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ABSTRACT. This paper develops a framework for systematically studying cohomological “Hecke
operators” associated with modifications of coherent sheaves on a smooth surface X along a fixed
proper curve Z C X (possibly singular and reducible), using the theory of cohomological Hall alge-
bras.

More precisely, we develop the necessary geometric foundations in order to define the (motivic,
T-equivariant) cohomological Hall algebra HA?’; of the moduli stack of coherent sheaves on X with
set-theoretic support on Z, in the setting of a general motivic formalism D (in the sense of Khan — see
[Kha21] and references therein). The algebra HAE,’Q is functorial with respect to closed immersions
Z' C Z and transformations of the motivic formalism D, and only depends on the formal neighbor-
hood )A(Z of Zin X.
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1. INTRODUCTION

The main aim of the present paper is to lay the foundations for nilpotent cohomological Hall
algebras. In order to describe the main results and the challenges that have to be solved, start
by fixing a smooth quasi-projective complex surface X and a closed subscheme Z C X. For
simplicity, in this introduction we take the additional assumption that Z is proper. We are then
interested in:

(1) define the moduli stack €oh(X7) of coherent sheaves on X set-theoretically supported on
Z;
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(2) define the Borel-Moore homology of such moduli stack;

(3) prove that the Borel-Moore homology of such moduli stack carries a canonical cohomo-
logical Hall algebra structure.

The first challenge comes from the set-theoretic condition: this essentially says that the moduli
stack in question cannot be an algebraic stack (locally) of finite type. From the point of view
of the moduli of objects, we are working with the category of coherent sheaves on the formal
completion X, and the difficulty is that this category is not of finite type. The second challenge
is to make sense of the Borel-Moore homology of €oh(X7). Both these difficulties are addressed
by the following:

Theorem A (Theorem 4.65 and Corollary 4.66). The functor of points
Coh(Xy): AffP — Spc

that sends S € Affy to the groupoid of S-flat coherent sheaves on X x S set-theoretically supported
on Z x S is an indgeometric stack, that is it is a filtered colimit of Artin stacks where the transition
maps are closed immersions. Furthermore:

(1) its reduced d¢ ol ()A( 7) is a quasi-separated (but not quasi-compact) Artin stack locally of
finite type (in the underived sense);

(2) there is a canonical morphism
"deoh(Xz) — Cobps(X)

which is a closed immersion, and ¢oh (X ) coincides with the formal completion of Cobpe (X)
at this closed substack.

Example 1.1. Let C be a smooth projective curve and set X := T*C be its cotangent bundle. Take
Z = C to be the curve embedded as its zero section. In this case, €ob,s(T*C) is the stack of
Higgs sheaves on C, and red@ohps(f*tc) coincides with the stack of nilpotent Higgs sheaves

(with reduced structure). Therefore €oh(T*Cc) is the formal completion of the stack of Higgs
sheaves at the closed substack given by nilpotent Higgs sheaves. A

The above theorem allows to define the Borel-Moore homology of Coh(Xz): indeed, Borel-
Moore homology only depends on the underlying reduced stack, and therefore it is sensible to
set as a definition

HEM (€0 (X2); Q) = HEM("eon(X2); Q) ,
where the latter makes sense thanks to the work of A. Khan [Khal9]. It is worth remarking that
some extra care needs to be applied since "d¢oh(X) is not quasi-compact; as already explained

in [P523, Appendix A], this leads to consider these Borel-Moore homology groups as topological
vector spaces, with a topology induced by quasi-compact open exhaustions of 4ol (X7).

Nevertheless, this is not sufficient to endow HBM(€oh(X,); Q) with a Hall multiplication. The
reason is, as usual, that the canonical map

9 X 9p: Coh™H(Xy) — Coh(Xz) x Coh(Xz)

is too singular to allow to define on the nose a refined Gysin pullback. However, it turns out that
the square

Coh™(Xy) ——» CohSE(X)

J/a(] X a2 J{ao X 82

Coh(Xz) x Coh(Xz) —— €oh(X) x Coh(X)
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is a pullback. As explained in [PS23], the right vertical map admits a canonical derived en-
hancement that is derived Ici. The theory developed by A. Khan [Khal9] allows therefore to
define a refined Gysin pullback. One could try to exploit this to define the Hall multiplication

for HBM(¢oh(X7)) by hand, but the problem is proceeding in this way, the Hall multiplication
would a priori depend on the ambient surface X.

Since in explicit computations is useful to reduce to ‘local’ computations depending only on
the formal completion Xz of X along Z (as done in [DPS"25, §2?]), we take a more fundamental
approach. Namely, we define a derived enhancement Coh(X7) of €oh(Xz), and more precisely
we construct a full 2-Segal derived stack SeCoh(X) encoding the Hall multiplication as an al-
gebra structure in correspondences. Our construction makes more generally sense for coherent
sheaves on formal schemes, and does not require a priori the embedding in an ambient variety.
In particular, the Hall algebra structure encoded by S.Coh(X7) only depends, in a tautological
way, on the formal completion Xz. We then prove:

Theorem B (Theorem 5.2).
(1) As a derived stack, Coh(X7) is the formal completion of Coh(X) at "d€oh(X,).
(2) Both squares

Coh®™t(X;) —+ Coh®™(X)

J{ao X az \Lao X 32

Coh(Xy) x Coh(Xz) —— Coh(X) x Coh(X)

and
Coh®*(X;) —— Coh®*(X)
la] lal
Coh(X;) ——— Coh(X)
are pullback.

This theorem shows that r‘EdCohBLI (Xz) generalizes the global nilpotent cone. Our approach

passes through first defining Cohgisl()?z) as a functor of points, and only after proving that its
reduced is a closed substack of Cohps(X).

This theorem implies that the map
o X dp: Coh®™*(X,) —s Coh(Xy) x Coh(X7)
is representable by lci derived Artin stacks (it is, in fact, a linear stack as in [PS23, Proposi-
tion 3.6]), and that the map
91: Coh®™*(X;) — Coh(Xy)

is representable by ind-proper algebraic spaces. Notice that both source and target of these stacks
are indgeometric, so it is a priori unclear that these maps are representable by geometric stacks.

Finally, in order to have a more streamlined treatment of the Hall product, we introduce the
class of admissible indgeometric derived stacks, which is essentially characterized by the property of
having a geometric reduced stack (see Theorem 2.20). We then extend Khan’s theory of motivic
Borel-Moore homology to this class of stacks in §3. We can summarize the main result obtained
there as follows:

Theorem C (Theorem 3.5). There exists a lax symmetric monoidal functor

HE’M(—,‘Q): Corr* (indGeom;dm)repki,rpas — Pro(Modg)
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that sends X to the pro-object
HE’M (:)C,‘ Q) — “lim” H*BM (redu’, Q) ,
UeX

where the limit is taken over the quasi-compact admissible open substacks of X. This assignment
is covariant in morphisms that are representable by ind-proper algebraic spaces and contravari-
ant in morphisms that are representable by derived lci morphisms of geometric stacks.

The proof is essentially a routine extension of the six operation formalism, whose main steps
are carried out axiomatically in §3. We also prove a much more general result (in the spirit of
[Kha19]), dealing with any oriented motivic Borel-Moore homology theory.

Finally, we combine all the ingredients discussed so far to prove the following.

Theorem D (Theorem 5.7). Let X be a smooth surface over a field k of characteristic zero and let
j: Z = X be the inclusion of a closed subscheme. Assume that X admits a projective compactifi-
cation X that contains Z as a closed subscheme. Then, there exists a unital associative topological
algebra structure on

HA; = HZY(Cohpl(X2);Q)
with the multiplication p.q', where the map p and g are those in the diagram
Coh)!(X7) x Cohfll(X7) +— S,Coh(X7) —'— Cohll(X7)
Moreover:

e if Z/ — X' is a second closed immersion satisfying the above assumptions, an abstract
isomorphism X7 ~ X’ of formal schemes induces an isomorphism of topological alge-
bras

HA}A{Z ~ HA?Z’ .

e if i: Z/ < Z is a nested closed subscheme of X, then the direct image i, gives rise to a
continuous algebra morphism

i*: HA)A(Z’ — HA)A(Z .

Point D of the above theorem plays a crucial role in the explicit computations done in [DPS*25,
§??], as it allows to reduce global computations to ‘local” ones. Its proof follows from the fact that
by construction Cohg;'()?z) only depends on Xy as a formal scheme, and not on the full pair
(X,2).

If there is an algebraic torus T acting on X such that Z is T-invariant, the above theorem
extends verbatim to the equivariant setting.

We state and prove Theorem D in the more general context of an arbitrary motivic formal-
ism D, and the construction of HA?/Z is functorial in D: any transformation D — D’ induces
a continuous algebra morphism HAE,Z — HA%Z. When D is taken to be sheaves on the C-
analytification, one recovers the Borel-Moore homology discussed above, but this framework al-
lows to deal simultaneously with motivic Chow groups and G-theory. As in [PS23], our approach
hinges on the notion of 2-Segal structures considered by Dyckerhoff and Kapranov [DK19].

Notation. We set IN := Z.

We follow the notation introduced in [PS23, §1.6]". In particular, we use the implicitly derived
convention: given a morphism of derived stacks f: X — Y, we let

f*: QCoh(Y) — QCoh(X)

1With the difference that we denote with Spc instead of S the co-category of spaces.



COHOMOLOGICAL HALL ALGEBRAS OF ONE-DIMENSIONAL SHEAVES ON SURFACES: FOUNDATIONS 5

be the derived pullback functor, and we let
fi: QCoh(X) — QCoh(Y)

be the derived pushforward. Similarly, all fiber products, Hom sheaves and spaces, and tensor
products will be understood in the derived sense, unless otherwise stated.

For a smooth projective complex surface X, let Ko(X) be its Grothendieck group and let N (X) be
its numerical Grothendieck group, where the latter is defined by:

N(X) = Ko(X)/ =,

where F; = F, if ch(F) = ch(F,) for F|,F, € Ko(X). Then, N(X) is a finitely generated free
abelian group. In addition, we denote by N;(X) the subgroup of numerical equivalence classes
of divisors on X.

We denote by NS(X) the Neron-Severi group of X. For a coherent sheaf E on X whose support
has dimension less than or equal to one, we denote by /(E) € NS(X) the fundamental one cycle
of E.

Let Coh<q(X) C Coh(X) be the subcategory of sheaves £ with dim Supp(£) < 1. We define
the subgroup N¢;(X) C N(X) to be

N¢i(X) :== Im(Kp(Cohg1 (X)) — N(X)) .

Note that we have an isomorphism N¢(X) ~ NS(X) & Z sending E to the pair (¢(E), x(E)). We
shall identify an element v € N¢q(X) with (B, 1) € NS(X) & Z by the above isomorphism.
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2. ADMISSIBLE INDGEOMETRIC STACKS

In this section, we introduce the class of admissible indgeometric stacks, that are essentially char-
acterized by the property that their reduced is a geometric stack, see Theorem 2.20. We study
their main properties, in particular establishing the existence of canonical ind-presentations, see
Theorem 2.23. This foundational work will be later needed to define Borel-Moore homology for
these stacks, together with its natural functorialities. The main source of examples for us would
be the derived stack of coherent sheaves on a projective scheme X set-theoretically supported on
a closed subscheme Z, that will be discussed in detail in §4.
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2.1. Generalities on derived stacks. We fix a base commutative noetherian ring k. We denote
by Poly the category of polynomial k-algebras in finitely many variables and we write dCAlg;
for the sifted completion of Poly;. We refer to dCAlgy as the oo-category of derived commutative
k-algebras. We also set dAff; := dCAlg P, and we refer to it as the co-category of affine derived
schemes. We set

PreSty := PSh(dAffy) .
Following our general convention for this part, PSh denotes the co-category of presheaves with

coefficients in Spc. We now identify a series of important properties of derived prestacks that we
need through the main text.

We start with laftness. For an integer n > 0, we let <”dAka be the full subcategory spanned by
n-coconnective affine derived schemes, i.e., the objects of the form Spec(A) where A is a derived
commutative ring satisfying

mi(A)~0 fori>n.
We give the following:
Definition 2.1. A morphism F — G of derived prestacks is said to be locally almost of finite type

(Iaft) if for every integer n > 0 and every cofiltered diagram Se: [ — <"dAka with limit S, the
square

colim F(S;) —— F(S)

o J

colim G(S;) —— G(S)

ielop
is a pullback square. We say that a derived prestack F is laft if the structural morphism F —
Spec(k) is laft. %)

Next, we discuss convergence. We let <dAff; be the full subcategory spanned by eventually
coconnective affine derived schemes, i.e., the objects of the form Spec(A) where A is an animated
ring satisfying

mi(A) =0 fori>0.
We denote by <®j: <®dAff; < dAff; be the natural inclusion. We set
<®PreSty := PSh( ~®dAff;) .

Left Kan extension along <*j allows to see ~*PreSt; as a full subcategory of PreSt;. We introduce
the following:

Definition 2.2. A morphism F — G of derived prestacks is said to be convergent if for every affine
derived scheme S € dAffy the square

F(S) —— Lim F(t<y(S))

n=0

| |

G(S) —— im G (tn(S))

n=0

is a pullback. When G = Spec(k), we say that F is convergent. We denote by “°"VPreSt; the full
subcategory of PreSt; spanned by convergent prestacks. @

Recollection 2.3 (Convergence). A derived prestack F is convergent if and only if the canonical
morphism

F— <%, <" (F)
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is an equivalence, where <%j, denotes the right Kan extension along <*j. We set
OMV(_) 1= <%, <%/*: PreSty —> PreSty,

and we refer to it as the convergent completion functor. It provides a left adjoint for the inclusion
<®PreSty — PreSt;. Concretely, for every derived prestack F and every affine derived scheme S,
one has

convF(S) — lim F(tgn(s)) .

n=0

In particular, a derived prestack and its convergent completion always share the same classical
truncation. Notice that by construction “°"(—) commutes with arbitrary limits in PreSty. A

Finally, we discuss infinitesimal cohesiveness. Fix S = Spec(A) € dAffy and F € QCoh(S)=o. We
let A @ F denote the split square-zero extension of A by the connective A-module F, and we set

S[F] = Spec(A & F) € dAffy .
A derivation of A with coefficients in F is a section of the canonical projection A ® F — A. When-
ever 71o(F) = 0, a derivation d with coefficients in F gives rise to a pushout square of the form

S[F] —% . s

S

where J; corresponds to d and ¢y to the zero derivation. Here S;[F] is again an affine derived
scheme and it is referred to as the square-zero extension of S by F associated to d.

Definition 2.4. A morphism F — G of derived prestacks is said to be infinitesimally cohesive if for
every S € dAffy, every F € QCoh(S)>1 and every derivation d: S[F] — S, the square

F(Sa[F]) —— F(S) xp(si7) F(S)

! !

G(Sa[F]) —— G(S) xg(s17) G(S)

is a pullback. We say that a derived prestack F is infinitesimally cohesive if the structural morphism
F — Spec(k) is infinitesimally cohesive. %)

Finally, we recall the notion of associated reduced prestack.
Notation 2.5. Let "*@dAff; be the full subcategory of dAff; spanned by discrete and reduced affine
schemes. Let
red; . redgAff, — dAff,
be the canonical inclusion. Given F € dSt, we set
redp . redj redjx(p)
red;

where "9j, denotes the left Kan extension along "¢j. We refer to "®IF as the reduced stack of F (see
[CPT17, §2.1]). ©

Definition 2.6. A morphism f: X — Y between derived stacks is said to be a nil-equivalence if the
induced morphism "df : redx —; redy js an equivalence. @

We conclude this section of preliminaries with a lemma that will be repeatedly useful through-
out the text. Recall first that a map of derived prestack F — G is said to be formally étale if it admits
0 as cotangent complex.

Lemma 2.7. Let f: F — G be a formally étale morphism between laft derived prestacks. Assume that f
is convergent and infinitesimally cohesive. Then, f is an equivalence if and only if it is a nil-equivalence.
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Proof. If f is an equivalence, the same goes for "df. As for the converse, it suffices to show that
for every affine derived scheme S = Spec(A), the map f induces an equivalence on S-points.
Since both F and G are laft, it is enough to treat the case where S is almost of finite presen-
tation over k. Proceeding by induction on the Postnikov tower, we further reduce to treat the
case where S is underived. In this case, the map A = my(A) — 7my(A)eq can be factored as a
finite composition of square-zero extensions. Proceeding by induction on the length of this pre-
sentation, the conclusion follows combining convergence, infinitesimal cohesiveness and [Lurl7,
Theorem 7.4.1.23]. O

2.2. Indgeometric stacks and their basic properties. Mimicking [GR17, §2.1], we introduce the
following:

Definition 2.8. A functor F: dAfFZp — Spc is said to be an n-indgeometric derived stack if it satisfies
the following two conditions:

(1) Fis convergent;
(2) there exists a filtered diagram X, : I — PreSt; together with a map
¢: X:=colimX, — F
ael

such that:
(a) forevery a € I, X, is an n-geometric derived stack;

(b) for every morphism a — f in I, the transition map X, — X is a closed immersion
almost of finite type;

(c) the restriction
<oox
¥J" Xl <oogagror — Fl<esgagror
is an equivalence in ~*PreSt.
We refer to the diagram { X, },cs as a presentation for F.

We say that F is indgeometric derived stack if it is an n-indgeometric derived stack for some n > 0,
and we denote by indGeom; the full subcategory of PreSt; spanned by indgeometric stacks. @

Warning 2.9. Note that in [CW23, Definition 4.1], the authors introduce a notion of ind-geometric
stacks, which is more general than ours. In particular, the definition of loc. cit. is the natural
generalization to stacks of the definition of ind-schemes in [GR14]. Some of the results proved in
this section overlap with similar ones proved in [CW23, §4.2 & §4.3]. A

Remark 2.10. Let { Xy }ac] be a presentation for a indgeometric stack F and let
X := colim X, ,
acl
the colimit being computed in PreSty. Then, the structural morphism ¢: X — F is not necessarily
an equivalence, but it induces a canonical equivalence ¢: ©"X = F. A

Warning 2.11. Notice that in the above definition the presentation {Xj },e; is not part of the
structure defining F. Notice also that, despite the terminology, F is not defined as an ind-object
in some category. Of course, if we fix some presentation {XlX}tXE 1 for F, then we can define an
ind-object

“colim” X, € Ind(dGeomy) ,
acl

which, a priori, depends on the presentation of F. Our first step is to show that under some mild
conditions, it is possible to attach to F a canonical ind-object. A

Before starting working towards the goal sketched in Warning 2.11, let us collect a couple
of basic properties of indgeometric derived stacks. We start by the following simple lemma,
asserting that asking for convergence is a harmless assumption (compare with Remark 2.10):
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Lemma 2.12. Let X,: I — PreSty be a filtered diagram and assume that:

(a) there exists an integer n such that for every i € I, X; is an n-geometric derived stack;

(b) for every morphism i — jin I, the morphism X; — X; is a closed immersion almost of finite type.
Set

X = colimX;,
i€l

the colimit being computed in PreSty. Then “°™X is an n-indgeometric derived stack.
Proof. Set F := “©°"X. Then F is convergent by assumption, and since “°"V(—) is a left adjoint to

the inclusion “®"PreSt; < PreSty, there is a canonical map X — F. Since <®j: <®dAff; < dAff;

is fully faithful, the counit of the adjunction <®j* - <%j, is an equivalence. The conclusion
follows. O

Another easy but handy fact is that one can ask for a more restrictive condition on the presen-
tation of an indgeometric derived stack at no cost. Indeed, we have the following.

Lemma 2.13. For a convergent derived stack F: dAff;® — Spc, the following conditions are equivalent:
(1) there exists a presentation { Xy }ocg for F satisfying Definition 2.8—(2);
(2) there exists a presentation {Xu}yey for F satisfying Definition 2.8—(2) and moreover for every
a €1, X, € “®PreSty.
Proof. Obviously (2) implies (1).

For the converse, fix a presentation { X, }4c for F satisfying Definition 2.8—(2). Considering IN
as a poset in the natural way, we see that I x IN is obviously filtered. We define a functor

Y,,«: — PreSt;
by the rule Y, » := t<,(X4a). There are canonical maps

colimte, (Xy) — Xu,
nelN

which induce a canonical morphism

colim Yy, — F.
(a,n)eIxIN

Conditions (2a) and (2b) in Definition 2.8 are trivially satisfied. As for condition (2c), our assump-
tion is that for every S € <“dAff; the canonical morphism

COlei}n MapPreStk (S/ th) — MapPreStk (S, F)
o
is an equivalence. Thus, to conclude it is enough to argue that the canonical morphism

Cr?g{ln MapPreStk (S, t<n (Xa)) — MapPreStk (S, Xa)

is an equivalence. Choose an integer m such that S € gmdAka. Then, we have
colim Mappyesy, (5, t<n (X)) ~ colimMappresy, (S, t<m(t<n(Xa))) = Mappresy, (S, tam(Xa))

= MaPPreStk (S, Xa),

whence the conclusion. O

Next, let us observe that indgeometric stacks automatically satisfy flat hyperdescent, and
hence define objects in dSt;. To see this, we need the following mild generalization of [GR17,
Chapter 2, Proposition 1.2.2].

Lemma 2.14. Let F be an n-indgeometric stack. Then for every m-truncated affine derived scheme S €
S"dAff,, Map(S, F) is (n + m)-truncated.
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Proof. Since filtered colimits in Spc commute with taking homotopy groups and since colimits in
PreSty are computed objectwise, we can replace F by an n-geometric derived stack. In this case,
the statement is well known, and follows for instance from [TV08a, Lemma 2.1.1.2]. O

Proposition 2.15. Every indgeometric stack satisfies flat hyperdescent, and in particular defines an object
in dSty.

Proof. Let S¢ — S be a flat hypercover in dAff and let F be a indgeometric stack. Consider the
commutative square

Map(S, F) —————— lim,jcp Map(Sy, F)

l !

limm>0 Map(tgm(S),F) — lim[n]eA Map(tgm(Sn),F)

We have to prove that the top horizontal map is an equivalence. Since F is convergent, the vertical
maps are equivalences. Therefore, it is enough to prove the same statement assuming in addition
that S (and hence each S,,) is m-truncated for some m > 0.
Choose a presentation { X, }, for F by /-geometric stacks. Then, we are called to check that the
canonical map
colim Map(S, X;) — lim colim Map(S,, Xx)
« [njleA

is an equivalence. However, the previous lemma guarantees that Map(S;,, Xy ) is (m + £)-truncated
for every [n] € A and every integer ¢ > 0. Therefore, the right hand side is the limit of a diagram
with values in Spc,, 4, and therefore the canonical map

lim colim Map(S,, X,) — lim  colim Map(Sy, X,)

[nea a [”]EAnger a
is an equivalence. At this point, the conclusion follows from the fact that filtered colimits com-
mute with finite limits. g

2.3. Admissibility. For our applications, we only need a special class of indgeometric stacks,
that we call admissible indgeometric stacks. They are akin to the notion of inf-scheme (and not of
ind-inf-scheme) introduced in [GR17, Definition 2.3.1.2].

Definition 2.16. Let F be an indgeometric derived stack. We say that:

(1) Fisind-qcgs if it admits a presentation { X, } where each X, is a quasi-compact and quasi-
separated geometric derived stack;

(2) F is qgegs if it is ind-qeqs with a presentation {X, },c; where all the transition maps are
nil-equivalences;

(3) F is admissible if there exists a (possibly transfinite) sequence
O=Uy—= U —= - Uy = Uyqpq — -+~

of open Zariski immersions between qcqs indgeometric stacks, whose colimit in PreSty is
F. We refer to the collection {U, } as an admissible open exhaustion of F.

We let indGeom}(nd_chs, indGeom“*, and indGeomZdm denote the full subcategories of indGeomy,
spanned by ind-qcqs, qcgs, and admissible objects, respectively. @

Remark2.17. Let F be an indgeometric derived stack and let { X, } <1 be a presentation. If f: | — I
is a cofinal map, then the restricted diagram { X () } ] is again a presentation for F. In particular,
F is qcgs if and only if there exists a cofinal map f: ] — I such that all the transition maps in
{Xf(p) } pe; are nil-equivalences. Notice that since I is filtered, for every ag € I the forgetful map
I,y — I1is cofinal. In other words, F is qcgs if and only if it admits a presentation where the
transition maps become nil-equivalences for “sufficiently large indexes”. A
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A very important fact concerning the notion of admissibility is that it can be tested at the
reduced level, in particular completely disregarding the derived structure. To prove this fact, we
need the following two technical results.

Lemma 2.18.

(1) Let F be an n-indgeometric stack and let S € ~*dGeom{* be an eventually coconnective geqs
geometric derived stack. Then, for every presentation { Xy}« of F, the canonical map

colim Mapys (S, Xa) — Mapys, (S, F)
L4
is an equivalence.

(2) Let S € indGeom(“® and let F € indGeom2%™ be an admissible indgeometric derived stack.
Then, for any quasi-compact open exhaustion {U, } of F, the canonical map

co}xim Mapgst, (S, Uy) — Mapgsy, (S, F) (2.1)
is an equivalence.

Proof. We first prove (1). Since S is geometric and qcqgs, we can find a smooth hypercover S,
of S with the property that for every [a] € A, S, is a finite disjoint union of derived affines.
Furthermore, if S € <deeomgc, then we can equally assume that S, € <mdAka. At this point,
consider the following commutative diagram:

Mapgsy, (S, F) ——————— colim, Mapgs;, (S, X4)

l |

limycp Mapgst, (Sa, F) — colimy lim;jcp Mapgs, (Sa, X)

Proposition 2.15 guarantees that the vertical maps are equivalences. It is therefore enough to
prove that the bottom horizontal arrow is an equivalence. Applying Lemma 2.14, we see that all
the mapping spaces are (1 + m)-truncated. We can therefore replace A by Ac;, 1,42, Wwhence the
conclusion.

We now prove (2). For every index «, the map i,: Uy — F is representable by open Zariski
immersions. It immediately follows that the canonical map

U, — U, xp Uy,

is an equivalence. In other words, the map i, is (—1)-truncated. It follows that the induced map
Mapgst, (S, Ux) — Mapgsy, (S, F) is (—1)-truncated as well in Spc. Since the colimit is filtered, it
follows that the map (2.1) is also (—1)-truncated. To complete the proof, it is enough to check
that it is surjective on connected components. Let therefore S — F be a morphism in dSt. Since
iy is representable by open Zariski immersions, we immediately see that the canonical map

MapdStk(S, U,x) — Mapdstk(rEdS, U,x) XManstk(redS/F) MapdStk(S, F)

is an equivalence. In other words: amap f: S — F factors through U, if and only if its restriction
red f: redg _y T factors through U,. We can therefore replace S by redg. in other words, we can
assume from the very beginning that S € dGeom}“. In this case, set V, := S xp U,. This gives
an increasing open exhaustion of S by the open V,. Since S is quasi-compact, there must exist an
index a such that S = V,, so that f must factor through U,. The proof is thus complete. g

Lemma 2.19. Let F be a derived stack and let G — "IF be a morphism representable by open Zariski
immersions. Then, there exists an essentially unique derived stack G and dashed arrows making the square

G ------ » G
redp , ;
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a pullback. Moreover, the map G — F is representable by open Zariski immersions.

Proof. Recall that the canonical map
("IF)ar — Fur

is an equivalence.” We define G as the fiber product

S

rdf —  F —— F4R

The canonical map G — Gy4r makes the outer rectangle commutative, so the existence of the
dashed arrow follows immediately. Furthermore, unraveling the definitions we see that the outer
rectangle is in fact a pullback, so the same holds for the square on the left. We are thus reduced
to check that the map Gyr — Fyr is representable by open Zariski immersions. Fix S € dAffy
and a morphism x: S — Fyg, corresponding to a morphism "4S — F. By assumption, the map
U =S Xrar G — S is an open Zariski immersion. It is thus enough to check that the square

U%GdR

L]

S%FdR

is a pullback. Notice that both vertical maps are (—1)-truncated. Then, the conclusion follows by
observing that for every T € dAff, amap T — S factors through U if and only if 4T — reds
factors through "4U, hence if and only if the composite T — "F factors through G. O

Theorem 2.20. Let X be an indgeometric derived stack.
(1) X is a gcqs indgeometric derived stack if and only if "3 is a qeqs geometric stack.

(2) X is an admissible indgeometric derived stack if and only if "X is a quasi-separated geometric
stack.

Proof. We first establish the “only if” implications. Fix a presentation {X,},ecr for F. Then it
follows that

redp ~ colim "9X, ,
acl

the colimit being computed in PreSty. If F is qcgs, the above colimit becomes eventually constant,
so both statements follow automatically.

We now complete the proof of point (1). Assume that ™9X is a qcqs geometric derived stack.

Pick any qcqs presentation { X, } 41 for X. The canonical map
colim "X, — redx
acl

is then an isomorphism. Lemma 2.18 guarantees that "X is a retract of "*4X, for some a € I.
Thus, forevery g € I/, red is also a retract of "e4X B- Moreover, since we required the transition
maps to be closed embeddings, we see that they are (—1)-truncated morphisms in the category
of reduced geometric derived stacks. Thus, the map "¢X g — red is also (—1)-truncated, and
therefore, having a retract, it is an equivalence. It follows that for every g € I/, the map Xg — X
is a nil-equivalence, and therefore that the transition maps in {Xs}gc;,, are nil-equivalences.
Thus, the conclusion follows from Remark 2.17.

2Here (—)dr is the de Rham stack. Concretely, for any derived stack F and every affine scheme S, one has F4r(S) =
F ( red S ) .
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Now complete the proof of point (2). Assume therefore that "X is a quasi-separated geo-
metric derived stack. Then [PS23, Lemma A.1] allows to pick a quasi-compact open exhaustion
{Uy}aer of ™4X. Since "X is quasi-separated, every the same goes for every U,. Applying
Lemma 2.19, we see that there exists a uniquely defined derived stack V,, equipped with a Zariski
open immersion V;, — X such that the square

u, — Vv,

]

red X X

a pullback. It follows that V; is an indgeometric derived stack, and that redy/  ~ U,. The unique-
ness of V, immediately implies that if U, C Uﬂ then V, C Vﬁ. Thus, the first half of the proof
guarantees that V, is a qcqs geometric derived stack. Since {V, } 41 obviously is an open exhaus-
tion of X, it follows that X is an admissible indgeometric derived stack. O

Corollary 2.21. Let X be an admissible indgeometric derived stack and let U — X be a morphism repre-
sentable by quasi-compact open Zariski immersions. Then, U is a qcqs indgeometric derived stack.

Proof. The representability assumption implies that U — X is a convergent morphism. Since X
is convergent, the same goes for U. Besides, if {X,},e; is a presentation for X, then it follows
formally that {U Xy X, }aes is a presentation for U. Therefore, U is an indgeometric derived
stack. Besides, there is a canonical morphism

redu U Xy redx ,

and since U — X is representable by open Zariski immersions, we immediately see that this
morphism is an equivalence. Since "X is a quasi-separated geometric stack and "9 is a quasi-

compact open inside "9X, we obtain that "*9U is qcqs geometric stack and the conclusion follows
from Theorem 2.20—(1). O

Corollary 2.22. Let X be a qcqs indgeometric derived stack and let { X, }yc1 be any presentation. Define
I' to be the full subcategory of I spanned by those indexes « for which the structural morphism X, — X is
a nil-equivalence. Then I is a cofinal subcategory of 1, and in particular { X, }4cp is again a presentation
for X.

Proof. Consider the structural morphism "X — X. Since X is a qcgs indgeometric derived stack,
Theorem 2.20 implies that ™9 is a qcqs geometric stack. Besides,

redy ~ colim "9X, .
acl

Thus, Lemma 2.18 implies that red’ is a retract of 94X, for some a € I. Since 94X, — "X is
a monomorphism, it follows that "4X ~ "X, This shows that I’ is non-empty. Replacing I by
Ig, for any B € I, we conclude that I is a cofinal subcategory of I.

In order to define Borel-Moore homology of admissible indgeometric derived stacks in §3, we
need to make the ind-structure on such objects explicit. Following [DPS22, §I1.7], we consider the
restricted Yoneda embeddings

®ind—chsz indGeOm}(nd-chs E— Psh(<oodGeomIC<|Cq5) ,
and
Dyegs: indGeomzcIm — PSh(indGeomchs) ‘
The choices of ~*dGeom{“® and indGeom[“* are justified by the following result.

Theorem 2.23.
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(1) The functor @ing.qeqs commattes with limits, is fully faithful and factors through Ind( ~“dGeom{“®).
Furthermore, if { Xy }uc1 is a gcgs presentation for X € indGeom;{"d'chs, then

D g X) ~ “colim” t<, X, ,
ind chs( ) (na)eNxI snaw

where t<y, denotes the n-th Postnikov truncation functor.

(2) The functor ®qcqs commutes with limits, is fully faithful and factors through Ind(indGeom“%).
Furthermore, if {Uy } we; is a quasi-compact open exhaustion of F, then

Dgegs(X) = “colim” X, .
ael

Proof. Choose an ind-qcqgs presentation { Xy }oer for X. Using Lemma 2.13, we see that

{t<n(Xa) Ham)erxn
is again a presentation for X, whose pieces are eventually coconnective. At this point, the conclu-
sion follows combining [DPS22, Proposition I1.7.6] and Lemma 2.18. O
Notation 2.24. The two parts of Theorem 2.23 provide us with a limit-preserving and fully faith-
ful functor
(—)ind: indGeom2®™ — Ind(indGeom3°%) — Ind(Ind( ““dGeom{“*)),
which we refer to as the indization functor. @

Corollary 2.25. The full subcategory indGeom" 9%  PreSty is closed under finite limits.

Proof. It is enough to consider the case of fiber products. For this, apply first Corollary B.12 to

Ind(~*d Geom“#*) with P the collection of closed immersions, and then combine it with Theo-
rem 2.23—(1). O

adm
k

Corollary 2.26. The category indGeom“™ is closed under finite limits in PreSty.

Proof. Tt suffices to show that indGeom?9™ is closed under fiber products. Consider therefore a
fiber product W := X xy Z of admissible indgeometric stacks. Corollary 2.25 implies that W is
again indgeometric. On the other hand,

redW ~ red(red:)c Xredy redz) )

Then the conclusion follows combining Theorem 2.20 and the fact that quasi-separated geometric
derived stacks are closed under fiber products. g

We will need one more criterion to establish admissibility. To state it, we first prove:

Lemma 2.27. Let f: X — Y be a morphism of derived indgeometric stacks. Assume that f is representable
by smooth geometric stacks. Then the square

redx s

L]

redy y
is a pullback.

Proof. Choose a presentation {Y, },er for Y and set X, = Y, xy X. Since f is representable by
geometric stacks, it follows formally that { X, }4e1 is a presentation for X. Then Proposition 2.15
guarantees that

Y ~ colim Y, and X ~ colim X,
ael wel
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hold in dSt;. In particular, since r‘Edj: 'eddAka — dAffy is cocontinuous, it follows from [PY16,
Lemma 2.20] that both "4}, and "4j* commute with colimits and hence that the canonical mor-
phisms

colim "y, —s ™y and  colim "dx, — redyx
ael wel

are equivalences. Since these colimit are filtered, it follows that it suffices to argue that for each
« € I the square

red X, th

L]

redya N ch

is a pullback. Notice that after applying "dj*, the horizontal arrows become equivalences and
therefore the square becomes a pullback. It suffices then to argue that the fiber product Y, xy,
X, is automatically reduced. Since f, is smooth by assumption, this is automatic. O

Corollary 2.28. Let
DCU E—

b

be a pullback square of derived stacks. Assume that Y is a geometric derived stack, that u is a smooth
epimorphism and that X is indgeometric. Then X is admissible if and only if Xy is admissible.

u
—_

Proof. Both U and Y are admissible, so if X is admissible Corollary 2.26 implies that Xy is admis-
sible. For the vice-versa, we observe that since u is smooth the square

redu redY

| |

Uu—myY
is a pullback square. Let

x' = redu X redy red-x )

The canonical morphism X’ — X; induces an equivalence redy/ ~ redyc,;. Thus, if Xy is ad-
missible, "4X ; is a quasi-separated by Theorem 2.20. By assumption, the canonical morphism
X" — "X is representable by smooth derived stacks. In particular, Lemma 2.27 guarantees that
X' is itself reduced, and therefore it is a quasi-separated geometric stack. Since U — redy
is again a smooth epimorphism, we deduce from [TV08b, Corollary 1.3.4.5] that "X is itself a
quasi-separated geometric stack, so the conclusion follows from Theorem 2.20. g

3. BOREL-MOORE HOMOLOGY FOR ADMISSIBLE INDGEOMETRIC STACKS

In this section we define Borel-Moore homology for admissible indgeometric stacks, and es-
tablish its basic functorialities. We use in an essential way the motivic theory developed by A.
Khan and its collaborators (see e.g. [Khal9, Kha21]). The extension from geometric to admissible
indgeometric is a formal procedure, essentially made possible thanks to the theory developed in
[DPS22, §I1.1]. We refer to loc. cit. for all the relevant notation.
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3.1. Borel-Moore homology for admissible indgeometric derived stacks. Fix a motivic formalism
D* (in the sense of [DPS22, Definition II.1.5]) and its associated six-functors formalism

PoD;: Corr(dGeom(®) o . — CAlg(Pro(Catc)) .

Let S € dGeom!“® be a qegs geometric derived stack. For an oriented A € CAlg(D(S)) and an
abelian subgroup I' C Pic(D(S)) closed under Thom twists. In [DPS22, §I1.1.4], we defined for
a quasi-separated geometric derived stack locally of finite type X over S its relative Borel-Moore
homology groups with coefficients in A:

HOT(X/S; A),

as a I'-graded topological abelian group. This is an extension of Khan's framework [Khal9], and
the topology keeps track of the non-quasi-compactness of X.

Remark 3.1 (Underlying topology). Let us take S = Spec(k). It follows combining [DPS22, Re-
marks I1.1.44 and 11.1.49] that HJ'" (X/S; A) is explicitly given by the formula
HYT(X/S;A) ~ P lim HET (U/S; A),
ey (X) aee
where:

(1) the direct sum is taken over the set of connected components of X, and if & € 779(X), we
denote by X, the corresponding connected component;

(2) the limit is taken over the set of quasi-compact open substacks of X;

(3) each group H(]))'r (U/S; A) can be expressed in terms of the six-operations, and essentially
coincide with Khan’s motivic Borel-Moore homology (except for the fact that we are sum-
ming together all twists by elements in I', see [DPS22, Remark II.1.24] for more on this
point);

(4) both the inverse limit and the coproduct are topologized in the natural way, endowing
the building pieces H(]])’r (U/S; A) with the discrete topology.

Technically speaking, the results obtained in [DPS22] are strictly stronger, in that we do not work
with topological abelian groups, but with free categorical (co)completions. However, in applica-
tions only this underlying topological structure will be taken into account.

A

Contrary to [Khal9], the above homology groups are not obtained directly out of the six-
functors formalism, as there is a certain renormalization procedure that needs to be carried out
and that allows to have larger functoriality properties (see [DPS22, Remarks I1.1.50 and I1.1.54]).

Definition 3.2. A morphism f: X — Y is said to be locally rpas if for every connected component
Xo C X the induced map Xy — Y is representable by proper algebraic spaces; and that is said to
be finitely connected if for every connected component Yo C Y the preimage X xy Yo has finitely
many connected components. @

With this terminology, we establish in [DPS22, §I1.1.4] the following functoriality properties
for HPT(—/5; A):

o for derived Ici, quasi-compact and finitely connected morphisms f: X — Y, a Gysin pull-
back

FHDT (Y78 A) — HYT(X/S; A),
which is continuous for the natural topology on both sides;

o for locally rpas morphisms f: X — Y, a proper pushforward
fer HRT(X/S;A) — HPT(Y/S; A) .
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Together with the exterior products (essentially induced by the algebra structure on A), these
properties produce a lax-monoidal functor

H(]))'r(—/S; A): Corr™ (dGeomgs)qc.lci N fconn, Irpas — Prot (MOdg) ’

see [DPS22, Theorem 11.1.53].

We now extend this framework to admissible indgeometric derived stacks. In light of Theo-
rem 2.20, we have a well defined functor

red(—): indGeom3I™ — Geom{® .
We extend the terminology above:

Definition 3.3. A morphism f: X — Y of admissible indgeometric derived stacks is finitely con-
nected (resp. locally rpas) if the underlying morphism "df: redx — redy has the same property.
On the other hand, we say that f is quasi-compact (resp. derived Ici) if it is representable by quasi-
compact (resp. derived Ici) geometric derived stacks.

%)

With this terminology, the proper pushforward and the exterior products carry over from
[DPS22, Theorem I1.1.53]. Concerning the Gysin pullback, we have the following.

Remark 3.4 (Gysin pullback). Fix a qcqs geometric derived stack S and a morphism f: X —
Y of admissible indgeometric derived stacks over S. Assume that f is quasi-compact, derived
Ici and finitely connected. In this situation, the morphism f’ I Xy red‘j — fedy has the same
properties, and it is nil-equivalent to f. Besides, %Y is a quasi-separated geometric derived
stack by Theorem 2.20, and the same goes for
d
re (:X: Xy redg) ~ redx .
Thus, the Gysin pullback of [DPS22, Theorem II.1.53] yields a well defined map
T (Y78 A) — HET(X/S; A)

We can summarize this discussion stating the following:

Theorem 3.5. Let S € dGeom/!“*, A € CAlg(D(S)) and let T C Pic(D*(S)) be an abelian subgroup.
Assume that A is oriented and that T is closed under Thom twists. Then the construction

H(]))’r(—/S; A): Corrx(indGeomgdm)chcimfconn,"pas — ProU(Modg)

that sends X — S to the topological R-module H([)) I(x /S; A) (disregarding the extra T-grading) and a
correspondence

xf/xy

where f is representable by finitely connected and quasi-compact Ici geometric derived stacks and p is
locally rpas to the composite

peof HOT(X/5; A) — HDT(y/S; A)

defines a lax-monoidal functor. Moreover, if (D', A',T") is a second motivic formalism with a choice of an
oriented ring of coefficients A’ and an abelian subgroup I closed under Thom twist, then a morphism

(s,¢): (D, AT) — (D", A", T")
induces a lax symmetric monoidal transformation

HPT(—/5; A) — HD'T' (/5 4") .
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Example 3.6. Let S € dGeom{“® and X € indGeom3d™.

(1) when D* := DMy, is the rational Voevodsky's formalism (cf. [DPS22, Example I1.1.8]) and
A := HQ is the motivic Eilenberg-MacLane Ec-ring spectrum, and I := Z(1), we write

HIt(X/S;0) :== HY' (X/S; HQ) .
This recovers (motivically defined) Chow groups of X.

(2) When D* := DMy, is the rational Voevodsky’s formalism and A := KG L®t is the étale
hypersheafification of the algebraic K-theory spectrum, and I’ := Z(1), we write

G(X/S) == H! (X/S; KGL®Y) .
This recovers the algebraic G-theory of X.

(3) When D* := '°PD is the topological formalism (cf. [DPS22, Example I1.1.11]), A := Q, and
I':=Z(1/2) (see [DPS22, Remark I1.1.24]), we simply write

HEM(x/S) = HEMT (1/S;Q) .
We will also be interested in taking I' := Z (1), in which case we write
Heven (X/5) = H! (X/5,Q) .
The natural inclusion Z (1) C Z(1/2) induces a continuous morphism of algebras
Heven (X/8) — HM(x/5).

Also, the natural transformation DMg — *PDg (see [DPS22, Remark I1.1.13]) induces a
continuous map

HTOt(x/s) — Herl\e/ln(x/S) 4
given by the cycle class map.

A

Remark 3.7. Let S € dGeom{“® and X € indGeom3?™. Assume that there are actions by a torus T
on X. We consider S equipped with the trivial T-action. By construction

Therefore, Corollary 2.28 implies that each [X/T] is admissible. Thus, for fixed A € CAlg(D(S))
and a fixed abelian group I' C Pic(D*(S)), we set

HE 1 (26 A) == Hg M (X / T1/ S/ T); m A),

where 71: [S/T] — S is the coarse moduli space map. In particular, we denote by HI (X), GT(X),
HIVT (), HL ., (X) the equivariant versions of the examples discussed in Example 3.6. A

We fix an abelian group (A, +). We define the category of A-graded derived stacks as:
A—dStk = FUI’\(A, dStk) ,

and we consider it with the symmetric monoidal structure induced by A via Day’s convolution (see
[DPS22, Recollection 1.6.3]). This symmetric monoidal structure propagates to the co-category of
correspondences Corr(A-dSty).

Definition 3.8. Let P be a property of derived stacks (resp. of morphisms of derived stacks). A
A-graded derived stack F (resp. a morphism F — G) in Fun(A, dSty) is said to have the property P
if for every v € A the derived stack F(v) (resp. the morphism F(v) — G(v)) has the property P.

%)
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We denote by A—indGeom,idm the full subcategory of A-dSt; spanned by admissible indgeo-
metric stacks. Concretely,

A-indGeom?d™ := Fun(A, indGeom3dm) .
In the same way, we have a well defined symmetric monoidal co-category of correspondences
Corr* (A-indGeom,?dm )qc.lci N fconn, Irpas -

Fix now a coefficient ring R of characteristic zero. Once again, Day’s convolution endows the
category

A—Pro“(Modg) = Fun(A, Prou(Modg))

with a symmetric monoidal structure. Combining the formal properties of Day’s convolution
(see [DPS22, Recollection 1.6.3]) with Theorem 3.5, we obtain:

Theorem 3.9. Let D* be a motivic formalism. Let S € dGeom°%, A € CAlg(D(S)) and let T C
Pic(D*(S)) be an abelian subgroup. Assume that A is oriented and that T is closed under Thom twists.
Then, the construction

H(]))’r(—/S; A): Corr* (A—indGeomf{‘dm)chci A fconn, Irpas — A-Pro” (Modg)
that sends X — S to
HPT (/S A) = @ HPT(X(v)/S; A)
vEA

and whose functoriality is given as in Theorem 3.5 defines a lax symmetric monoidal functor.

Remark 3.10. All the constructions described in Example 3.6 and Remark 3.7 carry over to the
A-graded setting. A

4. DERIVED MODULI OF COHERENT SHEAVES ON FORMAL SCHEMES

In this section we study families of nilpotent sheaves on formal schemes. All throughout this
section, we fix a field k of characteristic zero.

4.1. Formal completions in derived geometry. We start by discussing formal completions. Our
starting point is the following:

Definition 4.1 ([CPT" 17, Definition 2.1.3]). Let X be a quasi-compact and quasi-separated de-
rived scheme locally almost of finite presentation and let j: Z — X be a closed immersion. The
formal completion Xz of X along Z is the derived stack fitting in the following pullback diagram:

Xy —— X
Ax -
Jar
Zgr — XaR
(%)

Since X is noetherian, Xy is a derived indscheme (and more precisely an ind-inf-scheme), see
[GR17, Chapter 2, Example 3.1.3]. An explicit ind-presentation is provided in [GR14, Proposi-
tion 6.5.5], but since we will have to use it, we proceed to give a brief review.

As a starting point, observe that red7z — Z induces an equivalence (redZ)dr — Zg,- For this
reason, we can assume without loss of generality that Z is underived and reduced to begin with.

Definition 4.2. A laft thickening of Z inside X is a factorization of j: Z — X as

7 Jzw W w X
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where jz  is a nil—isomorphism3, W is a laft derived scheme, and jyy is a closed immersion. We
denote by T x the full subcategory of dSt , x spanned by laft thickenings of Z inside X. @

Remark 4.3. Consider a morphism

Wy

Z/ f\h/‘X
N

in Tz x. Since j; and j, are closed immersion, it immediately follows that the same goes for f.

Notice that if W is a laft thickening of Z inside X, the canonical morphism Zg4, — Wy, is an
equivalence. It follows that the canonical morphism

Xz — Xw
is an equivalence and that we have a canonical morphism W — Xz. In turn, this induces a
canonical comparison map

colim W — X, (4.1)
WeTyz,x

the colimit being computed in dSt;. We have the following.
Proposition 4.4 ([GR14, Proposition 6.5.5]). In the above setting:
(1) the co-category Tz x is filtered;

(2) the canonical morphism (4.1) is an equivalence. Moreover, the colimit can be computed in derived
prestacks.

Notice that a priori one needs all derived thickenings to compute X. Nevertheless, when X
is underived then the same goes for X, indeed we have the following result.

Proposition 4.5. Let j: Z — X be a closed immersion of classical schemes almost of finite presentation
over k. Then, Xz is underived and it coincides with the classical formal completion of X along Z.

Proof. The question is easily seen to be local on X, and in the affine case it follows from [Lur18,
Corollary 7.3.6.9]. See also [HLP23, Proposition 2.1.4]. O

Remark 4.6. In [GR17, Chapter 9, §5], the authors construct a derived version of the infinitesimal
neighborhood of order 1 of Z inside X. We denote this construction by Z("). When X is under-
ived, its truncation to(Z (")) coincides with the usual n-th order thickening of Z inside X. If X is
underived and j is a regular closed immersion, Z(") is underived and it coincides with the usual

infinitesimal neighborhood of order n, Specy (Ox/ j;“), where J7 is the ideal of definition of
Z. Finally, the natural functor

N — T7/x
sending n to Z(") is cofinal and therefore there is a canonical equivalence
coLim 71 ~ Xy .
Notice that when X is underived, Proposition 4.5 implies that the canonical comparison map

colimty(Z™) —s colim Z"
n n

3. red

ie., %z w is an isomorphism.
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is an equivalence, even when the individual maps to(Z™) — Z( are not. A

For later use, we introduce a simple recognition criterion for formal completions.

Lemma 4.7. Let f: F — G be a formally étale morphism between laft, convergent and infinitesimally
cohesive derived stacks. Then, f exhibits F as the formal completion of G along "9F — G.

Proof. First of all, observe that the canonical map
("F)ar — Far
is an equivalence. It is therefore sufficient to argue that the square

F%G

L

Fgr — Ggr

is a pullback. Since both Fyg and Gyg are formally étale over Spec(k), the bottom horizontal map
is formally étale as well. Since by assumption f is formally étale, the same goes for the induced
morphism

F—>ép.

Besides, since F and G are laft, convergent and infinitesimally cohesive, the same goes for ép
and therefore for the above morphism. In particular, Lemma 2.7 shows that it suffices to check
that the induced morphism "F — "G is an equivalence. For this, it suffices to argue that
the above square is a pullback when evaluated on S € "9dAff;. Since for such a choice of S the
vertical arrows in the above square become equivalences, the conclusion follows. g

We now introduce a global counterpart of Definition 4.1.

Definition 4.8. A derived formal scheme is a derived stack X' € dSt; such that there exists an
effective epimorphism

L[Z/li—>)(
i

where each Uf; — X is representable by open Zariski immersions and each If; is a formal com-
pletion in the sense of Definition 4.1. We write fdSchy, for the full subcategory of dSt; spanned by
derived formal schemes. @

Remark 4.9. If X is a derived formal scheme, then "4X is an ordinary scheme. AN

Definition 4.10. We say that X is quasi-compact if "*4X is quasi-compact.

We write fdSch}!® for the full subcategory of fdSch}!“ spanned by quasi-compact derived formal
schemes. %)

Example 4.11. Let S € dSchy be a derived scheme. Then, the induced morphism

(to(S))dr — Sar

is an equivalence, and in particular S coincides with the formal completion of S along t(S).
More generally, if Z is a closed subscheme of X and S € dSchy is a derived scheme, then X7 x S
coincides with the formal completion of X x S along Z X ty(Sp). It follows that if X is a derived
formal scheme, the same goes for X x S for every derived scheme S. A

Despite being naturally indgeometric stacks, derived formal schemes have representable di-
agonal. This particular (well-known) property will play an important role in what follows, so we
include a short proof.
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Lemma 4.12. Let X be a quasi-compact and quasi-separated derived scheme locally almost of finite pre-
sentation and let j: Z — X be a closed immersion. Then, the natural morphism

)/ZZ — X
is (—1)-truncated.

Proof. Since (—1)-truncated morphisms are stable under pullbacks, it is enough to verify that
Zgr — Xgr is (—1)-truncated. Unraveling the definitions, we see that we have to check that for
every derived affine scheme S locally almost of finite type the fibers of the morphism

Mapas: ('S, Z) — Mapgse (™S, X)
are empty or contractible. This is true because Z — X is a closed immersion. g

Proposition 4.13. Let X" be a derived formal scheme. Then, the diagonal
Ay: X — X x X

is representable by derived schemes.

Proof. The question is Zariski-local on X', so we can assume from the very beginning that X' ~ X,
for some quasi-compact and quasi-separated derived scheme locally almost of finite presentation
and some closed immersion j: Z < X. Let S = Spec(A) be an affine derived scheme and let

x: S — Xz x Xz. It follows from Proposition 4.4 that we can find a laft thickening W of Z inside
X and a factorization of x as

SLWXW%)A(Zx}/ZZ .

Since

(W x W) X2 xRy X7 ~ WX)A(ZW,

it suffices to prove that this is a derived scheme. Using Lemma 4.12 we see that the canonical
map
W x %, W—WxxW

is an equivalence, whence the conclusion. O

The above Proposition immediately implies the following.

Corollary 4.14. Let X be a derived formal scheme and let S be a derived scheme. Then, any morphism
S — X is representable by derived schemes.

4.2. Nilpotent quasi-coherent sheaves. In this section, we shall define nilpotent quasi-coherent
sheaves on a formal scheme. When dealing with a formal completion X7, nilpotent quasi-
coherent sheaves are simply the colimit

QCoh™!(X;) ~ colim QCoh(W),
WET7x
where the transition maps are given by the pushforwards. This could be taken as definition, but
some extra care is needed to ensure a good functoriality and to extend it to more general derived
formal schemes. For this reason, we take a slightly longer route to the definition of QCoh™!.

We start fixing some terminology.

Definition 4.15. We say that a derived formal scheme X is affine if there exists an equivalence
X ~ )A(Z with X being affine.

We write fdAffy for the full subcategory of fdSchy spanned by derived formal affine schemes.
We also denote (fdSchy)sch (resp. (fdAffy)sch) for the non-full subcategory of fdSchy (resp. fdAffy)
having all objects and whose morphisms are the schematic ones (i.e., those representable by de-
rived schemes). @
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Notice that Proposition 4.13 implies that whenever S is a derived scheme and X’ is a derived
formal scheme, any map S — X is schematic.

Construction 4.16. We define a Grothendieck topology 7,5 on fdAff; declaring that covers are

sets of schematic affine open Zariski immersions {U; — X },c; with I being finite and such that
for every S € dAffy and every S — X the induced family

{Z/li X x S — S}iel

is an affine open Zariski cover of 5. We refer to 7' _as the quasi-compact Zariski topology on fdAffy,
and we observe that it restricts to a Grothendieck topology on (fdAffy)sch- )

The restricted Yoneda embedding yields fully faithful and left exact functors
fdSchy — Sh((fdAffy)sch, T0'5,,) and  (fdAffy)sch < Sh((fdAfF)sch, Too.,) -

r-Zar
On the other hand, following [DPS22, §I1.7], we take T = dSt, P to be the property of being
an affine derived scheme and Q the property of being a closed immersion. Combining Proposi-
tion 4.4 and [DPS22, Proposition 11.7.6], we see that the restricted Yoneda yields a fully faithful
functor

fdAFF, < Ind(dAFFy) . (4.2)

The definition of the quasi-compact Zariski topology makes sense verbatim within Ind(dAffy),
and the above morphism becomes a continuous and cocontinuous morphism of sites (see [PY16,
Definitions 2.12 & 2.17]). Similarly, write Ind(dAffy)s.p, for the non-full subcategory of Ind(dAffy)
having all objects and whose morphisms are representable ones. Then, the above embedding
restricts to a fully faithful functor

(fdAff)sch < (Ind(dAffL))sch » 4.3)

which is again a continuous and cocontinuous morphism of sites.

In particular, there is a well defined restriction functor
Sh(Ind(dAffy), Tr.zar) —> Sh(fdAffy, T,.zar)
as well as its schematic counterpart
Sh(Ind(dAff)sch, Ti7,,) — Sh((FdAfF)seh, T5.,) -

It follows from [PY16, Lemmas 2.13 & 2.18] that both admit a left and a right adjoint. Besides, the
right adjoint coincides exactly with right Kan extension respectively along the embeddings (4.2)
and (4.3). In particular, it is fully faithful and therefore the same goes for the left adjoint. These
left adjoints yields fully faithful and left exact embeddings

fdSchy < Sh(Ind(dAff), 795, ) and  (fdSchy)d, < Sh((Ind(dAffi))sch, T05,,) -

sch

We exploit this embedding to functorially attach categorical invariants to derived formal schemes,
as we are going to explain now.

We now begin the main construction. Let
Q*: d/—\fFZp — Cateo

be a functor with values in (possibly large but not necessarily presentable) co-categories satisfying
the following:

Assumption 1. For every pullback square

X —Y

el

X ——Y
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in dAffy, the induced diagram

Q) L o(x)

lg* / l 14
Q(v) <= Q(x)
is horizontally right adjointable. @
In particular, for every f: S — T, the induced functor f*: Q(T) — Q(S) has a right adjoint,
that we denote f.. This determines a functor
Q. : dAffy — Cateo,
and we denote by
ndQ., : Ind(dAffy) — Cateo
its canonical ind-extension. We denote in the same way the restriction
indy  : fdAff, — Cateo .
Warning 4.17. It is extremely important for our purposes that the above ind-extension is com-

puted in Cats and not in PrR. In the main example of interest, Q* = QCoh* so it would be
possible to compute the ind-extension inside PrR. However, it does not yield the correct result.

A
Assumption 1 guarantees that Q* induces a well defined functor
ndQ*: Ind(dAffx) 2R — Cateo .
We have the following result.
Proposition 4.18. Assume that Q* satisfies descent for the Zariski topology on dAffi. Then, "Q* satis-

fies descent for the quasi-compact Zariski topology T,'5_ on Ind(dAffy). In particular, indQy* canonically
extends to a functor

Q% : Sh((fdAffy)sch, T95,,) " — Cateo .
By restriction, we obtain a well defined functor

ndQ*: (fdSchi®)2P — Cateo .

Proof. Because of the finiteness constraint on T.5_ -covers, it is enough to prove that if {t/, V} is
a representable open Zariski cover of X and

W——V

L

U——x
is a pullback square in Ind(dAffy), then the induced map

indQ* (X) N indQ* (U) % Q- (W) indQ* (V)
is an equivalence. Fix a presentation
X ~ ”co}xim” Xy .
Set
Uy =U Xy Xy, Vi=V xy Xy, Wy =W xy Xq,

so that

U ~ “colim” U, , VY ~ “colim” V, , W ~ “colim” W, .
14 14 o
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Unraveling the definitions, we find that
indQ (X) ~ colim Q. (X,),
o

and similarly for ¢/, V and W in place of X'. Notice that the pullback functoriality along i and j
is guaranteed by Assumption 1. At this point, the conclusion simply follows from the fact that
filtered colimits in Cate, commute with finite limits. O
Our main example of interest is
Q* := QCoh*: dAffP — Catc, .

Then Assumption 1 is satisfied (see e.g. [Lurl8, Proposition 2.5.4.5]), and the functor satisfies
(flat, hence) Zariski descent. Thus, Proposition 4.18 shows that this functor extends to indgy*,

Definition 4.19. With respect to the above choice of Q*, we set
QCoh™! = "dQ*: (fdSch®)%h — Catoo,
and we refer to QCoh"! () as the co-category of nilpotent quasi-coherent sheaves on X . %)

The following list of examples covers all important cases for us.
Example 4.20.
(1) When X is a quasi-compact derived scheme, there is a canonical identification
QCoh™!(X) ~ QCoh(X) .

(2) Consider now the case of a formal derived scheme X ~ X. By construction, when X is
affine we have an equivalence

QCoh™!(X) ~ colim QCoh(W),
WE‘Tz//X

the colimit being taken with respect to pushforwards. Since filtered colimits in Cat, com-

mute with finite limits and since QCoh"! satisfies descent for 795

Zar (see Proposition 4.18),
that the above description remains valid for X quasi-compact.

(3) Combining the above two points, it follows that for every affine derived scheme S, every
quasi-compact derived scheme X and any closed derived subscheme Z — X, there are
canonical equivalences

QCoh™!(X7 x S) ~ colim QCoh(W x S§) ~ colim  QCoh(W').
WeTz,x W'ETzxsxxs

Indeed, when X is affine this follows from the fact that both

colim W x S and colim W’
WeTz,x WE€Tzxs/xxs

provide ind-presentations for Xz x S, and the general case follows by Zariski descent.
A
Notation 4.21. Let X’ ~ X, with X a quasi-compact derived scheme. Given a thickening W of Z
inside X and F € QCoh(W), we write [F] for the element of QCoh™!(X') determined by F. @
We now single out a special subcategory of QCoh™!(X):

Definition 4.22 (Nilpotent almost perfect sheaves). Let X’ be a quasi-compact derived formal
scheme and let § € QCoh"!(X') be a nilpotent quasi-coherent sheaf.

e Assume that X' ~ X is an affine derived formal scheme. We say that § is almost perfect if
it is of form [F] for some thickening W of Z inside X and some F &€ APerf(W).
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o In the general case, we say that § € QCoh™!(X) is almost perfect if it is almost perfect in
the above sense on an affine Zariski cover.

We let APerf"!(X') denote the full subcategory of QCoh"!(X') spanned by nilpotent almost perfect
sheaves. ©

Remark 4.23. Assume that X ~ X 7. In this case,

APerf"(X,) ~ colim APerf(W).
WE(J'Z//X

Notice that the transition functors are given by pushforward, which preserve almost perfect
sheaves because the transition maps in T x are closed immersions. AN

Warning 4.24. Let X be a derived formal scheme. Then X is in particular a derived stack, so
APerf(X) is well defined, but it typically differs from APerf™!(X'). Consider for instance the
following example: take X = A, Z = Spec(k) embedded as 0 inside X and X := X. Then

APerf(X) ~ lignAPerf(k[T]/(T”)) ~ APerf(k[T]),
while
APerf"!(X) ~ colim APerf(k[T]/(T")) .

Here the limit is computed with respect to the pullback, while the colimit is computed with
respect to the pushforward. The ring of formal power series k[T] defines an object in APerf(X")
but not in APerf"!(X). A

Variant 4.25. Let S be a derived stack and let fdSchg be the full subcategory of dSt,s spanned by
morphisms representable by formal derived schemes. Let (fdSchg)s, be the (non full) subcate-
gory spanned by schematic morphisms. Then Proposition 4.18 allows to define

QCoh™': (fdSchg)2h — Cateo .
Informally,

QCoh"'(X) ~ lim QCoh"'(X xsT).
TedAff /g
Indeed, if T" — T is a morphism in dAff g, then the induced morphism X xg T' — X xg T is
schematic, and therefore Proposition 4.18 allows to define the above limit. This applies in partic-
ular to the following situation: let G be an algebraic group acting on a quasi-compact scheme X
and let Z < X be a closed subscheme which is G-invariant. Then the maps

[X/G] —BG and  [Z/G]~ZxBG — BG

are schematic. The formal completion of [X/G] along [Z/G] coincides with [X/ GJ, and the
structural map to BG is representable by formal derived schemes. In particular, QCoh™!([X, /G])
is well defined. @

4.3. Derived moduli of nilpotent sheaves. We now adapt the definition of the derived stack of
coherent sheaves in [PS23, §2.1] to the formal setting.

When X is a quasi-compact derived formal scheme and S € dAff is an affine derived scheme,
we refer to objects in QCoh"!(X x S) as S-families of nilpotent quasi-coherent sheaves on X. This is
justified by the contravariant functoriality of QCoh™ in schematic morphisms: whenever we have
closed point Spec(K) — S, the induced map i: Xx = X xg Spec(K) — X X S is representable
and we therefore obtain a pullback

i*: QCoh™ (X x §) — QCoh™!(Xk) .
Definition 4.26 (Flat nilpotent families). Let A’ be a quasi-compact derived formal scheme and

let S € dAff; be an affine derived scheme. Let § € QCoh™!(X x S) be an S-family of nilpotent
quasi-coherent sheaves.
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e Assume that X ~ X7 is an affine derived formal scheme. We say that § is S-flat if it is
of form [F] for some thickening W of Z inside X and some F € QCoh(W x S) which is
S-flat in the sense of [PS23, Definition 2.1].

e In the general case, we say that § € QCoh™!(X) is S-flat if it is almost perfect in the above
sense on an affine Zariski cover.

We let QCoh! (X x S) denote the full subcategory of QCoh™! (X' x S) spanned by S-flat nilpotent
quasi-coherent sheaves. @

Definition 4.27 (Families of nilpotent coherent sheaves). Let X be a quasi-compact derived for-
mal scheme and let S € dAff; be an affine derived scheme. We say that § € QCoh™! (X’ x S) is an
S-family of nilpotent coherent sheaves on X if it is both almost perfect and S-flat.

We write Coh! (X' x S) for the full subcategory of QCoh™!(X x S) spanned by S-families of
coherent sheaves on X. %)

For the following definition, recall from Remark 4.9 that if X is a quasi-compact derived formal
scheme, then "X’ is a quasi-compact scheme. In particular, Corollary 4.14 guarantees that the
canonical map "% y: 94X — X is schematic. It follows that for every S € dAffy, there is a well
defined functor

"edi% 51 QCoh™! (X x §) — QCoh™!("*d X x S) =~ QCoh("™9X x §).
We can therefore introduce:
Definition 4.28 (Properly supported nilpotent families). Let X' be a quasi-compact derived for-
mal scheme and let S € dAff; be an affine derived scheme. We say that § € QCoh™!(X x §) is
S-properly supported (or properly supported relative to S) if "di % 5(3) is properly supported in the
sense of [’S23, Definition 2.27].

We write QCohBisl(X x S) for the full subcategory of QCoh"™!(X x S) spanned by S-properly

supported families and we set

Coh (X x §) := Coh!( x §) N QCohfl (X x §) .

S,ps
@
Remark 4.29. When "9X is proper, then QCohB,L.'(X x §) = QCoh™(X x §), and similarly for
families of nilpotent coherent sheaves. A

We can upgraded Remark 4.23 thanks to the following lemma.

Lemma 4.30. Let f: Y7 — Y5 be a finite morphism between quasi-compact derived schemes. Then, an
object F € APerf(Y; x S) belongs to Cohg ps(Y1 x S) if and only if fs . (F) belongs to Cohg ps(Yz X S).
Thus, the functor fs,: QCoh(Y; x S) — QCoh(Y2 x S) induces a well defined functor

COhS,ps(Yl X S) — COhs,ps(Yz xS).

Proof. Since f is finite, in particular proper, it takes APerf(Y; x S) to APerf(Y, x S), see [Lurls,
Theorem 5.6.0.2]. Besides, the image of a subset of Y7 x S proper over S via fg will still be proper
over S. Therefore, fs. preserves the properly supported condition. It also reflects it, because
since f is proper, the preimage via f of a proper subset of Y x S will be proper in Y7 x S. We
are left to show that it preserves and reflects S-flatness. Let F € APerf(Y; x S) be S-flat and let
G € QCoh” (Y, x S). Write

gs: Y1 x5 —S and ps: Yo xS —S
for the canonical projections. Then, the projection formula yields
Ps(9) ®ox, fsx(F) = fs,.(f'P5(9) ®oy, F) = fx(45(9) @oy, F) -

Recall that f being finite guarantees that it is affine as well. Then, the conclusion follows from
the fact that fs , is t-exact and conservative. g
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Corollary 4.31. Let X be a quasi-compact derived scheme and let Z — X be a closed subscheme. Then,
for every affine derived scheme S € dAffy, we have

Cohl(Xz x S) ~ ch}rim Cohg ps(W x S),
ZNX

the colimit being computed with respect to pushforward.

Proof. The colimit is well defined thanks to Lemma 4.30. By construction there is a canonical map

colim Cohg os(W x S) —» Coh™ (X, x S
WeT, ) S,ps( ) S,ps( Zz )

which is fully faithful. Essential surjectivity follows unwinding Definition 4.27. O

The contravariant functoriality of QCoh"! in schematic morphisms and [PS23, Lemma 2.4]
immediately imply the following.

Lemma 4.32. Let X be a quasi-compact derived formal scheme and let f: T — S be a morphism of derived
affine schemes. Then, the functor

f5: QCoh"!(X x §) — QCoh™ (X x T)
takes S-flat (resp. S-proper) families to T-flat (resp. T-proper) ones. In particular, it induces a well defined
functor

fx: CohZh (X x §) — Cohfl (X x T).

Construction 4.33. Fix a quasi-compact derived formal scheme X'. Using the above lemma, we
introduce the following derived prestack

Cohls (X): dAFfP — Spc
by the rule
—— nil

Cohpg (X)(S) := Cohdl (X x S)~,

where (—)~ denotes the maximal co-groupoid. Finally, we let

Cohl(X) ==~ Cohfll(X)

conv

nil

be its convergent completion. We write €obg

(X) for its truncation. @

Example 4.34. Let X ~ X for X a quasi-compact derived scheme and let S € dAffy be an affine
derived scheme. Then combining Recollection 2.3 and Corollary 4.31, we find
Cohl(X)(S) ~ lim colim Cohps(W)(t<x(S))
n WE‘Tz//X

~lim colim Cohs ps(W X t<,(S))~
im colim Co sps(W X t<n(S))

nil

Notice that when computing the truncation €ob3g

(X), the exterior limit disappears. A

4.4. Indgeometricity. Our first goal is to show that for formal derived schemes of the form Xz,

the derived prestack Cohgis| (X7) is indgeometric under some mild assumptions on X (see Theo-
rem 4.39 below). Before giving the precise statement, we need to introduce the following:

Definition 4.35. Let X be a derived scheme. We say that X satisfies the perfect resolution property if
for every F € APerf”(X) there exists £ € Perf(X)o and a morphism

&E— F

inducing a surjection on 779. We say that X universally satisfies the perfect resolution property if for
every derived affine scheme S, X x S satisfies the perfect resolution property. @
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Example 4.36. If X is underived and it has the resolution property (i.e., for every classical coherent
sheaf F there exists an epimorphism & — F, with £ being a vector bundle), then it also satisfies
the perfect resolution property. In particular, if X is quasi-projective, then it universally satisfies
the perfect resolution property. A

Lemma 4.37. Let j: X < X be a closed immersion of derived schemes. If X (universally) satisfies the
perfect resolution property, then the same goes for X.

Proof. We treat the universal case; the other follows by the same proof below taking S = Spec(k).

Fix an affine derived scheme S and let F € APerf” (X x S). Then js: X x § — X x § is again
a closed immersion and X x § satisfies the perfect resolution property. Let 7 € APerf” (X x §).
Then js . (F) € APerf”(X x S). It follows that there exists £ € Perf(X x S)= and a morphism

& — ]'5,* (.7:)
being surjective on 7rp. Since js is a closed immersion, it follows that the composite
js(€) = js(isx(F)) — F
is also surjective on 71p. 0

Corollary 4.38. Smooth schemes universally satisfy the perfect resolution property.

Proof. Let Y be a smooth scheme. Note that every object in APerf” (Y) is perfect. Thus, Y satisfies
the perfect resolution property.

Let S be a derived affine scheme and let X be a smooth scheme. Since S is affine, there exists
a closed immersion in A} for some n > 0. Thus, the induced morphism X x S — X x A} is a
closed immersion. Since Y := X x A} is again smooth, Y satisfies the perfect resolution property.
Therefore, the conclusion follows from Lemma 4.37. O

We can now formulate the main result of this section.

Theorem 4.39. Let X be a quasi-compact derived scheme and let Z be a closed subscheme of X. As-
sume that X universally satisfies the perfect resolution property. Then, the derived stack Cohgfsl(f(z) is
indgeometric.

Remark 4.40. The main reason we have to restrict to X, instead of considering a more general
derived formal scheme X is that we do not know whether the canonical map

coim W — X
WeTredX//X

is an equivalence. In general, [GR17, Theorem 4.1.3] implies that

X~ colim W, (4.4)
nil-cl
WeTredx
where ‘J’[‘eid';f,' ,x is the full subcategory spanned by nil-closed thickenings. In other words, we

are dropping the assumption that the structural morphism W — X is a closed immersion. In

turn, the transition morphisms in :T:;id'-)g' . are no longer forced to be closed immersions, and

thus Proposition 4.45 below can no longer be used to construct a presentation for Cohg;I (X). Itis
worth remarking that [GR17, Theorem 4.1.3] cover objects that are much more general than quasi-

compact derived formal schemes, so it is quite possible that (4.4) is an equivalence in general.

A

Before giving the proof of Theorem 4.39, we need some technical preliminaries. The key state-
ment is Proposition 4.45 below. We start with two general constructions.
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Construction 4.41. Let f: Y — Y be a closed immersion between quasi-compact and quasi-
separated schemes locally almost of finite presentation over k. Notice that given a morphism
T — S of derived affine schemes, the square

YXT —— YXS
lfT lfs
XxT —— Xx8§

is a derived pullback. In particular, derived base-change (see e.g. [Lurl8, Proposition 2.5.4.5])
and Lemma 4.30 imply that f induces a well-defined morphism

f.: Cohps(Y) — Cohps(X) .
Our goal is to establish that, under mild assumptions on X, f. is itself a closed immersion. @

Construction 4.42. Let p: X — S be a flat morphism of derived schemes, with S being affine.
Given f: T — S, we write X7 = T xg X and we let fx: Xt — X be the naturally induced
morphism. Let ¢: G — F be a morphism in APerf(X). We define the functor of points

Zy: dAfF‘;E — Spc
sending f: T — S to
MaPMapqeanx, (£(9). (7)) (Fx (9),0) 5

i.e., the space of nullhomotopies of f5(¢): fx(G) — fx(F) in QCoh(Xr). Notice that there is a
canonical natural transformation i: Zy — S. %)

Remark 4.43. In the setting of Construction 4.42, assume that both F and G are connective and
that F is S-flat. For every underived affine scheme T, fy(F) is T-flat and hence it belongs to

QCoh"(Xr). Since f%(G) is connective, it follows that
Mapqcon(r) (5 (9), Fi(F)) = Mapgeys ) (o (), F(F)) -

Under this equivalence, we see that Mapgc oy ) (m0(f%(G)), f%(F)) is a set, and Zy(T) can be
explicitly characterized as follows:

2,(T) = { if 7o (fx(9)) =0,

@ otherwise .

Said differently, to(Z) is identified with the subfunctor of Mapysy, (—, S) that sends an underived
affine scheme T to the collection of morphisms f: T — S such that 7(fx (¢)) = 0. A

The following lemma is a generalization of [FGI*05, Theorem 5.8 and Remark 5.9] to the con-
text of derived geometry.
Lemma 4.44. In the setting of Construction 4.42, assume that G is connective and that F is S-flat. Then:
(1) let a: £ — G be a morphism with £ connective and let
P: £ — F

be the morphism obtained by composition with ¢. If a induces an epimorphism on 719, then the
induced natural transformation

is an equivalence after passing to the truncations.

(2) Assume furthermore that G is perfect and that F is S-properly supported. Then, Z is a derived
scheme and the morphism i: Zy — S is a closed immersion.
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Proof. Statement (1) follows directly from the definitions and from Remark 4.43.
Let us prove Statement (2). Consider Homx (G, F) ~ G ®¢, F. Notice that for every f: T —
S and every M € QCoh"(T), the complex
M@0y prHomx, (fx(9), f%(F)) = pr,» (Homx, (fx(9), p1(M) ® fx(F)))

is in negative homological degrees (where pr: X1 = X xgT — T and fx: Xr — X are the
naturally induced morphisms). Thus,

H = psHomx (G, F)

has tor-amplitude < 0 on S. Since F is S-properly supported, we have H € APerf(S) and there-
fore H is perfect. Its dual H" is connective, so it follows that

V = Specg(Symo, ("))
is a derived scheme. For every f: T = Spec(A) — S, we have
Map,s(T, V) ~ Mapqcon(r) (f"(H"), A)
~ Mapqcon(t) (A, f*(H))
=~ Mapqcon(r) (A, P« (Homx; (fx(9), fx(F)))) -

It follows that the morphism ¢: G — F is classified by a morphism sy: S — V. Write sg: S — V
for the zero section, which is clearly a closed immersion. Unraveling the definitions, we see that

I
s—2,v
is a derived pullback square, whence the conclusion. g

Proposition 4.45. Assume that f: Y — X is a closed immersion and assume that X universally satisfies
the perfect resolution property. Then

f.: Cohps(Y) — Cohps(X)

is a closed immersion as well.

Proof. This is a statement that only depends on the truncation
f.: Cobps(Y) — Cobps(X) .

Let S be an underived affine scheme and let x: S — €ob,s(X) be a point classifying a family of
S-properly supported, S-flat coherent sheaves F € APerf(X x S). Since S is underived, S-flatness
implies that F € QCoh" (X x §). Set

Ts = fib(Oxxs = fs,+(Oyxs)) -
Then x belongs to the image of f. if and only if the map
Pp:m(ZF) — F
is zero. It follows that
5 X gob,(xX) Cobps(Y) = Zyp .

Since X universally satisfies the perfect resolution property, we can find a connective perfect
complex £ and a morphism

E— 7TQ(I®]:)

which induces an epimorphism on 7y. At this point, the conclusion follows from Lemma 4.44.
O
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Proof of Theorem 4.39. The derived stack CohgisI (Xz) is convergent by definition. It is therefore
enough to construct a presentation. Notice that Example 4.34 implies that for every S € <®dAff
there is an equivalence

colim Cohps(W)(S) > Cohlll(R,)(S) .
WE‘Tz//X

Besides, it follows from [PS23, §2.3.1] or [HLP23, Theorem 5.2.2] that Cohys(W) is a derived 1-
geometric stack, locally almost of finite presentation (see also [Sta25, Tag 0DLX] for the analogous
statement on truncations). This shows that condition (2c) in Definition 2.8 is satisfied. We are
therefore left to check condition (2b); in other words, we have to check that for a morphism
W — W'in Tz, x the induced morphism

Cohlll (W) — Cohps(W')

is a closed immersion almost of finite type. Since both source and target are locally almost of finite
presentation, the above morphism is automatically almost of finite type. Since X universally
satisfies the perfect resolution property, Lemma 4.37 guarantees that the same goes for W'. At
this point, the conclusion follows from Proposition 4.45. g

Theorem 4.39 and Proposition 2.15 yield the following.

Corollary 4.46. Under the assumptions of Theorem 4.39, the derived prestack Cohgg| (X7) is a derived
stack, i.e., it satisfies étale hyperdescent.

4.5. Nilpotent versus set-theoretic support. We keep fixing a field of characteristic zero k. We
also fix a quasi-compact and quasi-separated derived k-scheme X together with a closed immer-
sion j: Z — X. The goal of this section is to provide an alternative description of CohgisI (Xz) in
terms of Cohps(X). This alternative description is particularly well suited for explicit computa-
tions, but it is not intrinsic in the formal completion X7 and relies on the extra knowledge of the
ambient space X.

Denote by i: U — X the inclusion of the open complementary of Z.

Definition 4.47. Let S € dAffy be an affine derived scheme. The co-category of S-families of quasi-
coherent sheaves on X set-theoretically supported on Z is the kernel

QCohz(X x §) == ker (i§: QCoh(X x S) — QCoh(U x §)) .

Moreover, given F € QCohz(X x S) we say that F is almost perfect (resp. S-flat, S-properly sup-
ported) if it is almost perfect (resp. S-flat, S-properly supported) as an object in QCoh(X x S). @

It is straightforward to check that the above definition cuts a derived substack
Cohy ps(X) — Cohps(X),

that parametrizes S-flat families of S-properly supported almost perfect sheaves on X set-theoretically
supported on Z.

Notation 4.48. The universal property of colimits produces a well defined map
742 QCoh™(X; x §) — QCohz (X x S), (4.5)
that sends [F] to jw «(F) (see Notation 4.21 for the notation [F]). ©
The functor j, in Formula (4.5) induces a well defined morphism at the level of derived stacks
j.: Cohll(Xz) — Cohyz,ps(X) .
We can now state the main result of this section.
Theorem 4.49. The morphism j, defined above is an equivalence of derived stacks.

The proof of this theorem will be given in §4.5.2, after introducing pro-quasicoherent sheaves,
which are essential to provide an equivalent description for CohgfsI (Xz).
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4.5.1. Digression: pro-quasicoherent sheaves. Pro-quasicoherent sheaves are a technical tool intro-
duced in [GR14, GR17] that plays an important role in the study of formal geometry (for instance
in the proof of the indschematic analogue of Lurie’s representability theorem, see Theorem 2.1.7.7
in loc. cit.). Throughout the section k denotes a fixed animated commutative ring of characteristic
zero.

For a derived affine scheme S € dAff;, we set
ProQCoh(S) := Pro(QCoh(S)) .
Given a morphism f: T — S in dAffy, we have an induced functor
Pro(f*): ProQCoh(S) — ProQCoh(T) .

This gives rise to a functor

ProQCoh: dAfFZp — Cateo,
which we right Kan extend to

ProQCoh: PreSt,? — Catc, .
In other words, for a derived stack X we set

ProQCoh(X) ~ ProQCoh(S) .
X

lim
ScdAff,
Given a morphism f: X — Y of derived prestacks, we write

Prof*: ProQCoh(Y) — ProQCoh(X)
for the induced functor.

Observe that

Pro(QCoh(X))°P ~ Ind(QCoh(X)°P) .

Since (—)°P is a self-equivalence of Cate, it follows that, in a larger Grothendieck universe,
ProQCoh(X)°P is presentable for every derived prestack X. Thus, ProQCoh(X) is both complete
and cocomplete. Using the completeness of ProQCoh(X), we see that the canonical functor

QCoh(X) — ProQCoh(X)
can be extended to
Pro(QCoh(X)) — ProQCoh(X) .
In general, this is not an equivalence. However, we have the following result.
Proposition 4.50.
(1) The functor ProQCoh: dAff P — Cate, satisfies Zariski descent.
(2) For every quasi-compact and quasi-separated derived k-scheme X, the canonical map
Pro(QCoh(X)) — ProQCoh(X)
is an equivalence.

Proof. The first point follows from [GR14, Lemma 4.2.6] (see also [Hel20, Proposition 3.2.9] for a
more thorough argument in a slightly modified setting).

To prove (2), we first observe that (1) implies that ProQCoh descends to a colimit-preserving
functor

Sh(dAffk, Tzar)OP — Cateo -
In particular, if {U;} is an affine Zariski open cover of X and U, denotes its Cech nerve, then the
canonical map

ProQCoh(X) — lim ProQCoh(U,)
[n]eA
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is an equivalence. It suffices therefore to prove that the canonical map
Pro(QCoh(X)) — [li]mA ProQCoh(Uy,)
njc

is an equivalence. Since X is quasi-compact and quasi-separated, we can proceed by induction
on the number of affines needed to cover X. At this point, the inductive hypothesis reduces us to
check that the canonical map

Pro(QCoh(X)) — [li]m Pro(QCoh(U,))
n|ea
is an equivalence, which also follows from [GR14, Lemma 4.2.6]. O

Corollary 4.51. Let f: X — Y be a morphism of quasi-compact and quasi-separated derived k-schemes.
Then, the functor

Prof*: ProQCoh(Y) — ProQCoh(X)

is canonically identified to Pro(f*) and in particular it admits Pro(f.) as a right adjoint. Furthermore,
Pro f* commutes with arbitrary limits.

Proof. We use the identifications ProQCoh(X) ~ Pro(QCoh(X)) and ProQCoh(Y) =~ Pro(QCoh(Y))
supplied by Proposition 4.50. Let ”liorcn” Fu € Pro(QCoh(Y)) and ”lién” Gp € Pro(QCoh(X)). By

definition we have

Pro(f*) ( “lim” }'a> ~ “lim” f*(F,) and Pro(f.) ( “lip gﬁ) = “lim’ £.(Gp) .
Thus:
Mappro(Qcon(x)) (Pro(f *)("lign" F a),”lién”gﬁ) =~ Mapp;o(QCoh (x)) ("ho{n" fr (fa)f”hlgn" gﬁ)

~ lign co}xim MapPro(QcOh(X)) (f* (Fu), g/&)
~ liénco%‘im Mappro(QCoh(X)) (fa,f*(gﬁ))
~ MapPro(QCoh(X)) ( Hliin” ]:a/ /lligl,’ f* (gﬁ))

~ Mapproqcon(x) ( “lim” o Pro(f.) ( i’ 9e))

which shows that the adjunction Pro(f*) - Pro( f) holds. Furthermore, Pro(f*) commutes with
filtered limits and with finite colimits. Since Pro(QCoh(Y')) and Pro(QCoh(X)) are stable, Pro(f*)
commutes with finite limits as well. Therefore, Pro(f*) commutes with arbitrary limits. g

Corollary 4.52. Let

be a pullback square of derived prestacks. Assume that p is representable by quasi-compact and quasi-
separated derived schemes. Then, the induced square

pro £

ProQCoh(Y) —— ProQCoh(Y’)

lprop* J/proq*

pro %
ProQCoh(X) —— ProQCoh(X’)

is vertically right adjointable.
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Proof. Since Beck-Chevalley transformations are stable under composition of squares, we can as-
sume without loss of generality that Y’ is an affine derived scheme. In this case, observe that
the statement holds when Y is a quasi-compact and quasi-separated derived scheme, as a conse-
quence of the identifications Pp* ~ Pro(p*) and Pp. ~ Pro(p.) supplied by Corollary 4.51.

Let S € dAffy be an affine derived scheme and let S — Y be any morphism. By assumption,
Xgs = X xy S is a quasi-compact and quasi-separated derived scheme. Write ps: Xg — S for the
canonical projection. Notice that the canonical morphism

colim Xg— X
SG(dAka)/y

is an equivalence in PreSty. Thus, the conclusion follows from the case already dealt with. O
4.5.2. Comparison between the two definitions. We fix a quasi-compact and quasi-separated derived

scheme X together with a closed immersion j: Z — X. In this section, we shall prove Theo-
rem 4.49. It will be deduced from the following more precise categorical statement.

Theorem 4.53. Let S € dAffy be a derived affine scheme. Then:
(1) The functor
741 QCoh"!(X, x §) — QCohz(X x S)
is fully faithful.
(2) Let § € APerf"!(X, x S). Then § is S-flat (resp. S-properly supported) if and only if j. (F) is.

(3) The functor j. preserves almost perfect objects. Conversely, if F € QCohz(X x S) is almost
perfect and bounded (that is, 7t;(F) =~ 0 for i > 0), then F lies in the essential image of J.

The proof of Theorem 4.53 will occupy the rest of this section. Assuming it, let us give a proof
of Theorem 4.49.

Proof of Theorem 4.49. We first notice that the derived stack Cohyz ,s(X) fits in the following pull-
back square:

Cohy ps(X) —— Cohys(X)

i i (4.6)

Spec(k) —2— Coh(U),

where the morphism 0: Spec(k) — Coh(U) selects the zero sheaf. It immediately follows that
Cohy ns(X) is convergent. Since Cohg's| (X7) is convergent as well, it is enough to prove that for
every S € “*dAffy, the morphism j, induces an equivalence

j.: Cohll(X7)(S) — Cohy,s(X)(S) .

For this, it is enough to prove that this morphism is fully faithful and essentially surjective. Full
faithfulness follows from Theorem 4.53—(1). On the other hand, essential surjectivity follows from
points (2) and (3) of the same theorem, paired with the observation that since S is eventually
coconnective, any almost perfect and S-flat sheaf 7 € QCohz(X x S) satisfies 7;(F) ~ 0 for
i>0. O

Before diving in the proof of Theorem 4.53, let us discuss one important consequence of Theo-
rem 4.49. Composing the top horizontal arrow in the diagram (4.6) with j, we obtain a canonical
morphism

Cohjl(Xz) — Cohps(X) . (4.7)
We have the following.
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Corollary 4.54. The morphism (4.7) is formally étale and it exhibits CohgisI (X7) as the formal completion
of Cohps(X) along redCohg'sI (Xz). In other words, the square

Cohfl(X7) ———— Cohps(X)

! l

(rEdCOhBisl ()?Z))dR — Cohps(X)qr

is a pullback.

Proof. We start by the first statement. Since j, is an equivalence by Theorem 4.49, it is enough to
prove that the top horizontal morphism in the square (4.6) is formally étale. Since that square is
a pullback, it suffices to show that the bottom horizontal arrow is formally étale, which is indeed
true as a consequence of the Nakayama lemma . This prove the first statement. As for the second
one, in virtue of Lemma 4.7 and what we just proved, it suffices to argue that both Cohg,isI (X2)
and Coh(X) are convergent and laft. For the latter, both properties are well known; on the other
hand the former is convergent by definition. Concerning it being laft, observe that the pullback
description (4.6) implies that Cohy p(X) is the pullback of three laft stack, and that it is therefore
laft itself. At this point, the conclusion follows from Theorem 4.49. O

Remark 4.55. It is natural to wonder whether redCohB;'(}A(Z) is actually a closed substack of
Cohps(X). This is is not entirely obvious, but it is indeed true, at least under some mild ad-

ditional assumptions on X. See Corollary 4.66.
A

Before giving the proof of Theorem 4.49, we need some preliminaries that heavily rely on the
machinery of pro-quasi-coherent sheaves.

Notation 4.56. Let W be a thickening of Z inside X. To keep the notations manageable, write
jwy: Wox S — X xS, Jw:WoxS—XzxS, J:XzxS—XxS
for the canonical morphisms. Similarly, given a further thickening W € Ty, ,x, we write
Jwew: Wo x § — W xS
for the canonical morphism. ©

Construction 4.57. It follows from Corollary 4.14 that jy,: Wo x S — Xz x Sis representable
by derived schemes. In particular, Corollary 4.52 (applied with Y’ = Y) implies that the pro-
restriction functor

Projs, - ProQCoh(Xz x §) — ProQCoh(Wp x S)
admits a right adjoint P"°jyy, .. Thus, the commutative triangle

ros*
Proy

ProQCoh(X x S) ProQCoh(Xz x S)

Twy Twy

ProQCoh(Wj x S)

gives rise to a Beck-Chevalley transformation

. prosxpro; proa pros*  prosk pro: ~ prox pro:* pro: pros
BC: P P wo,e = P wost w1 T Wk X2 T T Wk T Wy T Wos T T T W 1

and therefore to a transformation

pro:* pro:

~v Pros* ros* pro roax ro»
v P W = P prosx p p P

BC
]WO ] ]WO,* — ]WO ]WO,* . (48)
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On the other hand, since jy,: Wp x § — X x § is a map between quasi-compact and quasi-
separated derived schemes, Corollary 4.51 implies that for every 7 € QCoh(Wp x S) there is a
canonical identification

~ Pro:x pro:

j]j\/ojWO,*(-F) =W ]Wo,*(]:) ’

so (4.8) restricts to a well defined transformation

Twoiwos — P T, P T Wi« (4.9)
between functors from QCoh(Wj x S) to ProQCoh(Wy x S). %)

The following is the key technical input needed for the proof of Theorem 4.53—(1).
Lemma 4.58. In the setting of Construction 4.57, for every F € QCoh(Wp x S):
(1) the natural transformation (4.9)
T i« (F) == P, PO W, (F)
is an equivalence;
(2) there is a canonical identification

P> T« (F) = “Hm” iy, wijwio, w,« (F)
in ProQCoh(Wp x S).
In particular, the pro-object on the right hand side is equivalent to a constant one.

Proof. We first prove (1). It follows from Lemma 4.12 that the canonical morphism
Wo X)A(Z Wo — Wy xx Wy

is an equivalence. In other words, writing W{, for the above derived scheme, both the squares

WéxSLWOXS WéxS—p>W0><S
S
j ~ W,
Wox S M0, % x5 WoxS M, xxs

are pullback. Derived base-change [Lurl8, Proposition 2.5.4.5] applies to the right square, yield-
ing a canonical identification

j";\/oj;vo = p*q* *
On the other hand, Corollary 4.14 shows that jy, is representable by quasi-compact and quasi-

separated derived schemes and therefore Corollary 4.52 supplies a canonical identification

*

pros* pros ~ Pro_ pro
o~ Pop Prog™ .

]WO ]WO/*
At this point, the conclusion follows from Corollary 4.51, that supplies a canonical identification
PP (F) = puq” (F)
whenever F € QCoh(Wj x S).

We now prove (2). Using Proposition 4.4, we can write

X7 ~ colim W,
WeTw, /x

the colimit being computed in PreSty. It follows from the fact that PreSty is an co-topos that there
is an equivalence

(WO X 5 Wo) X § >~ colim (WO XW Wo) X S
XZ WGTWO//X
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in PreSt;. Notice that the functor ProQCoh: PreSt,‘:p — Cate, preserves limits by construction;
thus, we have

PI’OQCOh((WQ X)A(Z Wo) X S) ~ hl;l;l PI’OQCOh((WQ Xw Wo) X S) .
WE‘J'WO//X

Consider now the pullback square

(Wo xw Wo) x S —2 Wy x S

lﬂw wao,w .

Wo xS —" L wxs

Then combining [PY16, §8.2] and Corollary 4.51, we obtain that for every F € QCoh(Wp x S)
there is a canonical identification

pro_, pro_x ~ : *
pPq (F) =~ lim  pwaqw(F),
WeTV%//X

the limit being computed in ProQCoh(Wj x S). Recall from Proposition 4.50-(2) that there is a
canonical equivalence

ProQCoh(Wy x S) ~ Pro(QCoh(Wy x S)) .
We can therefore write

PP (F) =l puediy(F)

op
WeTw /x

At this point, using derived base-change once more we obtain canonical identifications
Pwqw (F) = iy, wino,w,«(F) ,

and the conclusion follows. g
We are now ready to prove the theorem.

Proof of Theorem 4.53. We start proving the full faithfulness. Let §, & € QCoh™!(X, x S). Without
loss of generality, we can assume that § ~ [F] and & =~ [G] for almost perfect complexes F and
G defined on the same thickening Wj. We have to prove that the canonical comparison map

Map oz, x5) ([F1: [9]) — Mapqcon(xxs) (iwo,« (F ), g« (9)) (4.10)
is an equivalence. For every intermediate thickening W € Ty, , x, write
Jwew:Wox§ — WxS§, jw: WxS§5 —XxS§, jW:WxS—HA(ZxS
for the canonical morphisms. Then, the left-hand-side of (4.10) can be written as

colim  Mapqcoh(wxs) (iwo,w,«(F)jwow,«(G)) = colim  Mapqcon(w, xs) (g, wino,w,«(F),G)
WETWO//X WG‘IWO//X

~ M 111~ ” +k . N , .
apPro(QCoh(WoxS))(WG%,%//X]WO,W]WO,W, (F),9)
On the other hand, one has
Mapaperf(xx5) (1Wp,« (F), iwg,« (G)) = Mapqcoh(wyxs) Uy iwe,«(F), G) ,
so we reduce ourselves to check that the naturally induced morphism

j;;VOjWO,* (f) —>

"3 ” ok .

im” v wigw,«(F)
WG‘TWO /X 0
is an equivalence in

ProQCoh(Wp x S) ~ Pro(QCoh(Wj x S)) .
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This is exactly what has been checked in points (1) and (2) of Lemma 4.58, so the conclusion
follows.

After unraveling the definitions, point (2) follows directly from Lemma 4.30, which also im-
plies the direct implication of point (3).

We are left to check the converse implication. We proceed by induction on the number m of
non-vanishing homotopy groups of /. When m = 0, up to a shift we can assume that F ¢
APerf” (X x ) ~ APerf"(to(X x S)). Using Example 4.20(3), we see that it is enough to find
a thickening Wy of Z x S inside X x S and Fy € APerf” (W) together with an identification
F = jw,«(Fo). Since F|x.z ~ 0 and F is coherent, it is well known that this is possible. Let us
now handle the inductive step. Let F € APerfz(X x S) be bounded. Up to a shift, we can assume
that F is connective and that m is the biggest integer such that 77,1 (F) # 0. Consider the fiber
sequence

T (F)[m+1] — F — 1< (F) .

Since the restriction i*: QCoh(X) — QCoh(X \ Z) is t-exact, using the inductive hypothesis we
find two thickenings Wy and W, of Z x S inside X x S together with almost perfect sheaves
F1 € APerf(Wy) and F, € APerf(W,) and with identifications

jwn# (F1) = T (F)[m+1] e (F2) = Tem(F) -

Recall from Proposition 4.4—(1) that the category of thickenings T,/ xxs is filtered. We can
therefore assume without loss of generality that W; = W,. We will write Wy instead of W; or Wj.
Observe now that the extension F determines a canonical element in

7oMapQCoh(xx ) (T<m (F), w1 (F) [m +2]) == mtoMapqcon(x xs) (i, « (F1), jw  (F2)) -
On the other hand, as in the first half of this proof, Theorem 4.53—(1) supplies a canonical identi-
fication

ToMapQcoh(xxs) (g« (F1), jwg,« (F2)) = colim  roMapqcon(w) (fwg, w,« (F1), jwo,w,« (F2)) ,
WeTw,/7xxs

where we used the fact that 1y commutes with filtered colimits in Spc. Thus, there exists a
thickening W of Wy such that the extension determined by F is defined at the W-level. The
conclusion follows. O

4.6. Admissibility. Let X be a quasi-compact scheme and let Z — X be a closed immersion.
We saw in Theorem 4.39 that mild assumptions on X imply that CohggI (Xz) is indgeometric. The

goal of this section is to prove that under slightly stronger assumptions, CohggI (Xz) is admissible
(see Definition 2.16). We will achieve this by constructing an explicit admissible open exhaustion
of Cohg'sI (X2) given by Harder-Narasimhan strata.

To begin with, fix a thickening W € T /. Construction 4.41 yields a well-defined morphism
jW,*: Cohps(w) — Cths(X) 7
and the universal property of colimits and of the convergent completion (see Recollection 2.3)
produce a canonical morphism
Cohll(X7) — Cohps(X) .

We will use it to induce the desired admissible open exhaustion of Coh’I;:'SI ()A( z), out of the geom-

etry of Cohps(X).

To begin our construction, we start assuming that X is a projective scheme over a field k. This
condition will be relaxed later on, see Theorem 4.65.

We denote by H an ample divisor on X. Given any coherent sheaf £ on X, we define as usual
the Hilbert polynomial Py (E,t) of € as

Py(&,t) = x(E ® Ox(tH)) € Q[m] .



40 D.-E. DIACONESCU, M. PORTA, F. SALA, O. SCHIFFMANN, AND E. VASSEROT

By [HL10, Lemma 1.2.1], Py (&, t) can be uniquely written in the form
dim(€&)

fi
Py(&,t) = Z CZ(E)ZT .
i=0 '
Following [Sim94, §1], when dim (&) > 1, the reduced Hilbert polynomial of £ is
PH(g, t)
E )= —14
pilét) Cdim(e)(€)

Recall moreover that there is a natural ordering of polynomials given by the lexicographic order
of their coefficients. Explicitly, P(<)P’ if and only if P(m)(<)P’(m) for m > 0.* We can now
introduce a notion of semistability.

Definition 4.59. A coherent sheaf £ of dimension m > 1 on X is (semi)stable if it is pure and if
for all proper non-trivial subsheaves £’ C £ one has py(€')(<)py(E). %)

If £ is a coherent sheaf of dimension m > 1, it admits a unique filtration in (the Harder-
Narasimhan filtration)
0c&aecéEc---cégg =€

where & C £ is the maximal (m — 1)-dimensional subsheaf of £ and the factors &;/&;_ are
semistable and their reduced Hilbert polynomial satisfy

pu(E1/&) > -+ > pu(E/E1) .
Employing standard terminology, the minimal Hilbert polynomial of £ is defined by
PH-min(€) == pu(E/Er-1) .
If & = 0, the maximal Hilbert polynomial of £ is defined by
pH-max(€) = pr(&1) -

For any fixed polynomial P(t) € Q[t], we let Cohps(X; P(t)) be the open and closed substack of
Cohps(X) parametrizing flat and properly supported families of coherent sheaves having P(t) as
their Hilbert polynomial. We also set

Cohpl(Xz; P(t)) := Coh((Xz) X cony,(x) Cohps(X; P(t)) .
Similarly, for every thickening W € T, x, we set
Cohps(W; P(t)) := Cohps(W) X con,, (x) Cohps(X; P(t)) .
It follows that

Cohgisl(f(z): |_| CohBQ(XZ;P(t)) and Cohps(W) = |_| Cohps(W; P(1)) .
P(t)eQlt] P(t)eQlt]

Furthermore, there is a canonical morphism in PreSt;

colim Cohps(W;P(t)) — Cohll(Xz; P(t))
Weg-z//x

which exhibits CohgisI (Xz; P(t)) as the convergent completion of the colimit.

This analysis reduces us to construct admissible open covers for each Cohg,isI (Xz; P(t)). This
will be achieved thanks to the properties of Harder-Narasimhan filtrations. We therefore fix
a polynomial P(t) of degree m, as well as an auxiliary monic polynomial of the same degree
a(t) = Y" a;t'/i! € Q[t]. When m > 1, we define

Uy (X; P(t)) C Cohps(X; P(t))

4Here, we are using the convention in [HL10, Notation 1.2.5].
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as the open substack parametrizing S-flat and properly supported families of coherent sheaves £
on X for which on every geometric point s € S the inequality

pH-min(gs/ t) > a(t)
holds. When instead m = 0, i.e., P(t) is constant, we conventionally set
U (X; P(t)) :== Cohps(X; P(1)),

for any (constant) a. In either case, U, (X; P(t)) is a quasi-compact and quasi-separated open
substack of Cohps(X; P(t)). For a fixed thickening W € T, x we set

S84 (W; P(£)) 1= Cobps(W; P(1)) X oy (xp(0) e (5 P(1)
Similarly, we introduce
U (X7; P(t)) = Cohps(X7; P(1)) X Cohys(x;p(1)) Ua (X5 P(1)) -
We have:
Lemma 4.60. For every choice of polynomials P(t),a(t) € Ql[t] as above, sy (Xz; P(t)) is an ind-gegs
indgeometric derived stack.
Proof. There is a canonical map in PreSty

colim $, (W; P(t)) — (X7 P(t)),
Weqz//x

which exhibits 1, (Xz; P(t)) as the convergent completion of the colimit. Besides, for every mor-
phism jiy w: W — W’ in T/, there is an induced square

Uy (W; P(1)) ————— (W P(1))
Cohps(W; P()) T Cohps(W'; P(1)),

which furthermore is a pullback. Since X is projective, Lemma 4.37 and Corollary 4.38 imply
that W’ universally satisfies the perfect resolution property. Therefore, Proposition 4.45 implies
that jy . is a closed immersion. Thus, the same goes for the top horizontal map in the above
square. Finally, using Proposition 4.45 once more, we see that the natural morphism

jw, s« Cohps(W; P(t)) — Cohps(X; P(t))
is a closed immersion. In particular, it is quasi-compact and it thus follows that each I, (W; P(t))
is quasi-compact and quasi-separated. O
Forany k € N, k > 1, let Z®) denote Gaitsgory-Rozenblyum’s k-thickening of Z along X (cf.
Remark 4.6). We shall show the following.

Proposition 4.61. Fix polynomials P(t),a(t) € Q[t] of the same degree m such that a(t) is monic. Then,
there exists k € IN, with k > 1, depending on P(t) and «(t), such that the canonical map

Ua(t0(Z5)); P(1)) — tha(to(Z1)); P(1))
is a nil-equivalence for all k < ky < ky. In particular, 14, (Xz; P(t)) is a qcgs indgeometric derived stack.

We need some preliminary results. The following proposition will be proved in Appendix A.

Proposition 4.62. Let F be a pure coherent sheaf on X of dimension m > 1, set-theoretically supported
on Z. Then, there exists a filtration

OIZ.F”]C]:nggflC"'Cfo::f',

for £ > 1, so that each subquotient is a pure m-dimensional sheaf with scheme-theoretic support contained
inZ.
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Lemma 4.63. Fix a positive integer c. Then, any coherent sheaf F on X of dimension m, set-theoretically
supported on Z, with fixed Hilbert polynomial having c as leading coefficient, which is also pure if m > 1,
is scheme-theoretically supported on to(Z(9)).

Proof. Let F be a coherent sheaf on X of dimension m, set-theoretically supported on Z, with
fixed Hilbert polynomial P(t).

Let us first consider the case m = 0. In this case, if ¢ = 1, i.e., if F has length one, it is scheme-
theoretically supported on Z. When ¢ > 2, the sheaf 7 admits a Jordan-Holder filtration where
all subquotients are zero-dimensional sheaves of length one. Thus, all subquotients are scheme-

theoretically supported on Z. Hence, the scheme-theoretic support of £ is contained in to(Z(%))
as a closed subscheme.’

Now, let us assume that m > 1. By Proposition 4.62, there exists a filtration
O0=F1CFCFp1C---CFop=F,

for £ > 1, so that each subquotient is a pure m-dimensional sheaf with scheme-theoretic support
contained in Z. In particular, the scheme-theoretic support of F is contained in ty(Z(")). Since
1 < ¢ < ¢, we have that the scheme-theoretic support of F is also contained in tg (Z(C)) as a closed
subscheme. g
Proposition 4.64. Fix polynomials P(t) = Y1 c;t1/i! € Q[t] and a(t) = Y a;t'/i! € Q[t] of the
same degree m > 1 such that a(t) is monic. Then, there exists an integer k > 1, depending on P(t) and
«(t), so that any coherent sheaf £ on X, set-theoretically supported on Z, with Hilbert polynomial P(t),

such that ppymin(€) > a is scheme-theoretically supported on to(Z®)).

Proof. Fix a coherent sheaf £ on X, set-theoretically supported on Z, with Hilbert polynomial
P(t). Consider the torsion filtration of &:

0CThoC - CTu1CE,
where 7; is the maximal i-dimensional subsheaf of £ for 0 <i < m — 1.

If £ is pure, i.e., T;;—1 = 0, the claim follows from Lemma 4.63. Otherwise, set Fy, := £/ Tyy—1.
Then, F,, is pure m-dimensional and set-theoretically supported on Z, with ¢, (F;) = cm. By

Lemma 4.63, F, is scheme-theoretically supported on to(Z ().

Since py-min(E) > &, we get pr(Fm) > . In particular, we have

Py(Fum) > cm-a,
which implies
Py(Tm1)=P—Py(Fm) <P—cpy-a.

If T,—1 is pure, ie., if T,,_p = 0, by Lemma 4.63, we get that 7,,_1 is supported on Zdmm-1),
where ky, ;-1 = |[Cn—1 — Cm - @m—1]. Thus, the scheme-theoretic support of £ is contained in
to(Z®)) as a closed subscheme, where k := ¢, + Ky m—1.

Otherwise, consider the short exact sequence

0 — Two1/Tm—2 — E/T—2 — Fu — 0.
We have
Cn-1(Tm-1/Tm—-2) = cm-1(E/Tm—2) — cm—1(Fm) < Cm—1—Cm - &1
< Cpo1—Cm - Qp_1 -

Now, Ty,—1/Tm—2 is a pure (m — 1)-dimensional sheaf. Hence, by Lemma 4.63, 7,1/ T2 is
scheme-theoretically supported on to(Zkmm-1)),

5Here and it what follows, we make use of the following fact: if a coherent sheaf F fits into a short exact sequence
0 — F1 = F — F» — 0, its scheme-theoretic support is contained in the union of the scheme-theoretic supports of F;
and F;.
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Furthermore, also py(E/Ty—2) > «. Thus,
Cm72(7'm72) =Cm—2 — Cm72(5/7'm72) <Cm—2—Cm- 03 .

If T—2(&) is pure, ie., if T,,—3(€) = 0, by Lemma 4.63, we get that 7,,_»(€) is supported on
Zkmm—2) where kmm—2 = |Cm—2 — Cm - &m—2|. Thus, the scheme-theoretic support of £ is con-
tained in to(Z (k)) as a closed subscheme, where k =k, + kyyy y—1 + kpm—2-

By iterating this argument, we get the claim. g

Now, we are ready to prove the proposition.

Proof of Proposition 4.61. Let k > 1 be the integer, depending on P(t) and «(t), whose existence is
guaranteed by Proposition 4.64. Consider k < k; < ko.

Assume that m > 1. Let iy t,: to(Z2%1)) — to(Z*2)) be the canonical closed embedding. It is
enough to prove that

iy * ha (80 (Z050)); P(1))(S) — 8a(t0(Z15)); P(1))(S)

is an equivalence for any reduced scheme S. Let € be a S-flat family of coherent sheaves on
to(Z*2)) with fiber-wise Hilbert polynomial P(t). Let

1: &€ — (ids X ik, ky )« (ids X g 1, )" €

be the canonical surjective morphism. It is enough to prove that 7 is an isomorphism.

Set I := (idg X ik, k, )+ (ids X ik, ,)*E. By Proposition 4.64, the morphism 75 is an isomorphism
for any s € S. Hence, the Hilbert polynomial of Fs coincides with the Hilbert polynomial of
&s for any s € S. By [HL10, Proposition 2.1.2], the Hilbert polynomial of 5 is locally constant
as a function of s € S. Since S is reduced, loc.cit. also implies that F is S-flat. Now, by [HL10,
Lemma 2.1.4], the kernel of 7 if ker(1); for any s € S. Thus, ker(7) has fiber-wise zero Hilbert
polynomial, hence ker(#) = 0.

When m = 0, the claim follows from a similar argument using Lemma 4.63.
Now, the first claim yields that £, (X7; P(t)) is a qcqs indgeometric derived stack thanks to the
description of X7 in Remark 4.6. g

Theorem 4.65. Let X be a quasi-projective scheme over a field k and let Z be a closed subscheme of X such
that there exists a projective scheme Y, containing X as an open subscheme, such that Z is also closed in

Y. Then, the indgeometric derived stack Cohgis| (Xz; P(t)) is admissible for any polynomial P(t) € Q[t].

Proof. Since X7 ~ Y, we can assume from the beginning that X is projective.
Fix a sequence ag(t) > aq(t) > -- - of monic polynomials in Q[t]. Then, the open substacks

ﬂk()?z; P(t)) = ﬂak(}?z; P(t))

form an exhaustion of Cohgisl(}?z ; P(t)), which is admissible thanks to Proposition 4.61 (cf. Re-
mark 2.17). O

We conclude this section with the following corollary.

Corollary 4.66. Let X be a quasi-projective scheme over a field k and let Z be a closed subscheme of X
such that there exists a projective scheme Y, containing X as an open subscheme, such that Z is also closed
in'Y. Then, the morphism (4.7)

r*dCohl(X7) — Cohps(X)

is a closed immersion.
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Proof. It is enough to prove that for every morphism &/ — Cohps(X) representable by quasi-
compact open immersions, setting

V= COhBISI()?Z) XCths(X) Uu ,
the induced morphism "4V — I/ is a closed immersion. Since CohgisI (Xz) is admissible by The-

orem 4.65. Thus, Corollary 2.21 implies that V is a qcqs indgeometric derived stack. In particular,
Corollary 2.22 guarantees that we can find a thickening W € T/ x such the morphism

% XCth",iSI()A(Z) CthS(W) — Y

is a nil-equivalence. In particular, the map "4V — U/ is canonically identified with the map
"*ICohps (W) X cony,(x) U — U .

It is therefore enough to argue that the map Cohps(W) — Cohps(X) is a closed immersion. Since
X satisfies the perfect resolution property (cf. Example 4.36), this follows from Proposition 4.45.
O

5. NILPOTENT COHOMOLOGICAL HALL ALGEBRA

In this section we introduce the cohomological Hall algebra associated to the category of co-
herent sheaves on a smooth quasi-projective surface over a field k of characteristic zero, set-
theoretically supported on a fixed closed subscheme. We shall call it the nilpotent COHA.

5.1. The A-graded 2-Segal structure on the Waldhausen construction. Given an integer n we
let [n] denote the linearly ordered poset {0 < 1 < --- < n} and we set
Ty == Fun([1], [n]) .
The collection of the various T, determines a functor
Te: A — Catoo .
Given a stable co-category C, we set
Sy € Fun(T,,C)

be the full subcategory spanned by those functors F: T, — C satisfying the following two condi-
tions:

(1) F(i,i) ~0;
(2) forevery 0 <i < j< n—1,thesquare
F(i,j) — F(i+1,j)
F(i,j+1) —— F(i+1,j+1)
is a pullback in C.
The co-categories S,,C depends simplicially on 7, i.e., they assemble into a simplicial object
SeC: A°P — Cateo,

known as the Waldhausen construction of C. One of the main observations of [DK19] is that this
satisfies the 2-Segal condition. The functoriality of this construction allow to replace C by a func-
tor

C: dAfF? — Catdl,
giving rise to a 2-Segal object in derived prestacks
SeC: A°P — PreSty,
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which we refer to as the Waldhausen construction of C, Besides, this construction is obviously
functorial in C.

Notation 5.1. Given a stable oo-category C, we refer to F € 5,,C as an n-flag of objects in C. Given
0<i<j<n weset

We also denote by
ai(F) € Snflc

the (n — 1)-flag obtained restricting F along the morphism [n — 1] — [n] in A that misses i. In
particular, when n = 2 we have the overlap of notation

do =evip, d1 =evpo, dy =evp .

We refer to the collection of objects {ev; ;11 (F) }o<i<n—1 as the diagonal of F. Sending an n-flag to
its diagonal gives rise to natural transformation

n—1
§C,n: SC — HC .
i=0

When C is replaced by a functor C: dAff;” — Cate, this induces a natural transformation

n—1

CSQ,nZ SnG — H
i=0

of derived Cate-valued prestacks. %)

We apply this to the setting of §4. Specifically we fix a quasi-compact and quasi-separated
derived formal scheme X and we consider the functor

dAfFP — Cateo

nil

sending S to Cohg', (X x S). Applying the Waldhausen construction and passing to the maximal
co-groupoid at the end, we obtain a 2-Segal object

—— il
SeCohpg (X): A — PreStc .
We set
. — il
S.Cohlil(X) := ©™(S,Cohpg (X)) .
When n = 1, there is a canonical identification
S1Coh!(X) ~ Cohll(X).

When X ~ Xy is a formal completion, we saw that under mild assumptions on X this derived
stack is indgeometric or even admissible. We now generalize these results to arbitrary n. The key
ingredient is the following;:

Theorem 5.2. Let X be a quasi-compact and quasi-separated derived scheme over a field k of characteristic
zero and let j: Z — X be a closed immersion. Then for every n > 1 the square

SpCohp(X7) —— S;Cohps(X)

! J

", Cohl(X7) — [T/, Cohys(X)

whose vertical morphisms send an n-flag to its diagonal, is a pullback.



46 D.-E. DIACONESCU, M. PORTA, F. SALA, O. SCHIFFMANN, AND E. VASSEROT

Proof. It follows from Theorem 4.53—(1) that both horizontal arrows are fully faithful on S points

for every S € dAff;. Thus, the same goes for the induced morphism from S, Cohgg(}?z) to the
fiber product. We are therefore left to argue for its essential surjectivity. Notice that since both
source and target are convergent, we can restrict without loss of generality to the case where
S € <®dAff. Unraveling the definition of the Waldhausen construction, we reduce ourselves to
check that if

F'—F—F

is a fiber sequence in Cohgps(X x S) and both F’' and F” belong to the essential image of
Cohgilps()?z), then the same goes for F, and this is immediate from the characterization of the
essential image over an eventually coconnective base given in Theorem 4.53—(3). g

Corollary 5.3. Let X be a quasi-compact and quasi-separated derived scheme over a field k of characteristic
zero and let j: Z — X be a closed immersion. Then

(1) if X universally satisfies the perfect resolution property, then for every integer n > 0 the derived
stack SnCohB;' (Xz) is indgeometric;

(2) if X is quasi-projective scheme admitting a projective compactification Y that contains Z as a

closed subscheme, then for every integer n > 0 the indgeometric derived stack SnCohgis'()A(Z) is
admissible.

Proof. Assumption (1) guarantees via Theorem 4.39 that the product [T/~ CohgisI (X7) is indge-
ometric. Then Theorem 5.2 guarantees that the pullback of a presentation for the above product
via the diagonal J,, provides a presentation for SnCohB'sI (X2).

We now prove (2). First, recall from [PS23, Corollary 4.6] that SnCohps(X ) is geometric. Then
(2) follows combining Theorems 4.65 and 5.2 with Corollary 2.26. U

Fix now a free abelian group of finite rank (A, +) and a map
v: o(Cohll (X)) — A,

which we assume to be additive in the sense of [AHLH23, §7.3]. We use the notion of A-graded
2-Segal object of [DPS22, §1.6] to study the compatibility between the group structure of A and
the Hall multiplication. Given v € A, we let

CohB;I (X;v)
be the corresponding union of connected components. More generally, given an element v =
(Vo’l, V12, .. ,V,,,,Ln) S An, we let

SuCohpd (X;v)

be the open and closed substack of SnCohgisI (X) parametrizing n-flags whose diagonal is of type
v. A routine verification similar to [PS23, Lemma 4.1] shows that this satisfies the A-graded
2-Segal condition. Since the convergent completion functor “©°"(—) commutes with limits (see
Recollection 2.3), it automatically follows that S.CohBiS'(X) is again a 2-Segal object in PreStc.

In particular, [DPS22, Proposition 1.6.4] shows that S.Cohgisl(é‘( ) determines an Ej-monoid in
Corr*A (A-dStc). In what follows, we tacitly consider SeCohll (X) as a A-graded 2-Segal derived

ps
stack.

5.2. Functoriality. We now discuss the functorial dependency of S.CohB!(X ) on the derived

formal scheme &'. Ultimately, this relies on the functoriality of QCoh"", so recall from §4.2 that
for any morphism f: X — Y of derived formal schemes we have by construction a well defined
pushforward functor

fi: QCoh™!(X) — QCoh"! (V).
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When f is schematic, Proposition 4.18 provides a well defined left adjoint
f*: QCoh™!(Y) — QCoh™!(X) .

Notice thatif S € dAffy is a derived affine scheme, then X' x S and ) x S are again derived formal
schemes. Besides:

(1) Assume that f is ind-finite, that is that it admits a presentation as colim, f, where f,: X, —
Y, is a finite morphism between derived quasi-compact and quasi-separated schemes
(and {X,} and {Y,} are presentations for the formal schemes X and })). In this case,
Lemma 4.30 implies that fs , descends to a morphism

ot ConZh (X x S) —» Cohll (¥ x S)

for every S € dAff. In turn, this provides a well defined morphism
(*)f, : S.Cohlll(X) — S.Cohl!(V).

When e = 1, we simply write f, instead of i

*eo

(2) Assume that f is schematic. Then for every test scheme S, fs,: QCoh™(X x §) —

QCoh™!(Y x S) admits a left adjoint f&. If in addition f is proper and flat then this left
adjoint descends to a morphism

f&: Cohdh (¥ x §) — Cohl (X x S).
In turn, this provides a well defined morphism

(*)f*: SuCohN (V) — S, Cohl!(X).
When e = 1, we simply write f* instead of (Vf*,
We will be particularly interested in the following example.

Example 5.4. Let X be a quasi-compact and quasi-separated derived scheme over a field k of
characteristic zero and let

Z1L>Z2

N

be closed immersions. This induces an ind-finite morphism
Ji2: le — }?Zz ,
and therefore a morphism
512+ SeCohll(R7,) — S.Cohfil(X7,) .
A

In the setting of the above example, the morphism of 2-Segal derived stacks is strict in the
following sense:
Lemma 5.5. In the setting of Example 5.4 the square

2),
( )]12,*

SgCOhBiSI(XZl) SgCOhBQ()A(ZZ)

ls ls

N PN 712+ XJ12 % PN PN
Cohl!(X7,) x Cohl(Xz,) 22725 Cohli!(X4,) x Cohl!(Xy,)

is a pullback.
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Proof. This is an immediate consequence of Theorem 5.2 and the transitivity property for pull-
back squares.

5.3. The main existence theorem. We are now ready to establish the existence of the nilpotent
cohomological Hall algebra.

We start with some general considerations. Let X be a n-dimensional smooth scheme over a
field k of characteristic zero and let j: Z — X be the inclusion of a closed subscheme. Assume
that X admits a projective compactification X that contains Z as a closed subscheme. We let N(X)
be the numerical Grothendieck group of the category of properly supported coherent sheaves on
X, and we set

N¢1(X) = Im(Ko(Cohgy (X)) — N(X)) .
We take A := N¢1(X). We have the following.
Lemma 5.6.

(1) the map

ao X 82: SzCOhBiSI (Xz) — Cohgisl()?z) X Cohgis'(f(z)

is representable by linear stacks and its tor-amplitude is contained in [1 — n,1]. In particular, if
X is a surface then dg X 9, is derived Ici.

(2) Asume that X is a surface. Then the map
81 : SzCOhgisl(Xz) — Cohgisl (Xz)
of A-graded derived stacks is locally rpas (in the sense of Definitions 3.2 and 3.3).

Proof. Point (1) is an immediate consequence of Theorem 5.2 and [PS23, Proposition 3.11]. As for
point (2), we already know that the analogous statement holds for Cohps(X), since in the latter
case it is representable by Quot schemes, which are known to be proper as soon as the Hilbert
polynomial is fixed. Therefore, it is enough to argue that the square

2),
( )] 12,%

SzCOhB,iSI (Xz) E—— SQCthS(X)

J{al lal
nil /< 12,
Cohg (X7) Cohs(X)
is a pullback square. This can be done after evaluating on a test scheme S € dAff, and since all
the stacks that appear are convergent, we can assume without loss of generality that S € < dAff.

It follows from Theorem 4.53—(1) that both the top and the bottom horizontal maps are fully
faithful. So, unraveling the definitions we are reduced to show that if

F'— F —F

is a fiber sequence in Cohg (X x S) and F lies in the essential image of j;, ., the same goes for
F' and F”. Since S is eventually coconnective, the criterion given in Theorem 4.53—(1) reduces
us to show that

! /!
Fllxxsazxs = F'|xxsazxs = 0.

Since both F’ and F"' are S-flat, this is automatic. O

Assume now that X admits a projective compactification X that contains Z as a closed sub-
scheme (notice that this is automatic if X is quasi-projective and Z is itself proper). Then Corol-
lary 5.2 implies that each SnCohgfsl(Xz) is admissible. Fixing a motivic formalism D* as in
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[DPs22, §11.1.1], A € CAlg(D(Spec(k))) and an abelian subgroup I' C Pic(D(S)), we can con-
sider
Hp'" (Cohpl(X7); A) € Pro(AbE") .

This is a pro-I'-graded abelian group. In practice, we will consider it as a topological abelian
group with the topology induced from the pro-structure. We refer to this topology as the quasi-
compact topology (see Remark 3.1).

Theorem 5.7. Let X be a smooth surface over a field k of characteristic zero and let j: Z — X be the
inclusion of a closed subscheme. Assume that X admits a projective compactification X that contains Z
as a closed subscheme. Then for every choice of an R-linear motivic formalism D* and every oriented
A € CAlg(D(Spec(k))) and every abelian subgroup T C Pic(D(Spec(k))) closed under Thom twists,

the A-graded pro-R-module HOD’F(Cth;I()A(Z) ; A) is an associative algebra, which we shall denote by
HAg’r W with multiplication given by pull-push along the correspondence
Zr

SzCOhniI (Xz)

ps
Cohgg(f{z) X Cohgis'(f(z) Cohgg(f{z)

In particular, seeing HA'}%r L topological abelian group, the Hall multiplication defined above becomes
Zr

continuous with respect to the quasi-compact topology. Moreover:

(1) let j': Z' — X' be another closed embedding into a smooth surface over k satisfying the above
assumption. Then, an isomorphism of formal completions X'z ~ X induces a functorial and
continuous isomorphism of algebras

DT DT
HAZ ~ HAZ" .
X' 1, A Xz, A

(2) Letj': Z' < Z be a nested closed subscheme inside X. Then, the morphism
7.+ Cohll (X)) — Cohll(X7)
induces a continuous morphism of algebras

7 Dl D
Ju: HA)?Z/,A — HA)?Z,A'

(3) Let (D', A',T") be a second motivic formalism equipped with an oriented ring of coefficients A’
and an abelian subgroup T' closed under Thom twists. A transformation
(s,¢): (D,AT) — (D', AT
as in [DPS22, Theorem 11.1.34] induces a morphism of algebras
DT DI’
HAR', — HAD" .
Proof. We start by establishing the existence of the Hall multiplication. To begin with, using
[DPS22, Proposition 1.6.4] we can convert the A-graded 2-Segal object S.CohggI (X7z) constructed
in §5.1 into an [E;-monoid object in Corr*A (A-indGeom?9™). Besides, Lemma 5.6 and the 2-Segal
property allow to promote this into an IE;-monoid object in Corr*4 (A-ind Geom,idm )qc.lci M feonn,Irpas-
Since H(])) ,r(_ ; A) is a lax-monoidal functor in virtue of Theorem 3.9, we deduce that HAPT ac-

Zr
quires the structure of an associative algebra, whose product is given by the prescribed rule.

Concerning the extra statements, (1) is simply a consequence of the fact that S.Cohg;l (Xz),asa
derived stack, only depends on the formal completion X. The ambient scheme X was only used
to guarantee, via Theorem 5.2 and Lemma 5.6 that d, x 91 is representable by finitely connected
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(in the sense of Definitions 3.2 and 3.3), quasi-compact, Ici derived geometric stacks, and that d;
is locally rpas (in the sense of Definitions 3.2 and 3.3).

We now prove (2). To begin with, observe that Corollary 4.66 implies that both
“dCohl(X,) and  "™ICohpl(Xz)
are closed inside Cohps(X). In particular, j, is a nil-closed immersion, and therefore it induces a

well defined continuous pushforward map

AN DI DT
% HA)?Z,,A — HA)?Z,A .

The compatibility with the Hall multiplication is a direct consequence of the functorial behavior

of HOD’F(— ;A) and of Lemma 5.5. Finally, statement (3) follows directly from the last part of

Theorem 3.5. O

Remark 5.8. The Hall multiplication is compatible with the addition of A. In fact, the above proof

exhibits HAg’r 4 @s an algebra object in Fun(A, Modg), where the latter is equipped with Day’s
Y4

convolution. This is the ultimate reason we used the language of A-graded 2-Segal objects. A

We are mostly interested in the following three examples.
Example 5.9.

(1) when D* := DMy is the rational Voevodsky’s formalism of [DPS22, Example 11.1.8] and
A = HQ is the motivic Eilenberg-MacLane E-ring spectrum, and I := Z(1), we write

HARY == HAD'

whose underlying topological abelian group is
HIt (Cohfl! (X7);0) = Hy"" (Cohl! (X7); HQ) .

mot

This recovers (motivically defined) Chow groups of CohgisI (X7). Thus, we refer to HAYY

-~

as the motivic cohomological Hall algebra of Cohgis| (Xz).
By replacing Cohg,isI (X7) with Cohps(X) and using the results of [PS23, §4] with Theo-
rem 3.5, we also obtain the motivic cohomological Hall algebra of Cohps(X).
(2) When D* := DM is the rational Voevodsky’s formalism of [DPS22, Example I1.1.8]
and A := KGL®" is the étale hypersheafification of the algebraic K-theory spectrum, and
I':=7Z(1), we write

— D,I
Gxz = HAX\ZIKGLet ,

whose underlying topological abelian group is
G(Cohl!(X7)) = HP" (Cohl! (X7); KGL®) .

This recovers the algebraic G-theory of Cohgisl(Xz). Taking its 7ryp, we obtain the K-
theoretical Hall algebra of CohggI (X2). By replacing CohgisI (X7) with Cohps(X), we recover
the (full) K-theoretical Hall algebra of Cohps(X), as defined in [PS23, §5] (see also [KV23]

for an equivalent realization of the K-theoretical Hall algebra of Cohps(X)).

(3) When D* := '°PD is the topological formalism of [DPS22, §I1.1.11], A := Q, and T :=
Z(1/2) (see [DPS22, Remark I1.1.24]), we simply write

— g ADT
HAx 7 = HA)A(Z,Q ,
whose a graded pro-Q-vector space is

P ( o ps( Z)) — Mo ( o ps( Z)/Q)'

We shall call HAx 7 the cohomological Hall algebra of CohgisI (X2).



COHOMOLOGICAL HALL ALGEBRAS OF ONE-DIMENSIONAL SHEAVES ON SURFACES: FOUNDATIONS 51

We will also be interested in taking I' := Z (1), in which case we write
HARY :=HAD'  and HEZY, (Cohii(X7)) == Hp" (Cohig(X7),Q) -
The natural inclusion Z (1) C Z(1/2) induces a continuous morphism of algebras
HAYY — HAxz and HEM (Cohpl(Xz)) — HEM(Cohpl(X7)).

By replacing CohgisI (Xz) with Cohps(X), we recover the (even) cohomological Hall alge-
bra of Cohps(X), which has been defined in [KV23].

Also, the natural transformation DMqg — t°"D‘Q of [DPS22, Remark 11.1.13] induces
via Theorem 5.7—(3) a continuous morphism of algebras

HARY — HARS,
given by the cycle class map.

A

Remark 5.10. Assume that there is a torus T acting on X such that Z is T-invariant. Following
the rough lines of [PS23, §4.3] we can adapt the above results in the T-equivariant setting as
follows. As observed in Variant 4.25, the T-action descends to a T-action on X 7, and the structural
morphism [Xz/T] — BT is representable by derived formal schemes. Thus, QCoh™!([X/T]) is
well defined, which in turn allows to define a 2-Segal object

S.CohBiS'IBT([)A(z/T]) € Funy.geg (A°P,dSt/pr) .
By construction
Spec(k) XpT S.CohgiS',BT([XZ/T]) o~ S.Cohgisl(}?z) .

Therefore, Corollary 2.28 implies that each S, Co g'isI,BT( [X7/T]) is admissible. At this point, thus
applying Theorem 3.5 we obtain a variant of Theorem 5.7 in the equivariant setting. In particular,
there exists an associative algebra structure on H(')) x (CohggI (Xz)/T; A), which we shall denote by

HA]}%’F;Z , and equivariant versions of statements (1), (2), and (3) hold. In particular, we denote by
Zr

HA;OZt’T, G}T(, 2, and HA)T(,Z the equivariant versions of the examples discussed in Example 5.9.
A

Remark 5.11. Let C be a smooth projective curve over a field k and let X := T*C be its cotangent
bundle. When Z is the zero section of X, Theorem 5.7 recovers the construction of the (Gy,-
equivariant) (motivic) cohomological and K-theoretical Hall algebras of nilpotent Higgs sheaves
on C (see [SS20, PS23], and [Min20] for the rank zero case). Furthermore, the generation theorem
given in [SS20, Theorem 5.1] admits a natural interpretation in this setting. Namely, with the no-
tations introduced in [S520, §5], it says that the subalgebra generated by the subspaces H..(A,))
is dense in HAT*C,C' A

APPENDIX A. SET-THEORETICITY AND PURE SHEAVES

Let X be an projective scheme over a field k and let Z be a nonempty closed subscheme of X.
The goal of this appendix is the proof of the following result.

Proposition A.1. Let £ be a pure coherent sheaf on X of dimension m > 1, set-theoretically supported
on Z. Then, there exists a filtration

02:Eg+1CE@C(S@,1C"-C50::€,

for £ > 1, so that each subquotient is a pure m-dimensional sheaf with scheme-theoretic support contained
inZ.
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Before proving the proposition, we need some preliminary results.

Let Z; C Ox be the defining ideal sheaf of Z. For any k > 1, let Z(k) C X be the closed

subscheme defined by the ideal sheaf I§ C Ox. By convention, we set I% := Ox. Then, Z((:f) =
to(Z")) for any k € N, with k > 1.

Let £ be a nontrivial coherent sheaf on X of pure dimension m > 1, with set-theoretic support
contained in Z. Let W C X be the scheme-theoretic support of &, i.e., the closed subscheme
determined by the annihilator ideal Ann(£) C Ox. Since £ is set-theoretically supported on Z, it
follows that "4 is contained in Z as a closed subscheme.

Note that there exists a unique positive integer k¢ > 1 so that ZX C Ann(€) for all k > ke,
while ZE ¢ Ann(&) for all k < k.

For any k > 1, let ZL€ be the image of the canonical multiplication map Z& ® £ — €. Then
one has a canonical exact sequence
0 =TI —E—ER0, 6 —0.

cI

Furthermore, the subsheaf ZX€ C £ is a nonzero purely m-dimensional subsheaf of £ for any
1<k <kg. Foranyk > 1,let Q; C £® O, be the maximal subsheaf so that dim Supp(Qy) < m.
Set Fp =€ ® O / Ok-

Lemma A.2. The followmg hold:
(1) Fy is a nonzero pure coherent sheaf of dimension m for all k > 1.

(2) Forany1 < k < kg — 1 there is an epimorphism fi1: Fxy1 — Fi, which fits into a commuta-
tive diagram

€®O (k+1) 4)Fk+1

l : Jk ) (A1)

E®0,0 — Fk
cI
Moreover, ker( fi) is a nonzero subsheaf of i1 annihilated by Zy.

Proof. We start by proving (1). Clearly, it suffices to prove the claim for 1 < k < kg. Moreover,
given the construction of Fy, it suffices to prove that the set-theoretic support of £ ® 0w coin-

cI

cides with the set-theoretic support of £ for any 1 < k < kg. Assume that this is not the case and
let p be a point in Supp (&) \ Supp(E @ OZ“‘)) forsome1 <k <kg.LetJ C oz(kf) be the defining
| cl

ideal of the closed subscheme Z_ (k) A (k ). Note that J is nilpotent. By assumption, the stalk
of the tensor product £ ® O at p Varushes This implies that J&, = &,. Since J is nilpotent,
Nakayama'’s lemma [Sta25, Tag 07RC, Lemma 10.20.1] implies that stalk 5p vanishes, leading to
a contradiction. In conclusion, each quotient Fj is nonzero, pure, and of dimension .

Now, we prove (2). First, note that claim (1) implies that the composition

5®O (k+1) —>€®O (k) —).7'-](

cI
factors through the epimorphism £ ® 0, (k1) — Fk+1. Therefore, one obtains indeed a commuta-
tive diagram as in (A.1) forany k > 1, where the induced morphism fi: Fi1 — Fk is surjective.

We next show that ker(fy) # 0 for all 1 < k < kg. Assume that this is not the case for
some 1 < k < kg. Then, f; is an isomorphism. Moreover, recall that Z¥£ is a nonzero pure m-
dimensional subsheaf of £. Hence, its set-theoretic support is a non-empty m-dimensional closed
subspace of |W|. Let

U == Supp(Z5E) ~ Supp(Qy) ,
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and note that U is non-empty since dim Supp(Q;) < m for i = k,k + 1. Let p € U be an arbitrary
point. By construction, the stalk of F; at p coincides with the stalk of £ ® O ) fori =k, k+1.

cl
Therefore, the canonical epimorphism

5p ® OZSH),p — Sp &® OZ(,-)

cl ’

is an isomorphism. Given the canonical commutative diagram
0 —— Il — & —— E®O g — 0

J Jid | : , (A2)

0 Iég £ ER® OZ(k) — 0

cl

this implies that the natural injection
k+1 k
78 — T,E
is an isomorphism. Then, by Nakayama'’s lemma [Sta25, Tag 07RC, Lemma 10.20.1], there exists
f € Z, so that (1 — f)I’;Sp = 0. Since p € Supp(ZLE), one has I’;Sp # 0. Hence (1— f) is
not a unit in Ox . This implies that it must belong to the maximal ideal m, C Ox,, by [Sta25,

Tag 00E9,Lemma 10.18.2]. By loc.cit., one also has 7, C my, which leads to 1 € m,; clearly a
contradiction. In conclusion, ker(fi) # O forall 1 < k < ke¢.

Furthermore, applying the snake lemma to diagram (A.2), one obtains an isomorphism
ker(fy) — ILE/IETIE.
This implies that ker( fi) is annihilated by 7. O

Proof of Proposition A.1. For any k > 1, let & C & be the kernel of the canonical epimorphism
& — F. Then, the filtration
Ozigks cC---C&=¢&

is so that each subquotient £ /&1 is a nonzero pure sheaf of dimension m, annihilated by 7.
Indeed, for any 1 < k < k¢, diagram (A.1) in Lemma A.2 yields the commutative diagram

0 — &1 —— € —— Frp1 — O

| fd }-f,{ ,

0 & £ 0

where the rows are exact and &1 C & as subsheaves of £. Moreover, applying the snake lemma,
one obtains an isomorphism ker(f;) ~ &/& 1. Then, the claim follows from Lemma A.2—
2). O

APPENDIX B. IND-OBJECTS

B.1. Restricted presentations for ind-morphisms. Fix an co-category € and let P be a property
of morphisms in €. Recall from [Lur(09, Proposition 5.3.5.15] that for every co-category C, there is
a canonical equivalence

Ind(€2") =~ Ind(@)A" .

Reviewing morphisms in € as objects in @', [DPS22, Definition I1.7.2] allows to talk about ind-
P morphisms in Ind(€); concretely, a morphism f: X — Y in Ind(C) is ind-P if there exists a
presentation {fy: Xy — Ya}aes for the morphism f such that for every index a € I the map
fa: Xo — Y, satisfies the property P.

Example B.1.
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(1) If the morphism f: X — Y is representable by P-morphisms, in the sense that for every
Y € € and every morphism Y — Y in Ind(C) the fiber product Y xy X belongs to € and
the canonical map Y xy X — Y satisfies the property P, then f is ind-P.

(2) Let f: X — Y be a morphism in € which, seen as a morphism in Ind(€), is ind-P. Then f
is a retract of a P-morphism. In particular, if P-morphisms are stable under retracts, we
see that a morphism in C satisfies P if and only if it is ind-P as a morphism in Ind(C).

A

Definition B.2. Let A be an co-category and let F: A — C be a diagram. We say that F is a P-
diagram if it takes every arrow in A to P-morphisms in C.
©

The following result establishes the existence of simultaneous presentations for specific dia-
grams.

Proposition B.3. Assume that C has finite limits and let P be a property of morphisms in C which is
stable under fiber products. For k € {1,2}, let A := AZ be the corresponding 2-horn. For a diagram
F: A — Ind(@), the following statements are equivalent:

(1) F is an ind-P-diagram;
(2) there exists a filtered diagram I — Fun(A, €) /r, sending « € A to a P-diagram F, such that the
canonical map

coimF, — F
o
is an equivalence in Ind(C).

Proof. We deal with the case k = 1. The case k = 2 is similarly dealt with. First of all, the
implication (2) = (1) is trivial. Let us prove the converse. Let therefore F be an ind-P-diagram,
which we represent as
x Ly Sz,
where both f and g are ind-P morphisms. Using [Lur09, Proposition 5.3.5.15], we find a canon-
ical equivalence Ind(Fun(A2,€)) ~ Fun(A2,Ind(€)). Applying [DPS22, Lemma I1.7.4], we are
reduced to check that the following factorization problem has always a solution: for every solid
commutative diagram

X, fo Y, 80 Zo
\\,( . i \\J . el \‘,1 . B 1
v v v
x f y d 2

where the top line is a compact object in Fun(A2,Ind(€)) (that is, Xo, Yy and Z; are compact in
Ind(€)), there exists a P-diagram F: A2 — € (represented as the middle line in the above diagram)
and a factorization as indicated. Since g is ind-P, we can fix a P-presentation as filtered colimit
of a diagram {gx: Ya — Za}aej of P-morphisms. Since go: Yo — Zo is compact in Ind(G)Al, we
deduce the existence of an index « and a factorization of the front right square in (B.1) as

Yo — Yy — Y

lgo la ig-
Zo — 7, I 2
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On the other hand, f: X — Y is also an ind-P-morphism. Thus, we can fix a P-presentation
{fa: Xp = Yp}pep- Since source and target of the composite morphism fj: Xo — Y, are compact
in Ind(€), we deduce the existence of an index B € J' and of a factorization

Xo — Xpg — X

s s jf -

Ya%?ﬁﬁy

Set Xoc,ﬁ =Y, X ¥ Xﬂ. Since € has finite limits, this is an object in C; moreover since P-morphisms

are stable under pullbacks, the morphism f, g: X, 5 — Y, satisfies P. Combining what we have
found so far, we see that the diagram

Xlx,ﬁ f% Ya 4>g,x Za

solves the factorization problem (B.1). O

Variant B.4. In the setting of the previous proposition, let P and Q be two different properties of
morphisms of €, and assume that at least one of the two is stable under fiber products. Say that
a diagram F: A? — C depicted as

x Loy 2,7

is a (P, Q)-diagram if f satisfies P and g satisfies Q. Then for a diagram

vty 8o

in Ind(€) the following statements are equivalent:

(1) fisind-P and g isind-Q;

(2) the above diagram admits a presentation as filtered colimit of C-valued (P, Q)-diagrams.
A similar statement holds replacing A% by A3. @

Remark B.5. If € admits finite colimits and P-morphisms are closed under pushout, then a dual
argument shows that in the statements of Proposition B.3 and Variant B.4 one can replace A3 by
A3. However, these assumptions will not be satisfied in our framework. A

Corollary B.6. Let C be an co-category and let P be a property of morphisms in C. Then:

(1) If for every X € C the identity idx satisfies P, then for every X € Ind(C) the identity id+ is ind-P.
Assume furthermore that C has finite limits and that P-morphisms are stable under pullback. Then:

(2) Ind-P-morphisms are stable under pullbacks.

(3) If P-morphisms are closed under composition, then the same goes for ind-P-morphisms.

(4) Assume that P-morphism have the following closure property: given a commutative triangle
x I sy
N
Z

then if g satisfies P, then f satisfies P if and only if h satisfies P. Then ind-P morphism have the
same closure property.
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Proof. If idx satisfies P for every X € G, then it is obvious that idy is ind-P for every X & Ind(C).
This proves (1).

For (2), let

W——X
| b
8
z ——1Y
be a pullback square in Ind(€) where f is in ind-P. Applying Variant B.4 (with Q = all the class

of all morphisms of €), we can find a filtered diagram

{7 v o %)
ael
whose colimit coincides with

g8,y Sy

and for which f, satisfies P for every index « € I. Thus, the map W — Z can be presented as the
colimit of the P-morphisms Z, xy, X, — Z,, which satisfy P by assumptions.

We now prove (3). Let f: X — Y and g: Y — Z be two ind-P morphisms. Applying Proposi-
tion B.3 with k = 1, we can find a simultaneous presentation

{Xa SELENEVANE (N za}
wael

for the two morphisms f and g such that f, and g, both satisfy P for every index « € I. The
conclusion is therefore obvious.

For (4), we proceeds similarly, applying Proposition B.3 with k = 2. (|

B.2. Restricted presentations for ind-objects. In this section, we discuss presentations of ind-
objects, following [DPS22, §IL.7].

We fix as usual an co-category € and a property P of morphisms in €. We make the following
global assumption:

Assumption 2. Let € be an co-category with finite limits and let P be a property of morphisms in
C such that:

(1) every identity of C satisfies P;
(2) P-morphisms are stable under composition and retracts;

(3) given morphisms f: X — Y and g: Y — Z such that g satisfies P, then f satisfies P if and
only if g o f satisfies P.
%)

Notice that (1) guarantees that every object X € € is ind-P.

Remark B.7. Under the above assumption, let Cp be the associated (non full) subcategory of € and
consider the induced functor Ind(Cp) — Ind(€). Unraveling the definition, we see that an object
belongs to the essential image of this functor if and only if it is ind-P. Moreover, this functor
take every morphism to an ind-P morphism. In other words, it factors through the non-full
subcategory Indp(€)ing.p- AN

Lemma B.8. Let X € Ind(C) be an ind-object and let {X, }qe1 be a presentation for X. The following
statements are equivalent:

(1) {Xa}acr is a P-presentation;

(2) for every o € 1, the morphism X, — X is an ind-P morphism;
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Proof. First assume that { X, },c; is a P-presentation. Then for every a € I, the map X, — X can
be written as colimit of the maps {Xs — Xp}pey,,- Since every transition map satisfies P, we
conclude that X; — X is an ind-P morphism.

Conversely, suppose that for every a € I, the map X, — X is ind-P. Let & — § be a morphism
in €, and consider the commutative triangle

Xy —— Xp
X

Since P is stable under pullbacks and satisfies the 2-out-of-3 property, Corollary B.6—(4) guaran-
tees that the map X, — Xﬁ is ind-P. Since P-morphisms are closed under retracts, Example B.1—-
(2) guarantees that X, — Xj satisfies P as well. Thus, {X4 }aep is a P-presentation. (|
Corollary B.9. For an ind-object X € Ind(CQ), the following statements are equivalent:

(1) Cis an ind-P object;

(2) the full subcategor}/.Gi/”;é'l3 of C Xnq(e) Ind(€) /x spanned by ind-P morphisms X — X is filtered

and the inclusion 6'/”9%'13 — €/ is colimit-cofinal.

Proof. The implication (2) = (1) follows directly from Lemma B.8.

Conversely, fix a P-presentation { X, },c;. Reasoning as in [DPS22, Lemma I1.7.4], we reduce to
the following factorization statement: for every compact object X € Ind(€) and every morphism
f: X — X, there exists a factorization of f as

x5Lox Doy

where X’ € € and f” is ind-P. Since X is compact, there exists & € I such that f factors through
the structural map X, — X. On the other hand, Lemma B.8 guarantees that this map is ind-P.
Thus, the conclusion follows. O

Proposition B.10. Under Assumption 2, the induced functor
Ind(Cp) — Indp(€)ing.p (B.2)

is an equivalence. In particular, if f: X — Y is an ind-P morphism between ind-P objects, then there
exists a presentation {fy: Xo — Yy }ncr such that for every o € I the morphism f satisfies P and both
{Xa}aer and {Yy }aey are P-presentations for X and Y, respectively.

Proof. In virtue of Remark B.7, we see that the functor under consideration is essentially surjec-
tive. It is therefore enough to check that it is fully faithful. Observe that the inclusion Cp — Cis
faithful, that is for every X, Y € Cp, the morphism

Mapep (X/ Y) — Mape(xr Y)

is (—1)-truncated. Let now X and Y be two objects in Ind(Cp) and fix two P-presentations { X, }ye;
and {Yp}pcj. Then we have

Mapjnq(ep) (X, ¥) =~ liorcn co/lgim Mape, (X«, Yp)
and

Mapynq(e) (X, ¥) =~ ligénco}gim Mape(Xa, Yp) -

Since (—1)-truncated morphisms are stable under arbitrary limits and under filtered colimits, it
follows that the map

Mapjng(ep) (X, ) —> Mapjng(e) (X, Y)
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is (—1)-truncated as well, i.e. Ind(Cp) — Ind(C) is a faithful functor. Since the same is true for
Ind(€)ing-p <= Ind(€), we deduce that the functor (B.2) is faithful as well. To complete the proof,
it is therefore enough to check that the functor in consideration is full.

Let therefore f: X — Y be an ind-P morphism between ind-P objects. Let (e )'/”]9 P be the full

subcategory of (€' )/f = ea’ nd(el) Ind(€A) /f spanned by those squares

X — X
s b
Y — Y

whose horizontal morphisms are ind-P. Since ind-P morphism satisfy the 2-out-of-3 property
and since P-morphisms are closed under retracts, it automatically follows in this situation that
g: X — Y satisfies P. It follows that the forgetful functor

1\ ind- 1
(QA )l/n;JP N @A

can be canonically factored through (Cp)2'. Thus, it is enough to check that (GAl)i/”f'P is filtered
and that the inclusion

1 ind- 1
(AP — (e f

is colimit-cofinal. As usual, it is enough to show that the following factorization problem can
always be solved: for every solid diagram

i

where X and Y are compact objects in Ind(C), there exists a factorization as indicated in the
diagram, where furthermore u and v are ind-P. To see this, start by choosing a P-presentation
{ X4 }ner for X. Since X is compact, we can find & € I such that the map X — X factors through
Xy — X. Fix at the same time a P-presentation {Yp}gc; for Y. Since both Y and X, are compact
in Ind(€), we can find a factorization of the original square as

11

—>Y5*>‘j

f)C

N

Since we started with P-presentations for X and Y, Lemma B.8 guarantees that # and v are ind-P
morphisms, whence the conclusion. O

Remarkably, this result allows to improve Corollary B.6—(4) without assuming the existence of
pushouts in € (cf. Remark B.5).

Corollary B.11. Assume in addition to Assumption 2 that P-morphisms satisfy the 2-out-of-3 property.
Then the same goes for ind-P morphisms.
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Proof. Let

X % Y
N A (B.3)
Z

be a commutative triangle in Ind(C). Assume that X, Y and Z are ind-P. If g is ind-P, then
Corollary B.6—(4) shows that f is ind-P if and only if & is ind-P. We are therefore left to check that
if both I and f are ind-P, then the same goes for g. To do this, we apply [DPS22, Lemma 11.7.4]
with € = €47, saying a 2-simplex of the form (B.3) in C satisfies Q if f, g and / satisfy the property
P. We are therefore led to consider the following factorization problem: given a morphism ¢ in

Ind(€5%)
Y
e/
X f y 7 (B.4)
N L
Z

where X, Y and Z are compact in Ind(€), we can factor a through a 2-simplex in C satisfying Q.
Since f is ind-P, Proposition B.10 provides a presentation { fx: Xoa — Ya}aes such that every f,
satisfies P and for which the structural morphisms X, — X and Y, — Y are ind-P. Compactness
of X and Y implies that there exists an index a € I such that the morphism ¢ factors through the
2-simplex

X, — Iy,

N

Fix now a P-presentation {Zg}gc; for Z. Compactness of X, Ya, X, Y and Z implies therefore
that there exists an index € | and a commutative diagram

X
/ \xz /
‘ 7

Xo — Yy

hw\ ) //g/

factorizing the original diagram (B.4). By construction, f, satisfies P. To conclude, it is enough
to argue that both h, g and g, g satisfy P. Since P-morphism satisfy the 2-out-of-3 property, it is
enough to argue that h, g satisfies P. However, the diagram

hap
Xy —2 Zg

"\

is commutative, and both h, and jg are ind-P. Thus, Corollary B.6—(4) guarantees that I, g satis-
fies P. The conclusion follows. g
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Corollary B.12. Assume in addition to Assumption 2 that C has finite limits and that P is stable under
fiber products. Then Indp(C) is closed under fiber products in C.

Proof. Consider a span
x Ly

in Indp(€). We claim that whenever given a solid commutative diagram

X, fo Y, 80 Z
\\’J . \\\’1 . _ \\\"1 .
X f % g 7 (B.5)
"G L L
% f y $ e

where Xy, Yp and Zj are compact in Ind(C), there exists the dashed factorization through a span
in € with the property that the morphisms X — X, Y — Y and Z — 2 are ind-P. Combining
[DPS22, Lemma I1.7.4] and Lemma B.8, this implies that the original span admits a simultaneous
presentation

{XIX & Ya gé Zot}txel

which restricts to P-presentations { Xy }aer, {Ya tacr and {Zg }aer for X, Y and Z respectively. At
this point, since C has finite limits and P is closed under fiber products, we deduce that

{Xa Xy, Za}aer
is a P-presentation for X xy Z.

We are therefore left to prove the above claim. Choose P-presentations {Xa }aer,, {Yp}ger
and {Zv}ve 1, for X, Y and Z, respectively. Since Xy and Zj are compact, we can find indexes
« € I and v € I3 together with factorizations of Xy — X and of Zy — Z through X, and Z,,
respectively. Furthermore, since Yy, X, and ZY are compact, we can find p € I such that the
natural morphisms X, — Y, Yo — Y and Z, — Y factor through 7/3. Thus, the induced span
Xa — Yg < Zy solves the factorization problem (B.5). a
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