briefly recall how this is defined.

Let Strat be the 1l-category whose objects are conically smooth stratified spaces and
morphisms are conically smooth maps, Snglr the subcategory of Strat with the same objects
and with morphisms given by open immersions, and Bsc the full subcategory of Snglr spanned
by basic conically smooth stratified spaces, i.e. those which are isomorphic in Strat to one of
the type R" x C(Z), where Z is compact. Thus, one has functors

Bsc — Snglr — Strat.

In [AET17, Lemma 4.1.4], the authors show that all the categories appearing in (2.5.2))
admit enrichments in Kan complexes. By passing to homotopy coherent nerves, one gets
oo-categories that we denote by

(2.5.11) Bsc — Snglr — Strat.
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For any conically smooth stratified space, the authors of [AFT17] then define Exit(X) as
the opposite of the slice Bsc,y. Their proof of the exodromy equivalence for constructible
sheaves of spaces, combined with the one in [Lurl7], implies that Lurie’s exit paths oo-
category has to be equivalent to Bsc,x (see [AFT17, Corollary 1.2.10]).

One has obvious functors

Bsc, x —7 5 Bsc /X

Jim

U(X)

where im sends an open immersion to its image in X. In [AFTI7, Lemma 4.5.1], the authors
show that v is a localization at the class W of open immersions of basics U < V such that U
and V are abstractly isomorphic in Strat. That is, precomposing with v gives an equivalence

(2.5.12) v* : Fun(Exit(X), €) — FunW(Bsc‘/’g(, )

where the right-hand side denotes the full subcategory of Fun(Bsc‘/"g(, C) spanned by functors
which send all morphisms in W to equivalences. In the next proposition we show that W
coincides with the class of open immersions which are stratified homotopy equivalences, and
then characterize the property of being formally constructible through these maps.

Proposition 2.5.13. Let X — P be a conically smooth stratified space, and let F €
Shv(X;€). Then the following assertions are equivalent:

(i) F is formally constructible;

(ii) for any inclusion V' < U of basic open subsets of X which is a stratified homotopy
equivalence, then
T'(U;F) - T(V; F)

is an equivalence;

(iii) for any inclusion V' < U of basic open subsets of X which are abstractly isomorphic,
then
U, F) - T(V; F)
is an equivalence.

Proof. We first prove that (ii) is equivalent to (iii) by showing that an open immersion
j 'V — U of basic open subsets of X is a stratified homotopy equivalence if and only if U
and V are abstractly isomorphic.

If j is a stratified homotopy equivalence, it follows that U and V are stratified over the
same subposet of P, and so by [AFT17, Lemma 4.3.7] U and V are isomorphic. Viceversa, if
Jj:R"xC(Z) — R"x C(Z) is a conically smooth open embedding, then by [AFT17, Lemma
4.3.6] j is homotopy equivalent to Dgj, where Dyj denotes the differential of j at the point
(0, cone pt) (see [AFTI17, Definition 3.1.4]). Since Dyj is a stratified homotopy equivalence,
then the same is true for j.

By we have that (i) implies (ii), so we are left to show that (iii) implies
(). Let ¢ : Y — X be the inclusion of a stratum, and let V' < U be an inclusion of euclidean
charts of U. By [Corollary 2.5.9] the horizontal arrows in the commutative square

T(U x O(Z); F) —— T(U;#*F)

| |

I(V x C(Z); F) — T(V;i*F)
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are invertible, and thus I'(U;*F') — I'(V;i*F) is invertible too. Hence, we may assume that
X is a smooth manifold. The result is now a very special case of [HPT20, Proposition 3.1].
For the reader’s convenience, we review and adapt the proof of [HPT20), Proposition 3.1] to
our setting in the following proposition. O

Proposition 2.5.14. Let X be a smooth manifold, and let F' € Shv(X;C€). Then the
following assertions are equivalent:

(i) F is locally constant;
(ii) for any inclusion V' < U of euclidean charts of X, the restriction
NU; F) - T(V; F)
is an equivalence.

Proof. Since the question is local, we may assume that X = R", in which case we will prove
that condition (ii) implies that F is constant. More precisely, we will show that, if a : R™ —
is the unique map, the counit morphism

(2.5.15) a*a,F — F

is an equivalence. Since R" is hypercomplete and admits a basis given by those open subsets
diffeomorphic to itself, it then suffices to check that for any such open j : U < R", the
map a.j.«j a*asF — a.j.«j* F obtained by applying to the functor of sections at U is
invertible. Notice that we have a commutative triangle

C ok x axjxJ*counit .
ayjejrataF =K 0, 5,5 F

counita*Fl %)
ax(unit g
ax

where the diagonal map is invertible by the assumption in (iii), and thus to conclude the
proof it suffices to show that a* is fully faithful, which follows by the homotopy invariance of
the shape (see |Corollary 1.3.4)). O

Theorem 2.5.16 (Exodromy). The composition
Fun(Exit (X), €) —— Funy (Bsc,x, €) —== Fun(U(X), €)

is fully faithful with essential image Shv/¢(X;@). Moreover, if we assume that C has a
closed symmetric monoidal structure, the statement remains true if we replace € by Cdual
and 8hv/¢(X; @) by Shv®(X;C).

Proof. By|Proposition 2.5.13} it suffices to show that the restriction of im, to Funy (Bsc, x, C)
factors through Shv/¢(X;€).

Let U be basic open subset of X and let x : T < Bsc,yy be a covering sieve. Clearly there
is at least one V' € T whose image in U intersects the locus of maximal depth. By [AFT17,
Lemma 4.3.7], U and V' are abstractly isomorphic. Then for any F' € Funy (Bsc/x,C) we
have a commutative triangle

—— lim I'(O; F)
\OiT
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where the diagonal map is invertible by assumption. By [AFT17, Proposition 3.2.23] and
[Aok20, Theorem A.6], to conclude the proof it suffices to show that the vertical map is
invertible. Let & : T"— T be the localization of 7" at W. Since § is final and x* sends maps
in X to equivalences, the result then follows by observing that V is a terminal object in 7.
The second part of the statement is obvious after [Corollary 2.5.6| [

Remark 2.5.17. Notice that even though we assumed from the beginning that the co-
efficients are stable and bicomplete, all the arguments we have discussed work whenever
Shv(X;€C) — Fun(U(X)°P, C) admits a left adjoint and € respects glueings in the sense of
[HPT20, Definition 5.17]. In particular, our proof recovers also the case € = 8. A proof of the
exodromy equivalence with presentable coefficients but on a much bigger class of stratified
spaces will appear soon in [PT22].

Corollary 2.5.18. Let Z be any compact conically smooth stratified space, and let F' €
Shv®(X;€). Then I'(Z; F) is dualizable.

Proof. Since 7 is final, by [Theorem 2.5.16| we know that there exists a functor G : Exit(Z) —
edual sych that global sections of F are equivalent to the limit of G. Therefore the proof
is concluded by applying |[Proposition 2.4.15| and observing that, since C is stable and its
monoidal structure is closed, €U is is itself stable. ]

Remark 2.5.19. Let Z be a stratified space such that Exit(Z) is a retract in Cat,, of a
finite co-category, and assume that the exodromy equivalence holds for constructible sheaves

on Z. Since €4l i idempotent complete, the same argument of |Corollary 2.5.18| shows that
for any F' € 8hv’(X;C), the object I'(Z; F) is dualizable.

2.6 Verdier duality

This final section is devoted to proving Verdier duality for conically smooth spaces
rem 2.6.3)). For this reason, from now on our oco-categories of coefficients are assumed to be
equipped with a closed symmetric monoidal structure.

We first introduce the usual duality functor. For any stratified space X, we will denote
by w% the sheaf of a'(1e), where a : X — * is the unique map and 1 is the monoidal unit
in €. The sheaf wgf( will be called the C-valued dualizing sheaf of X. We denote the functor

Hom , (—,w$%) : Shv(X; @)% — Shv(X;€)
simply by Dgi( and, when X = %, we will only write D¢ : P — C.

Proposition 2.6.1. For any C'-stratified space X, the dualizing sheaf wg’} is constructible.

Proof. First of all, notice that, by [Proposition 1.6.16] we have an equivalence

8
w§ ~wy @ 1e,

where the right-hand side denotes the image of the pair (wip,]le) under the variablewise
cocontinous functor

(2.6.2) Shv(X;8p) x € — 8hv(X;8p) ® € ~ Shv(X;C).

When X = %, (2.6.2)) corresponds with the usual tensoring over spectra given by cocomplete-
ness and stability of €. Moreover, by |Proposition 1.5.18] for each point x : * — X we have
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commutative square

Shv(X;8p) x € —— Shv(X;C)

il'gp x C J/,Z‘}.é

Spx@C — C.

Since a spectrum is dualizable if and only if it is finite, and since dualizable objects in C
are closed under finite colimits, we see that it suffices to prove the proposition in the case in
which € = Sp.

We will proceed by induction on the depth of X. If X has depth 0, then X is a topological
manifold, and hence wx is locally constant of rank the dimension of X. Now assume that
X has finite non-zero depth. Since the question is local on X, by [AFT17, Lemma 2.2.2] we
may assume that X = R" x C(Z), where Z is a compact C-stratified space with depth(Z) <
depth(X).

Let p : R" x C(Z) — C(Z) be the projection, b : C(Z) — = the unique map. By
[Proposition 1.6.18, for any sheaf F on C(Z) we have a functorial equivalence p'F ~ X"p*F,
so it suffices to show that b'S = We(z) is constructible. Hence we may assume that X = C(Z).

Let i : {x} — X be the inclusion of the cone point and j : U < X its open complement,
which is evidently homeomorphic to R x Z. We have a localization sequence

jﬂj*wX — Wx — i*i*wx.

By the inductive hypothesis j*wx is constructible, and thus for every stratum 7' C X which
does not contain the cone point, the restriction of wx is locally constant. Hence it remains to
prove that the stalk of wx at the cone point is a finite spectrum. But by a routine cofinality
argument we get

(wx)s = lim D(U;wx)
zelU

~ limI'(C.(2);wx)
e>0
~ lim Hom (I".(C:(Z); Sx), S).

e>0

To conclude the proof, we will now show that the canonical extension map I'.(C:(Z);Sx) —
I'.(X;Sx) is an equivalence for each ¢ and that I'.(X;Sx) is a finite spectrum.

First of all, notice that for any K C C.(Z) compact containing the cone point, there
exists a T' > 0 such that K C Cp(Z) (namely, take T' to be the maximum in the image of K
through the projection C.(Z) — R>¢). Hence we have a commutative square

[ (C(Z);Sx) —— lim To 7(X;Sy)

l 0<T<e l

T (X;Sx) — lim P 75(X; Sx).
>0

Since both colimits on the right-hand side of the square are indexed by filtered posets, to
prove that the horizontal maps are invertible it will suffice to show that the functors of which
we compute both colimits are constant. By definition, there is a fiber sequence

Iem(X;58x) = I(X;Sx) — I'(X \ Cr(2); Sx).

89



By homotopy invariance of the shape, since X is contractible and X \ Cp(Z) ~ Z there is a
commutative diagram

NX;Sy) — = I'(X \ Cr(Z);Sx)

! -

I_Ioin]‘Sp(EiX’S) B— MSP(Ef(X \ CT(Z))’S)

) -

S » Homg (X5Z,8S)

where the lower horizontal arrow is induced by applying the functor Homg (X% (—),S) to the
unique arrow Z — *. Thus we get

FW(Xa SX) = ﬁb(S — MSP(E$Z7S))

for any T' > 0. Hence to conclude the proof it suffices to show that X Z is a finite spectrum.
This is clear since, for any spectrum M, we have a functorial equivalence

Hom(X¥Z, M) ~ aja* M

and aja* preserves (filtered) colimits: since the class of compact objects in Sp coincides with
the one of finite spectra, we may conclude. Otherwise, one may see this as a consequence of
I[Lemma 2.4.3 [Proposition 2.4.15and the fact that X% preserves finite objects. O

Theorem 2.6.3. Let X be a conically smooth stratified space. Then the restriction to
Shv®(X; C)° of the functor D% factors through an equivalence

D% : Shv’(X;€)P —=— Shv“(X;C).

Proof. Let j : U < X be any open subset of X. Then, for any F' € Shv(X;€), by applying
[Corollary 1.3.26| |[Lemma 1.6.5| and [Proposition 1.6.12| we get functorial equivalences

I'(U; Hom , (F,wx)) ~ I'(U; Hom,, (j*F, j*w%))
~ T'(U; Hom,, (j* F, w;))
~ Hom,(T".(U; F), 1¢)

and thus there is a factorization

Shv(X;C)°P

CoShv(X; C)P

where D¢ denotes the functor obtained by postcomposing with D¢ : €7 — €.
We start by showing that D restricts to an equivalence

(2.6.4) D : Shv/¢(X; C) ~ CoShv/¢(X; C).

First of all, we prove that if ' € Shv(X;C) is locally constant, then DF is a formally
constructible cosheaf. Since both properties are local, it suffices to show that I sends constant
sheaves to formally constructible sheaves, so assume F' ~ a*M where a : X — * is the unique
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map. In this case we have that DF ~ a!eapM , and so by |Pr0position 2.6.1| we get what we
want.

Assume now that F' is any formally constructible sheaf, and let i : X, < X by the
inclusion of a stratum of X, with complement j : U — X. Thus, we need to show that
ipop DF ~ ]DiEF is locally constant. Since the question is local, by restring to X>, one may
assume that X, is a closed stratum, so that we have a fiber sequence

(2.6.5) iF — isF — i jSF.

Hence to conclude, since we have already shown that I preserves locally constant sheaves on
smooth manifolds, it suffices to show that j¢ JoF is formally constructible. For any inclusion
V — W of basic open subsets of X, we have a commutative square

L(V;j{jeF) —— T(VNU;F)

! !

L(W;jSjeF) —— D(W NU; F),

where the right vertical map is an equivalence by |Corollary 2.5.4] since VNU — W NU is
still a stratified homotopy equivalence. Hence, by |Proposition 2.5.13| we conclude that ;¢ JoF
is formally constructible.

We now prove that D restricts to an equivalence

(2.6.6) D : Shv®(X; C) ~ CoShv’(X;C).

For this it suffices to show that, for any x € X and F € SthC(X; C), Fy € C is dualizable
if and only if (DF'), is dualizable, where the latter denotes the costalk of DF at z. Let
x : * — X be the inclusion of a point x € X. By definition, there are equivalences (DF), ~
Toop (DF) o~ :c'GF Thus, by applying global sections to the localization sequence associated
to ¢ and j, we obtain a fiber sequence

' F~T(X;i,i'F) - T(X; F) - T(U; F)

and hence an equivalence
iy (X;F) ~i'F.

Thus, by choosing a conical chart R” x C'(Z) around x and by applying [Corollary 2.5.6, we
get a fiber sequence

(DF)y — Fp - T((R" x C(Z)) \ (0,%); F)

where * € C(Z) denotes the cone point. Therefore by [Corollary 2.5.18] to conclude it will
suffice to show that Exit((R™ x C(Z)) \ (0,%)) is finite. But by Van Kampen for exit paths,
one has a pushout

Exit(R™ \ {0} x Ryg x Z) —— Exit(R"” x Ry¢ x Z)

| -

Exit(R™ \ {0} x C(Z)) —— Exit(R" x C(2)) \ (0, %))

and so the result follows from [Proposition 2.4.15| and [Lemma 2.4.10]
We finally show that

D¢ : CoShve(X; €)% — Shv®(X; C)
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is an equivalence. The diagram

.
Fun(Exit (X), (Cdual)or) BRI Fun(Exit (X)), @dual)

zl'y* Ql'y*

Funyy (Bsc,x, (€49)or) %5 Funyy (Bsc, ., €dual)

’XTim* ZTim*
cC

CoShve(X;€) — 2% 4 Shve(X; @)

commutes since the horizontal arrows are given by postcompositions and the vertical arrows
by precompositions. Moreover, since the restriction of D¢ induces a duality on €42l the
upper horizontal arrows are equivalences, and thus we get the desired conclusion. O

Remark 2.6.7. Since the functor can be promoted to a natural transformation of
sheaves of oco-categories on X, to prove that it is actually an equivalence one could have
assumed from the beginning that X is a basic. In this case the stratifying poset of X is finite,
and hence one could have deduced that is an equivalence by [AMGRI9, Corollary
7.4.25] (see [AMGRI19, Example 1.10.8]). However, we preferred to give a more concrete and
independent proof to make our discussion as self contained as possible.

Remark 2.6.8. Notice that the equivalences and are already interesting on
their own, because they imply that for any stratified map f : X — Y, f° or f¢ preserves
(formal) constructibility if and only if f!e or fé does. In particular, we see that fé always
preserves (formally) constructible sheaves.

Remark 2.6.9. Any p-stratification of an analytic manifold in the sense of [KS90| satisfies
the Whitney conditions, and hence by defines a conically smooth structure.
Thus, recovers and generalizes the duality on constructible sheaves on analytic
manifolds as defined in [KS90] (i.e. sheaves which are constructible in our sense with respect
to some p-stratification).
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