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Abstract

In classical algebraic topology for p a prime and X a finite CW complex with a
Z/p-action there is a theorem of P. A. Smith which states that if the cohomol-
ogy H'(X,Z/p) = 0 for i > 0, then the cohomology H*(X%/?, Z/p) = 0 of the
fixed points vanishes. This was eventually reformulated with the Borel con-
struction leading to the localization theorem of Borel-Atiyah-Segal-Quillen
and more generally has had many applications in algebraic topology. These
results are often referred to as Smith theory. In [Trel9], Treumann defines
a sheaf theoretic variant of Smith theory appropriately dubbed Smith the-
ory for sheaves. This is accomplished by defining a functor called the Smith
operation from the equivariant derived category of sheaves to a particular
Verdier quotient. This functor commutes with the six operations leading to
similar results as in classical Smith Theory. The goal of this project is to gain
an understanding of this operation, its definition, and the various categories
involved.
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Introduction

The main topic of this thesis is to gain an understanding of the Smith oper-
ation functor defined in Section 4.2 of [Trel9]. The setting for this functor is
the following. Let p be a prime, k a field of characteristic p, and X a space
with G = Z/p action.

There is an equivariant derived category of constructible sheaves of k-
modules, denoted DY, (X, k). Let Perf(X“ kG) denote the subcategory
spanned by complexes of sheaves of kG-modules with stalks complexes of
finitely generated free kG-modules. We may take the Verdier quotient of
DY(XY kG) by Perf(X%, kG) which we denote by Shv(X% k). The Smith
operation is then a functor

Psm : DY, (X, k) — Shv(X“, k'9).

Appropriate versions of the six operations for derived categories of sheaves
descend to the category Shv(X¢ k'¢).

In classical algebraic topology Quillen [Qui71] extends the original result
of Smith [Smi34] relating the cohomology of a finite dimensional space with
Z/p coefficients to the cohomology of X%/? with Z/p coefficients. Further-
more, in [Bre73,CS72| it is shown that if X satisfies Poincare duality with
7Z./p-coefficients, then XZ/P satisfied Poincare duality with Z/p-coefficients.
The fact that the Smith operation commutes with the six operations recovers
these results.

The category Shv (Y, k*“) for which the Smith operation is defined is in-
teresting in that for X = % a point this becomes (the finitely generated part
of) the stable module category of the group ring kG and is in fact also equiv-
alent to the category of compact objects over a particular E.-ring spectrum
k'G called the Tate spectrum. This spectrum is constructed as the cofiber of
a map kne — k" from the homotopy orbits to the homotopy fixed points of
the Eilenberg-Maclane spectrum for the field &.

We begin by discussing the construction of the stable module category of
a general Frobenius ring R via a model category structure on Mod(R), the
category of modules over R. This construction can also be found in [Hov07].
We then discuss the triangulated structure on the homotopy category as
well as several other properties. We then turn to the construction of this
category as a particular Verdier quotient of the bounded derived category of
finitely generated modules by perfect complexes and conclude by discussing



the construction of the E,.-ring spectrum £'“. In the case G = Z/p and k a
field of characteristic p all these constructions coincide.

After the stable module category we turn towards the definition of equiv-
ariant sheaves with an eye towards finite groups and the equivariant derived
category. For a G-space with an action by a finite group we construct a
site giving an appropriate definition of equivariant sheaf. We prove several
properties of the corresponding Grothendieck topos. Using this site we define
equivariant sheaves on a space for a finite group in the co-categorical context
in the hopes of defining the Smith operation with oo-categories. While we
were unsuccessful in defining the Smith operation in this context include some
discussion of sheaves valued in compactly generated oo-categories as well as
the relation between the derived oo-category of sheaves and sheaves valued
in the derived oo-category. As the definition of our site does not work well
with the six operations we consider the classical construction of the equivari-
ant derived category and the corresponding six operations following [BLO06],
providing the necessary definitions for the Smith operation.

In the final section we cover the definition and properties of the Smith
operation as defined in [Trel9, §4]. We conclude by discussing some state-
ments we had hoped to be able to prove or disprove in the course of this
project.
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Notation and Conventions

Here a list of notation and conventions used:
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We denote a 1-category using bold face C letters while we denote oo-
categories with calligraphic € letters.

If C is a 1-category, then N(C) denotes its nerve.
We let § denote the oo-category of spaces.

Given a category C we let PSh(C) denote the 1-category Fun(C, Set)
of presheaves of sets on C. If € is an oco-category, then PSh(C) instead
denotes the oo-category Fun(C,8) of presheaves of spaces. Although
this notation is conflicting it should generally be clear from context
which is being used.

Similar to the above we let PSh(C,D) denote the functor category
Fun(C,D) of D-valued presheaves and PSh(C,D) the functor oco-
category Fun(C, D) of D-valued presheaves.

Let R be aring, then mod(R) denotes the category of finitely generated
(left) modules while Mod(R) denotes the category of all (left) modules.
If R is a ring spectrum, then we denote the co-category of (left) modules
by Mod(R).

We let Top denote the category of topological spaces and GTop the
category of spaces with G-action.

If C is a model category we let hC denote the homotopy category.
Similarly, if C is an oo-category we let hC denote the corresponding
homotopy category.

The Stable Module Category

1.1 The Stable Module Category

We begin by constructing a model structure on the category of modules over a
Frobenius ring. This appears in [Hov07, Section. 2.2]. However, our notation
and terminology is that of [MP11] and [Riel4] explanations of which can be
found in Appendix A.

Definition 1.1.1. Let R be a ring, then we say that R is a Frobenius ring
if a (left) R-module M is projective if and only if it is injective.
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Proposition 1.1.2. IfG s a finite group and k a field, then the group algebra
kG is a Frobenius ring.

Given a Frobenius ring R we construct a cofibrantly generated model
structure on Mod(R) whose homotopy category is the stable module cate-
gory. We let Mod(R) denote this category with its model structure and
StMod(R) the homotopy category. For R = kG with G a p-group and k a
field of characteristic p this will coincide with the category of modules over
the Tate spectrum k*C.

Definition 1.1.3. Let R be a ring and f,g : M — N maps of R-modules.
We say that f is stably equivalent to g, denoted f ~ g, if f — g factors
through a projective R-module, that is, there is a projective R-module P
and morphisms p; : M — P and py : P — N making the diagram commute.

M I N
P
We will say that f : M — N is a stable equivalence if there exists
g: N — M such that go f ~ 1), and fog ~ 1y.

Lemma 1.1.4. Stable equivalence is an equivalence relation on Homg(M, N)
compatible with composition in the sense that if f,g : M — N are stably
equivalent and h - N — L, k: K — M are morphisms, then ho f ~ hog
and fok ~ gok.

Proof. We begin by showing that stable equivalence is preserved under com-
positions. Let f,g : M — N be such that f ~ g and h : N — L. Since
f ~ g, then we have a commuting diagram

M I N
P

with P projective. Now we claim that h o f ~ h o g which is clear since
ho(f—g)=hof—hog as then the diagram

M hof—hog . L
M A’pg
P



commutes. The argument for f ok ~ g o k is similar.
Now it is clear that stable equivalence is reflexive as the zero module is
projective and f — f = 0. For f ~ g symmetry follows from the diagram

M NN
k %2
P

For transitivity let f, g, h € Homg(M, N) with factorizations,

M — y N

M =g > N
& % 19’1\,4 Ph
P

then we obtain a factorization of f — h

f=h=(f-g)+(9—h)

M s L

Po P

where P @ P’ is projective since direct sums of projectives are projective. []
Remark 1.1.5. We make the following two observations:
e Every isomorphism is a stable equivalence.

e If Pisaprojective, then for any R-module M the inclusion iy, : M — M & P
is a stable equivalence with stable inverse py; : M & P — M. This is
clear as py; o1y = 17 and 7y o pys factors through P.

Definition 1.1.6. Let R be a ring. Define the stable module category for
R to be the category with objects (left) R-modules and morphisms stable
equivalence classes of R-module maps. Denote this category by StMod(R).
Further, let stmod(R) denote the full subcategory of StMod(R) spanned
by finitely generated modules.

Note that the isomorphisms in StMod(R) are the stable equivalences.
We now show that StMod(R) arises as the homotopy category of a cofi-
brantly generated model structure on Mod(R).
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Theorem 1.1.7. There is a cofibrantly generated model structure (W, C, F)
on Mod(R) such that

e (Weak Equivalences) W is the collection of stable equivalences,
e (Cofibrations) € is the collection of injections,

e (Fibrations) F is the collection of surjections.

By the definition of model category (A.0.6) in order to show that (W, C, &)
makes Mod(R) into a cofibrantly generated model category we need to show
that W satisfies the 2-of-3 property and that (€ N'W,F) and (C,F N'W)
form weak factorization systems. However, by the small object argument
(A.0.8) it is sufficient to show that there are small sets I and J of generating

cofibrations and generating trivial fibrations such that
1) F=J9,

3 2(19), and

(1)
2) FAW =12,
3) ¢
4) enW =2(J2).

where A denotes the collection of morphisms with the right lifting property
against every element of some collection A and YA denotes the collection
of morphisms with the left lifting property against every element of some
collection A. Hence, we make the following definition.

Definition 1.1.8. Let [ denote the set of inclusions a — R with a a left
ideal in R. Let J be the set containing the inclusion 0 — R. We call I the
generating cofibrations and J the generating trivial fibrations.

We now show that
(C1) ‘W satisfies the 2-of-3 property,
(C2) J2 =3 fe J9if and only if f is a surjection,

(C3) FN'W = [9: f is a surjection and stable equivalence if and only if
fel?,

(C4) 2(I?) = @: i € ?(I?) if and only if 4 is an injection,
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(C5) ?(J?) = GN'W: i is an injection and a stable equivalence if and only
if i € 2(J?)

so that by the small object argument (A.0.8) (W, €, F) defines a cofibrantly

generated model structure on Mod(R).

Proposition 1.1.9 (Condition (C1)). The stable equivalences satisfy the 2-
of-3 property.

Proof. This follows directly from the compatibility of stable equivalence with
composition.
m

Corollary 1.1.10. If ¢ s an injection with projective cokernel, then i is a
stable equivalence. Dually, if f is a surjection with injective kernel, then f
1s a stable equivalence.

Proof. For, the first statement we obtain a split short exact sequence

0—— A p cokeri —— 0

cokeri @ A

where p is an isomorphism so a stable equivalence and i, is a stable equiva-
lence. Hence, by 2-of-3 for stable equivalences i is a stable equivalence. The
second statement holds similarly. O

We now turn to characterizing the fibrations and trivial fibrations as J¥
and 7.

Proposition 1.1.11 (Condition (C2)). If f : M — N is a map of R-
modules, then f € J2 if and only if f is surjective so J¥ = F.

Proof. First, if f : M — N is surjective, then we obtain a lift in the diagram
0O — M
l af 7 l s
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since R is a projective R-module. .

Suppose f : M — N is a fibration so that we have a lift f : R — M as
above for any morphism v : R — N. In particular, if y € N, then by the
universal property of free modules we have a map v, : R — N with v(1) =y

and f(f(1)) =y =v,(1) so f is surjective. O

Lemma 1.1.12. A map f: M — N of R-modules is in J2 "W if and only
of fis a surjection with projective kernel.

Proof. First, suppose [ is a surjection with projective kernel, then f € J¥
by Proposition 1.1.11. Further, since R is Frobenius, then ker f is injective
so the short exact sequence

0—kerf—s>M-—»N-—=0

splits. Let h : M — ker f@® N be the splitting isomorphism so that f = py o h
where py : ker f & N — N is the projection. Then since ker f is projective
pn is a stable equivalence and h is an isomorphism so a stable equivalence.
Therefore, by the 2-of-3 property for stable equivalences f is a stable equiv-
alence.

Now suppose [ € JPN'W, then by Proposition 1.1.11 f is a surjection so
it only remains to show that f has projective kernel. Let g : N — M be a
stable inverse for f so we have a factorization

N fomlv o N,

N A

P

Consider the diagram of short exact sequences

f

0 —— ker f > M > N > 0
P b
0 s K -2 s MaP (fv)>N > 0

where iy : M — M @ P is the inclusion of M and K = ker(f,v). Now
(9,—u): N - M@ P is asection of (f,v) as fg—vu = 1y. Hence, we obtain
a splitting of the lower sequence. Further, since i), is a stable equivalence and



f is a stable equivalence by assumption, then (f,v) is a stable equivalence
by the 2-of-3 property. Thus, the inclusion jx : K — M @ P is stably trivial
in the sense that jx is stably equivalent to the zero morphism and so factors
through a projective. By the splitting of the sequence we obtain a retraction
r: M@ P — K from which is follows that 1x factors through a projective.
Therefore, K is projective as it is a retract of a projective. By the Snake
lemma we get that

K/ ker f = coker h = cokeriy = P
so that K/ ker f is projective. Hence, the short exact sequence
0—kerf— K — K/kerf—0

splits so ker f is a retract of the projective K and retracts of projectives are
projective. O

We now recall Baer’s criterion for injective modules which we use in the
next result to characterize surjections with injective kernel.

Lemma 1.1.13 (Baer’s Criterion). If Q is an R-module, then Q is injective
if and only if for any left ideal a — R and any morphism a — @ there is an
extension

a—— Q.

|7
P
to all of R.

Proposition 1.1.14. A map f : M — N is in I? if an only if [ is a
surjection with injective kernel.

Proof. First, if f € 1% then f € J? = F as J C I so f is surjective
by Proposition 1.1.11. Hence, it remains to show that ker f is injective for
which we will apply Baer’s criterion (Lemma 1.1.13). Let a C R be a left
ideal of R, g : a — ker f a map, and j : ker f < M the inclusion. Then in
the diagram below there is a lift

J

M

X

Jjog

~

s
s

H— e

o, N

l
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since f € I¥ where such a lift is an extension of g to all of ker f so that ker f
is injective by Baer’s criterion.

Conversely, suppose f is a surjection with injective kernel and there is a
commutative square

a—t s M

j lf (1.1.1)

R — N.
Since ker f is injective, then the short exact sequence
0=kerf LML N0
splits so f has a section s : N — M. Consider the map
sgi —h:a— M

whose image is contained in ker f as f(sgi — h) = gi — fh = 0 by commuta-
tivity of the square. Thus, sgi — h restricts to a map ¢ : a — ker f

jop=sgi—h:a— M.

By injectivity of ker f, then Baer’s criterion says we obtain an extension of
ptoR

a —— ker f.

Now we claim that sg — j@ : R — M gives a lift in (1.1.1). Indeed we have

sgz’—jﬁ:sgi— E =h

© sgi—h
and
fsg—fjo=9—fio=g
| - | -
1n 0
and we are done. OJ

Corollary 1.1.15 (Condition (C3)). If f : M — N is a map of R-modules,
then f is a surjection and stable equivalence if and only if f € I°.
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Proof. By Lemma 1.1.11 J¥ = F. Further, since R is a Frobenius ring a
module is projective if and only if it is injective so applying Proposition 1.1.14
and Lemma 1.1.12 we get that

feEFNW < fel?

as desired. O

Proposition 1.1.16 (Condition (C4)). Ifi: M — N is a map of R-modules,
then i is an injection if and only if i € 2 (I9).

Proof. First, by Proposition 1.1.14 we have i € ?(I?) if and only if 7 has
the left lifting property with respect to all surjections with injective kernel.
Hence, to show that i € “(I%) if and only if i is injective may be shown
identically to the second half of the proof of Proposition 1.1.14.

Now suppose i : A — B is in ?(I%) so i has the left lifting property
with respect to all surjections with injective kernel. Let 7 : A — @ be an
embedding of A into an injective (). Then we get a commutative diagram

A5 Q

|7

B——0
since ¢ has the left lifting property with respect to @ — 0. In particular, it
follows that 7 is injective since j is injective. O]

Proposition 1.1.17. Ifi : A — B is a map of R-modules, then i € ©(J?)
if and only if © is an injection with projective cokernel.

Proof. This is precisely dual to the proof of Proposition 1.1.14. O

Lemma 1.1.18. Ifi: A — B is a map of R-modules, then i is an injection
and stable equivalence if and only if i is an injection with projective cokernel.

Proof. This follows in a similar manner to Lemma 1.1.12. O]

Corollary 1.1.19 (Condition (C5)). Ifi: M — N is a map of R-modules,
then i is an injection and stable equivalence if and only if i € ?(J?)

Proof. Apply Proposition 1.1.17 and Lemma 1.1.18. O

12



Having verified conditions (C1), (C2), (C3), (C4), (C5) it immediately
follows that Theorem 1.1.7 holds so we obtain a model structure on Mod(R).
The fact that the homotopy category is equivalent to the stable module
category follows from the fact that every object is both fibrant and cofibrant.

Remark 1.1.20. The category Mod(R) is a stable model category. See [HPS97,
9.6] and [SS03, 2.4(v)].

As every object in Mod(R) is both fibrant and cofibrant following [Lur,
1.3.4.15] we make the following definition.

Definition 1.1.21. The stable module co-category is the oo-category
StMod(R) := N(Mod(R))[W™].

Let stmod(R) denote the full subcategory spanned by finitely generated mod-
ules.

The oo-category StMod(R) is a stable co-category as Mod(R) is a stable
model category. In fact more is true. It is a symmetric monoidal model
category so the corresponding stable oo-category is symmetric monoidal.

1.2 The Triangulated Structure on StMod(R)

We turn to the triangulated structure on the stable module category StMod(R).

Define a functor Q : StMod(R) — StMod(R) in the following way. Let
M € StMod(R) be a module, then there is an epimorphism « : P — M for
some projective module P. Set

Q(M) := ker(«)

This is well-defined in StMod(R) as by Schanuel’s Lemma [Zim14, Lemma
1.8.12] given epimorphisms P 2y M and P, 2 M with P; and P, projective,
then

ker(p) @& P, = ker(p2) @ Po

so ker(p;) = ker(p2) in the stable module category. To see that €2 defines a
functor we must also specify how it behaves on morphisms. Let f: M — N
be a map of R-modules and define Q(f) : Q(M) — Q(N) by the following
construction. Let py; : Pyy — M and py : Py — N be epimorphisms
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representing Q(M) and Q(N). Then there is a map g : Py — Py obtained

as a lift
Py

k¢
g .-
e le

Por fopm N

since Py is projective. Thus, we obtain a diagram of short exact sequences

0 —— Q(M) > Py 2L > 0
lﬂ(f) lg lf
0 —— Q(N) » Py — > 0

We claim that Q(f) := gjow) is well-defined. Let g,¢' : Py — Py provide
lifts of pys o f against py, then g — ¢’ provides a lift

Py

g—g 7 l
. PN

-
-
-

PM Qopps N

through the zero map in Hom(M, N). Hence, since pyo(g—g¢') = 0 it follows
that ¢ — ¢’ factors through Q(N) = ker(py)

PM 9=¢ > PN
I
)

ker(py

SO gjo(M) — g"Q(M) factors as

g1 ~9(a(m)

Q(M) )pN

~ 7

Py

where Py is projective so gior) ~ g"Q(M) in StMod(R) and Q(f) is well-
defined.

14



Remark 1.2.1. If the ring R is Noetherian, then {2 restricts to a functor
on stmod(R) as then we may choose a map Py — M with P, finitely
generated projective and since R is Noetherian, then the kernel is finitely
generated.

We define ¥ : stmod(R) — stmod(R) on the finitely generated part.
Let M be a finitely generated R-module and Homy (M, k) the k-dual of M.
This fits into an exact sequence

0 — ker(p) — P & Homy (M, k) — 0

with P projective and p an epimorphism. Now the functor Homy(—, k) is
exact so we obtain

0 — Homy(Homyg (M, k)) — Homy (P, k) — Homy(ker(p), k) — 0

where Homy (P, k) is injective and so projective. Furthermore, we have an
isomorphism
Homy,(Homy (M, k), k) = M

induced by the evaluation map as k is a field and M is finitely generated.
Thus, the above sequence reduces to an exact sequence

0 — M — Homy (P, k) — Homy(ker(p), k) — 0 (1.2.1)
with Homy (P, k) projective. We define ¥ by setting
Y (M) := Homy (ker(p), k).

This defines a functor for the same reasons as for 2. Furthermore, we have
QoY = lstmoar) = L oL

This follows by construction from the exact sequence 1.2.1. We note that
the fact that ¥ extends to a self-equivalence on StMod(R) follows from the
fact that StMod(R) ~ Ind(stmod(R)).

Remark 1.2.2. An alternative construction of ¥ may be done in the fol-
lowing way. Since R is a Frobenius ring, then every projective module is

injective. Let M < @ be an injective hull of M, that is, an embedding of M
into an injective module M. Then set (M) := coker(i). Then 3 becomes a
well-defined functor by similar arguments as for €.
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Now we have obtained a translation functor so to define the triangulated
structure on StMod(R) we must specify the distinguished triangles. These
are defined as coming from short exact sequences

0—+M-—N—=L—=0.
More precisely, given such a short exact sequence define a map Q(L) — M

which by applying 3 gives a map L — X(M) and then the distinguished
triangles are defined to be any sequence

M — N— L— X(M)
coming from a short exact exact sequence
0—-M-—=N—L—0.
We define the map (L) — M which is done by contemplating the diagram

f

0 > M < s N s L > 0
N PN
| | i

0 —— QL) — P, 25 L > 0.

Here P, — L is a surjective map with Py projective defining Q(L). A lift
P;, — N exists making the diagram commute as Py is projective and N — L
is surjective. Thus, we obtain a map (L) — M. To see that this map is well-
defined in StMod(R) suppose we have two lifts g,¢' : P, - Nof f: N — L.
Then g — ¢’ provides a lift of 0 € Hom(Pp, L). Thus, fo (g —¢') = 0 and so

g — ¢ factors as
9—9'
PL > V.
k‘ %
M

as M = ker(f). It follows that the induced map (g — ¢')jow) : QL) = M
factors through P, which is projective and so gjo(z) ~ glq(r, In StMod(R).

Remark 1.2.3. In [HD88, Chp. 2| the distinguished triangles

M — N—L— X(M)
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arise via diagrams

0 sy M —— Q » D(M) — 0
0 > N > L » (M) —— 0

where 7 exhibits () as an injective hull of M, the rows are exact, and the left
hand square is a pushout. We will take advantage of this in the next section.

1.3 Alternative Constructions of the Stable Module
Category

We given an alternative construction of the stable module category as a
Verdier quotient of the (bounded) derived oco-category of the Frobenius ring
R by the perfect complexes.

Let k be a field and R be a finite dimensional k-algebra which is Frobe-
nius. Let D(Mod(R)) denote the (unbounded) derived oo-category of all
R-modules. We let D®(Mod(R)) denote the full subcategory of D(Mod(R))
spanned by bounded complex which is a stable subcategory.

Definition 1.3.1. Let R be aring. A complex M € D(Mod(R)) is perfect if
it is a compact object in D(Mod(R)). Equivalently, a complex M is perfect
if it is quasi-isomorphic to a bounded complex of finitely generated projective
modules. Denote by Perf(R) the full subcategory D(Mod(R)) spanned by
perfect objects.

Lemma 1.3.2. The inclusion i : Perf(R) C D’(mod(R)) ezhibits Perf(R)
as a stable subcategory of Perf(R).

Proof. By [Lur, Lemma. 1.1.3.3] a full subcategory of a stable co-category is
a stable subcategory if it is closed under cofibers and translations. Hence, it
is clear that Perf(R) is a full subcategory as cofibers are given by mapping
cones and translations by shifting. O

Theorem 1.3.3 ( [Ric89, Thm. 2.1]). There is an equivalence of stable co-
categories between the Verdier quotient D°(mod(R))/ Perf(R) and stmod(R)
the finitely generated part of the stable module co-category.
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Proof. By Proposition B.0.3 it is sufficient to give a functor of stable oo-
categories and check it induces an equivalence on the triangulated homotopy
categories. Furthermore, by Proposition B.0.2 the homotopy category of
the Verdier quotient D’(mod(R))/ Perf(R) is the usual Verdier quotient of
triangulated categories.

Let F' denote the composition

N(mod(R)) % D’(mod(R)) % D’(mod(R))/ Perf(R).

of the inclusion of (the nerve of) finitely generated R-modules into D’(mod(R))
followed by the Verdier quotient functor. If P € N(mod(R)) is projective,
then F'(P) = 0 by definition of Perf(R). Thus, by the universal property of
the localization defining stmod(R) it follows that F' factors as

N(mod(R)) i » D(mod(R))/ Perf(R).

T~

stmod(R)

The claim is that F is the desired equivalence.
We first show that F' is exact. Let

M—>N-—>L—X(M)

be a distinguished triangle in stmod(R). By Remark 1.2.3 this arises via a
diagram

0 s M —— Q » X(M) —— 0

I

0 > N > L > M(M) —— 0

with M — (@) an injective hull of ) and the left hand square a pushout.
Thus, in D°(mod(R)) we have distinguished triangles

M—Q—X(M)— M[1]
and

N — L — X(M)— N[1].
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Since @ is injective it is projective and so F/(()) = 0 in the quotient. Hence,
in the Verdier quotient we have a distinguished triangle

FM —0— FX(M) — FM[1]
so that F3(M) = FM][1] in the Verdier quotient. It follows that
FN —- FL — FM[1] — FNI|1]
is a distinguished triangle in the Verdier quotient as it is isomorphic to
FN —- FL — FX(M) — FNI[1]
which is distinguished. Thus, by shifting
FM — FN — FL — FM|1]

is distinguished and the result follows.

Now we claim that F is full. This follows as F is full and no non-projective
finitely generated module M is mapped to zero since the only modules with
finite projective resolutions over R are projective.

The functor F is faithful. Indeed suppose f : M — N is the class of a
map in stmod(R) such that F(f) = 0. Let

ML NS L M

be an extension of f to a distinguished triangle. Now since F'f = 0, then by
considering the morphism of distinguished triangles

Fyv EES By _Eh B

I
ol ll | PR
+

where the dotted arrow exists by TR3 for triangulated categories. Thus, the
identity map for F'V factors through the map F'h : FN — FL. Hence, since
F is full there is a map g : Y — Y such that g factors through h

Y 9 y Y

N

Z

19



and Fyg is an equivalence. As previously seen if M € stmod(R) is non-
zero, then FM 2 0 since no finitely generated non-projective module has
a finite projective resolution. Hence, since F (g9) is an isomorphism, then
F cofib(g) 2= cofib(Fg) = 0 so by the previous observation cofib(g) = 0.
Therefore, g is an isomorphism and we see that h is a split monomorphism
as 1y = g tg = (g7 *h')h. Tt follows that we obtain a morphism

MLoN P M

IR

0 >N1>N >

of cofiber sequences which implies f = 0 as desired.
Now we claim that F is essentially surjective. Let Cy € Db(mod(R))/ Perf(R)
which as an object of D’(mod(R)) is equivalent to a complex

Poieii s Py 5 Py 5 Py 0

with homology bounded above r. Consider the chain map f, below

P, e — Py > P, > P_q
ook
p. tee _>PT+1 )P,,, )0 S e

to the complex P,. We claim that cofib(f) lies in Perf(R). Indeed the kernel
of f is the complex

o= 0=F_1 == FP =0

which lies in Perf(R)) and by a general result since f is surjective, then
ker(p)[1] is quasi-isomorphic to cofib(f) and so cofib(f) € Perf(R). Now we
have a complex

Qo:"'_>P7’+1_>Pr_>Qr—l_>"'_>QO_>0

which is the projective resolution of some module M in stmod(R) with the
obvious map from Q, — P, an isomorphism in D’(mod(R))/ Perf(R) and
therefore, FM = P, = C,. O

Corollary 1.3.4. The categories StMod(R) and Ind(D?(mod(R))/ Perf(R))
are equivalent.
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1.4 The Tate Construction

In this section we give a third construction of the stable module category in
the case that R = kG for G a finite p-group and k a field of characteristic p.

If G is a finite group and A a G-module, then we have G-fixed points A%
and G-orbits. There is a map

N mgqg : AG — AG
la] = Na
which sends a class [a] to multiplication by the norm element N =3~ _. g of

kG. Using this map we are able to splice group homology and cohomology
together into a single object, Tate cohomology, defined by setting

H™"(G; A), n>1,
]TI”(G'A) ) coker Nmg, n =20,
T ker Nmg, n=-—1,

H—n—l(G; A), n S —2
so we have an exact sequence
0= HY(G;A) = Ag 229 A% 5 HY(G; A) — 0.

In this section we discuss this construction in the setting of spectra with
G-action to obtain a norm map

Nme : Xpe — XC

from the homotopy orbits to the homotopy fixed points. Taking the cofiber
of this map we obtain a spectrum X' called the Tate construction. We
follow [NS*18, I.1] although this material appears in [Lur, 6.1.6].

Let Sp denote the stable co-category of spectra and let SpP?% denote the
oo-category Fun(BG, Sp) where BG is a classifying space for G. We call this
oo-category spectra with G-action.

Remark 1.4.1. We call SpP“ spectra with G-action rather than G-equivariant
spectra in order to distinguish this category from the category of genuine
equivariant spectra. Although by [NS*18, Thm. I11.2.7] the category SpZ¢
may be realized as a full subcategory of the oo-category of genuine G-spectra
spanned by those genuine spectra whose genuine fixed points and homotopy
fixed points agree for all subgroups H of G.
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Consider the map f : BG — x which gives rise to a precomposition
functor f* : Sp — Sp”“. Note that this simply gives a spectrum X the
trivial action. Since f* is a precomposition functor and Sp is complete and
cocomplete we make take Kan extensions

fi
l/\

Sp f* SpBG

~_
fx

by [Lur09b, 4.3.3.7]. Observe since these are Kan extensions they are pre-
cisely the (homotopy) orbit

fi=(")ne: Sp”“ — Sp
BC

functor and a (homotopy) fixed point functor
fo=(—)"9:SpP% = Sp

XH@X.
BG

Now we wish to construct a natural transformation
NmG . (_)hG — (—)hG
just as in the case of G-modules.

Remark 1.4.2. Given a map f : X — Y of Kan complexes and an oo-
category € which is complete and cocomplete. We always let f*: CY — CX
denote the precomposition with f functor, f; its left adjoint, and f, its right
adjoint obtained via Kan extension.

Construction 1.4.3. Consider the pullback of spaces

BG x BG -2 BG

ml lf (1.4.1)
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where p; and ps are the projection maps onto the first and second coordinates,
respectively. Let 0 : BG — BG x BG be the diagonal map, then by Kan
extension we obtain functors

0y
VR

SpBGX BG o SpBG

~_
Ox

where there is a map Nmg : § — J, which is an equivalence by [Lur, Con-
struction. 6.1.6.19] as the map f : BG — x has fiber BG. Now we may
combine the unit map 1 — 4,0* and the counit map 6,0* — 1 to obtain a
map

Nmj*
Pl = 0,.0"p = 6, — 6 =~ §6*ps — p;.
From the pullback diagram (1.4.1) consider the transformation

It follows from [Lur, Lemma. 6.1.6.3] that this map is in fact an equivalence
so we obtain a map 1 — f*f, from the map 1 — py,p3. Thus, as fi is left
adjoint to f* there is a map

Nme: fi= (=) = ()" = f.
which is the desired transformation.
Definition 1.4.4. The Tate Construction for SpP¢ is the cofiber
(=) = cofib(Nmg : (—)ne — (—)"9)
of the norm map.

For k a ring we let £'“ denote the Tate construction on its Eilenberg-
Maclane spectrum with trivial action.

Remark 1.4.5. If M is a G-module, then the homotopy groups of HM?*
are the Tate cohomology

T (HM'S) = H™(G; M)

of G with coefficients in M where HM denotes the Eilenberg-Maclane spec-
trum of M.
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Remark 1.4.6. It is shown in [NS*18, Thm. 1.3.1] that the functor (—)*)
has a unique (in a suitable oco-categorical sense) lax symmetric monoidal
structure.

Theorem 1.4.7 ( [Kel94, 4.3]). Let k denote a field of characteristic p and
G be a finite p-group, then there is an equivalence of co-categories

Mod (k') ~ StMod(kG)
between the oo-category of modules over the Eoo-ring k'C.

Remark 1.4.8. Another proof appears in [Mat15, Section 2].

1.5 Properties of the Stable Module Category

We discuss some additional structure and properties of the stable module
category in the case that R = kG for G a finite group and k a field.

Proposition 1.5.1 ( [Hov07, Prop. 4.2.15]). The model category Mod(kG)
15 a symmetric monoidal model category. In particular, the underlying oo-
category StMod(kG) is a symmetric monoidal co-category.

Proof. The category Mod(kG) with the model structure of Section 1.1 is a
closed symmetric monoidal model category in the sense of [Hov07, Def. 4.2.6]
(See also [Lur09b, A.3.1]). The tensor product is the tensor product M ®; N
of k-vector spaces with diagonal G-action. The internal hom is the usual
internal hom for the category of representations. Namely, for £kG-modules
M and N we give Hom(M, N) the conjugation action so for f : M — N,
then g.f is the map
g.f rx > gflg ).

It follows from [Lur, Example 4.1.7.6] that the underlying oo-category of the
model category is a symmetric monoidal co-category. O

Recall, that every finitely generated kG-module is dualizable via the dual
representation Homy(—, k). This descends to a functor on stmod(kG) by
the following proposition.

Proposition 1.5.2. Let M and N be finitely generated kG-modules. If
f M — N is a stable equivalence with stable inverse g : N — M, then
Homy(—, k) sends f and g to isomorphisms.
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Proof. This follows from the fact that if P is projective, then Homy(P, k)
is injective, but kG is Frobenius so it is projective. Thus, if go f — 1,
factors through a projective P, then the dual of g o f — 1), factors through
Homy (P, k) which is projective. A similar argument applies to f o g and so
since Homy(—, k) respects the stable equivalences it descends to a duality
functor on stmod(kG). O

By definition an object in an co-category is dualizable if it is dualizable as
an object in the homotopy category. Hence, we obtain the following corollary.

Corollary 1.5.3. Fvery finitely generated module in the stable module oo-
category is dualizable using the k-linear dual functor Homy(—, k).

Remark 1.5.4. In the oco-category D’(mod(kG))/ Perf(kG) the symmet-
ric monoidal structure is induced by the tensor product of chain complexes
M, ®j Ny over k with diagonal G-action. The duality functor is similarly
described by applying Homy(—, k) to the chain complex.

2 Sheaves and Equivariant Sheaves

In this section we begin by discussing the definition of sheaves on a site in
order to fix some notation. Then given a topological space X with an action
by a group GG we define the category of equivariant sheaves on the G-space X.
We do this by constructing a particular site Ug (X ') and define the category of
equivariant sheaves to be the sheaves on this site. We prove a few properties
of this category.

2.1 Sheaves

In order to fix notation we begin with the basic definitions of sheaves on a
site with a Grothendieck topology. Our primary source is [MM12]. Although
we also consulted [KS06] and the Stacks project [Sta21].

Given a category C we let PSh(C) = Fun(C, Set) denote the category
of Set-valued presheaves.

Definition 2.1.1. Let C be a (small) category. A sieve on C is a full
subcategory S C C such that if f: C — C’ is a morphism in C and C’" € S,
then C' € S. If C' € C is an object in C, then a sieve on C' is a sieve on the
over category C/c.
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In other words a sieve on an object C' € C is a collection of morphisms
S ={f;: C; = C}ie; with codomain C such that if f € Sand g: D — C;
is a morphism in C, then fog € S. Observe that if S ={f;: C; - C} is a
sieve on C' € C and h : D — C is any morphism, then

h*(S)={g: D' = D|hoge S}
defines a sieve on D.

Remark 2.1.2. We make an important observation that a sieve S on an ob-
ject C' € C is the same as a subfunctor S < Hom(—, (') of the representable
functor corresponding to C'. In other words sieves on an object C' corre-

spond to equivalence class of monomorphisms into the representable functor
Hom(—, C).

Definition 2.1.3. Let C be a category. A (Grothendieck) topology on C is
a map J which to each C' € C associates a collection of sieves, J(C'), on C,
called covering sieves such that

(T1) (Maximality) The sieve C /¢ is in J(C).

(T2) (Stability) if f: D — D is a morphism in C and S € J(C), then f*(5)
is in J(D).

(T3) (Transitivity) If S € J(C) and S’ is any sieve on C' such that for all
f:D — Cin S we have f*(5') € J(D), then S’ is in J(C).

Definition 2.1.4. A site is a pair (C,J) where C is a category and J a
Grothendieck topology on C.

Example 2.1.5. Let X be a topological space and U(X) the poset of open
subsets of X. Let U C X be an open subset. Observe that since a sieve S on
U is a full subcategory of U(X),y it is simply a collection of open subsets of
X contained in U. Define a topology on U(X) by declaring a sieve S on U to
be a covering sieve if U = Uy gV, that is, if U is covered by the elements of

S. Tt is an easy exercise to check that this defines a Grothendieck topology
on U(X).

In order to define a topology on a set X one often does not define a topol-
ogy on X, but rather gives a basis for a topology on X and then considers the
topology generated by this basis. It follows that properties of the topology
on X may then be checked on the basis elements. A similar idea applies to
Grothendieck topologies.
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Definition 2.1.6. Let C be a category with pullbacks. A basis for a (Grothendieck)
topology on C is a map K which for each C' € C gives a collection

K(C) ={{fij : Cij = C}jestier

of families of morphisms of the form f : C' — C, called covering families
such that

(B1) If f: C" — C is an isomorphism, then f € K(C).

(B2) If {f; : C; — C}icr € K(C), then for any g : D — C the pullback
family
{pry: Ci x¢ D — D}ier

is in K(D).

(B3) If {f; : C; = C}ier is in K(C) and for each i € I there is a collection
{9ij : Dij = Ci}jer, in K(C;), then

{fio gij : Dij — C}(i,j)e]xli
lies in K(C).

Remark 2.1.7. Given a basis K we obtain a Grothendieck topology J gen-
erated by K by a declaring a sieve S on C' to be a covering sieve of C' if
and only if there exists some covering family S” € K(C') such that S’ C S.
In other words the topology generated by K consists of those sieves which
contain a K-covering family.

Conversely, given a Grothendieck topology J on C there is a maximal
basis K which generates J by taking S to be a covering family for C' if and
only if S contains the sieve {fog | f € S} for any ¢g with the same codomain

as f.

Example 2.1.8. We note a few more examples of Grothendieck topologies.
Let

(1) The indiscrete topology, sometimes also called the chaotic or trivial
topology, is the topology with the only sieve being the maximal one.
In other words J(C') = {C,¢} for all objects C' in C.

(2) The discrete topology is the topology such that any (non-empty) sieve
is declared to be a covering sieve.

27



We now turn to defining sheaves on a site (C, J). For simplicity we will
assume that C has pullbacks.

Definition 2.1.9. Let (C, J) be a site where C has pullbacks. A presheaf
F: C? — Set is said to be a J-sheaf or simply a sheaf if for every covering
family {f; : C; — C} the diagram

I; pri ij
Hz’ fz* >

F(C) —= [, F(C) " 1L, F(C: xc Cy) (2.1.1)
H]‘ prz,i,j

is an equalizer. Here the maps

fi +F(C) = F(Cy)
pri,; ;i F(Ci) — F(Ci x¢ Cj)
przm : ?(C]) — 3:(01 X CJ)

are those obtained after applying J to f; and the projections in C. We let
Shv ;(C) denote the full subcategory of PSh(C) spanned by the .J-sheaves.

Remark 2.1.10. In other words ¥ is a sheaf if given any family s, € F(C})
such that for all 4, j we have pr}, (s;) = pr3,;(s;) in F(C; x¢ Cj), then
there exists a unique s € F(C') such that f(s) = s, for all i.

Remark 2.1.11. We have the following important alternative version of the
sheaf condition. Let j : C — PSh(C) denote the Yoneda embedding. Re-
call, by Remark 2.1.2 a sieve S on C' € C is the same as a subfunctor of
j(C) := Hom(—,C). Let ig : S — j(C) denote the monomorphism corre-
sponding to S. A presheaf F' : C? — Set is a sheaf if and only if for all
covering sieves S of an object C' the inclusion ig induces an isomorphism

HOIIlpSh(C)(j(C>, F) %is) HOIIlpSh(C)<S, F)

Definition 2.1.12. A category X is a (Grothendieck) topos if there exists a
site (C, J) such that X ~ Shv;(C).

Example 2.1.13. (1) Let X = {x} denote the one point space. Then
Shv(X) = Set is a topos.

(2) If X is a topological space, then Shv(U(X)) is the usual category of
sheaves on X and we simply denote this category Shv(X).
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(3) Let C be a category. Then PSh(C) is a Grothendieck topos by endow-
ing C with the indiscrete topology as then PSh(C) = Shv(C).

Example 2.1.14. A basis for a topology on C is said to be subcanonical if
every representable presheaf is a sheaf. The canonical topology on C is the
largest subcanonical topology on C.

If (C,J) is a site, then there is an equivalence of categories

Shv;(C) ~ Shv ., (Shv;(C))

between the category of sheaves on C and the sheaves on Shv;(C) with
respect to the canonical topology. See [J702, Prop. C.2.2.7]. Note that one
can describe the covering sieves for the canonical topology on a Grothendieck
topos concretely. They are precisely the covering families consisting of jointly
epimorphic maps.

We now briefly discuss morphisms of topoi. This discussion will be helpful
for defining functors of equivariant sheaves induced by continuous equivariant
maps f: X — Y.

Definition 2.1.15. Let X = Shv(C) and Y = Shv(D) be (Grothendieck)

topos. A geometric morphism of topoi f : X — Y is a pair f = (f*, f.) of
adjoint functors

X Y
e

such that f* - f, and f* is left exact. We call the right adjoint f. the direct
image or pushforward functor and we call the left adjoint f* the inverse
image or pullback functor.

Given geometric morphisms

f=50): X=Y
9=1(9"9:):Y = Z

of topoi the composition g o f is defined as
gof=(fTog"g:0of): X=>Z

as in the diagram
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Remark 2.1.16. Every Grothendieck topos is locally presentable (See [Bor94,
Prop. 3.4.16]). In particular, we may apply the adjoint functor theorem so
to give a geometric morphism f = (f*, f.) it is sufficient to give either f,
and show it respects limits or give f* and show it is left exact and respects
colimits.

Definition 2.1.17. Let X be a topos, then a point of the topos X is a
geometric morphism = = (z*, z,) : Set — X.

Definition 2.1.18. Let X be a topos and x = (z*,x,) a point of X, then
the stalk of a sheaf F at x is v*F the inverse image of F. If A is a set, then
A is the skyscraper sheaf of A at X.

We now describe a few important properties of the category Shv;(C).

Proposition 2.1.19. Let (C, J) be a site. If I — PSh(C) is a diagram and
every presheaf F; in the diagram is a sheaf, then 1'&13‘} s a sheaf.

Proof. See [MM12, Prop. I11.4.4]. O

Proposition 2.1.20. The inclusion functor i : Shv;(C) — PSh(C) has
a left exact left adjoint a : PSh(C) — Shv;(C) called the associated sheaf
or sheafification functor. In particular a commutes with finite limits and
colimits.

Proof. See [MM12, Thm. II1.5.1]. O

Note that if F is a presheaf, then the unit map n of the adjunction a -1
gives a canonical map of presheaves F a(F). This map has the following
universal property. If a: F — G is a map of presheaves where G is a sheaf,
then « factors uniquely through ns as in

F = > G

Remark 2.1.21. The above proposition tells us that the category Shv ;(C)
is a reflective localization of PSh(C). In particular, we may realize Shv ;(C)
as the full subcategory of PSh(C) of S-local objects where S is collection of

all monomorphisms P < Hom(—, C') which correspond to covering sieves in
the topology J.
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Corollary 2.1.22. If (C,J) is a site, then the category Shv;(C) has all
limits and colimits. Furthermore, colimits in Shv;(C) may be calculated in
PSh(C) followed by applying the sheafification functor a.

Example 2.1.23. This appears in [Sta2l, Tag 09VK]. Let X, : A% — Top
be a simplicial topological space. Then we may associate a site X% to X,
in the following way. The objects of XZ%" are the open subsets U of X,, for
some n. A morphism U — V in X% is induced by ¢ : [m] — [n] where
UC X,and V C X,, are open and ¢ is such that X(¢)(U) C V. We define
{fi : Uy — Ulicr to be a covering family in X7 if

(1) the U; C X,, are open,
(2) all the morphisms f; = X,(1},)) are induced by the identity for [n], and
(3) UsesU; = U the U; cover U.

A sheaf F on X7 consists of a pair ({F,, }n>0, {F(#) }pemor(a)) such that:
(1) Each &, is a sheaf on X,,.

(2) If ¢ : [m] — [n] is a morphism in A, then ¢ induces a continuous map
fo=X(p) : X, = X,,. Then F(p) is a map

F(p) : [T — Fo.

Furthermore, the structure maps F(¢) must be functorial in the fol-
lowing sense: if ¢ : [m] — [n] and ¢ : [[] — [m] are morphisms in A,
then the maps F(¢) and F(v) satisfy

F(op)=TF(p)o f5F(¥)
as in the diagram

F(hoy)
JooT

s F,
f;s% A>
foFm

We conclude this section with a brief discussion of sheaves valued in other
categories.
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Definition 2.1.24. Let A be a category with (small) limits and X := Shv ;(C)
a Grothendieck topos.

(1) A functor ¥ : C®? — A is an A-valued sheaf on C if for every C' €
C and every covering sieve S C C,c of C that J satisfies the sheaf
condition of Definition 2.1.9 or Remark 2.1.11 as an A-valued functor.
Let Shv(C, A) denote the full subcategory of PSh(C, A) that are A-
valued sheaves.

(2) An A-valued sheaf on X is a functor F' : X? — C which preserves

small limits. Let Shv(X, A) denote the full subcategory of PSh(X, A)
spanned by functors which preserves small limits.

Proposition 2.1.25. Let A be a category with (small) limits and X = Shv ;(C)
be a Grothendieck topos. Then the categories Shv(C, A) and Shv(X,A) are

equivalent.

Proof. Let j : C — PSh(C) denote the Yoneda embedding. The universal
property of the Yoneda embedding tells us that precomposition with j induces
an equivalence

Fun”(PSh(C), D) =% Fun(C, D)

where D is any category with all colimits and Fun’ denotes the full subcat-
egory spanned by functors PSh(C) — D which preserve colimits. Hence, by
duality composition with j : C®? — PSh(C)° induces and equivalence

Fun®(PSh(C)”, D) =% Fun(C, D)

where D is any category with all limits and Fun® consists of those functors
PSh(C)® — D which preserve limits. Let a : PSh(C) — Shv(C) denote the
sheafification functor. Recall this is a localization at the class of monomor-
phisms S < j(C) which correspond to covering sieves of C' € C. Hence,
a has the following universal property: composition with a induces a fully
faithful embedding

Fun®(X, A) — Fun”(PSh(C), A)

with essential image those functors F' : PSh(C) — A such that for every
monomorphism S — j(C') which corresponds to a covering sieve, then the
induced map F(S) — F(j(C)) is an isomorphism in A. Again by duality
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we have that composition with a : X — PSh(C)? induces a fully faithful
embedding

Fun™(X?, A) == Fun®(PSh(C)?, A)
from the limit preserving functors X°? — A to the limit preserving functors
PSh(C) — A such that for every monomorphism S — j(C') corresponding
to a covering sieve the induced map F(j(C)) — F(S) is an equivalence, but

this is precisely the sheaf condition from 2.1.11. Thus, the precomposition
functor

Shv(X, A) 22 Shv(C, A)
is an equivalence. O

For sheaves of algebraic structures we have some additional useful prop-
erties which we list here. Let (C, J) be a site and A a category.

(F1) Let A denote the category of abelian groups Ab, rings Ring, or com-
mutative rings CRing. There is a canonical equivalence (isomorphism
even) between the categories

A(Shv,(C)) ~ Shv,(C, A)

between the categories of A-objects in Shv;(C) and A-valued sheaves
on C.

(F2) Let R be a fixed ring and R denote the sheafification of the constant
presheaf of rings C' — R. This is a sheaf of rings. There is an equiva-
lence

Shv;(C, Mod(R)) ~ Mod(Shv,(C, R)

between the categories of sheaves with values in the category of (left)
R-modules and the category of (left) modules over the ring object R.

(F3) Let R be aring and A denote any of the categories Ab, Ring, CRing, Mod(R).
Let F': A — Set denote the obvious forgetful functor. Then a presheaf
F : C? — A is a sheaf if and only if FF : C? — Set is a sheaf.

(F4) Let A be as in (F3). Then there is a sheafification functor

a: PSh(C,A) — Shv,(C, A)
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which is a left exact left adjoint to the inclusion
i:Shv;(C,A) — PSh(C,A).

Moreover, we have a commuting diagram

a

PSh(C,A) . Shv,(C,A)

r| ) |F

—2
PSh(C) Shv;(C)
where F' denote the obvious forgetful functor.

(F5) Let A denote any of the categories Ab, Ring, CRing, Mod(R), then
a geometric morphism f = (f*, f.) from Shv(C) to Shv(D) induces an
adjoint pair of functors

-
%
Shv(C, A) Shv(D, A)

—_—
f*

compatible with the forgetful functor and the above results.

(F6) Let O be a ring object in Shv;(C), then the category of modules over
O is a Grothendieck abelian category.

We defer to [Sta2l, Section 00YR] for details.

2.2 Sheaves on Spaces

In this section we recall the construction of the direct image f, and inverse
image functors f* giving rise to a geometric morphism f : Shv(X) — Shv(Y)
for a continuous map f : X — Y of topological spaces. Additionally, we dis-
cuss the equivalence between sheaves on a space and local homeomorphisms
over the space. We then conclude with a second construction of the in-
verse image functor f* using this equivalence. These ideas extend essentially
directly to our definition of equivariant sheaves. A much more thorough
discussion can be found in [MM12, IIJ.

Let f : X — Y be a continuous map, then there is an obvious induced
map f~1: U(Y) — U(X) of posets. Moreover, this functor respects intersec-
tions and unions. In particular, it respects the Grothendieck topology in the
following sense:

34


https://stacks.math.columbia.edu/tag/00YR

(G1) If {U; — U} is a cover of U in Y, then {f~*(U;) — f~*(U)} is a cover
of f7Y(U) in X.
(G2) For any V — U in U(Y) we have f~{(V NU;) = f~4 V) N ).

In other words f~! sends covering families to covering families and intersec-
tions (pullbacks) to intersections (pullbacks). Thus, we obtain a functor

PSh(x) Y2 psh(y)

FrsFof!
given by precomposition with f=!. It follows from the fact that the functor

7! respects covering families and pullbacks that (f~!)* sends sheaves to
sheaves. Hence, we obtain a functor.

f« : Shv(X) — Shv(Y).

Now since the category of sets is complete and cocomplete we may take
(pointwise) left (f~!)and right (f~'), Kan extension of the functor (f~1)*

(f=
O~

Psh(x) Y% psn(y)

~_
(F~H+

Note that in this case the left Kan extension may be explicitly described as

(fTF U lim F(V)

r)cv
Consider the composition

£ Shv(Y) € PSh(Y) L% PSK(X) 2 Shv(X).

Lemma 2.2.1. The functor f* is a left exact left adjoint to f,.
Proof. The functor f* is a left adjoint by the series of adjunctions:

Homgny(vy(G, f.F) = Hompsny) (G, f.F)
= Hompgn(x)((f~')9, F)
= Homgpy(x)(a ( G, 9)
= HomShv(X)( ) (2.2.1)
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For left exactness observe that the functor f* is a composition of the right
adjoint Shv(Y) € PSh(Y) and a left exact functor a : PSh(X) — Shv(X)
so it is sufficient to show that the functor (f~'), is left exact. The left
Kan extension (f~!); may be defined via a colimit over the comma category
f~1 1 V or equivalently the category of elements of the functor

Homy(xyer (f (=), V) : W(Y) — Set

for Ve U(X) an open subset of X ( [Riel7, Thm. 6.2.1, Cor. 6.2.6]). These
categories are filtered and filtered colimits commute with finite limits so the
functor (f~1), is left exact. O

Thus, given a continuous map f : X — Y we have obtained a geometric
morphism f = (f*, f.) : Shv(X) — Shv(Y).

Remark 2.2.2. The construction of the inverse image functor f* above
gives us a definition of the stalk of a sheaf F at a point z € X. Namely, let
x : {*} — X denote the inclusion of z into X. Then since Shv(x) ~ Set we
obtain a point of the topos Shv(X) and by definition the stalk of F at z is
the inverse image x*J. Since x* is constructed as left Kan extension we see
that
Fp=a2"F = @?(U)
zelU

where the colimit is taken over the full subcategory of U(X )% spanned by
opens containing x.

Remark 2.2.3. Much of the discussion above holds in a much more gen-
eral setting. Specifically, suppose we have a functor f : D — C where
C and D have Grothendieck topologies. Furthermore, suppose f respects
the Grothendieck topology in the following sense: for every covering family
{Uz — U}ie[ inD

(1) {f(U;) = f(U;}ier) is a covering family of f(U;) in C

(2) for any V' — U the canonical map f(V xy U;) = f(T) Xz f(U;) is

an isomorphism for all 7 € [.

Then the precomposition functor

PSh(C) £ PSh(D)
F—TFof
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restricts to a functor f, : Shv(C) — Shv(D). Additionally, if fi : PSh(D) — PSh(C)
denotes the (pointwise) left Kan extension of the precomposition with f func-
tor, then the composition

£ Shv(Y) € PSh(Y) Y2 PSK(X) 2 Shv(X)

defines a left adjoint to f, by the same argument as in 2.2.1.

In order to obtain left exactness of f* additional assumptions are needed.
For example, if the left Kan extension is defined over filtered categories or if
C has fiber products and a final object which f respects. See [Sta2l, Section
00X0] or [KS06, Thm. 17.5.2].

We now recall the equivalence
A : Shv(X) ~ Etale(X) : T

between sheaves on a topological space X and etale maps p: F — X. For a
more thorough discussion of this see [MM12, Chp. II]. We will have a similar
equivalence in the case of equivariant sheaves.

Construction 2.2.4. Let X be a topological space and let Bund(X) := Top, x
the category of spaces (or bundles) over X. We say that a bundlep : F — X

is etale over X if it is a local homeomorphism in the sense that for each e € F
there is an open neighborhood V' C E of e such that p(V) C X is open and
the restriction, p;y : V' — p(V), is a homeomorphism. Let Etale(X) denote
the full subcategory of Bund(X) spanned by the etale maps. Then there is
an adjoint pair of functors

A

PSh(X) Bund(X)
T

which restrict to an equivalence
A
—
Shv(X) Etale(X).

r

Given a bundle p : Y — X the functor I' is defined by setting for each
U C X open

Fp)(U)={s:U—Y |pos=1y: U C X}.
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That is, I'(p)(U) is the set of sections of p over U. For each map V C U in
U(X) we simply map a section s over V' to its restriction to V'

L(p)(U) = T(p)(V)

St Sy
The functor A is defined in the following way. Let F be a presheaf and

F, = lim F(U)

zeU

be the stalk of F at x. We denote an equivalence class of elements of &, by
germ_s. Let

AF) =] Fs

zeX

and define ps : A(F) — X by A(F)(germ,s) = x. Each s € F(U) defines a

section

5:U — A9F)

T > germ,s.

Finally, topologize A(JF) with the initial topology for ps and §, that is, the
minimal topology which makes py and all sections § continuous. A basis for
this topology is given by the images §(U) C A(F).

The unit, n : 1 — I'A, of the adjunction is

nu : FU) = TAF)(U)
S 5.
For the counit, € : AI' — 1 we observe that for p : Y — X a bundle Al'(p)

consists of pairs (§,z) where s : U — Y is a section and = € X. Hence, the
counit is defined as

ey : Al'(p) = Y
(8, 2) — s(x).

Using the equivalence Etale(X) ~ Shv(X) of Construction 2.2.4 there is
an alternative definition for the inverse image functor f* : Shv(Y) — Shv(X).
Let f: X — Y be continuous and p : £ — Y a map. Then there is a functor
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f* : Etale(Y) — Etale(X) defined by pullback of p along f. Then the
composition

Shv(Y) & Etale(Y) L Etale(X) & Shv(X) (2.2.2)

is left adjoint to the direct image f. : Shv(X) — Shv(Y). We will use a
similar definition for equivariant sheaves. See [MM12, I1.9] for details.

2.3 Equivariant Sheaves

We now turn to defining equivariant sheaves in the case of a discrete group.
Our first definition is via etale bundles over a G-space X analogously to
sheaves on spaces. We then give a site of definition for this category so
that it becomes a Grothendieck topos. This notion of equivariant sheaf was
considered in [Gro57, Section. 5]. We will additionally state the alternative
definitions of equivariant sheaf in the case of a non-discrete group.

For a discrete group we consider the category of GG-spaces as the cat-
egory of functors GTop := Fun(BG, Top) where BG is the category with
a single object with morphism set G. Let X € Fun(BG, Top) be a G-
space, then a G-space over X is simply an object in the over category
Bundg(X) := GTop,y. In other words a G-space over X consists of a
continuous map p : E — X of topological spaces such that p is G-equivariant
as in

GxE—t- FE

o7 &

GxX s Xx

where the horizontal maps are the action maps. We say that p is etale if it
is a local homeomorphism as defined in Construction 2.2.4.

Definition 2.3.1. Let G be a (discrete) group and X a G-space. The cat-
egory of GG-sheaves or GG-equivariant sheaves on X is the category of etale
G-spaces over X, denoted Etaleq(X).

We now give an equivalent definition in terms of sheaves on a site.

Definition 2.3.2. Let G be a (discrete) group and X a G-space. Define a
category U (X) with objects the open subsets of X and morphisms

Hom(U,V):={g:U -V |geG,g-UCV}.
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Define a Grothendieck topology J on U (X) by declaring asieve S = {g; : U; — V }ier
to be a covering sieve if and only if

Ugi-Ui=V.

el

Remark 2.3.3. We use the notation g : U — V for the morphisms in
Ug(X) to emphasize the fact that a morphism is a triple (g, U, V) where
g€ G, UV CXareopen,and g-U CV.

Additionally, observe that if X has a trivial G-action, then Hom(U, V) = G
and every g € Hom(U, U) is an isomorphism with inverse §—'.
Remark 2.3.4. For a topological group G acting continuously, that is, so
the action map p : G x X — X is continuous the etale space definition of
equivariant sheaf is still correct with the requirement that the action map
1 Gx E — FEis continuous for an etale space p : £ — X. This category is a
Grothendieck topos by [MM12, Appendix Prop. 4]. Since it is a Grothendieck
topos it has a site of definition. However, we are not aware of any site of
definition for this topos which is as simple as the one in Definition 2.3.2.

Proposition 2.3.5. The covering sieves of Definition 2.5.2 form a basis for
a Grothendieck topology on Ug(X).

Proof. Pullbacks U; xy Uy in Ug(X) along g1 : Uy — U and gy : Uy — U are
given by

-1

PLUl

lgg ' ) lga

Uy -2 U

where P = g,U; N g2Usy and g, 1. P — U, indicates the morphism induced
by g; "

If § : U — V is an isomorphism, then it has an inverse h : V — U
where in particular §o h = 1y is the identity function on V so §: U — V is
surjective and (B1) is satisfied.

For (B2), by definition of the pullback and projection maps, we need to
show that

b M gUinhV) =V

i€l
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which is clear as
Wi (gUinhV) ={z € X |z =h""gui=h""hw =v,v € V}

and U;erg;U; covers U.
Finally, (B3) follows since if U;e;g;U; = U and Ujey,hi;Vi; = U; for each
v € I, then certainly U, ;g;h;;Vi; = U. O

Definition 2.3.6. Let X be a G-space. Denote the category of presheaves on
Ug(X) by PShg(X). The category of G-sheaves or G-equivariant sheaves on
X is the category of sheaves on (Ug(X), J). Denote this category Shvg(X).

Remark 2.3.7. In order to distinguish the above definition of equivariant
sheaf from the definition of equivariant sheaf for a topological group we will
usually refer to the definition of sheaf in 2.3.6 as G-sheaves rather than as
G-equivariant sheaves.

Remark 2.3.8. Just as Shv(x) = Set is the category of sets we have that
Shv(x) is the category of G-sets where x is the one-point space with neces-

sarily trivial G-action. This follows since for a point the category Ug(*) has
Hom(x,*) = G.
Theorem 2.3.9. If X is a G-space, then there is an equivalence of categories
Etaleq(X) ~ Shvg(X)
Proof. Recall from Construction 2.2.4 the adjoint functors
A
—
PSh(X) Bund(X)

r

which restrict to an equivalence between the category, Shv(X) of sheaves on
X, and the category, Etale(X) of etale spaces over X. We claim that this
directly generalizes to the desired equivalence.

Namely, let p : E — X denote a G-equivariant continuous map of G-
spaces. Then using [' we obtain an assignment

I'p): U—T(p)U)={s:U—>E|pos=1y:U C X}.
We extend I'(p) to a functor on Ug(X)? by defining

L(p)(g) : T(p)(U) = T(p)(V)
s s9.
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Here s? denotes the composite

R VL CIONS SN ne(g™h) E

where pg(g~!) is the automorphism of E corresponding to ¢g~' and pyy(g)

is the map from V' — U induced by the action of g on E as gV C U by
assumption. It follows that s9 is a section of V' as p is equivariant. Given
a G-equivariant map f : X — Y the functor I induces a map I'(p) — I'(q)
defined as precomposition with f. It follows by definition of 9 that if f is
equivariant then the induced map is a natural transformation of presheaves.
Thus, we have a functor I'¢ : Bundg(X) — PShg(X). The functor '
is in fact valued in sheaves as the sheaf condition holds for I'g(p). Indeed
given s; 61 La(p)(U;) for some covering family {g; : U; — U}ier such that
57 - sg.j for all (i,j) € I x I. Then we need a unique section s : U — Y

such that ' (p)(gi)(s) = s; for all ¢ € I. Now for any u € U we have u € ¢;U;
for some 7. Hence, consider

s:U—F

u s gisi(g;

which is well-defined, a section, and continuous.

For the functor Ag : PShg(X) — Bundg(X) we simply extend the
functor A from Construction 2.2.4. Given a presheaf F € PShg(X) we may
apply A to obtain a map ps : A(F) — X which is etale if F is a sheaf.
Now we give A(F) a G-action in the following way. For g € G we let g’
denote the corresponding map from gU — U in Ug(X). Note that this is
an isomorphism with inverse g : U — gU. If s € F(U) is a section, then let
gs := F(g;")(s). This allows us to define an action on A(F) in the following
way:

LG x AF) = A(F)
(9, germ,s) = germ,, gs.

The action is well-defined since if germ,s = germ,t for s € F(U) and
t € F(V), then there exists a neighborhood W of x with W C U NV such

that sy = tjw. Now we have compositions

~—1 -
FU) 2 g0y T g (gw)
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and similarly for V. In particular, the composition is precisely the restriction
of F(g;')(s) = gs and F(§y,')(t) = gt to F(gW). Now the claim is that
gs|gw = gt|gw. This follows from the fact that F(gy ) is an isomorphism and

F(gw)(gsigw) = F(gw) 0 F(€) o F(gy')(s) = sjw

and similarly for ¢. It is easily checked that this defines a group action using
the fact that F is contravariant and composition in Ug(X) is induced by
composition in G. It follows that we have bijections u(g) : A(F) — A(F) for
all g € G. One readily checks that the maps p(g) are all homeomorphisms
of A(F) and that ps is equivariant.

We now check that this defines a functor Ag : PShe(X) — Bundg(X).
Namely, for a map of sheaves o : F — G we need only ensure that the induced
map f, : A(F) — A(9) is equivariant. This follows from the fact that f, is
the disjoint union of the stalk maps for a and « is a natural transformation
of functors on PShg(X). In other words o commutes with the maps F(g)
and taking stalks. Thus, we have a functor

AG : PShg(X) — Bundg(X)

and if F is already a sheaf then A(F) is etale over X.

We finally check that we have unit and counit maps so that we obtain an
adjunction I'¢ 4 Ag which will restrict to an equivalence between Shvg(X)
and Etaleg(X). For the unit map n: 1 — I'g o Ag we simply use the same
map as in Construction 2.2.4. Namely, we have maps

nu : FU) = TeAa(F)(U)
s+ (§:x+— germ,s).
From the definitions it is easily checked that these form a natural transforma-
tion of functors on Ug(X ). Further, if F is already a sheaf, then this map
is an isomorphism since it is an isomorphism in the non-equivariant setting.
Similar reasoning applies in defining the counit map for a bundle Y — X
€y - Agrgy —Y
Sx — s(x).
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Corollary 2.3.10. The inclusion Shvg(X) € PShe(X) has a left adjoint
(the subcategory is reflective) and the inclusion Etaleg(X) C Bundg(X)
has a right adjoint (is a coreflective subcategory).

Proof. This follows from a general fact about adjunctions restricting to equiv-
alences. See [MM12, Lemma. 11.6.4]. O

2.4 Equivariant Sheaves and Geometric Morphisms

We now define direct and inverse image functors given a continuous G-

equivariant map f : X — Y of G-spaces. First, observe that the induced

functor f=1 : U(Y) — U(X) is equivariant in the sense that g f~1(U) = f~1(gU).
Hence, if gU C V, then gf~Y(U) = f~Y(gU) C f~ (V). It follows we

obtain an extension of the functor f~! to a functor

f_l : UG(Y) — UG(X)
U fHU).

As in Remark 2.2.3 this functor f~! respects the Grothendieck topology in
the following sense:

(1) I {V; & Vs is a cover of V on Y, then {f~1(V}) £ F~1(V)}ics is a
cover of f~1(V) in X.

(2) f~! respects pullbacks: since f~! is equivariant, then
gf 7 U)Ng fH (Vi) = fHgU) N fH(gVa) = f7H(gU N giVi).

So we may define the direct image functor f, by precomposition with f~.

Definition 2.4.1. Let f : X — Y be a continuous equivariant map of
G-spaces. The equivariant direct image or equivariant pushforward is the
functor

f* : ShVG(X) — ShVG(Y)
F—TFof!

For the inverse image sheaf we may define it through a left Kan extension.
However, due to the lack of certain properties of the category Ug(X), for
example it has no terminal object, the general theorems which imply that
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the left Kan extension (f~1), of (f~!)* is left exact do not apply. Hence,
using the equivalence
Shvg(X) ~ Etaleg(X)

from Theorem 2.3.9 we instead define the inverse image via a composition
£ Shve(Y) 29 Etaleq (V) £ Etaleq(X) % Shva(X)

as in 2.2.2. Once we see that this functor is a left adjoint to the usual
definition of inverse image via left Kan extension it follows that they are
naturally isomorphic.

We now make this precise. The category GTop has pullbacks and these
may be calculated in Top with the obvious action. Namely,

Axx B={(a,b) CAx B f(a) =g(b)}
g(a,b) = (ga, gb)

with the initial topology with respect to the projection maps. It follows that
given f: X — Y an equivariant map we obtain a base change functor

f*:Bundg(Y) — Bundg(X)

which always has a left adjoint ( [MM12, Thm. 1.9.4]) so in particular respects
limits. Further, by Lemma [MM12, I1.9.1] if p : E — Y is etale, then the
induced map f*E — X is etale over X so f* restricts to a functor

f*: Etaleq(Y) — Etaleq(X).
Define a functor
£ Shve(Y) 29 Etaleq (V) £ Etaleg(X) ~% Shve(X).

Proposition 2.4.2. The functor f* : Shvg(Y) — Shvg(X) is a left exact
left adjoint to the equivariant direct image functor f. : Shvg(X) — Shvg(Y).

Proof. We begin with left exactness. To show this it is sufficient to show
that f*: Etaleg(Y) — Etaleg(X) commutes with products and equalizers
in Etales(X). However, the inverse image functor f* is simply the restriction
of the base change functor f* which is a right adjoint so it is sufficient to
show that Etaleg(X) C Bundg(X) is closed under finite limits. Now if
p:A— X and q: B — X are etale over X, then their pullback is their
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product in Bundg(X). However, the pullback of an etale map is etale so

Etaleg(X) is closed under products. The equalizer in Bund (X)) is simply the

equalizer in Top and it follows that the equalizer in Bundg (X)) is simply the

equalizer in Bund(X') with the obvious action. By [MM12, Prop. 11.9.3] this

is etale and so we are done as the inclusion Etales(X) C Bundg(X)) clearly

also preserves the terminal object given by the identity map 1x : X — X.
The fact that the composition

£ Shvg(Y) A—G> Etaleg(Y) f—> Etaleq(X) F—G> Shve(X).

is left adjoint to f, may be shown in precisely the same way as for the non-
equivariant case. For details see [MM12, Thm. I1.9]. O

Corollary 2.4.3. If f : X — Y is an equivariant map, then f induces a
geometric morphism f = (f*, f.) : Shvg(X) — Shvg(Y).

Proposition 2.4.4. Let X be a G-space and let 7 : Shvg(X) — Shv(X)
denote the obvious forgetful functor. Then w* determines a geometric mor-
phism

7w = (7", m) : Shv(X) — Shvg(X).

Proof. Per Remark 2.1.16 a topos is locally presentable so it is sufficient
to show that 7* is left exact and respects colimits. By the equivalence
of Theorem 2.3.9 it will be sufficient to show that the forgetful functor

Etaleq(X) LN Etale(X) satisfies these properties. This functor is clearly
left exact as the terminal object in Etaleg(X) is the identity map 1x which
is the terminal object in Etale(X). An equalizer in Etaleg(X) is simply
the equalizer in Etale(X) with the obvious action so is clearly the equalizer
in Etale(X) after forgetting. Finally, products in Etales(X) and Etale(X)
are calculated the same way. Thus, the forgetful functor respects the terminal
object, equalizers, and products so it respects all finite limits.

By Corollary 2.3.10 since Etaleg(X) is a coreflective subcategory of
Bund(X), then a colimit in Etaleg(X) is simply a colimit in Bundg(X).
However, a colimit in Bundg(X) = GTop,y is simply a colimit in GTop
with the induced map to X and colimits in GTop are simply the colimit in
Top with an induced action. The result follows. O]

Corollary 2.4.5. Let X be a G-space. Then every x € X determines a point
of the topos Shvg(X).
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Proof. Let x € X, then the inclusion z : {z} — X determines a geometric
morphism

r = (2%, z,) : Shvg({z}) = Shvg(X)

where {x} is the space with trivial action. Using Proposition 2.4.4 we obtain
a geometric morphism

Set = Shv({z}) =" Shvg({2}) =) Shye(X).
]

Proposition 2.4.6. Let X be a G-space and let x : Shvg({z}) — Shvg(X)
the geometric morphism corresponding to a point v € X. If F % G is
a map of sheaves in Shvg(X), then « is an isomorphism if and only if
r*a ¥ F — %G is an isomorphism for all x € X.

Proof. This holds for the same reasons it holds for sheaves of spaces. O
Corollary 2.4.7. The topos Shvg(X) has enough points.

Proof. We need to show that if for any f: F — G in Shvg(X) it holds that
for every (topos) point = : Set — Shvg(X) that the morphism of stalks
x*f : *F — 2*G is an isomorphism, then f is an isomorphism. The result
follows from Proposition 2.4.6 as this holds for the (topos) points which arise
from points z € X. n

Proposition 2.4.8. If k is a commutative ring, G a finite group, and Y a
space with trivial G-action, then there is an equivalence of categories

Shv(Y, kG) ~ Shvg(Y, k)
between G-equivariant sheaves of k-modules and sheaves of kG-modules.

Remark 2.4.9. In fact in [Gro57, 5.1] a stronger claim is made. Namely,
that for O a G-sheaf of rings on Y such that the group acts trivially on O,
then

Mod(Shvg(Y), ) ~ Mod(Shv(Y), 0")

where O' = O ®z ZG is the sheaf with R denoting the constant sheaf associ-
ated to a ring R. One should be able to prove this using the same method
here, but we have not checked all the details.
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Proof. We construct a pair of functors

v,
Shv(Y, kG) Shva(Y, k)
]

along with natural isomorphisms 7 : 1sh(vka) = oVande: U0 S Lshve(vik)-
We begin with the functor ®. Let F € Shv(Y'), then there is an obvious
forgetful functor to Shv(Y") by letting ®(F)(U) := F(U) and restriction maps

pvu = F(€) : D(F)(U) — &(F)(V)

for e the identity element of G. If F € Shvg(Y, k), then this is also a sheaf
of k-modules so it remains only to ensure that we have a G-action on each
®(F)(U) and that the restriction maps are G-equivariant. Using the isomor-

phisms F(U) & F(U) define a G-action
py s G x (F)(U) — ¢(F)(U)
(9,8) = F(G 1) (s). (2.4.1)

It follows that the restriction maps are equivariant. Explicitly, let py(g)
denote the automorphism of ®(F)(U) induced by g € G, then

po(g)opuy =F (G ) o F (@) =F(Eog ™) =F(G ' oe)
=F(€) o F(G™") = puv o pv(9).
On morphisms, o : F — G, in Shvg(Y, k) define
P(a) :=a (2.4.2)

Since « is a natural transformation of G-sheaves it follows that the component
maps are equivariant by definition of the action. Hence, we obtain a functor
Shve (Y, k) 2 Shv(Y, kG).

Now for a functor ¥ : Shv(Y, kG) — Shvg(Y, k). Let F € Shv(Y, kG) be
a sheaf. We must extend & from U(Y") to Ug(Y'). Let py denote the G-action
map and p(g) the corresponding automorphism for F(U). Define a functor
U(F) : Ug(Y)? — Mod(k) by ¥(F)(U) = F(U) and for g : U — V the
structure maps V(F)(g) are the composition

FV) 2% () 20 5 ), (2.4.3)
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This defines an extension of F to Ug(Y) since the restriction maps are equiv-
ariant. Explicitly, let g: U — V and h: V — W, then
V(F)(hog) = pu((hg)™") o pwu = pw(g™") o pvu o py(B™1) © pw.

For a natural transformation n : ¥ — G of sheaves in Shv(Y, kG) we define

W(n) =n. (2.4.4)

Note that this defines a natural transformation of functors ¥(J) — W¥(9)
as the component maps, ny : F(U) — G(U), are maps of kG-modules so
equivariant.

We now construct the natural isomorphisms 7 : lgpvyra) = PP and
e: WP =1. Let F € Shv(Y, kG) and define ng : F — (PV)(F) by

identity
—_—

n¥w) : F(U) (PU)(F)(U) =F(U). (2.4.5)

This is an isomorphism of k-modules so it remains only to check that ng is
equivariant, that is, by definition of ¥ and ® we need to show that for g € G

Y(F)(G) o nsw) = nsw) © pw(9)-

Indeed this holds as gy is the identity and by (2.4.3), W(F)(37") = pwv(9).
Let a: F — G be a map of sheaves, then the square

F(U) = (@U)(H)(U)

aUl (@) (v

S(U) = (2V)(9)(U)
commutes by definition of n and (®¥)(«)y so n is natural. Therefore, 7 is
natural isomorphism 1 — ®W.

For
e VP — 1ShvG(Y,k)

given J € Shvg (Y, k) define e5(y) as

eswy : (V) (F)(U) 2 F(U)
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which is an isomorphism of k-modules. Let g : V' — U be a morphism in
Ug(Y), then the square

(vo)(F)(U) 2 F(U)
(\I@)(?)(é)l lﬁ”(g)
(ve)(F) (V) —% F(U)

commutes since

(V) (F)(9) = pw(g™") o pov =F((g71) ") 0 F(€) = F(9).

Finally, ¢ is natural since for a map a : ¥ — G of G-sheaves we have
(VP)(a) = v so

EF(U)

(Ve)(F)(U) FU)

(‘I/':D)(Q)Ul l@U

(T0)(9)(U) 25 §(U)

commutes. Therefore, € : W& — Igpy,(vk) 1S @ natural isomorphism and it
follows that Shvg(Y, k) and Shv(Y,kG) are equivalent for a space Y with
trivial G-action. O

Corollary 2.4.10. For G a finite group there is an equivalence Shvg(x, k) ~
Mod(kG).

We conclude this section by discussing two other definitions of the cate-
gory of equivariant sheaves. If the group G is a topological group, then these
definitions may not agree with the earlier definition. However, in the case
of a discrete group all three definitions agree. For this material our primary
source is [BLO06] while the material on simplicial spaces and sites comes from
the stacks project [Sta2l, Tag 09VI].

Let G be a group and X a G-space. Consider the simplicial space X//G
where (X//G), = G™ x X with face maps

<927"'7gnag;1x>7 =0
di(g1, -3 Gn:%) =S (915, GiGiv1s -, Gnsx) , 1<i<n—1 (2.4.6)
(gla"‘agn—lax)7 1=n
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and degeneracy maps

Si(gh s 7gn>'x) = (917 -3 9056, 90415 - - 7.gn7x)'

where e denotes the identity element of G. Consider the truncation of this
diagram to the following

do do
ﬁ_> SH
GxGxX —5 GXxX 75— X
—_— —
diagram. Observe that dy is the action map for X while d,, is projection.

Definition 2.4.11. A G-equivariant sheaf on X is a pair (F, ) where F € Shv(X)
is a sheaf on X and 6 is an isomorphism

0:d;F > 4T
which satisfies the cocycle condition
dyf o dsf = dj0 = di0, spf = 15.

A morphism of equivariant sheaves f : (F,05) — (9,03) is a morphism
f:F — G of sheaves such that

difoby =050d;f.
We denote this category Shvg(X).

Proposition 2.4.12. If G is a discrete group, then the category Shv(Ug(X))
of G-sheaves on X and the category Shvg(X) of G-equivariant sheaves on X
are equivalent.

The third and final definition of G-equivariant sheaf makes use of the en-
tire simplicial space X//G rather than just the truncation to degree two.
However, this definition requires a bit more work. Recall, from Exam-
ple 2.1.23 given a simplicial space X, : A — Top we may construct a
site XZ9" for the simplicial space X//G. Then a sheaf F on X% is given
by:

(1) A collection {F,},>0 with each F, a sheaf on X,.
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(2) A collection {F(¢)}pemor(a) Where F(p) for ¢ : [m] — [n] is a map
F(p) : [oFm — Tn
satisfying the composition condition

" F(hoy)
JooT

> Fo
f:;?m %>
foFm

for ¢ : [l] = [m] and ¢ : [m] — [n] and where f, : X,, = X, is the
associated continuous map.

Definition 2.4.13. Let X, : A’ — Top be a simplicial space. A sheaf
F on XZ% is said to be cartesian if for all morphisms ¢ : [m] — [n] in A
the structure maps F(¢) : f3F,, — F, are isomorphisms. Denote the full
subcategory of Shv(XZ#") spanned by Cartesian sheaves by Shv,,(XZ").

Lemma 2.4.14 ( [Sta21, Lemma 07TG]). Let d; : X,, — X,,_1 denote the i™"
face map. If T is a sheaf on X% for X, a simplicial space, then F is carte-
sian if and only if the structure maps F(6;) : d;F—1 — F,, are isomorphisms
for all i and n.

Proof. Recall, that A is generated by the coface and codegeneracy maps
9; : [n—1] = [n] and o; : [n] — [n — 1]. Hence, the only if direction is
clear and we need only check that the structure maps F(4;) : dfF,_ 1 — F,
and F(o;) : sjﬂ-‘n — J,—1 are isomorphisms. Now since 0;0; = 1y, for i = j
and ¢ = j + 1 we get that that F(o; o J;) is the identity. Therefore, if
F(9;) are all isomorphisms the result follows by the 2-of-3 for property for
isomorphisms. O

Proposition 2.4.15. Let X be a G-space and X//G the corresponding sim-
plicial space. The category Shvg(X) of G-equivariant sheaves on X is equiv-
alent to the category Shv.,(X//G) of cartesian sheaves on X//G.

Proof. See [Sta21, Lemma 0D7I, Lemma 0D7J] or [Del74, 6.1.2(b)]. O
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2.5 Constructible Sheaves

We briefly discuss constructible sheaves which will be used to define the
equivariant constructible derived category. Let X be a space and k a ring.
Let Shv(C, k) denote the category of sheaves of k-modules on a site (C, J)
and Shv (X, k) the category of sheaves of k-modules on X.

Definition 2.5.1. A sheaf ¥ € Shv(C, k) is said to be constant if F is
equivalent to the sheafification of a constant presheaf P : U +— A.

Remark 2.5.2. Let p: X — * denote the map to the terminal object, then
a sheaf F on X is constant if and only if F lies in the essential image of the
inverse image functor p*.

Let 7 : U C X be a subspace, then the restriction of a sheaf ¥ on X to
U is )y := j*F the inverse image of the inclusion.

Definition 2.5.3. Let X be a topological space. A sheaf F € Shv(X, k) is
said to be locally constant if for every U C X open there is a cover {U; — U}
of U such that Fy, is a constant sheaf.

Definition 2.5.4. Let X be a compact Hausdorff space, then the open cone
on X is defined to be the space

¢X =X x[0,1)/(X x {0}).
We define topologically stratified pseudomanifolds spaces inductively.
Definition 2.5.5. Let X be a topological space. Then:

e X is a O-dimensional topologically stratified space if it is a countable set
of points with the discrete topology.

e X is a n-dimensional topological stratified pseudomanifold if it is a para-
compact Hausdorff space with a filtration

Q):X_lCX0CX1C"'CXn_1an:X

by closed subspaces X such that the local normal triviality condition
holds: For each x € S there is a neighborhood U of z € X and a
compact topological stratified pseudomanifold L of dimension n—j —1
with stratification

=L ,CcLyCcLiC---CL;_3CLi_1 =1L
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and a homeomorphism
¢:U SR x L

such that ¢ is a homeomorphism of U N X;, ;1 onto R7 x ¢L; for 0 <
1<n-—j7—1and

¢:UNX; = R x {z}
is a homeomorphism.

If the filtration on X also satisfies the condition X, ; = X,,_5 so X \ X,,_»
is dense in X, then X is said to be a topologically stratified pseudomanifold.

Example 2.5.6. e Every manifold is a topologically stratified pseudo-
manifold.

e The wedge sum of two spheres is a topologically stratified pseudoman-

ifold.

e All irreducible complex algebraic or analytic varieties may be consid-
ered as topological stratified pseudomanifolds.

e Complex algebraic varieties are topologically stratified spaces with a
Whitney stratification.

e A non-example would be the open cone on three points.

Remark 2.5.7. Stratifications of spaces may be considered in much more
general contexts as in [Lur, §A]. However, for our purposes the above defini-
tion is the one most commonly considered for constructible sheaves.

Definition 2.5.8. Let X and Y be stratified topological pseudomanifolds.
A continuous map f: X — Y is stratified if

(1) For any connected component S of any stratum Y}, \ Y;_1, then f=1(S)
is a union of connected components of strata of X.

(2) For each y in a stratum Y; \ Y;_; there is a neighborhood U of y in Y},
a topologically stratified space

(D:F,1C"'CF]€,1CF]€:F
and a stratum preserving homeomorphism

FxU> Y.
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The stratification on F' x U is simply the product of U with the stratifi-
cation of F.

Remark 2.5.9. For more on stratified spaces see [Bor09, Max19, Ban07,
GM83].

Definition 2.5.10. Let X be a topological space with a stratification S
with strata {S;}ic;. We say that a sheaf F on X is S-constructible or just
constructible if F|g, is a locally constant sheaf for all < € I.

If ¥ € Shv(X, R) is a sheaf of R-modules, then we will say that F is
constructible if

(1) JFig, is a locally constant sheaf of R-modules

(2) the stalks F, for all x € X are all finitely generated k-modules.

Remark 2.5.11. Let X be a stratified space with stratification S. Let
k be a ring and Shv.(X, k) denote the full subcategory spanned by con-
structible sheaves of k-modules. Then Shv.(X, k) is a weak Serre subcategory
of Shv(X, k) in the sense of [Sta21, Definition 02MO].

Definition 2.5.12. Let X be a G-space with a stratification S and F €
Shv (X, k), then we say that F is constructible if F is constructible as a sheaf
in Shv(X, k). Let Shvg (X, k) denote the full subcategory of constructible
sheaves.

Lemma 2.5.13. The category Shve (X, k) is a weak Serre subcategory of
ShVG (X, k’)

Proof. A sheaf F is constructible by definition if it is constructible after
applying the forgetful functor which is exact and the result follows. n

2.6 oo-Sheaves

We now turn to discussing some basic theory of sheaves on a site in the
oo-categorical setting. Here the main source is [Lur09b, Chapter 6]. The
definitions and properties here are essentially the same as those of Section 2.1
with some slight modifications for the co-categorical setting.

Definition 2.6.1. Let € be an co-category. A sieve on C is a full subcategory
S C € such that if f: C' — €’ is a morphism in € and C’ € S, then C € S.

If ¢' € € is an object in C, then a sieve on C' is a sieve on the over
oo-category C/c.
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Remark 2.6.2. In the above definition if € ~ N(C) is the nerve of a 1-
category, then this is precisely the same as the usual definition of a sieve
on a l-category. In fact something stronger is true. Namely, for any oo-
category there is a bijection between the sieves on the homotopy category
h(€,c) and (hC),c. This is essentially due to the fact that a full subcategory
is determined by its objects (See [Lur09b, Rem. 6.2.2.3]).

We now turn to defining Grothendieck topologies on an oo-category C.
If € is an oo-category with pullbacks, then we have projection functor ¢ :
Fun(A!,€) — € given by evaluation at 1. This is a biCartesian fibration.
Let f: C — D be morpism in €, then taking the pullback along f : Al — @
and t gives a biCartesian fibration ¢ : P — A! as Cartesian and coCartesian
fibrations are closed under pullback by [Lur09b, Prop. 2.4.2.3]. This is
precisely the data of a pair of adjoint functors

where we may consider the functor f; as composition with f and f* as pull-
back along f.

Now if f : C — D is a morphism in an oo-category € with pullbacks.
Then given a sieve S on C € € we let f*S denote the unique sieve on D € D
such that the full subcategory f*S C C,p and the sieve S determine the
same sieve on C ;.

Definition 2.6.3. A Grothendieck topology, J, on C is for each C € C a
collection of sieves J(C') on C' which we call covering sieves such that

(1) (Maximality) The sieve €,¢ is in J(C).

(2) (Stability) if f : D — C'is a morphism in € and S € J(C), then f*S
is in J(D).

(3) (Transitivity) If S € J(C) and S’ is any sieve on C such that for all
f:D — Cin S we have f*S" € J(D), then 5" is in J(C).

Remark 2.6.4. In light of Remark 2.6.2 it follows that to give a Grothendieck
topology on an oo-category € is the same as giving a Grothendieck topology
on the homotopy category hC.
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Definition 2.6.5. Let € be an oo-category with a Grothendieck topology J.
If F:C? — §is a presheaf on €, then we say that F is a sheaf if for every
C € € and every covering sieve S of C' the composition

S9C (€)= € T g
is a colimit diagram in 8°?. We denote this category by Shv;(C).

Remark 2.6.6. The notation for S-valued sheaves and Set-valued sheaves
is the same. Given our differing notation for 1-categories and oco-categories
it should be clear from context which we are referring to.

Remark 2.6.7. According to [Lur09b, Prop. 6.2.2.5] there is bijection be-
tween sieves on an object C' € € and monomorphisms into the representable
functor j(C') just as in the 1-categorical setting.

The category Shv;(C€) is a left exact localization of PSh(€ just as in the
1-categorical setting so we have adjoint functors

L,
PShL(C) Shv (@)

%

where L is left exact. In particular, Shv;(C) is an oco-topos and presentable.

2.7 C-valued oo-Sheaves

Definition 2.7.1. Let C be a compactly generated oo-category and (7T, .J)
a (small) co-category with a Grothendieck topology and let X := Shv,;(7)
denote the corresponding co-topos.

(1) A functor F : T — € is a C-valued sheaf on T if for every U € T and
every covering sieve S C T,y the composition

STC (Ti)? —» T eor

is a colimit diagram in C°. Let Shv(T,€) denote the full subcategory
of Fun(T°?, €) spanned by C-valued sheaves.

(2) A C-valued sheaf on X is a functor F' : X — € which preserves
small limits. Let Shv(X, C) denote the full subcategory of Fun(X, C)
spanned by such functors.
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Informally, a functor & : T — C is a C-valued sheaf if for every U € T
and every covering sieve S,y of U the canonical map

F(U) — lim F(V)
ves

is an equivalence in C.

Remark 2.7.2. For co-categories C and D we let Fun®(@, D) denote the
full subcategory of Fun(C, D) spanned by functors which admit left adjoints
(are right adjoints). Similarly, Fun®(C, D) denotes the full subcategory of
functors which admit right adjoints (are left adjoints). By [Lur09b, Prop.
5.2.6.2] there is a canonical equivalence

Fun®(@, D) ~ Fun®(D, @).
In particular, we get an equivalence
Fun®(C”, D) ~ Fun®(D?, @)

using the fact that Fun®(€?, D) ~ Fun® (@, D).
Using the adjoint functor theorem [Lur09b, Cor. 5.5.2.9] and [Lur(09b,
Rem. 5.5.2.10] it follows that for € presentable we obtain an equivalence

Shv(X, €) ~ Fun®(X?, @). (2.7.1)

Indeed a functor F : X°? — € which has a right adjoint preserves small limits
and if F : X? — € preserve small limits, then F°? : X — C° preserves small
colimits and so has a right adjoint, that is, lies in Fun®(D, ). From which

it follows that F € Fun®(D, C) as
Fun®(X, €7)? ~ Fun®(C, D) ~ Fun®(D?, @)
by the above discussion.
Since € is presentable it has all small limits. From this one is able to
deduce that the two definitions in 2.7.1 are equivalent. This equivalence arises
in the same way as for 1-categories. Let X denote the oo-topos Shv ; (7). Let

j : T — PSh(7) denote the Yoneda embedding and L : PSh(T) — Shv;(7T) a
left adjoint to the inclusion. Then the functor

(Loj)*

Shv(X, €) —= Shv(T, C)
F—FolLojy

given by precomposition with L o j induces the desired equivalence. This
is [Lur09a, Prop. 1.1.12].
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Lemma 2.7.3. Let C = Ind(Cy) be a compactly generated oo-category and
J: CF — Ind(CP) the Yoneda embedding. If X is an oo-topos, then there
1$ a canonical equivalence

Shv(X, Ind(Cy)) ~ Fun'“(CF, X).

Proof. First, by [Lur09b, 5.3.5.10] and [Lur09b, 5.4.1.9] composition with the
Yoneda embedding j : ¥ — Ind(CJ’)° induces an equivalence

Fun®(Ind(€7), X) =2 Fun'" (€, X).
Hence, we obtain
Fun®(Ind(CJP)°, X) ~ Fun®(X?,Ind(Cy)) = Shv(X, C).
O

Now suppose we have an oco-topos X and € = Ind(Cy) a compactly gen-
erated oo-category. Then the above lemma gives equivalences

Shv (T, €) ~ Shv(X, €) ~ Fun'* (G, X).

Let f = (f* f.) : X = Y be a geometric morphism of co-topoi. Then we
obtain a commuting diagram

Shv(X, €) —L— Shv(Y, €)

=| ~

Fun'* (€3, %) ~°= Fun'®* (€, Y)

The functor f, o — given by postcomposition has a left adjoint given by
postcomposition with f*.

We conclude by defining constant, locally constant, and constructible
sheaves on a space. These may be defined in precisely the same way as in
the 1-categorical case.

Definition 2.7.4. Let X be a topological space with a stratification {S;}
and C a compactly generated oo-category. Let F € Shv(X,C) be a sheaf,
then:
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(1) F is constant if F is equivalent to the sheafification of a constant
presheaf. Equivalently, if F lies in the essential image of the pullback
map p: X — .

(2) Fis locally constant if there exists a cover {U;} of X such that Fy, the
restriction of & to each U; is constant.

(3) Fis constructible if for each strata S; of X the restriction Jg, of F to
each stratum is locally constant.

Let Shv.(X, €) denote the full subcategory of constructible sheaves.

Lemma 2.7.5. If X is a stratitifed space and € compactly generated, then
there is an equivalence

Shv.(X,€) = Fun'* (€Y, Shv.(X, §)).

Proof. The equivalence of Lemma 2.7.3 commutes with the pullback functor
and the result follows. O

Definition 2.7.6. If ¥ € Shv(X,C) and € is compactly generated, then
we say that F is compact-valued if all the stalks F, of F are valued in G,
the compact objects of €. Let Shv.,(X,C)) denote the full subcategory of
Shv(X, €) spanned by compact-valued sheaves.

2.8 Digression: The Derived Category of Sheaves

Suppose we have a site T = N(T) which is the nerve of a 1-category. Let
R be a ring, then there are two ways we might consider the (unbounded)
derived oo-category of sheaves.

(1) We can consider D(Shv(T, R)) the unbounded derived oo-category of
1-sheaves of R-modules.

(2) We can consider Shv(T, D(R)) the co-category of sheaves valued in the
derived oo-category of R-modules.

Note that the oo-category D(R) is equivalently the co-category Mod(R) of
modules over the Eilenberg-Maclane ring spectrum associated to R by [Lur,
Ex. 7.1.1.16]. In particular, by [Lur, Prop. 7.2.4.2] this is a compactly
generated stable oo-category and the subcategory of compact objects are
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precisely the perfect modules which correspond to complexes which are quasi-
isomorphic to bounded chain complexes of finitely generated projective mod-
ules (See [Lur, Ex. 7.2.4.25]). Now the categories D(Shv(T, R)) and Shv(T, D(R))
are not necessarily equivalent. However, we have the following theorem
from [Lurl8|, which we record here as [Lurl8] is subject to change, which
gives sufficient conditions for them to be equivalent.

Theorem 2.8.1 ( [Lurl8, Thm. 2.1.2.2]). Let (X,0) be a spectrally ringed
oo-topos such that:

(1) The structure sheaf O is discrete.

(2) For each object X € X there is an effective epimorphism U — X where
U is a discrete object of X.

(8) The oo-topos X is hypercomplete.
Then there is an canonical equivalence D(Mod(0)%) ~ Mod(O).

Here O is a sheaf of E,-rings on X and Mod(O)” denotes the heart of a
particular t-structure on Mod(O).

The hypercomplete sheaves in an co-topos are precisely those which sat-
isfy descent for all hypercovers. See [Lur09b, §6.5.2, 6.5.3]. A few facts about
hypercomplete sheaves for our purposes are:

(1) The hypercomplete sheaves X" C X form an oo-topos which is a left
exact Bousfield localization of X [Lur09b, Cor. 6.5.3.13].

(2) The hypercomplete sheaves X contain all the n-truncated objects in
X [Lur09b, Lemma 6.5.2.9].

(3) If X = Shv(N(T) is an co-topos on a 1-site, then X"P is presented by
the local model structure on the model category of simplicial presheaves
on T [Lur09b, Prop. 6.5.2.14]. In particular, this is a Bousfield localiza-
tion of the injective model structure on the model category of simplicial
presheaves on T which present the co-category PSh(N(T)).

See also [Jar87] and [DHIO4] for detailed treatments of these model struc-
tures.

61



Remark 2.8.2. In the case of Shv(T,D(R)) where T = N(T), then we
always have a map

D(Shv(T, R)) — Shv(T, D(R))

taking a complex of sheaves to the sheaf valued in complexes and the theorem
above may be viewed as saying this map is fully faithful and has essential
image the hypercomplete sheaves.

We claim that the above theorem tells us that if T = N(T) is a Grothendieck
site for a 1-category. Then we have an equivalence

D(Shv(T, R)) ~ Shv™**(T, D(R))

where the right hand side denotes hypercomplete sheaves. Since R is a dis-
crete Eq-ring and we are considering D(R)-valued sheaves on X" = Shv"?(T)
the only condition that needs to be checked is (2). Thus, for every X € X"p
we need a discrete object U € X™P along with a morphism U — X which
is an effective epimorphism. Let 7, : X — 7<,X denote the truncation
functor [Lur09b, §5.5.6]. This functor is a localization functor in the sense
that it has a fully faithful right adjoint. We note that the full subcategory
T<oX C X of discrete objects is precisely the 1-topos Shv(T), that is,

T<oX =~ N(Shv(T)).

By [Lur09b, Prop. 7.2.1.14] a morphism U % X in an oo-topos X is an
effective epimorphism if and only if 7<((¢) is an effective epimorphism the
1-topos h(7<o(X)) = Shv(T). Furthermore, by [MM12, Thm. IV.7.8] we
have that every epimorphism in a 1-topos is an effective epimorphism. It

follows that for each X € X"P we need only provide a map U % X with U
discrete such that the 7<o(¢) is an epimorphism in Shv(T). By [Lur09b, Prop.
5.5.6.16] left exact functors between oo-categories with finite limits respect
truncated objects. Hence, since X is a left exact localization of PSh(T) and
XMP is a left exact localization of X it follows that the result holds if it holds
in PSh(7). The result follows.

As a consequence of the above discussion. Let X be a topological space
and R a ring. Let Mod(R) denote the oo-category of module spectra over
the Eilenberg-Maclane spectrum for R. As constructible sheaves are hyper-
complete by [Lur, Prop. A.5.9] we get that the subcategory

Shv.(X, D(R)) C Shv""(X, D(R))
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corresponds to the full subcategory D .(Shv (X, R)) C D(Shv(X, R)) of sheaves
which are homologically constructible. Similarly, the full subcategory of con-
structible compact-valued sheaves

Shv (X, D(R)) C Shve(X, D(R))

corresponds to the subcategory D, cpi (Shv (X, R)) C D (Shv(X, R)) of sheaves
with constructible homology and perfect stalk complex.

For additional discussion of this section see [mat] and [Jan20, §2.4, Ap-
pendix BJ.

2.9 Equivariant co-Sheaves

We conclude the discussion of sheaves by discussing equivariant co-sheaves
and the equivariant derived category.

Definition 2.9.1. Let G be a discrete group and X a G-space. The oo-
category of G-sheaves or G-equivariant sheaves is the oo-category

Shvg(X) := Shv(N(Ug(X)),8).
Given an equivariant map f : X — Y we obtain a map
F NUG(Y)) = N(Ug(X))
as in the 1-categorical case. This induces a functor of oo-categories

PShe (X) L% PSha(Y)

by precomposition with f~!. Using [Lur09b, Prop. 4.3.3.7] we obtain left
and right Kan extensions of (f~1)*

(f="n
/_\

PShe(X) L% PSha(Y).

~_
(F=H)-

Now since a Grothendieck topology on € is the same as a Grothendieck topol-
ogy on h€ we get that f~1: NUg(Y) — NUg(X) respects the Grothendieck
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topology. It follows that if F € PShg(X) is already a sheaf, then (f~1)*F
lies in Shv(Y'). Hence, we obtain a pushforward functor.

fie : Shv(X) — Shv(Y).

For the inverse image functor f* : Shvg(Y) — Shve(X) observe that the
composition
Shvg(Y) € PSha(Y) L2 PShe(X) 2% Shve(X)
is a left adjoint to f, by precisely the same argument as in the 1-categorical
case. Thus, we have a pair of adjoint functors

A
Shve(X) Shvg(Y)
f

which define a geometric morphism f = (f*, f.) : Shvg(X) — Shvg(Y)
provided f* is left exact.

Unfortunatley, the author is unsure how to show that the functor f* :
Shvg(Y) — Shvg(X) is left exact in the oo-categorical setting for similar
reasons to why we were not able to show the left Kan extension is left ex-
act in the 1-categorical case. A potential approach would be to somehow
use [Lur09b, Prop. 6.2.3.20] which characterizes the inverse image functors
of geometric morphisms.

Definition 2.9.2. Let G be a discrete group and X a G-space. Let € = Ind(Cy)
be a compactly generated oo-category. The oo-category of G-sheaves or G-
equivariant C-valued sheaves on X is the oo-category

Shvg (X, €) := Shv(N(Ug(X)), ©).
Or equivalently either of the categories Fun®(Shvg(X)%, €) or Fun'** (€%, Shvg(X))
by Definition 2.7.1 or Lemma 2.7.3.

2.10 The Equivariant Derived Category

We conclude by defining the G-equivariant derived category for a finite group
G over a commutative ring k. We then discuss the alternative definitions
which must be used in the case the group G is not finite following [BLO06]. In
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this setting we assume all spaces are sufficiently nice. Specifically, we assume
X is Hausdorff and locally homeomorphic to a pseudomanifold of bounded
dimension. Note that such a space is locally compact of finite cohomological
dimension and is also locally completely paracompact. A space is said to be
locally completely paracompact if every point has an open neighborhood all
of whose open subsets are paracompact.

Definition 2.10.1. Let GG be a finite group and X a G-space. The equiv-
ariant derived category is the unbounded derived stable oco-category of the
G-equivariant sheaves on X, denoted

De(X, k) == D(Shve(X, k).

If X has a stratification, then the constructible equivariant derived co-category
is

Do X, k) := D (Shvg(X))

the full subcategory spanned by complexes which are homologically con-
structible.

Remark 2.10.2. Following the discussion in the digression this is equiva-
lently the oo-category Shvi¥?(X,D(k)) of hypercomplete sheaves valued in
the derived co-category of k and the constructible sheaves in Shvi? (X, D(k))
correspond to the homologically constructible sheaves.

By [BLO06, §8] given a continuous equivariant map we may simply define
the functors

fo: DX, k) = DE(X, k)
f* i De (X, k) = De(X, k)

as the usual derived functors. Furthermore, as an equivariant sheaf is con-
structible if it is constructible after applying the forgetful functor it follows
that these functors descend to functors of constructible sheaves. In this con-
text we are not entirely sure how to define the functors f'.

As we are unable to define the six operations for the definition of the
equivariant derived oo-category above. We give the definition of the equiv-
ariant derived 1-category in the case of a non-finite group for which the
six operations are defined. For the six operations themselves we simply list
their properties which will be used in Section 3. For more details on these
constructions see [BL06]. In particular sections 2.1, 2.7, 2.8, and 3.
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We still consider a finite group G and G-space X. Let EG be a the
total space for the classifying space BG of G. Let P = EG x X and
P = (EG x X)/G be the quotient by the G-action. We have a diagram

xX&pLp

where p is the projection to X and ¢ is the quotient map. Let D?(X) denote
the bounded derived category of sheaves of k-modules. Define a category
DY%(X, P) with objects triples (Fx, JF, 3) such that Fx € D*(X), F € D*(P),
and 3 : p*(Fx) = ¢*(F) is an isomorphism in D*(P). Note that there is an
obvious forgetful functor sending an object (Fx, T, 8) to Fx € D°(X).

Definition 2.10.3. The equivariant derived category is the category
D%(X) := D"(X, P).

The equivariant constructible derived category DY (X) is the full subcat-
egory of D% (X) spanned by F = (Fx, T, 8) such that Fy is homologically
constructible in D?(X).

Remark 2.10.4. The definition above works for any group G with a suffi-
ciently nice space EG. For a precise statement see [BL06, Def. 1.9.1].

Remark 2.10.5. The category above may also be defined as a fibered cat-
egory. The definition as a fibered category is used to define the t-structure,
triangulated structure, and the six operations. See [BL06, §2.4].

We now turn to the equivariant six operations for D% (X).

V1. Let F,G € D%(X), then there exist objects F ® § and Hom(F, ) in
D%(X) induced by bifunctors — ® — and Hom(—, —) such that

Hom(F ® G, H) = Hom(F, Hom(G, H))

V2. For f: X — Y an equivariant map there are functors

for i o Dg(X) = Dg(Y)
frof' s DY) = Dg(X)

such that:
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V2.1. The assignment is functorial, that is, for f: X - Y and g: Y —
Z we have natural isomorphisms

(fo) =g f, (fo) =g
(f9)s = figs, (fo) = fig.
V2.2. f*is naturally left adjoint to f, and fi is naturally left adjoint to
'
V3. For F,G,H € D%(X) there are natural functorial isomorphisms
Hom(F ® G, H) = Hom(F, Hom(G, H))
[fFeg) = () f(9)
V4. There is a canonical map f; — f, which is an isomorphism when f is

proper.

V5. For Y C X a closed G-subspace, U = X \ Y let i : ¥ — X and
j : U = X denote the inclusions, then for F € D%(X) we have exact
triangles

0i'(F) = F = juj* ()
313 (F) = F — i, (F)
functorial in F and compatible with the forgetful functor to D?(X).

V6. (Equivariant Verdier Duality) There is an object wg x € D%(X) which
defines a dualizing functor D¢ x := Hom(—,wg x) on DZ%(X) where
the functor D¢ x is such that:

V6.1. There is a canonical map

F — D(D(F)))

in D%(X).
V6.2. For a G-equivariant map f : X — Y there are canonical isomor-
phisms
Dfi= f.D
fD=Df*
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V6.3. The functor Dg x commutes with the forgetul functor to D°(X).
More precisely if Dy denotes the Verdier duality functor for D°(X),

then the square
Dg,x

Dg(X) —= Dg(X)
DY(X) —2 D¥(X)
commutes where the vertical maps are the forgetful functor.

If X is a G-space which is a stratified pseudomanifold, then we have the
following;:

(C1) The full subcategory Dg .(X) € Dg(X) of constructible sheaves is
preserved by ®, Hom, and D¢ x.

(C2) The canonical morphism F — D(ID(F)) is an isomorphism for F € DY, (X)

(C3) If f: X — Y is a stratified G-equivariant map of stratified pseudoman-
ifolds with G-action, then f*, f', f., and f, all preserve constructibility.

Remark 2.10.6. As observed in [BL06, §2.7] the equivariant derived cate-
gory above is the 2-limit of the diagram

DY(X) &5 Db(P) & DE(P).

This suggests defining the equivariant derived oo-category as a limit of the
diagram

P(X) L DO(P) & DY(P)
in Cat®* the oo-category of stable oco-categories. We note that following [BLO6,
§2.7] on can instead take a 2-limit over a larger diagram to obtain the equiv-

ariant derived category. One would modify the limit in Cat®* in a corre-
sponding fashion. We say more on this in Section 4.

3 Smith-Treumann Theory for Sheaves

This section is essentially just material in [Trel9, §4| with a few of our own
remarks.
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3.1 The Smith Operation

This is essentially [Trel9, §4]. Let G = Z/p be the cyclic group of order p and
k a field of characteristic p. Let kG denote the corresponding group algebra.
Let X be a G-space and let i : X% <+ X denote the inclusion of the fixed
points. We assume that all spaces are sufficiently nice to define constructible
sheaves, that is, X should be a stratified pseudomanifold.

Let Y be a G-space with trivial G-action and let D’(Y, kG) denote the
full subcategory of D*(Y,kG) spanned by complexes with constructible ho-
mology. Let Perf(Y, kG) denote the full subcategory of D°(Y, kG) spanned
by sheaves of kG-modules whose stalk complexes are perfect, that is, the
stalk complexes are finitely generated (bounded) complexes of projective kG-
modules. Note that kG is a local ring and so these are simply complexes of
finitely generated free kG-modules. Let Perf(Y, k'“) denote the Verdier quo-
tient D4(Y, kG)/ Perf(Y,kG) and let Q : DY, kG) — Perf(Y, k') denote
the Verdier quotient map.

Remark 3.1.1. If Y = x is a point, then this is precisely the stable mod-
ule category stmod(kG) by Theorem 1.3.3. We would like to think of the
Verdier quotient DY(Y, kG)/ Perf(Y,kG) as an appropriate oco-category of
sheaves valued in the stable module oco-category of kG or equivalently, by
Theorem 1.4.7 the category of modules over the Tate spectrum k*C.

Recall, if G acts trivially on a space Y, then we have and equivalence
Shv (Y, k) ~ Shv(Y, kG).

which induces an equivalence D%(Y, k) ~ DY, kG). Let X be a G-space
and let i : X¢ — X denote the inclusion of the fixed points.

Definition 3.1.2 ( [Trel9, Def. 4.2]). The Smith operation is the composi-
tion

Psm : DL (X, k) = D%(XC k) ~ DP(X% kG) < Perf(X€, k©).

3.2 Six Operations for The Smith Operation

We now show that Perf(Y, k') obtains a symmetric monoidal structure,
duality functor, and functors f., f*, fi, and f' for amap f : Y — Y’ of
spaces with trivial action.
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Lemma 3.2.1. Let X be a finite dimensional space with free G action, then
the global sections functor

T : D¢ (X, k) = Dg (x k) = D’(mod(kG))
is valued in Perf(kG).

Proof. Note that the category D%’C(X, k) is generated (as a triangulated
category) by the constant sheaves on G-invariant closed subsets. Hence, let
Y be a G-invariant closed subset of X with a G-invariant triangulation. The
global sections I'¢ are quasi-isomorphic to the simplicial cochain complex
with coefficients in k£ of the triangulation along with the natural G-action.
As X is finite dimensional this is a bounded complex. As G acts freely on Y
it acts freely on the i-simplices and so this complex is a bounded complex of
free kG-modules and we are done. m

Let i : X% < X denote the inclusion, then this is a proper map. In
particular we get that i, = 4, and i, is fully faithful. It follows that the unit

Y

1 = ', is an isomorphism so we get an isomorphism 7'i,i* = i*. Hence,
applying 7' to the unit map 1 — 4,i* there is a natural map i* — i*.

Lemma 3.2.2 ( [Trel9, Thm. 4.1]). Let X be a G-space and leti: X — X
the inclusion. The cone on the natural map i* — i* lies in Perf(XY kG).

Remark 3.2.3. Lemma 3.2.2 implies that the Smith operation Psm may
equivalently be defined as the composition

DL(X, k) 5 DL(XC, k) ~ DY(XC, kG) S Perf(XC, k1C).

The G-equivariant Verdier duality operation from V6. is defined using a
fibered category definition of D% (X). For a space Y with trivial action under
the equivalence

DY, k) ~ D*(Shvg(Y, k)) ~ D°(Shv (Y, kQ))

that the G-equivariant Verdier duality operation becomes like the k-linear
dual operation Homy(—, k) for stmod(kG). In essence the duality operation
becomes

Hom(—, p'Cgg)
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where Cpg denotes the constant sheaf of k-vector spaces on the classifying
space BG of G concentrated in degree 0 and

p: (EGxX)/G— EG/G =BG

is induced by the projection from FG x X — EG. It follows in particular,
that on stalks it becomes the k-linear duality operation on mod(kG). It fol-
lows that since F € Perf(Y, kG) if and only if each stalk lies in Perf(kG) that
the duality operation descends to an operation on Perf(X¢, k'“) which we
denote Djc. Similarly, a symmetric monoidal structure may be constructed
on D’(Y, kG) by taking the tensor product over k.

Let f : Y — Y’ be a morphism of spaces with trivial G-action. Then
for the functors f*, f., f', fi to descend to functors on Perf(Y, k') and
Perf(Y”, k'“) it is sufficient to check on f* and f, as Verdier duality preserves
perfect sheaves. Let ¥ € DY’ kG), then the stalk of f*F at y € Y’ is
equivalently the stalk of ¥ at f(y). Thus, since f* preserves stalks it follows
that it descends to a functor f* : Perf(Y’ k'“) — Perf(Y,k'“). For the
functor fi the result follows from the following lemma.

Lemma 3.2.4 ( [Trel9, Prop. 4.3]). If F lies in Perf(Y, kG), then fiF lies
in Perf(Y', kG).

Proposition 3.2.5 ( [Trel9, Thm. 4.2]). Let X and Y be G-spaces. Let
f: X =Y be a G-equivariant map. Then the square

DI()}',C(Y7 k) L Dg,c(X7 k)

Psmyl lPsz
f*
Shv(Y?, k9) %5 Perf(XC, ki¢)
commutes up to natural isomorphism.

Proof. Letix : X¢ < X and iy : Y¢ < Y be the inclusions and fyc : X¢ — Y9
denote the restriction of f to X¢. Clearly f oix = iy o fxc so there is a
natural isomorphism iy o f* = fis o4y of functors

D¢ (Y, k) = De; (X, k)
which induces a natural isomorphism Psmy o f}; and f*oPsmyx of functors

DY, (Y, k) — Perf(XY, k'Y).
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Proposition 3.2.6 ( [Trel9, Thm. 4.3]). Let X be a G-space. The square

DY, (X, k) —C Db (X, k)

Psml lPsm

§tG

Perf(XC, KC) X%, Perf(XC, k'O

commutes up to natural isomorphism.

Proof. We want to show there is a natural isomorphism Psm o Dy = D¢ o Psm.
To show this it is sufficient to have a natural map

Dyei*F — i*DxF

in D¢, (X, k) which becomes an isomorphism in Perf(X% k'“). Consider
the natural isomorphism of functors

Dyci* = i'Dx

which exists by V6.2.. We have a natural map i' — 7* which gives natural
map i Dy — i*Dy. Thus, we obtain a natural map

Dyei*F = i'DyF — i*DyF

which we claim becomes an isomorphism in Perf(X% k'¢). As the map
Dyet*F = i'Dx T is already an isomorphism it is sufficient that i'DxJF — i*DxF
becomes an isomorphism which holds if the cone lies in Perf(X¢, kG). This
holds by Lemma 3.2.2 and we are done. O

Proposition 3.2.7 ( [Trel9, Thm. 4.4]). Let X and Y be G-spaces. Let
f: X =Y be G-equivariant. The squares

f U

DbG’,c(X7 k) —'> DbG,c(Y7 k) DbG,c(X7 k) — DbG,c(Y7 k)
Psml lPsm Psml lPsm
G iy Yixe) G 1.tG G picy Yixe)s G 14G
Perf(X%, k'“) —— Shv(Y“, k%) Perf(X%, k') —— Shv(Y“, k%)

commute up to natural isomorphism.
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Proof. First, by V6.2. we have a natural isomorphism Do fioD = f, so it
is sufficient to consider the case of fi. Let ix : X¢ — X and iy : Y¢ <= Y
denote the inclusions. Note that these maps are proper so by V4. the canon-
ical map (ix )1 — (ix)« is an isomorphism. In particular (i), is right adjoint
to i% and similarly for iy. Let fyo : X% — Y denote the restriction of f to
XY then foix =iy o fye. Thus, by V2.1. (=), is functorial so we obtain
a sequence of natural isomorphisms

iy filix )iy =iy (fix)ix = iy (iy fxe)ix =iy (v )hi(fxe)i-
Since i% is left adjoint to (ix), then we obtain a natural transformation
iy fr =iy h1 = iy filix )ik
Similarly, we have a natural transformation

iy (iy i (fxahix = 1(fxehix = (fxohik.

Stringing these together we obtain a natural transformation

i i S (fxe ik

of functors D¢, (X, k) — D% (Y, k). It follows we obtain an induced nat-
ural transformation

PSIIly @) fg i) (fktG)! o PSI’IIX.

We claim that this is a natural isomorphism for which it is sufficient to show
that the cone on
AT =5 (fxehix T

lies in Perf(YY kG). Since this may be checked on stalks we may assume
without loss of generality that Y is a point. Thus, we are reduced to showing
that

D (X, k) % DY (x,k) ~ D"(mod(kG))

is valued in Perf(kG). However, as in Lemma 3.2.1 we may further reduce
to the case of a constant sheaf on a closed G-invariant subset Z since these
sheaves generate Df (X, k). As in Lemma 3.2.1 we may further reduce to
the case of F a constant sheaf on a closed G-invariant subset Z since these
sheaves generate DbG’C(X ,k). The result follows by a similar argument to
Lemma 3.2.1 since for F the constant sheaf p;(F) is quasi-isomorphic to the
simplicial cohomology with compact support of Z with coefficients in F with
the obvious G-action. O

73



4 Remarks

This final section contains conjectural statements we had hoped to be able to
show, at least in part, in the course of this project. Due to time constraints
and several wrong turns we were not able to show much of any of these
statements. We believe that these statements are either known or at least
easily proven (or disproven) by experts. Some may even follow directly from
the 1-categorical counterparts.

Following Remark 2.10.6. Let GG be a topological group and M an oo-
acyclic locally connected free G-space (See [BL06, §1.9] for terminology).
Let X be a G-space and D(X) denote the unbounded derived co-category
of sheaves of k-modules for some ring k. Let P = M x X and P be the
quotient. We have the diagram

xX&pLp

where p is the projection and ¢ the quotient map. We obtain a corresponding
diagram N
D(X) L D(P) & D(P) (4.0.1)

of presentable stable oo-categories of sheaves of k-modules. Let D (X) de-
note the limit of this diagram in the category CatZ* of stable oo-categories.
Similarly, we may consider the pullback of

D'(X) & DV(P) <+ D*(P)
which we denote D% (X).

Conjecture 4.0.1. (1) The stable oo-categories Dg(X) and DL(X) ad-
mit t-structures.

(2) The stable oo-category D% (X) may be viewed as the bounded part of
the t-structure on Dg(X).

(3) Tl;e homotopy category of D% (X) is the equivariant derived 1-category
De(X).

(4) There are obvious forgetful functors to D(X) and D’(X) the derived
oo-categories of sheaves of k-modules.

(5) The categories D (X) and D& (X) support a full six functor formalism
as described in Section 2.10.
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(6) In [BLO6, §2.6] for a subgroup H C G restriction, induction, and quo-
tient (for normal subgroup) functors are defined. Such functors should
also exist and satisfy similar properties.

Recalling from Section 2.8 for a site (C, J) we have an equivalence
D(Shv(C, k)) = Shv™(N(C), D(k))

between the derived oo-category of sheaves and the hypercomplete sheaves
with values in the derived oo-category. Using this equivalence we have that
the limit over the diagram

*

D(X) L D(P) &L D(P)
which we may instead consider as
Shv™? (X, D(k)) L5 Shv™?(P, D(k)) <= Shv"* (P, D(k)).

Furthermore, if the space is stratified, then a constructible sheaf Shv*? (X, D(k))
may be identified with a complex of homologically constructible sheaves. Let
Shvi#?(X,D(k)) denote the corresponding limit and Shvngf (X, D(k)) in the
case of constructible sheaves. Let Shv"?(X, D(kG)) be the co-category of
hypercomplete sheaves and Shv"*? (X, D(kG)) the constructible sheaves. Let
Perf(X, kG) denote the full subcategory of sheaves which are compact-valued,
that is, whose stalks are perfect complexes of kG-modules. We may then con-
sider the Verdier quotient Shv™?(X, D(kG))/ Perf(X, kG) which we denote
Perf(X, k'¢).

Conjecture 4.0.2. There is a variant of the Smith operation
Psm : Shvi??(X, D(k)) 5> Shvi? (X, D(k)) = Shv"(X, D(kG)) — Perf(X, k'C).

Moreover, we believe it may be possible to realize the Verdier quotient
Shv™? (X, D(kG))/ Perf(X, kG) as a subcategory of Shv(X, Mod(k'“)) the
oo-category of sheaves of modules over the Tate spectrum.

Finally, we conclude with some statements about equivariant sheaves of
spaces. In [Lur09b, 6.3] co-categories LTOP and RTOP of oco-topoi are de-
fined. The oco-category LTOP has objects oco-topoi and functors f*: X — Y
if and only if f* preserves small colimits and finite limits. The oco-category

75



RTOP has objects co-topoi and functors f, : X — Y between oo-topoi if and
only if f, has a left adjoint which is left exact. In other words LTOP consists
of the left adjoints of geometric morphisms of oco-topoi while RTOP has the
right adjoints to geometric morphisms. Let G be a finite group and X a G-
space we may consider it as a functor BG A RTOP where BG is the nerve of
the category with a single object an morphisms G (cf. [ES21]). This functor
sends the object to Shv(X) and each g € G to ¢g* : Shv(X) — Shv(X).

Conjecture 4.0.3. There is an equivalence of co-topoi

Shv(N (Ug(X))) = lim A =: 7€,
BG

Remark 4.0.4. If the group G is not discrete, then we may resolve the space
using the simplicial space X//G from 2.4.6. The corresponding limit should
give the correct notion of G-equivariant oo-sheaves on X for a topological

group.

A Model Categories

In this appendix we fix some terminology for model categories following [Riel4]
and [MP11].

Definition A.0.1. Let M be a category and i : A — B and f: X — Y be
morphisms in M. A [lifting problem for i and f is a commutative square

A— X

u
FooA
L2

s

A lift is a map f : B — X making the triangles commute. If any lifting
problem between i and f has a solution we say that ¢ has the left lifting
property with respect to f (LLP) and f has the right lifting property with
respect to i (RLP). In either equivalent case we denote this i 1 f.

Definition A.0.2. If ] is a collection of morphisms in a category M write I¥
for the collection of morphisms which have the right lifting property against
each i € I. Similarly, write I for the collection of morphisms which have
the left lifting property again I.
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Definition A.0.3 (Weak Factorization System). Let M be a category and
(L, R) a pair of morphism classes in M. We say that (£, R) is a weak fac-
torization system if

1. (factorization) every morphism f : M — N in M may be factored as a
morphism in £ followed by a morphism in R,

2. (lifting) L @ R, and
3. (closure) £L =“R and R = L?.

If there is a set J such that R = J% and £ = 2J9, then the weak
factorization system is said to be cofibrantly generated.

Remark A.0.4. If the first two axioms hold, then the closure axiom may be
replaced by the requirement that £ and R are closed under retracts ( [Riel4,
Lemma 11.2.3]).

Let o; : [1] — [2] denote the map in A which misses the i element.

Definition A.0.5. Let M be a category. A functorial factorization on M is
a section of the precomposition wiht o; functor

Fun([2], M) 2% Fun([1], M)
(121 5 M) = (1] =225 M).

Given two objects A,B € MW and a morphism (u,v) : A — B (a
commutative square)
AO — BO

i| ls

Al T> Bl;

then a functorial factorization produces a pair of commutative squares fitting
into the diagram

A()#BQ

// \\
/// Lf Lg \\\

| FEf — > B

\ F Ty B9
\\ lRf Rgl /I
N K

Al — Bl-

f
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Definition A.0.6. Let M be category. A model structure on M is a triple
(W, €, F) of collections of morphisms in M called weak equivalences, cofibra-
tions, and fibrations, such that

(1) 'W satisfies the 2-of-3 property,
(2) (€, FNW) is a weak factorization system,
(3) (CN'W,T) is a weak factorization system.

Call the collection F N'W trivial fibrations and the collection € N'W trivial
cofibrations.

Definition A.0.7. The homotopy category of a model category M is the
localization hM := M[W™!] at the class of weak equivalences.

Theorem A.0.8 (The Small Object Argument [MP11,Riel4, Prop. 15.1.11,
Thm 12.2.2]). If I is a small set of maps in a category M, then there exists a
functorial factorization which makes (2 (1%), %) a weak factorization system.

B Verdier Quotients

We briefly record some results on Verdier quotients of stable oo-categories
for reference. This material can be found in [BGT13, Section. 5] and [Mat16,
Section 2].

Following [Lur, 1.1.4] we let CatZ* denote the oo-category of stable oo-
categories and exact functors. This is a presentable co-category.

Definition B.0.1. Let € be a stable oco-category and D C € a stable sub-
category. The Verdier quotient C/D is the cofiber (pushout)

D— ¢

I

0—— ¢/D

: Ex
in Cat>>r.

The above construction gives a universal property. Namely, for €& an oo-
category in CatEx to give an exact functor €/D — & is the same as giving

an exact functor € 2 € such that F(D) ~0 for all D € D.
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Recall, that for C an oo-category and W a collection of morphisms,
then the localization C[IW '] has the universal property that any functor
F : € — D such that F(f) is an isomorphism for all f € W, then F' factors
(uniquely) through €[W~']. We note that this construction is compatible
with Ind-completion in the sense that the canonical map Ind(C[W~1]) —
Ind(€)[S™!] is an equivalence where S is the image of T under the Yoneda
embedding € — Ind(C).

Proposition B.0.2. Let i : D — C denote the inclusion of a stable subcat-
egory into a stable co-category C and S the collection of morphisms f in C
such that cofib(f) € D. Then there is a canonical equivalence €[S~ — €/D.

Proof. Observe the canonical map € — €/D sends each element f of S to
an equivalence. This follows as every map of S has cofiber in D so F(f)
has trivial cofiber and is therefore an equivalence in €/D. Hence, by the
universal property of €[S™!] we obtain a factorization

» C/D.

e F
e[S

We claim that F is the desired canonical equivalence. There is a commutative
diagram

el —E— e/D

[ [

Ind(€[S™!] —— Ind(€/D)

with the vertical maps the Yoneda embedding. The bottom horizontal map
is the map induced by F and is an equivalence by the discussion preceding
the proposition as well as [BGT13, Prop. 5.7, 5.13]. It follows F is fully
faithful and F is essentially surjective as F is essentially surjective and factors
through F. O]

Proposition B.0.3 ( [BGT13, 5.10, 5.11]). A functor F : € — D of stable

oo-categories is an equivalence, if and only if hC — hD is an equivalence.

In other words we may check equivalence of stable oco-categories at the
level of triangulated categories.
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Proposition B.0.4. Let (C,®,1) be a stable symmetric monoidal co-category
and i : D — € the inclusion of a stable subcategory such that if X € C and
Y € D, then X ® Y € D. Then C/D is naturally a symmetric monoidal
00-category.

Proof. See [Mat16, 2.16]. O
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