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Abstract

This thesis consists mainly of three chapters, based respectively on [Mon25; Mon26;
MP25].

In Chapter 1, we extend a theorem of Toën and Vaquié to the non-Archimedean and
formal settings. More precisely, we prove that a smooth and proper rigid analytic variety
is algebraizable if and only if its category of perfect complexes is smooth and proper. We
will then use this result to prove an analog statement for formal schemes. In particular, in
this chapter we highlight that the notion of smooth and proper categories is, classically,
intrinsically algebraic.

In Chapter 2, we introduce a notion of smooth and proper categories adapted to the
analytic setting. We achieve this by first studying the notion of smooth categories within
the framework of a six-functor formalism. Subsequently, using the theory of condensed
mathematics and analytic stacks, we demonstrate that a rigid analytic variety is smooth
if and only if its associated category of nuclear sheaves is smooth. Furthermore, we relate
the atomic generation of the category of nuclear sheaves to the algebraization of the rigid
analytic variety. We then employ these results to obtain an example of a non-atomically
generated but internally smooth category.

In Chapter 3, which is joint work with Emanuele Pavia, we develop a general frame-
work in which to study the notion of 1-affineness, originally introduced by Gaitsgory
in [Gai15]. We then apply this framework to establish 1-affineness for sheaves of nu-
clear categories over rigid analytic varieties, for the Betti stack (as studied in [Sch24])
of a finite-dimensional metrizable compact Hausdorff space, and, as a corollary, for the
analytic de Rham stack of a compact complex manifold.
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0
Introduction

0.1 A quick overview of the thesis

Over the last few decades, algebraic geometry has undergone a profound paradigm
shift, evolving toward the intrinsic analysis of varieties via their associated categories.
In the modern development of non-commutative algebraic geometry, highly structured
categories (such as stable ∞-categories) are treated as geometric spaces. Within this
landscape, the precise translation of geometric properties, such as a variety being smooth
or proper, into purely categorical definitions over QCoh(X) or Perf(X) has become a
foundational tool. A natural ambition is to transport this powerful categorical machinery
into the realm of (rigid) analytic geometry.

Another major direction is the comparison between algebraic and analytic spaces, as
illustrated by GAGA-style theorems and the algebraization problem: understanding the
precise conditions under which a rigid analytic variety X arises as the analytification of
a scheme.

As explicitly formalized in Definition 0.2.1, the standard notion of smooth and proper
∞-categories crucially relies on the tensor product of stable presentable ∞-categories
introduced in [Lur17]. This tensor product is intrinsically an “algebraic” operation and
behaves poorly in the analytic setting. For example, the categorical Künneth formula



0. Introduction 2

fails for Tate algebras over a non-Archimedean field k, in the sense that

Perf(k〈t〉)⊗k Perf(k〈u〉) 6= Perf(k〈t, u〉). (1)

Consequently, the classical definition of a smooth and proper ∞-category is essen-
tially algebraic in nature and ill-behaved in the analytic framework.

Tate algebras are the fundamental building blocks of rigid analytic geometry. They
are utilized to construct rigid analytic varieties in much the same way that affine schemes
are used to construct schemes in algebraic geometry (see [Bos14] for a comprehen-
sive introduction). To a first approximation, rigid analytic varieties can intuitively be
viewed as analogues of complex analytic varieties, suitably adapted to the setting of
non-Archimedean norms.

Throughout this paper, we consider rigid analytic varieties over a complete non-
Archimedean field k of characteristic 0, and we assume all such varieties are locally
of finite type.

Following [Bos14, Section 5.4], it is possible to define the analytification functor (−)an

from the category of schemes locally of finite type over k to the category of rigid analytic
varieties over k.

One of the primary aims of this Ph.D. thesis is to characterize the essential image
of this functor using categorical properties of certain categories of sheaves. Along this
direction, one of the main theorems that we will prove in Chapter 1 is the following:

Theorem 0.1.1 ([Mon25, Theorem 3.1]). Let X be a smooth, proper, quasi-compact, and sepa-
rated rigid analytic variety over k. Then Perf(X) is smooth and proper as a k-linear ∞-category
if and only if X is algebraizable (i.e., there exists an algebraic space Y such that Yan ' X).

Although this theorem provides a rigorous characterization of the essential image of
the analytification functor, it reveals a fundamental limitation of the notion of smooth
∞-category . Indeed, this theorem is a clear manifestation of the fact that the notion
of a smooth ∞-category in Definition 0.2.1 is intrinsically algebraic and is not suitable
for characterizing smooth analytic varieties. We refer to [TV08a] for a closely related
theorem in complex analytic geometry.

In Chapter 2, we propose an approach to this problem based on the theory of con-
densed mathematics and analytic stacks developed by Clausen–Scholze. In particular,
we will introduce a categorical criterion to detect the smoothness of rigid analytic va-
rieties. We will achieve this result by first studying the notion of smooth ∞-categories
in a general six-functor formalism. Subsequently, by studying the nuclear ∞-categories
(Definition 2.2.6) associated with rigid analytic varieties, we will describe a six-functor
formalism for this sheaf of ∞-categories over rigid analytic varieties. Combining these
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results, we will prove the following:

Theorem 0.1.2 ([Mon26, Theorem 3.4.1]). Let f : X → Sp(k) be a (classical) rigid analytic
variety over k. Then X is smooth if and only if the ∞-category Nuc(X) is internally smooth in
PrL

Nuc(k).

In this way, we also obtain a notion of categorical smoothness that is well-defined
within the analytic setting.

Furthermore, we will use this result to obtain another categorical characterization
of the essential image of the analytification functor, thereby introducing a categorical
criterion to detect the algebraizability of a rigid analytic variety. In particular, we will
prove the following:

Theorem 0.1.3 ([Mon26, Theorem 3.4.9]). Let p : X → Sp(k) be a smooth, proper, quasi-
compact, and separated rigid analytic variety over Sp(k). Then X is algebraizable if and only if
Nuc(X) admits a compact (equivalently, Nuc(k)-atomic) generator.

Finally, we apply these results to construct an interesting class of examples of inter-
nally smooth enriched ∞-categories that are not atomically generated. This counterex-
ample is motivated by the work of Maxime Ramzi [Ram24a; Ram24b]. Indeed, Stefanich
proved that a smooth, presentable ∞-category linear over a bounded E∞-ring has a sin-
gle compact generator.

In loc. cit., the author introduces the notion of atomic objects; this concept is a suitable
adaptation of the standard notion of compact objects to the setting of enriched categories.
Working over a rigid base, the notions of atomic and compact objects coincide. It is
therefore a natural question, already proposed in [Ram24a], whether the existence of a
single atomic generator holds for every smooth enriched ∞-category :

Question 0.1.4. Let V be a commutative algebra in PrL, and let C be a presentable ∞-
category linear over V and smooth in ModV(PrL). Is it true that C has a single atomic
generator?

Our result provides a natural counterexample to this question. It can also be in-
terpreted as evidence that the existence of a global compact (or atomic) generator is a
peculiar feature of algebraic geometry and cannot be naturally extended to the analytic
setting. For the ∞-category of quasi-coherent sheaves on schemes, the existence of a
compact generator has been established in [Toë12b] and [BB03].

The third part of this thesis is based on a joint work with Emanuele Pavia, [MP25].
The notion of 1-affineness for (pre)stack in derived algebraic geometry has been intro-
duced by Gaitsgory in [Gai15].
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Just as quasi-coherent sheaves on an affine scheme Spec(A) are completely deter-
mined by the A-module structure on their global sections, this property actually char-
acterizes affine schemes among all quasi-separated schemes. A 1-affine (pre)stack is
defined as a (pre)stack for which any quasi-coherent sheaf of categories is completely
determined by some QCoh(X)-linear ∞-category. More precisely, we have a functor

ΓX : ShvCat(X) −→ ModQCoh(X)(PrL)

sending a sheaf of categories C∈ ShvCat(X) to its ∞-category of global sections ΓX(C),
which carries a natural action of the monoidal ∞-category QCoh(X). The prestack X is
then said to be 1-affine if this functor is an equivalence of ∞-categories.

Establishing whether a given prestack is 1-affine is a highly nontrivial problem that
carries deep geometric and categorical implications. It allows one to study categorified
sheaf-theoretic phenomena by reducing them to the study of a single ∞-category of
modules over a symmetric monoidal ∞-category.

The main aim of Chapter 3 is to prove this property for analytic stacks (as introduced
by Clausen-Scholze [CS24]) and for rigid analytic varieties. In particular, by develop-
ing an abstract setting in which to study the notion of 1-affineness, we will prove the
following results.

Theorem 0.1.5 ([MP25, Theorem 3.1.2]). Let X be an analytic stack admitting an affine !-cover
{AnSpec(Ai)→ X}i∈I such that all the fiber products AnSpec(Ai1)×X · · · ×X AnSpec(Ain)

are affine. Then X is 1-affine.

This theorem has also been independently proved in [Kes25], which was written
and appeared on arXiv during the final stages of preparation of [MP25]. Although the
underlying approach is very similar, we obtain a slightly more general 1-affineness result
(see Theorem 3.1.35). Nevertheless, for the applications described later in this paper, such
as the 1-affineness of the Betti stack, the formulation of Theorem 3.3.2 suffices.

Using different methods, we will prove the following 1-affineness result for rigid
analytic varieties, considering nuclear ∞-categories.

Theorem 0.1.6 ([MP25, Theorem 3.3.3]). Let X be a quasi-compact and semi-separated derived
rigid analytic space over k. Then X is 1-affine with respect to the sheaf of ∞-categories Nuc(−).
More precisely, there is an equivalence of ∞-categories

PrL
Nuc(X) ' lim

dSp(A)⊂X
PrL

Nuc(A),

where the limit is taken over an affinoid cover of X.
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0.2 A detailed overview of the thesis

Since approximately two-thirds of this thesis is devoted to the notion of smooth cat-
egories, we begin this overview by reviewing this concept, introduced by Kontsevich
[KS09], and examining how it has been studied within algebraic geometry, along with
the outcomes it has produced. Subsequently, we will detail the main results of this
thesis, which are primarily based on the application of smooth categories within the
framework of rigid analytic geometry. The third part of the thesis deals with the notion
of 1-affineness in the analytic setting. This topic reveals an important property of specific
categories of sheaves on certain analytic stacks (as introduced by Clausen–Scholze) and
on rigid analytic varieties.

0.2.1 Non-commutative smoothness in algebraic geometry

The investigation of an algebraic variety X via its abelian category of quasi-coherent
sheaves, QCoh(X), or its subcategory of coherent sheaves, Coh(X), perfectly captures
its essential geometric properties; classical reconstruction theorems (such as those of
Rosenberg [Bra18]) even demonstrate that these categories can fully recover the underly-
ing space. Nevertheless, this abelian framework ultimately proved too rigid for broader
geometric and categorical manipulations.

To obtain a more flexible and homologically robust framework, the focus naturally
shifted toward the associated triangulated categories. Following the seminal work of
Bondal and Orlov [BO01], it became evident that the bounded derived category of co-
herent sheaves, DbCoh(X), encodes a wealth of deep geometric information about X.
However, classical triangulated categories are known to suffer from technical shortcom-
ings, most notably the lack of functorial cones and the absence of well-behaved limits
and colimits.

These technical limitations necessitated a further conceptual leap: lifting these trian-
gulated structures to appropriate homotopical enhancements. By employing differential
graded (dg) categories or, more broadly, ∞-categories , one can retain the higher homotopi-
cal data that is inevitably lost upon passing to the standard homotopy category. Conse-
quently, the field has increasingly focused on the ∞-category of quasi-coherent sheaves
QCoh(X) and the category of perfect complexes Perf(X) (the ∞-categorical generaliza-
tion of vector bundles).

Building on the pioneering work of Orlov [Orl16] in the triangulated setting, the
subsequent evolution of categorical enhancements paved the way for the modern de-
velopment of non-commutative algebraic geometry. In this framework, highly structured
categories (such as dg-categories or stable ∞-categories ) are no longer viewed merely
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as invariants of spaces, but are treated as geometric spaces in their own right. Within
this landscape, the notion of a smooth category (respectively, a proper category) emerges
as the natural and necessary generalization of a classical smooth (respectively, proper)
algebraic variety.

Formally, following the philosophy introduced by Kontsevich [Kon98], a dg-category
C is defined as smooth if the diagonal bimodule represented by C in C⊗ Cop is a compact
object. In the ∞-categorical setting, the definitions of smooth and proper ∞-categories
can be rephrased as follows:

Definition 0.2.1. Let Cbe a stable presentable ∞-category , and Va symmetric monoidal,
stable, presentable ∞-category .

1. We say that C is dualizable if there exists a stable presentable ∞-category C∨,
together with two functors in PrL

V, called the evaluation and coevaluation functors:

ev : C⊗V C∨ → V

coev : V→ C∨ ⊗V C,

such that the composite maps

C C⊗V C∨ ⊗V C C
id⊠coev ev⊠id (2)

C∨ C∨ ⊗V C⊗V C∨ C∨coev⊠id id⊠ev (3)

are equivalent to the respective identity functors.

2. We say that C is smooth if the coevaluation map admits a right adjoint that preserves
colimits.

3. We say that C is proper if the evaluation map admits a right adjoint that preserves
colimits.

Similarly, if C is a small, idempotent complete ∞-category , we say that C is smooth
(respectively, proper) if its ind-completion is smooth (respectively, proper) as in Defini-
tion 0.2.1.

When C is the ∞-category of quasi-coherent sheaves associated with an algebraic
variety X, the condition that C is smooth (respectively, proper) is strictly equivalent to
X being a smooth (respectively, proper) variety in the classical sense (see [Lun10] and
[BB03]). We will provide an alternative proof of these known results in a more general
setting in Section 2.5.1. However, the true power of this definition lies in its applicability
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to purely non-commutative contexts, decoupling the condition of regularity from the
existence of an underlying topological space.

Building on these ideas, Toën and Vaquié demonstrated that smooth and proper
dg-categories C admit well-behaved moduli stacks of objects [TV07], denoted with MC.
This foundational result provides a systematic method for constructing stacks of geo-
metric interest from purely categorical data. This construction provides a natural bridge
between non-commutative and derived algebraic geometry and provieds an interesting
way of constructing moduli spaces (or better stacks) in algebraic geometry. Indeed when
C= Perf(X) for a smooth and proper variety X, one recovers the moduli stack of perfect
complexes on X, together with substacks defined by imposing stability conditions. The
geometry of such moduli spaces is rich and well-studied, with significant and recent
contributions in the literature, such as in [BLM+21] and [HR25].

Currently, categorical smoothness is not merely a technical artifact, but a founda-
tional requirement driving several major research programs in algebraic geometry. For
instance, following the seminal works of Lunts [Lun10] and Kuznetsov [KL15], the con-
cept of smooth categories allows for the introduction of categorical resolutions of singular-
ities. A categorical resolution consists of a fully faithful embedding of the category of
perfect complexes, Perf(X), into a smooth and proper dg-category.

In the realm of non-commutative algebraic geometry, the concept of smooth and proper
categories is now a central pillar. It facilitates the extension of fundamental algebraic
geometric results to the non-commutative setting, while simultaneously presenting new
challenges at the interface of the commutative and non-commutative worlds (see, for
example, [Per19] and [BP24]).

Extending these ideas to the context of analytic geometry is a natural question. In
this thesis, we explore several concepts related to this inquiry. In particular, we discuss
the challenges that arise and present a possible approach to this problem, yielding some
positive results in this direction.

0.2.2 Smooth and proper categories of perfect complexes in analytic
geometry

This Chapter is based on [Mon25].
The main aim of this Chapter is to study the category of perfect complexes on a rigid

analytic variety and on a formal scheme, along with the notions of smooth and proper
categories. We will demonstrate that in both settings, the situation differs significantly
from the algebraic setting. To develop these ideas in the formal and analytic settings,
we encounter various difficulties. First, in derived analytic geometry, the definition of
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quasi-coherent sheaves is not straightforward. The recent work of Clausen and Scholze
addresses this problem by developing the theory of Condensed Mathematics [Sch26b] and
using the ∞-category of solid quasi-coherent sheaves (see [Sch26a; CS26]). An alterna-
tive approach can be found in [BKK24; BB16], where the authors develop the theory of
Bornological Mathematics and propose defining the ∞-category of “analytic quasi-coherent
sheaves” as the ∞-category of Ind-Banach modules.

For our purposes, it suffices to work with the category of perfect complexes on an an-
alytic variety. This provides a much simpler framework where the subtleties inherent in
developing a full theory of “analytic quasi-coherent sheaves” are avoided. In particular,
we define perfect complexes as in [PY21, Definition 7.5]. We utilize the foundations of
derived non-Archimedean analytic geometry as developed in [HP25; PY21; PY18; PY16],
and derived formal geometry as developed in Chapter 8 of [Lur18] and [Ant19]. We
remark that the category of perfect complexes on an analytic variety can also be studied
within the settings of Condensed and Bornological mathematics: indeed, as explained in
[And21], perfect complexes can be recovered as a full subcategory of the ∞-categories of
“analytic quasi-coherent sheaves.” However, unlike the usual setting of algebraic geom-
etry, perfect complexes are no longer compact generators of these ∞-categories. We will
show that the ∞-category of perfect complexes in the non-Archimedean analytic and
formal settings is not as well-behaved as it is in the algebraic setting.

Throughout this paper, we consider rigid analytic varieties over a complete non-
Archimedean field k of characteristic 0, and we assume all such varieties are locally
of finite type. A standard reference for this topic is [Bos14]. Furthermore, [Bos14, Sec-
tion 5.4] describes the analytification functor (−)an from the category of schemes locally
of finite type over k to the category of rigid analytic varieties over k. In our main re-
sult, we characterize the essential image of this functor in certain favorable cases via the
∞-category of perfect complexes. Indeed, our main theorem is the following:

Theorem 0.2.2 (Theorem 1.3.1). Let X be a smooth and proper, quasi-compact, and separated
rigid analytic variety over k. Then Perf(X) is smooth and proper as a k-linear ∞-category if and
only if X is algebraizable (i.e., there exists an algebraic space Y such that Yan ' X).

From this theorem, we deduce that, in general, the category of perfect complexes of
a smooth and proper rigid analytic variety is not smooth and proper, standing in stark
contrast to the situation in algebraic geometry [Orl16]. This suggests that the notion
of smooth and proper categories is intrinsically algebraic, and is not inherently well-
adapted to the non-Archimedean and formal settings.

One of the main technical ingredients in our argument is an extension of the notion
of simple objects from [TV07] to derived rings and rigid analytic varieties. In [TV07],
Toën and Vaquié define, for a compactly generated k-linear dg-category C of finite type,
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the derived moduli stack of objects

MC : CAlgk → S

from the ∞-category of derived commutative algebras to the ∞-category of spaces. The
∞-categorical analogue of this functor is informally described by sending a derived com-
mutative algebra A over k to the maximal groupoid of the ∞-category of k-linear stable
functors Funst

k ((C
ω)op, Perf(A)). In [TV07], the authors also introduce the (underived)

substack of simple objects t0M
sim
C ⊂ t0MC.

We extend both constructions to the derived analytic setting by introducing the (rigid)
analytic derived stack of objects AnMC, where C is a smooth and proper ∞-category,
and the analytic derived substack of simple objects AnMsim

C . In Definition 1.2.5, we also
introduce a general notion of simple objects in a linear ∞-category , which allows us
to construct the derived stack of simple objects Msim

C . Furthermore, within this general
framework, we introduce the analytic derived stack of simple perfect complexes Perfsim

X

for a rigid analytic variety X.
We then establish an equivalence between the analytic derived stack of simple objects

AnMsim
C and the analytification of the algebraic stack of simple objects (Msim

C )an (Propo-
sition 1.2.45). Finally, if X is a proper rigid analytic variety such that Perf(X) is smooth
and proper, we show that Perfsim

X is equivalent to the analytic derived stack AnMsim
Perf(X)

(Proposition 1.2.47). These technical developments are detailed in Section 2 and consti-
tute a key ingredient in the proof of our main theorem. Indeed, by employing the theory
of analytic stacks developed in Section 2, we show in the final section that there exists
an embedding of X into the coarse moduli space of (t0M

sim
Perf(X)

)an (see Proposition 1.3.4).
This embedding, together with the concept of non-Archimedean Moishezon spaces in-
troduced in [Con07], provides the main tools used in the proof of Theorem 1.3.1.

As a consequence of our main theorem, we prove two related results on algebraizabil-
ity for formal schemes. In this setting, we consider formal schemes over Spf(Ok), where
Ok is a DVR with maximal ideal m and fraction field k. We assume that Ok is complete
with respect to the m-adic topology. All formal schemes are assumed to be separated,
quasi-compact, topologically almost of finite presentation, and locally Noetherian.

Theorem 0.2.3 (Theorem 1.3.13). Let X be a smooth and proper formal scheme over Spf(Ok).
Then Perf(X) is smooth and proper as an Ok-linear stable ∞-category if and only if X is alge-
braizable.

Theorem 0.2.4 (Theorem 1.3.23). Let X be a proper formal scheme such that Cohb(X) is
smooth as a ∞-category in CatPerf

Ok
, and Xrig is smooth. Then X is algebraizable.

These theorems are, of course, closely related. We prove both theorems by using
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Proposition 1.3.21 to reduce these statements to Theorem 1.3.1.
Theorem 1.3.23 shows that, in general, for a proper non-algebraizable formal scheme

X, we cannot expect Cohb(X) to be smooth. On the other hand, for a separated scheme X
over a perfect field, Lunts demonstrated in [Lun10] that Cohb(X) is smooth. More gener-
ally, Efimov showed in [Efi18] that under mild conditions on X, the category Cohb(X) is
of finite type. Since being of finite type implies smoothness, the above theorem confirms
that these classical algebraic statements cannot be broadly generalized to the setting of
formal schemes.

Theorem 1.3.1 is a generalization of the main result of [TV08a] to the non-
Archimedean setting. In [TV08a], the authors prove that a complex analytic, connected,
smooth, and proper variety is algebraizable if and only if its category of perfect com-
plexes is smooth and proper as a C-linear DG-category. We remark that our proof strat-
egy is modelled after the arguments in [TV08a], although we have to deal with many
new subtleties that are absent in the complex setting. We can interpret our result and the
results from[TV08a] as evidence of the fact that the category of perfect complexes in the
analytic and formal settings is not as well-behaved as in the algebraic setting. The key
issue is that the definition of smooth and proper categories is not well adapted to the
analytic setting. In Chapter 2 we will see how to adapt the notion of smooth categories
in the analytic setting.

0.2.3 A new framework for non-commutative analytic geometry

This chapter is based on [Mon26].
Derived analytic geometry was initially developed by Porta and Porta–Yu (see, for

example, [PY20; Por19; PY18; PY22]), utilizing an approach similar to the one employed
by Lurie in [Lur18]. Another approach to derived analytic geometry, closer in style to
the framework developed for derived algebraic geometry in [TV08b], has recently been
introduced and utilized, for instance, in [BKK24; BBK18]. However, the setting for de-
rived analytic geometry employed in this paper relies on the recent work of Clausen
and Scholze on condensed mathematics and their theory of analytic stacks, as developed in
[Sch26a; Sch26b; CS24; CS26]. Within this framework, one can study rigid analytic vari-
eties, as demonstrated in [Mik23; And21], and even construct fundamental new analytic
stacks in rigid geometry, as explained in [Cam24]. One of the powerful features of this
approach is that it admits a robust six-functor formalism and a “categorical completed
tensor product”.

Throughout this paper, we work over a non-Archimedean field k of characteristic zero.
We adopt the definition of animated affinoid algebras introduced in [Mik23, Definition 2.11]
(see Definition 2.2.7). Derived rigid analytic spaces are then defined by “gluing animated
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affinoid algebras along analytic open immersions” (see Definition 2.3.11). We introduce
and study the sheaf of nuclear ∞-categories over derived rigid analytic varieties; in
Section 2.3, we will demonstrate its favorable properties.

The notions of nuclear objects and nuclear subcategories were introduced in [CS26].
These concepts have subsequently been employed for instance, in conjunction with Efi-
mov’s seminal work on the K-theory of dualizable ∞-categories [Efi25a] to study the
algebraic K-theory of rigid analytic varieties [And23]. We utilize nuclear ∞-categories in
this paper because they are rigid in our setting (see Proposition 2.3.13). This rigidity, in
particular, provides a simple description of Nuc(k)-atomic objects in Nuc(X) in terms
of perfect complexes over X (see Lemma 2.4.8). As explained in the following section,
this is the key property that allows us to relate the smoothness of X to the categorical
notion of smoothness for Nuc(X) (see Theorem 2.4.1). Combined with Theorem 0.1.1,
this property will be crucial in relating the algebraization of a rigid analytic variety X to
the atomic generation of Nuc(X).

To obtain this result, another fundamental step consists of relating the geometric defi-
nition of smoothness for a rigid analytic variety X to a categorical definition. The idea is
to work relative to a base ∞-category C (in this case, Nuc(k)), where the tensor product
in PrL

C satisfies a Künneth formula for rigid varieties. In our setting, this property is
proven in Proposition 2.3.14. This motivates us to consider presentable ∞-categories that
are linear with respect to the action of a base symmetric monoidal, stable, presentable
∞-category V. In Section 2.1, we review the necessary theory to work with these objects,
primarily following [Ben24; Ram24a; Hin21; GH15], which provide a rigorous treatment
of the subject. Furthermore, we generalize the notion of smooth ∞-categories in this
setting via the following definition, which is also considered in [Ram24a].

Definition 0.2.5. Let C be a presentable and dualizable ∞-category over V. We say that
C is internally smooth over V if the coevaluation map admits a V-linear right adjoint that
preserves colimits.

Within the analytic geometry framework described in this paper, we can now relate
the categorical notion of smoothness to its geometric counterpart.

Theorem 0.2.6 (Theorem 2.4.1). Let f : X → Sp(k) be a (classical) rigid analytic variety over
k. Then X is smooth if and only if the ∞-category Nuc(X) is internally smooth in PrL

Nuc(k).

This theorem follows as a consequence of Corollary 2.4.4, which demonstrates that
X is smooth if and only if ∆∗OX is a perfect complex on X×̂X, where ∆ : X → X×̂X
is the diagonal map. These results are obtained by combining the Künneth formula
(Proposition 2.3.14) and the results for smooth ∞-category in a six-functor formalism
developed in Section 2.1. In our setting, the construction of an appropriate six-functor
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formalism for nuclear ∞-categories is described in Theorem 2.3.15. Specifically, this six-
functor formalism is constructed using the theory developed in [MAN22] and revisited
in [HM24]. Furthermore, it is inspired by the formalism described in [Sch25, Lecture 8]
within the setting of derived algebraic geometry. We observe that, although this theorem
ultimately concerns the study of a classical property of rigid analytic varieties, obtaining
the categorical (or non-commutative) characterization of smoothness requires entering
the realm of condensed mathematics and the setting of derived rigid analytic geometry
described herein. Indeed, these methods are also essential for obtaining the requisite
six-functor formalism.

As previously explained, this theorem plays a crucial role in relating the atomic
generation of Nuc(X) to the algebraization of the rigid analytic variety X.

Together with the notion of smooth and proper ∞-categories , which are closely
related to their geometric counterparts, one of the main features of non-commutative
algebraic geometry is the existence of a single compact generator for the ∞-category
of quasi-coherent sheaves on a quasi-compact and quasi-separated scheme X over a
field k. In particular, there exists a non-commutative k-algebra A such that we have an
equivalence of ∞-categories

QCoh(X) ' LModA.

These results have been established, for example, in [BB03] and, within the setting
of derived algebraic geometry, in [Toë12b]. Moreover, assuming that the variety X is
smooth and proper, one can deduce that the algebra A is also smooth and proper. We
will demonstrate how to reprove a similar result in Section 2.5.1 using the theory of
six-functor formalisms.

More generally, the existence of a compact generator was proved by Toën in the set-
ting of dg-categories; the analogous result in the setting of ∞-categories is the following.

Theorem 0.2.7 ([Lur18, Proposition 11.3.2.4]). Let R be an E∞-ring specturm and C be a
stable, R-linear, smooth and compactly generated ∞-category. Then C has a single compact
generator.

Without the assumption of compact generation, whether the previous result holds
remains an open conjecture, which can be stated as follows:

Conjecture 0.2.8 ([Ram24a, Conjecture 0.6]). Let R be an E∞-ring specturm and C be a
smooth, stable, presentable R-linear ∞-category. Then C admits a single compact generator.

This conjecture has been verified in some particular cases in [Ste25]. However, in the
generality presented above, the conjecture remains open to the author’s knowledge.

In [Ram24a; Ram24b], Maxime Ramzi developed the theory of atomic objects and
dualizable ∞-categories ; see also [Efi25a; Efi25b] for closely related results and their
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applications to the theory of localizing invariants. In this context, atomic objects can
be viewed as a variant of compact objects suitably adapted to the setting of enriched
∞-categories .

Building upon the notion of a V-atomically generated ∞-category , as detailed in
Definition 2.1.8, Maxime Ramzi proposed a generalization of the preceding conjecture
to the setting of V-enriched ∞-categories .

Conjecture 0.2.9. Let V be a presentable symmetric monoidal ∞-category and let C be a V-
linear presentable ∞-category , internally smooth over V. Then C is atomically generated.

In this paper, we obtain a counterexample to this conjecture by studying the nuclear
∞-category of a smooth and proper rigid analytic variety. Indeed, we prove the following
result.

Theorem 0.2.10 (Theorem 2.4.9). Let p : X → Sp(k) be a smooth and proper, quasi-compact,
and separated rigid analytic variety over Sp(k). Then X is algebraizable if and only if Nuc(X)

admits a single Nuc(k)-atomic (equivalently, compact) generator.

If we assume X to be algebraizable (i.e., X ' Yan for some scheme Y), we can prove
that Nuc(X) is Nuc(k)-atomically generated. Building on the relative GAGA theorem of
[Wan26], we establish the following equivalence in Corollary 2.4.7:

Nuc(Yan) ' QCoh(Y)⊗Modk
Nuc(k).

We then deduce our statement regarding the compact generation of QCoh(Y). Con-
versely, if we assume that Nuc(X) admits a single Nuc(k)-atomic generator, we can use
Lemma 2.4.8 to deduce that this generator must be a perfect complex. Furthermore, ap-
plying Theorem 0.2.6, we infer that Perf(X) must also be smooth; in this way, we reduce
our algebraization result to Theorem 0.1.1.

To obtain the announced counterexample, we will also utilize the following result,
which can be viewed as a generalization of Theorem 0.2.7 to the enriched setting.

Proposition 0.2.11 (Proposition 2.1.27). Let Vbe a commutative algebra in PrL
st with compact

unit, and let C be a smooth ∞-category over Vwhich is V-atomically generated. Then C admits
a single V-atomic (equivalently, compact) generator.

With these results, we construct a counterexample to Conjecture 0.2.9 and demon-
strate that it is not reasonable to extend Conjecture 0.2.8 over a generic rigid base dif-
ferent from ModR. Indeed, if we consider a non-algebraizable smooth and proper rigid
analytic variety X, see for example the p-adic Hopf Surface studied in [Mus77; Vos91],
combining Theorem 0.2.6 and Theorem 0.2.10 reveals that Nuc(X) cannot admit a single
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Nuc(k)-atomic generator. Thus, by Proposition 2.1.27, it cannot be Nuc(k)-atomically
generated.

We have been informed that recently Maxime Ramzi has also constructed a counterex-
ample to Conjecture 0.2.9 in the case where V is an ∞-category of the form Shv(X, Sp).

We conclude the intruduction observing that Theorem 0.2.6 implies that it is not, in
general, possible to glue local, relatively compact generators of a sheaf of categories
in the analytic (or fpqc) topology to obtain a global compact generator. Locally in the
analytic topology over X, the sheaf Nuc(−) is of the form ModA(Nuc(k)) for affinoid al-
gebras A. However, Theorem 2.4.9 demonstrates that, globally, such a generator algebra
does not necessarily exist.

This property of gluing local compact generators is one of the foundational features
of Non-Commutative Algebraic Geometry, and it highlights a key distinction between alge-
braic and analytic topologies. This gluing procedure for compact generators has been
shown to hold for various topologies utilized in algebraic geometry; see, for example,
[TV07] and [BB03].

0.2.4 Analytic 1-affineness

The last part of this thesis is based on a joint work with Emanuele Pavia, [MP25]. in this
appendix we will study the notion of sheaves of categories and 1-affineness in the setting
of analytic geometry, we moreover prove some tecnical lemma, such as Proposition 3.1.48

crucially used in Chapter 2.
The notion of sheaves of categories provides a categorification of the theory of quasi-

coherent sheaves from ordinary algebraic geometry. This is the suitable technical frame-
work where to study higher categorical structures which vary "continuously" over some
geometric object (with respect to some Grothendieck topology).

This notion has been first developed in the seminal work [Gai15]: in loc. cit., Gaitsgory
defines a functor

ShvCat : PStk −→ Ĉatrex

which assigns to any derived prestack X (defined over a ground ring k) a cocomplete
∞-category consisting of quasi-coherent sheaves of categories on X.
Roughly speaking, an object of ShvCat(X) is a rule that assigns to each affine test scheme
Spec(A) → X a presentable QCoh(A)-linear ∞-category, together with a homotopy-
coherent system of descent data that allows to glue such ∞-categories along any fiber
product of affine schemes over X. In this way, we are able to work with higher categorical
data varying over a base X in a way which is conceptually very close to what one is
used to in ordinary algebraic geometry when one works with quasi-coherent sheaves of
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modules.
In particular, for a quasi-coherent sheaf of categories we can define operations which
generalize familiar notions such as pullbacks, pushforwards, relative tensor products,
which remain sensitive to the geometry of our base prestack.

The key concept of [Gai15] is the notion of 1-affineness. Just like quasi-coherent
sheaves on an affine scheme Spec(A) are completely determined by the A-module struc-
ture on their global sections, this property actually characterizes affine schemes among
all quasi-separated schemes. A 1-affine (pre)stack is defined to be a (pre)stack for which
any quasi-coherent sheaf of categories is completely determined by some QCoh(X)-
linear ∞-category. More precisely, we have a functor

ΓX : ShvCat(X) −→ ModQCoh(X)(PrL)

sending a sheaf of categories C∈ ShvCat(X) to its ∞-category of global sections ΓX(C)

which carries a natural action of the monoidal ∞-category QCoh(X). Then, the prestack
X is said to be 1-affine if this functor is an equivalence of ∞-categories.

Establishing whether a given prestack is 1-affine is a highly nontrivial problem and
carries deep geometric and categorical implications. It allows to study categorified sheaf-
theoretic phenomena by reducing to the study of a single ∞-category of modules over a
symmetric monoidal ∞-category.

The aim of this Chapter is to introduce the notions of sheaves of categories and 1-
affineness in the setting of rigid and analytic geometry. Our trivial observation is that the
problem of 1-affineness can be posed in a very abstract generality, and some affirmative
results do not really depend on the fact that we are dealing with algebraic or analytic
stacks but are formal consequences of the theory. For this reason, we study the notion
of 1-affineness from a somewhat axiomatic perspective: : we allow C to be a general
∞-site, with some reasonable assumptions on the ∞-category and on the Grothendieck
topology (see Assumptions 3.1.1). We then consider a sheaf of V-linear presentable
symmetric monoidal ∞-categories on C

D: Cop −→ CAlg(ModV(PrL)),

which again satisfy some reasonable assumptions. We can thus define the "categorifica-
tion of D to be the functor

Dcat : Cop −→ Ĉatrex

U 7→ PrL
D(U).
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The first problem we study is to find reasonable conditions on C and on D for which the
functor Dcat(−) is a sheaf for the Grothendieck topology on C. In particular, we show
that this holds in the following cases.

1. The sheaf D is already the categorification of a sheaf of commutative algebras

D : Cop −→ CAlg(V),

in the sense that we have a natural equivalence of functors

D' ModD(−)(V),

and that moreover all the maps in S are descendable, as in Definition 3.1.37. (The
problem of 1-affineness studied by Gaitsgory falls in this setting.)

2. The sheaf of ∞-categories D is obtained as one operation in a strongly monoidal
six-functor formalism

(D∗, D!) : Corr(C)⊗S′,all −→ PrL,⊗
V

in the sense of [HM24], while the topology on C is the universal !-able topology
(see Definition 3.1.18).

When we have a fully faithful dense functor ι : C→ Ĉ, we have two different ways to
extend Dcat to an assignment on all of Ĉ: we can either take the right Kan extension of
Dcat along ι (RanιD

cat(−)), or we can take categorical modules over the right Kan exten-
sion of D along ι (ModRanιD(−)(PrL)). These two operations are a priori very different,
but for any object Y of Ĉ, we have a natural comparison functor

ModRanιD(Y)(PrL) −→ RanιD
cat(Y). (4)

induced by the universal property of limits.

Definition 0.2.12. Let C, V and D be as in Assumptions 3.1.1, and let ι : C→ Ĉ be a
dense functor. We say that an object Y in Ĉ is 1-affine with respect to ι if the comparison
functor (4) is an equivalence.

We put ourselves this general setup motivated by two different problems, both con-
cerning 1-affineness in rigid or analytic geometry. In Section 3.1.3) we study the problem
of 1-affineness in the setting of rigid analytic geometry. In this setting, the site C is then
defined to be the ∞-category of affinoid spaces, while the ∞-category Ĉ is the ∞-category
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of rigid analytic varieties, and the sheaf D(−) is just the functor Nuc(−). In this way,
we can prove the following theorem.

Theorem 0.2.13 (Theorem 3.3.26). Let X be a quasi-compact and separated rigid analytic vari-
ety. Then X is 1-affine, i.e., there is an equivalence of categories

ModNuc(X)(PrL
st) ' lim

Spa(A)⊂X
ModNuc(A)(PrL

st),

where the limit ranges over an affinoid open cover of X.

The second problem which we want to investigate is 1-affineness for analytic stacks,
as defined in [CS24]: this fits in the abstract setting we study in Section 3.1.2. Ana-
lytic stacks were recently introduced by Clausen and Scholze using the novel theoretic
framework of condensed mathematics ([Sch26b; Sch26a; CS22; CS24]). Using this formal-
ism they manage to capture a wide array of spaces appearing in complex geometry,
non-archimedean geometry, algebraic geometry, and topology. They also come with a
well-behaved notion of quasi-coherent sheaves, which enjoy all the functorial properties
of a six-functor formalism ([Sch25; HM24]). We also remark that analytic geometry can
be studied also following different approaches, which have been currently developed in
[BKK24; BB16; Soo25; KM25]. This parallel line of work still exhibits notable structural
affinities with the condensed approach.

To study the property of 1-affineness for analytic stacks, we can consider C to be the
∞-category of affine analytic stacks (modeled by analytic rings in the sense of Defini-
tion 2.2.1), and Ĉ to be the ∞-category of all analytic stacks. The sheaf of ∞-categories
D(−) is precisely the sheaf sending an analytic stack to its derived ∞-category, hence
our choice of notation.
However, our assumptions are sufficiently general that we expect that this setting can
be used to successfully explore the notion of 1-affineness in the context of motivic six-
functor formalisms for schemes; we leave this application for future work.

Our main result in this context is the following.

Theorem 0.2.14 (Theorem 3.3.2). Let X be an analytic stack admitting an affine univer-
sal !-cover {AnSpec(Ai) → X}i∈I such that all fiber products AnSpec(Ai1) ×X · · · ×X

AnSpec(Ain) are again affine. Then X is 1-affine.

We need to stress that Theorem 0.2.14 can also be obtained using some results con-
tained in [Kes25], which was written and appeared on ArXiv at the final stages of prepa-
ration of [MP25]. While the stream of ideas is very similar, we obtain a slightly more
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general 1-affineness results that holds under the hypotheses of Assumption 3.1.13, see
Theorem 3.1.35.

The latter is one of the main motivations for this paper. In [PPS25a] the authors
studied 1-affineness of a different incarnation of the Betti stack associated to topological
cases – that we call homotopical Betti stack, since it captures only the underlying anima
of a topological space. There, it is shown that the homotopical Betti stack often fails to
be 1-affine, and that a somewhat surprising topological obstruction to 1-affineness lies
in any non-trivial element of the second homotopy group.

On the other hand, in analytic geometry we have an analytic incarnation of the Betti
stack of a topological space X, which is sensitive to the whole topology of X (indeed, its
derived ∞-category agrees with the derived ∞-category of sheaves over X with values
in derived condensed abelian groups). This was recently introduced in [Sch24].

We discover a fundamental difference between the analytic Betti stack and the "ho-
motopical" Betti stack from algebraic geometry from the perspective of 1-affineness, in
the sense that the topological constraints are far less strict.

Theorem 0.2.15 (Theorem 3.3.12). Let X be a finite dimensional, metrizable, compact Hausdorff
space. Then the analytic Betti stack associated to X is 1-affine.

Using the Riemann–Hilbert correspondence of [Sch24], we can relate the analytic
Betti stack with the analytic De Rham stack over the complex numbers when X is a com-
pact complex manifold. In this way, we obtain an analytic analogue of the 1-affineness
for the de Rham stack in derived algebraic geometry from [Gai15].

Theorem 0.2.16 (Corollary 3.3.14). Let X be a compact complex manifold. Then the analytic
De Rham stack Xan

dR is 1-affine.

0.3 Notation and conventions

In this thesis, we work with a fixed base field k of characteristic 0. In the context of
formal schemes, we further assume that k is the field of fractions of a discrete valuation
ring (DVR) Ok, complete with respect to the m-adic topology. Additionally, in the non-
Archimedean setting, we require the field k to be complete.

Throughout this paper, we freely employ the language of derived geometry, ∞-
categories, and higher algebra. In this setting, we follow the conventions of [Lur09];
in particular, we denote by S or Ani the ∞-category of spaces (also called anima). All
rings and modules considered are derived unless explicitly stated otherwise. In par-
ticular, a module over an E∞-algebra A will be an object in its derived ∞-category, as
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explained in [Lur17, Chapter 7]. We denote this category by ModA, its subcategory of
algebra objects by CAlgA, and the opposite category of CAlgA by AffA.

In Chapter 1 when discussing (derived) algebraic stacks, we equip the category Affk

(or dAffk) with the étale topology. In the rigid analytic setting, we denote by dAfdk the
∞-category of derived affinoid spaces, as defined in [PY18, Definition 7.3]. Similarly, in
the underived setting, we denote by Afdk the category of affinoid spaces over k. When
working with derived analytic stacks, we consider the étale topology on the category
dAfdk. For derived geometry, we follow the notation of [Lur18] in the algebraic and
formal settings, while in the rigid analytic setting, our main references are [HP25] and
[PY21]. Furthermore, all formal schemes and rigid analytic varieties are assumed to be
topologically of finite type, quasi-compact, and separated.

In Chapter 2 and Chapter 3 For any presentably symmetric monoidal ∞-category V,
we write PrL

V for the ∞-category ModV(PrL) of presentably V-linear ∞-categories. When
V = Sp is the ∞-category of spectra, we shall simply write PrL

st since this is the ∞-
category of stable presentable ∞-categories. Again, the relative tensor product over V

yields a symmetric monoidal structure on PrL
V, so we can consider algebra objects in

it. We call a commutative algebra in PrL
V a presentably V-linear symmetric monoidal ∞-

category. If C is enriched over an ∞-category V and moreover symmetric monoidal, we
adopt the following notation.

• We let MapC(−,−) denote the underlying anima of maps between two objects in
C;

• We let HomC(−,−) denote the internal hom functor.

• We denote with homV(−,−) the V-enriched hom functor as defined in [Ben24,
Definition 4.20].

• If C is stable, we denote the mapping spectrum by mapC(−,−).

This convention allows us to distinguish whether we are viewing a morphism object
as a mere anima or as a more structured object. Regarding the theory of condensed
mathematics and analytic stacks, we follow the formalism developed in [CS24].
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1
An algebraicity criterion via the category
of perfect complexes

1.1 Moduli of objects for k-linear stable ∞-categories

In this section, we revisit the construction of the moduli stack of objects in a DG category
as described in [TV07], adopting the language of ∞-categories. Since we shall employ
this construction both for ∞-categories in PrL,ω and for small ∞-categories , we begin
with some remarks on stable Morita theory, which facilitates the transition between these
two settings.

1.1.1 A perspective on Morita theory via Ind-completion

Here we describe Morita theory for stable ∞-categories. Building upon unstable Morita
theory, we show how to extend this correspondence to the stable setting. We denote by
CatPerf,κ, where κ is a regular cardinal, the ∞-category that has as objects all small ∞-
categories with κ-small colimits, which are idempotent complete and whose morphisms
preserve κ-small filtered colimits (see [Lur09] and [BGT13]). Additionally, PrL,κ denotes
the ∞-category of presentable ∞-categories generated by κ-compact objects, where mor-
phisms preserve κ-compact objects.

The functor Indκ(−) is the formal completion with respect to κ-filtered colimits; the
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functor (−)κ sends a category to the full subcategory of its κ-compact objects. By the def-
inition of an accessible ∞-category , this subcategory is small and κ-small cocomplete, as
κ-small limits commute with κ-filtered colimits. Furthermore, it is idempotent complete,
since compact objects are closed under retracts.

The main result in the unstable setting is the following theorem.

Theorem 1.1.1. Let κ be a regular cardinal. Then the following hold:

1. There is an equivalence of ∞-categories given by the following pair of adjoint functors:

CatPerf,κ PrL,κ .
Indκ

(−)κ
⊤

2. The ∞-category PrL,κ is presentable.

3. The obvious functor PrL,κ → PrL commutes with small colimits.

Proof. The first statement is exactly [Lur09, Proposition 5.5.7.8], and the second follows
from [Aok25, Proposition 2.3]. The third statement can be deduced using [Lur09, Propo-
sition 5.5.7.6, and Theorem 5.5.3.18] and by considering that, from [Lur09, Corollary
5.5.3.4], we have an equivalence

(PrR)op ' PrL .

Using [Lur09, Proposition 5.5.7.2], we can deduce that this equivalence restricts to an
equivalence

(PrR,κ)op ' PrL,κ .

We can apply the first part of the theorem to the case where κ = ω. In this set-
ting, we denote the ∞-category CatPerf,ω simply by CatPerf, which is the ∞-category of
small, idempotent complete ∞-categories with finite colimits. This gives us the following
equivalence:

CatPerf ' PrL,ω.

By restricting to the subcategory of stable objects CatPerf
st with exact functors, we

obtain the following version of stable Morita theory:

Proposition 1.1.2. There is an equivalence of ∞-categories

CatPerf
st ' PrL,ω

st .
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Proof. This essentially follows from the above equivalence, noting that stable ∞-
categories are closed under Indω (usually denoted simply by Ind) [Lur17, Proposition
1.1.3.6]. Additionally, the subcategory of compact generators of a stable ∞-category is
itself stable.

We note that we can also start with a stable, small, ∞-category C that is not idempo-
tent complete and obtain the same result as above by replacing C with Cidem, here, as
explained in [Lur09], Cidem denotes the idempotent completion of C. Moreover, Cidem

remains small [Lur09, Proposition 5.4.2.4] and stable [Lur17, Corollary 1.1.3.7]. We will
now extend the above stable Morita theory to k-linear ∞-categories. We begin by noting
that, as described in [BGT13, Theorem 3.1], there is a symmetric monoidal structure on
CatPerf

st . This provides the context for the following definition.

Definition 1.1.3. We define the ∞-category of stable, idempotent complete, k-linear ∞-
categories as

CatPerf
k := ModPerf(k)CatPerf

st .

The ∞-category of stable, presentable, compactly generated k-linear ∞-categories is:

PrL,ω
k := ModModk

PrL,ω.

Remark 1.1.4. Note that it is natural to consider, in CatPerf, modules over Perf(k) rather
than over Modk, since Modk is not a small category, and in Cat∞,k we only deal with small
∞-categories. However, under the equivalence from Proposition 1.1.2, Modk corresponds
precisely to Perf(k).

Lemma 1.1.5. Let C and D be two symmetric monoidal ∞-categories , and let F : C→ D be a
symmetric monoidal equivalence. If A is an algebra object in C, then F induces an equivalence:

ModA C' ModF(A)D.

Proof. The proof is straightforward.

From the above lemma we can deduce the following characterization for the k-linear
stable Morita ∞-category .

Proposition 1.1.6. The pair of adjoint functors

CatPerf
k PrL,ω

k

Indω

(−)ω
⊤

forms an equivalence.
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1.1.2 Smooth and proper ∞-categories and algebras

In this subsection, we begin by reviewing several established results concerning smooth
and proper algebras and ∞-categories.

Let A be an E∞-ring and B an E1-algebra in ModA.

Definition 1.1.7. We say that B is proper over k if it is a perfect complex in ModA.

Definition 1.1.8. We say that B is smooth over k if it is a compact object in ModB⊗kBop .

We have the following useful characterization:

Proposition 1.1.9 ([Lur17, 4.6.4.4 and 4.6.4.12]).

1. An algebra B is proper if and only if for every M ∈ LModB, if M is dualizable in
LModB(ModA), then M is dualizable in ModA.

2. An algebra B is smooth if and only if for every M ∈ LModB(ModA), if M is dualizable
as an A-module, then M is dualizable in LModB(ModA).

Lemma 1.1.10. If B is smooth and proper, then LModB(Perf(A)) ' Perf(B).

Proof. This follows directly from the characterization of smooth and proper algebras,
noting that dualizable objects coincide with perfect complexes in ModA.

In the setting of presentable, compactly generated ∞-categories , we define smooth-
ness and properness as follows. Let C be an ∞-category in PrL

k , and let C∨ =

FunL
k (C, Modk) be its dual category, equipped with the evaluation map ev : C⊗ C∨ →

Modk.

Definition 1.1.11. A ∞-category C∈ PrL
A is dualizable if there exists a coevaluation map

coev : ModA → C⊗ C∨

classifying C as a module over C⊗ C∨, such that both compositions induced by evalua-
tion and coevaluation:

C C⊗ C∨ ⊗ C C
id⊗coev ev⊗id

C∨ C∨ ⊗ C⊗ C∨ C∨
coev⊗id id⊗ev

are homotopic to the identity.
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Definition 1.1.12. We say that C ∈ PrL,ω
A is proper if the evaluation map is a morphism

in PrL,ω
A (i.e., it admits a right adjoint and preserves compact objects).

Definition 1.1.13. We say that C∈ PrL,ω
A is smooth if it is dualizable and the coevaluation

map is a morphism in PrL,ω
A .

Definition 1.1.14. We say that C ∈ PrL,ω
A is of finite type if there exists a compact A-

algebra C such that C is isomorphic to ModC.

We also define the notion of smoothness (respectively, properness) for a small, A-
linear, idempotent complete ∞-category by requiring that its idempotent completion is
smooth (respectively, proper) as in Definition 1.1.13 (respectively, Definition 1.1.12). In
this context, a small, k-linear, idempotent complete ∞-category B is proper if and only
if, for every pair of objects b, b′ in B, the A-module HomB(b, b′) is a perfect complex.

Lemma 1.1.15. Let C be a smooth A-linear ∞-category in PrL,ω
A ; then C admits a compact

generator.

Proof. See the proof of [Lur18, Proposition 11.3.2.4].

Corollary 1.1.16. An A-linear ∞-category in PrL,ω
A is smooth and proper if and only if it is

equivalent to LModB for some smooth and proper algebra B. In this setting, B can be taken to be
the algebra of endomorphisms of a compact generator.

Proof. If C is a smooth and proper A-linear presentable ∞-category , using [Lur17, The-
orem 7.1.2.1] and Lemma 1.1.15, we can deduce that there exists an algebra B such that
C is equivalent to LModB. The statement is then clear, as the categorical definitions of
smoothness and properness directly correspond to their algebraic counterparts.

Lemma 1.1.17 ([TV07, Lemma 2.6]). An ∞-category C in PrL,ω
A is smooth and proper if and

only if its subcategory of compact objects Cω is smooth and proper.

1.1.3 The stack of pseudo-perfect objects

Here, we review the main construction of [TV07] using the language of ∞-categories.
Although the DG category setting is used in [TV07], similar ideas can be applied in the
∞-categorical setting, as demonstrated in [AG14]. For a comprehensive overview of this
construction in the language of ∞-categoires, see also [Lam25].

Let k be a discrete field and let C be a stable, presentable, k-linear, compactly gener-
ated ∞-category (i.e., C∈ PrL,ω

k ).

Definition 1.1.18. A functor from C to ModA is called pseudo-perfect if it sends compact
objects of C to perfect A-modules.
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The following functor, MC, was constructed in [TV07] and can be described as the
∞-functor:

MC : CAlgk S

A (FunR
ps,k(C

op, ModA))
'

where the subscript “ps” denotes pseudo-perfect functors.
Informally, the functor

Mod− : CAlgk → PrL

is defined by sending a morphism A→ B to the base change functor −⊗A B : ModA →
ModB. We then use the functoriality of FunR

ps,k(C
op,−), which relies on the fact that

FunR
k (−,−) is already known to be a functor, and that the tensor product preserves

perfect objects.
We can also describe FunR

ps,k(C
op, ModA) equivalently as follows:

FunR
ps,k(C

op, ModA) ' FunR,ω
k (Cop, ModA)

' FunR,ω
k ((Ind(Cω))op, ModA)

' FunL,ω
k (Ind(Cω), Modop

A )op1

' Funst
k (C

ω, Perf(A)op)op

' Funst
k ((C

ω)op, Perf(A)).

(1.1)

The last equivalence provides the ∞-categorical analog of the one used in [TV07].

Remark 1.1.19. We observe that the ∞-category MLModB(A) is equivalent to LModB(Perf(A)).
Indeed, a pseudo-perfect, k-linear functor from LModop

B to ModA corresponds to a per-
fect complex F on A and a map

EndLModop
B
(B, B)→ EndModA(F).

It suffices to observe that, as an E1-algebra, EndLModop
B
(B, B) is equivalent to B.

Theorem 1.1.20 ([TV07]). The functor MC : CAlgk → S is a derived stack, and if C is of finite
type, MC is locally geometric.

Definition 1.1.21. We call the functor MC the moduli stack of objects of C.

Now we can view M− as a functor from (PrL,ω
k )op → dSt (where dSt denotes the

∞-category of derived stacks).
1This follows from the universal property of Ind-completion (i.e., the ∞-category of functors preserving

filtered colimits from Ind(C) to D is equivalent to the ∞-category of functors from C to D) and the fact
that all colimits can be obtained as a composition of finite colimits and filtered colimits.
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1.2 Simple objects in an ∞-category and moduli of objects
in rigid geometry

In this section, we define several analytic stacks. In particular, we construct a rigid
analytic version of the derived moduli stack of objects introduced in [TV07]. Given a
smooth and proper k-linear ∞-category C, we define the analytic stack of objects in
C, denoted by AnMC. We adapt the notion of simple objects from [TV07] to define
an analytic variant of the moduli stack of simple objects, as in [TV07, Definition 3.21].
Specifically, for a smooth and proper k-linear ∞-category C, we construct the analytic
substack AnMsim

C ⊂ AnMC. Furthermore, we introduce the analytic stack of simple
perfect complexes over a rigid analytic variety X, denoted by Perfsim

X . The goal of this
section is to compare these analytic stacks with the analytification of the algebraic stack
Msim

Perf(X)
. In particular, we will prove the following result, which plays a crucial role in

the proof of Theorem 1.3.1.

Theorem 1.2.1. Let X be a proper, quasi-compact, and separated rigid analytic variety over a non-
Archimedean field k, such that Perf(X) is a smooth and proper k-linear ∞-category . Then, there
is an equivalence of analytic stacks between PerfX and the analytification of the algebraic stack
MPerf(X). Moreover, this equivalence restricts to simple objects, and we obtain an equivalence of
1-stacks between t0Perfsim

X and (t0M
sim
Perf(X)

)an.

We obtain this theorem as a consequence of Proposition 1.2.45, Proposition 1.2.47,
and Corollary 1.2.53.

We begin by defining the general notion of a simple object in Section 1.2.1. Then,
in Section 1.2.2, Section 1.2.3, and Section 1.2.4, we introduce the main stacks consid-
ered in this paper and adapt the concept of simple objects to this setting. Finally, we
prove Proposition 1.2.45 in Section 1.2.5, followed by the proofs of Proposition 1.2.47

and Corollary 1.2.53 in Section 1.2.6.
We denote by Afdk the category of affinoid spaces (as defined in [Bos14]) over a

fixed complete non-Archimedean field k, of characteristic 0, endowed with a non-trivial
valuation. Affinoid spaces play the same role in rigid geometry as affine schemes do
in algebraic geometry. In our context, the most relevant examples of affinoid spaces for
constructing rigid analytic varieties are those whose algebra of functions is a quotient
of the Tate algebra k〈t1, . . . , tn〉 by a finitely generated ideal; we will refer to these as
affinoid spaces of finite type. For precise definitions of affinoid spaces and rigid analytic
varieties, we refer to [Bos14]. We implicitly assume that all rigid analytic varieties are
quasi-compact, separated, and of finite type.

To properly formulate the notion of derived stacks in rigid analytic geometry, we
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adopt the framework developed in [PY21; PY18; PY16]. Throughout our discussion of
stacks, we consistently work with the étale topology.

We denote by dAfdk the ∞-category of derived affinoid spaces over k, as described
in [PY18, Definition 7.3]. Additionally, we denote by Sp(A) the underived affinoid space
associated with an underived affinoid algebra A. It is important to note that, following
the conventions of [PY21], derived affinoids do not strictly take the form Sp(A) as they
do in the classical setting. However, if S is a derived affinoid, its algebra of functions is a
derived affinoid algebra (i.e., a connective E∞-algebra A in Modk such that π0(A) is an
underived affinoid algebra and the πi(A) are finitely generated modules over π0(A)).

1.2.1 Simple objects in ∞-categories

Let V be a commutative algebra object in PrL
st equipped with a t-structure, and let C be

a presentable V-linear ∞-category (i.e., an object in ModV(PrL)). Since C is a module
over V, we denote by

V⊗ C→ C

the canonical action of V on C. Let F be an object in C. Since the functor − ⊗ F
commutes with colimits, it admits a right adjoint, which we denote by HomV⊗C(F,−).

C V
HomV⊗C(F,−)

−⊗F

a (1.2)

Remark 1.2.2. Note that for every object F ∈ C, the action of V induces a map:

1V⊗ F Fid

By adjunction, there is also a canonical map:

1V→ HomV⊗C(F, F).

We now use this map to define simple objects, and in the subsequent subsections, we
will apply this definition within various settings. Note that this map depends only on
the action and the adjunction, rather than on the relative tensor product.

Remark 1.2.3. Even in the noncommutative setting, within the ∞-category LModB(C)

where B is an associative algebra in a symmetric monoidal ∞-category C, it is possible
to give a meaningful definition of dualizable object. The definitions and main properties
are essentially the same as in the commutative setting, albeit with a few differences. For
instance, if F ∈ LModB, then its left dual F∨, if it exists, belongs to RModB. Moreover,
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the relative tensor product F∨⊗B F is an object of Cequipped with a canonical map from
the monoidal unit 1C, induced by the identity morphism. Indeed, by [Lur17, Proposition
4.6.2.18], we have

HomRModB(F∨ ⊗ 1C, F∨) ' HomC(1C, F∨ ⊗C F).

Note that the first tensor product is associated with the action of C on F, whereas the
latter is the exterior tensor product (i.e., −⊗B − : RModB(C)× LModB(C) → C). For
precise definitions and the main properties of the relative tensor product, we refer the
reader to [Lur17, Section 4.6.2].

Definition 1.2.4. Let Vbe a symmetric monoidal ∞-category equipped with a t-structure.
We say that an object C ∈ Vhas Tor-amplitude strictly smaller than zero if the homolog-
ical amplitude of the tensor product C ⊗ D is strictly smaller than zero for every D in
the heart of V.

Definition 1.2.5. Let Vbe a presentable symmetric monoidal ∞-category equipped with
a t-structure, and let C be a V-linear ∞-category . We say that an object F in C is simple
if

cofib(1V→ HomV⊗C(F, F))

has Tor-amplitude strictly smaller than zero.

In the following subsections, we analyze this definition within the algebraic and
rigid analytic settings. In particular, we will show that this general definition recovers
the non-Archimedean analogues of the definitions of simple objects given in [TV08a] for
the stacks MC, AnMC, and PerfX, where C is a smooth and proper ∞-category and X is
a smooth and proper rigid analytic variety. Furthermore, using Corollary 1.1.16, we can
reduce to the case where C is equivalent to LModB for a smooth and proper algebra B.
This is precisely the case we will begin studying.

1.2.2 Simple objects in MB with B a smooth and proper E1-algebra

To define the substack of simple objects of MB, we fix a connective E∞-algebra A in
Modk and a smooth and proper E1-algebra B in Modk. Based on the general discussion
above, we now define simple objects in MB(A).

Remark 1.2.6. We can apply Definition 1.2.5 by taking A= PrL, V = ModA, and C =

LModB ⊗ModA. Here, the action is informally given by sending (M, M′ ⊗ N) to M⊗A
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M′ ⊗ N. This induces an adjunction:

LModB ⊗ModA ModA
HomB⊗A(F,−)

F⊗A−

a

with F ∈ LModB ⊗ModA, where we denote by HomB⊗A the external Hom constructed
in (1.2).

We will now prove that this induces an adjunction:

Perf(B⊗ A) Perf(A)
HomB⊗A(F,−)

F⊗A−

a
with F ∈ Perf(B⊗ A). Note that the tensor product used here is the usual derived tensor
product of A-modules, since the tensor product of perfect complexes is again perfect.

Proposition 1.2.7. Under the hypotheses described above, the functor

F⊗A − : Perf(A)→ Perf(B⊗ A)

admits a right adjoint, which we denote by HomB⊗A(F,−).

Proof. Consider the following diagram, in which the vertical maps are fully faithful. Note
that at the level of module categories, we already know that the adjunction exists:

LModB ⊗ModA ModA

Perf(B⊗ A) Perf(A)

HomB⊗A(F,−)

F⊗A−

F⊗A−

Since the tensor product functors coincide, it suffices to prove that if F, G ∈ Perf(B ⊗
A), then HomB⊗A(F, G) remains a perfect complex. To this end, let W be the smallest
stable full subcategory of LModB ⊗ModA ' LModB⊗A(ModA) containing all objects F
such that HomB⊗A(F, G) is perfect. To prove our statement, it is enough to show that
Perf(B⊗ A) is contained in W. For this, it suffices to show that B⊗ A belongs to W.

The functor HomB⊗A(B⊗A,−) is precisely the forgetful functor (i.e., the right adjoint
to B⊗ A⊗A−). Since B is smooth and proper, the forgetful functor preserves and reflects
dualizable objects (see [Lur17, 4.6.4.4 and 4.6.4.12]), which in this setting coincide with
perfect complexes over B⊗ A.
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Remark 1.2.8. We can identify the ∞-category MB(A) with the ∞-category of perfect
A-modules equipped with an action of B, which we denote by LModB(Perf(A)); this
is, in turn, equivalent to LModB⊗A(Perf(A)). When B is smooth and proper, B⊗ A is
smooth and proper over A. Therefore, in this case, by Lemma 1.1.10, the ∞-category
LModB(Perf(A)) coincides with Perf(B⊗ A).

In this setting, Definition 1.2.5 translates to the following:

Definition 1.2.9. We say that F ∈ LModB⊗A is simple if it is a perfect complex and the
canonical map

α : A→ HomB⊗A(F, F)

constructed as in Remark 1.2.2, is such that its cofiber cofib(α) has Tor-amplitude strictly
less than 0.

Remark 1.2.10. Let F and G be perfect complexes in LModB⊗A, and let A′ be in ModA.
Then

HomB⊗A(F, G)⊗A A′ ' HomB⊗A′(F⊗A A′, G⊗A A′). (1.3)

By adjunction, providing the map in (1.3) is equivalent to providing a map:

(HomB⊗A(F, G)⊗A A′ ⊗A′ F)⊗A A′ → G⊗A A′

which we can take to be the counit. To prove that the map in (1.3) is an equivalence,
we consider the smallest full stable subcategory of LModB⊗A containing modules F for
which (1.3) is an equivalence. Since this category is stable under finite limits, finite
colimits, and retracts, it must coincide with the category of perfect objects in LModB⊗A

(see [Lur17, Definition 7.2.4.1]). Thus, (1.3) is an equivalence for every perfect complex.

Lemma 1.2.11. The following statements are equivalent:

1. F ∈ Perf(B⊗ A) is simple.

2. For every morphism A→ A′ of derived commutative algebras, F⊗A A′ is simple; i.e., the
cofiber of the canonical map induced by taking the tensor product in Definition 1.2.9,

cofib(A′ → HomB⊗A′(F⊗A A′, F⊗A A′))

has Tor-amplitude strictly less than 0.

3. The same statement holds as above, but with A′ underived.



1. An algebraicity criterion via the category of perfect complexes 32

Proof. (1) ⇒ (2): This follows from the fact that Tor-amplitude is stable under base
change. Indeed, by Remark 1.2.10, we have:

cofib(A→ HomB⊗A(F, F))⊗A A′ ' cofib(A⊗A A′ → HomB⊗A(F, F)⊗A A′)

' cofib(A′ → HomB⊗A′(F⊗A A′, F⊗A A′)).

The converse immediately follows by taking A′ = A and the identity map.
(3)⇒ (2): We observe that M ∈ ModA′ has Tor-amplitude strictly less than 0 if and only
if this property holds for M⊗A′ π0A′. We apply this to M = cofib(A′ → HomB⊗A′(F⊗A

A′, F⊗A A′)). The opposite direction is trivial.

Lemma 1.2.12. Let F ∈ Perf(B⊗ A). Then F is simple if and only if for every map A→ A′ of
commutative algebras with A′ underived, we have:

πiHomB⊗A′(F⊗A A′, F⊗A A′) = 0 ∀i ≥ 1

and
π0HomB⊗A′(F⊗A A′, F⊗A A′) ' A′.

Proof. The forward implication (⇒) follows from statement (3) in Lemma 1.2.11, via the
exact sequence induced by the fiber sequence:

A′ → HomB⊗A′(F⊗A A′, F⊗A A′)→ cofib.

For the converse implication (⇐), by statement (3) in Lemma 1.2.11, we may assume that
A is underived. By hypothesis, the cofiber has homological amplitude concentrated in
degrees strictly less than 0. Consequently, for every map A → k, where k is a field, the
cofiber

cofib(k→ HomB⊗k(F⊗A k, F⊗A k))

has homological amplitude in degrees strictly less than 0 (which, over a field, coincides
with Tor-amplitude). We then conclude by applying the local criterion of flatness (see
[Lur18, Corollary 6.1.4.7]) to M = cofib(A→ HomB⊗A(F, F)).

Remark 1.2.13. Note that the same proof works if we only consider maps from A to the
residue fields of π0A.

As an immediate corollary, we deduce the following:

Corollary 1.2.14. If A is an underived commutative algebra, then F ∈ Perf(B⊗ A) is simple if
and only if the canonical map

A→ τ≥0HomB⊗A(F, F)
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is an equivalence.

This corollary establishes the equivalence between [TV08a, Definition 4.1] and our
Definition 1.2.9. We also emphasize that when A is a derived commutative algebra,
the characterization presented in the preceding corollary is not appropriate. A naive
definition of a simple perfect complex might stipulate that the canonical map

A→ τ≥0HomB⊗A(F, F)

is an equivalence. However, when A is derived, this condition is not stable under base
change, and Lemma 1.2.12 fails, as demonstrated by the following example.

Example 1.2.15. Let us consider Modk equipped with an action of k[T] induced by the
natural map k[T] → k. We define k[ϵ] to be k⊕ k[1], and we consider Modk[ϵ] equipped
with an action of k[T, ϵ] = k[T] ⊕ k[T][1]. The inclusion map induces a base-change
functor f ∗ : Modk → Modk[ϵ] given by − ⊗k k[ϵ]. Note that k ∈ Modk is simple with
respect to the action of k[T], since Homk[T](k, k) ' k⊕ k[−1]. However, f ∗(k) = k[ϵ] fails
to be simple under the naive definition because Homk[T,ϵ]( f ∗k, f ∗k) ' Homk[T](k, k)⊗k

k[ϵ] ' k[1]⊕ k2 ⊕ k[−1]. In particular, the degree 0 part does not reduce merely to k.

1.2.3 Simple perfect complexes over a rigid analytic variety

We define the sheaf of small ∞-categories

Perf(−) : dAfdk → Cat∞ (1.4)

to be the functor that sends a derived affinoid S to the ∞-category of perfect complexes
over S, denoted by Perf(S) (see [PY21, Definition 7.5]). We denote by Perf the associated
derived analytic stack.

We begin by recalling [PY21, Theorem 3.4]. We fix a derived affinoid space S with A
its algebra of global sections and we consider the following diagram.

ModA ModOS

Perf(A) Perf(S).

Ψ

Here the functor Ψ sends an A-module M to the sheaf Ψ(M), which, when evaluated on
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an étale affinoid Ŝ → S with B := Γ(Ŝ,OŜ), yields the module M⊗̂AB, where ⊗̂ denotes
the completed tensor product. The functor Ψ is symmetric monoidal and its inverse is
given by the global sections functor. Notably, it follows from [PY21, Theorem 3.4 and
Lemma 7.6] that the functor Ψ restricts to perfect complexes; in this case, the completion
is unnecessary as these modules are finitely generated. Using the results of [PY21], we
moreover deduce the following:

Theorem 1.2.16 ([PY21, Theorem 3.4], Tate acyclicity). The functor Ψ is t-exact and induces
a symmetric monoidal equivalence between the ∞-categories of perfect complexes, with its inverse
given by the global sections functor Γ(−, S).

Proof. We can deduce that Ψ is an equivalence using [PY21, Theorem 3.4 and Lemma 7.6].
To prove that Ψ is symmetric monoidal, we observe that in the proof of [PY21, Theorem
3.4], for M ∈ Perf(A), Ψ(M) is identified with the presheaf

OS(−)⊗M : dAfd/S → ModOS ,

which is, moreover, a hypersheaf. This implies that Ψ(−) is symmetric monoidal.

Proposition 1.2.17 ([Mat22]). The functor in (1.4) satisfies descent for the flat topology.

Proof. This follows from [Mat22, Theorem 7.8] and Theorem 1.2.16.

Remark 1.2.18. Note that the functor Perf(−) is also a sheaf of stable, idempotent-
complete ∞-categories . This follows from [Lur09, Proposition 5.1.4.9] and [Lur17, Theo-
rem 1.1.4.4].

Definition 1.2.19. We define the analytic stack of perfect complexes over a derived ana-
lytic stack X, denoted by PerfX, as:

PerfX := Map(X, Perf),

where Map denotes the analytic mapping stack as defined in [PY21].

Remark 1.2.20. We note that the functor of points of PerfX can be described explicitly by
sending an affinoid space S to the ∞-category Perf(X× S)'.

We will now formulate the notion of a simple object in PerfX(S), where X is a smooth
and proper rigid analytic variety and S is a derived affinoid with A = Γ(S,OS).
To do this, we apply Remark 1.2.2 with V = ModOS and C = ModOX×S , where the
action is induced by sending the pair (F∈ ModOS , G∈ ModOX×S) to p∗F⊗X×S G. Here,
p : X × S → S denotes the projection. In this case, the adjunction can be written more
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explicitly. Indeed, by composing the tensor-Hom adjunction for OX×S-modules with the
adjunction between p∗ and p∗, we obtain the following adjunction:

ModOX×S ModOS
p∗(−)⊗X×S G

p∗HomX×S(G,−)

a

where we denote by Hom(−,−) the internal Hom sheaf in ModOS .

Lemma 1.2.21. Let Y be a rigid analytic variety and let F, Gbe perfect complexes over Y. Then
HomOY(F, G) is also a perfect complex.

Proof. The statement is local on Y. Locally, we may assume that F is a retract of a
finite colimit of copies of OY. This implies that, locally, HomOY(F, G) is a retract of a
finite colimit of copies of HomOY(OY, G) ' G, which is a perfect complex. Therefore,
HomX×S(F, G) is also a perfect complex.

Corollary 1.2.22. Let F ∈ Perf(X × S) and let pS : X × S → S be the projection map. Then
there is an adjunction:

Perf(X× S) Perf(S).
F⊗X×S p∗S(−)

pS∗HomX×S(F,−)

a

Proof. Starting from the adjunction between ModOX×S and ModOS , we observe that since
X is smooth and proper, the functors p∗S and pS∗ preserve perfect objects [PY21, Propo-
sition 7.8]. Furthermore, the tensor product of two perfect complexes is again a perfect
complex. Thus, we only need to prove that HomX×S(F, G) is a perfect complex when-
ever G is perfect. This follows immediately from Lemma 1.2.21.

We denote the right adjoint in Corollary 1.2.22 by HomX×S(F,−) and use it to de-
scribe simple objects as in Definition 1.2.5. In particular, we have the following definition:

Definition 1.2.23. An object F∈ Perf(X× S) is simple if the cofiber of the canonical map
(as constructed in Remark 1.2.2),

OS → HomX×S(F, F),

has Tor-amplitude in strictly negative degrees.

Remark 1.2.24. Let S be a derived affinoid and s a closed point in S (i.e., a closed point
in the associated underived affinoid π0S) classified by a map s : Sp(K) → S. Consider
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the following Cartesian diagram:

X× Sp(K) X× S

Sp(K) S

is :=id×s

q p

s

where p and q are the projections. We have that

s∗HomX×S(F, F) := s∗p∗HomX×S(F, F) ' q∗i∗s HomX×S(F, F).

Now, since a perfect complex is dualizable and the functor i∗s is symmetric monoidal, we
obtain:

s∗HomX×S(F, F) ' q∗HomX×Sp(K)(i
∗
s F, i∗s F) := HomX×Sp(K)(i

∗
s F, i∗s F).

In particular, taking global sections of the map in Definition 1.2.23, we obtain a map:

K → HomX×Sp(K)(i
∗
s F, i∗s F), (1.5)

where K is the finite field extension of k corresponding to the point s.

Lemma 1.2.25. Let F ∈ Perf(X × S). Using the notation from Remark 1.2.24, F is simple if
and only if for every closed point s : Sp(K)→ S, the sheaf i∗s F is simple (i.e., the canonical map

OSp(K) → q∗HomX×Sp(K)(i
∗
s F, i∗s F) := HomX×Sp(K)(i

∗
s F, i∗s F) (1.6)

has its cofiber in strictly negative homological degrees). This is equivalent to requiring that the
map constructed in (1.5),

K → HomX×Sp(K)(i
∗
s F, i∗s F),

has its cofiber in strictly negative homological degrees.

Proof. We first observe that applying Theorem 1.2.16 to the cofiber of the map in Defini-
tion 1.2.23 yields an object in Perf(A) given by

cofib(A→ HomX×S(F, F)).

By Theorem 1.2.16, we deduce that this object has Tor-amplitude in strictly negative
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degrees if and only if F is simple. Consequently, for every closed point

s : Sp(K)→ S,

the cofiber of the map in (1.6) has Tor-amplitude in strictly negative degrees if and only
if the same holds for the map in (1.5). Therefore, showing that F is simple if and only
if i∗s F is simple reduces to Lemma 1.2.11. Indeed, upon taking global sections (which
preserves simple objects), the pullback s∗ can be identified with the functor −⊗A K. This
yields exactly the map in (1.5).

In this way, we can see that our Definition 1.2.23 is exactly the non-Archimedean
analogue of [TV08a, Definition 5.2].

Corollary 1.2.26. If S is underived, then Fis simple if and only if the map from Definition 1.2.23
induces an equivalence:

OS ' τ≥0HomX×S(F, F).

Proof. If S is underived, then OS is concentrated in degree 0. The result now follows from
Lemma 1.2.25 and Lemma 1.2.12.

1.2.4 The rigid analytic stack of objects in an ∞-category

We begin this section by defining the (rigid) derived analytic stack of objects in an
∞-category.

Definition 1.2.27. The functor of points AnMC : dAfdop
k → S is defined by sending a

derived affinoid S to the space of functors Funst
k (C

ω, Perf(S))'.

As a corollary of Proposition 1.2.17, we obtain the following result:

Corollary 1.2.28. The functor AnMC is a derived analytic stack.

We will now define the substack of simple objects.
Consider a derived affinoid space S and let A := Γ(S,OS). To define simple objects in
AnMModB(S), we will utilize the definition of simple objects established above for the
algebraic case, combined with Tate acyclicity, as follows.

Remark 1.2.29. When C is equivalent to LModB for a smooth and proper E1-algebra B,
we have

AnMC(S) := Funst
k (Perf(B), Perf(S)),
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which classifies perfect OS-modules equipped with an action of B. For this reason, we
can identify this ∞-category with LModB(Perf(S)).

Corollary 1.2.30. The functor Ψ(−) from Theorem 1.2.16 induces an equivalence between
LModB(Perf(A)) and LModB(Perf(S)).

Proof. This is a consequence of Theorem 1.2.16 and Lemma 1.1.5, taking into account
Remark 1.2.29 and Remark 1.1.19.

We observe that since Ψ(−) is symmetric monoidal, by using Lemma 1.1.5 we also
deduce that the ∞-category AnMC(S) is equivalent to LModΨ(B⊗A)(Perf(S)).

Proposition 1.2.31. For every object F in LModB(Perf(S)), the functor

F⊗OS − : Perf(S)→ LModB(Perf(S))

admits a right adjoint.

Proof. Using Theorem 1.2.16, Corollary 1.2.30, and Proposition 1.2.7, we obtain the fol-
lowing commutative diagram:

LModB(Perf(S)) LModB(Perf(A))

Perf(S) Perf(A).

'

HomB⊗A(Γ(F,S),−)F⊗− Γ(F,S)⊗−

'

a (1.7)

From (1.7), we deduce the existence of the required right adjoint.

Definition 1.2.32. For F∈ ModB(Perf(S)), we denote by HomB(F,−) the right adjoint
to F⊗OS −.

Definition 1.2.33. We say that F∈ LModB(Perf(S)) is simple if the cofiber of the canoni-
cal map

OS → HomB(F, F)

has Tor-amplitude concentrated in homological degrees strictly less than 0.

Proposition 1.2.34. Let Fbe an object in LModB(Perf(S)), and let

F := Γ(F, S)

be the corresponding A-module of global sections. Then F is simple in the sense of Definition 1.2.9
if and only if F is simple in the sense of Definition 1.2.33.
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Proof. By Theorem 1.2.16, we can assume without loss of generality that F ' Ψ(F).
Consider the canonical map from Definition 1.2.9:

A HomB⊗A(F, F)α

This induces the following diagram in ModOS , where β is the map introduced in Defini-
tion 1.2.33:

Ψ(A) Ψ(HomB⊗A(F, F))

OS HomB(F, F)

'

Ψ(α)

'

β

The vertical map on the left is an equivalence (see Definition 1.2.33 and (1.7)). Since Ψ
is a t-exact symmetric monoidal equivalence, the diagram above identifies Ψ(cofib(α))
with cofib(β); moreover Ψ preserves and reflects Tor-amplitude. Hence cofib(α) has
Tor-amplitude strictly less than 0 if and only if cofib(β) does.

Lemma 1.2.35. Let F be an object in LModB(Perf(S)). Then, F is simple if and only if for
every map of derived affinoids

i : S′ → S,

i∗F is simple.

Proof. In light of Proposition 1.2.34, this lemma can be deduced directly from Lemma 1.2.11.

Lemma 1.2.36. Let F∈ AnMB(S), where B is a smooth and proper algebra. Then F is simple
if and only if for every closed point i : s → S associated to a field K, the cofiber of the canonical
map

K → HomB⊗K(i∗F, i∗F)

(as in Remark 1.2.2) induces the following equivalences:

π0HomB⊗K(i∗F, i∗F) ' K,

πjHomB⊗K(i∗F, i∗F) ' 0 for every j > 0.

Proof. By passing to global sections and using Proposition 1.2.34, we can reduce to the
algebraic setting. Our statement then corresponds to Lemma 1.2.12 applied to every map
A→ K, where K is a finite field extension (see also Remark 1.2.13).

This proposition demonstrates that Definition 1.2.33 is the non-Archimedean derived
analogue of [TV08a, Definition 4.9].
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Corollary 1.2.37. If S is an underived affinoid, then F∈ ModB(Perf(S)) is simple if and only
if the canonical map from Definition 1.2.33 induces an equivalence:

OS ' τ≥0HomB(F, F).

Proof. If S is underived, then OS is concentrated in degree 0. Our statement now follows
from Lemma 1.2.36.

1.2.5 Comparison between the stacks MB and AnMB

The aim of this subsection is to prove that if C is a smooth and proper ∞-category
, then there is an equivalence between AnMC and (MC)

an, and that this equivalence
moreover preserves simple objects (see Proposition 1.2.45). The proof is based on com-
paring the functors of points of the two stacks. We begin by introducing the main tool
we need (i.e., [HP25, Theorem 3.10]).

Let Y be a derived algebraic stack over a non-Archimedean field k, and let Yan be its
analytification as in [HP25]. We consider the following functor:

Definition 1.2.38. We denote by G(Y) the functor:

G∗(Y) : dAfd S

S Y(Spec(Γ(S,OS)))

In the notation of [HP25], this presheaf is denoted by Gp
∗ (Y), and its sheafification is

denoted by Gs
∗(Y), where ∗ is the final object in dAnStk.

Theorem 1.2.39 ([HP25, Theorem 3.10]). Let Y be a locally geometric derived stack locally
almost of finite presentation. Then there is an equivalence of presheaves:

G∗(Y) ' Yan. (1.8)

Using Theorem 1.2.39, it is straightforward to see that the functor of points of (MC)
an

coincides with that of AnMC. We will first construct a map between these two derived
stacks, and subsequently prove that it is an equivalence.

Construction 1.2.40. Let C be a smooth and proper ∞-category in PrL,ω. We consider
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the composition:

AnMC G(MC) (MC)
an

α (1.9)

where α is the map considered in [HP25, Theorem 3.10], and the first map is induced by
the global sections functor, as in Theorem 1.2.16.

Proposition 1.2.41. If C is a smooth and proper ∞-category in PrL,ω
st , then the map in (1.9) is

an equivalence.

Proof. We will prove that both maps

(MC)
an → G(MC)

and
AnMC→ G(MC)

are equivalences. To prove that the first map is an equivalence, we observe that [TV07,
Corollary 3.15] (since C is smooth and proper) states that the functor MC is a derived
geometric stack locally of finite presentation; therefore, we can apply Theorem 1.2.39.
Now we move to the second equivalence, where can then easily compare the functors
of points of G(MC) and AnMC. Indeed, they are equivalent by Tate acyclicity (Theo-
rem 1.2.16).

Note that this result allows us to describe the functor of points of the analytification
of MC, which is otherwise only defined as a left Kan extension. Indeed, we now have
an explicit description for the functor of points via the stack AnMC. Since we always
assume C to be a smooth and proper ∞-category in PrL,ω

st , by Corollary 1.1.16 we may
assume without loss of generality that C is of the form LModB, where B is a smooth
and proper E1-algebra. We now aim to prove that the equivalence in Proposition 1.2.41

restricts to simple objects.

Definition 1.2.42. We define Msim
B as the substack of MB that sends a derived commuta-

tive algebra A to the groupoid of simple objects Msim
B (A)', as defined in Definition 1.2.9.

Using Lemma 1.2.11, we can readily see that Msim
B is a substack of MB.

Remark 1.2.43. Using Corollary 1.2.14, we deduce that the functor Msim
B , when restricted

to underived commutative algebras (denoted by t0M
sim
B ), is naturally a 1-stack. Moreover,

by [TV07, Corollary 3.22], it is an Artin 1-stack. We also note that t0M
sim
B corresponds to

the Artin 1-stack of simple objects defined in [TV07].
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Definition 1.2.44. We define AnMsim
B as the functor that sends a derived affinoid space

S to the groupoid of simple objects AnMsim
B (S)', as defined in Definition 1.2.33.

The functoriality of the above definition follows from Lemma 1.2.35. Using Corol-
lary 1.2.37, we can see that the restriction of AnMsim

B to underived affinoids, denoted by
t0AnMsim

B , is naturally a 1-stack.

Proposition 1.2.45. If B is a smooth and proper algebra, then the equivalence of Proposi-
tion 1.2.41 restricts to an equivalence of functors (Msim

B )an ' AnMsim
B .

Proof. We begin by observing that Proposition 1.2.41, applied with C = ModB, yields
the equivalence between (MB)

an and AnMB. To establish the equivalence between the
subfunctors of simple objects, we apply the same argument utilizing the functor G; we
merely need to check that the functor Ψ(−) preserves and reflects simple objects. This
has been proven in Proposition 1.2.34.

In particular, this proposition implies that AnMB is also a locally geometric derived
analytic stack.

1.2.6 Comparison between PerfX and AnMPerf(X)

Definition 1.2.46. We define the functor Perfsim
X as the subfunctor of PerfX defined by

sending a derived affinoid space S to the groupoid of simple objects Perf(X× S)'.

We observe that when X is a proper (underived) rigid analytic variety, Defini-
tion 1.2.46 is well-posed since the pullback of a simple object remains simple. This
follows from the base change property explained in [PY21, Theorem 6.8].

The aim of this section is to prove the following proposition.

Proposition 1.2.47. Let X → Sp(k) be a proper, quasi-compact, and separated rigid analytic
variety such that Perf(X) is a smooth and proper ∞-category over Perf(k). Then there is an
equivalence

PerfX ' AnMPerf(X).

Furthermore, this equivalence restricts to an equivalence between simple objects (i.e., Perf sim
X '

AnMsim
Perf(X)).

To prove this proposition, we require several lemmas.

Lemma 1.2.48. Let p : X → Sp(k) be a proper rigid analytic variety. If F is a perfect complex,
then p∗(F) is also a perfect complex in Modk.
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Proof. This lemma follows from [PY21, Lemma 7.6]. We merely need to show that p has
finite coherent cohomological dimension and finite Tor-amplitude. The morphism p has
finite coherent cohomological dimension because X is of finite type. It also has finite
Tor-amplitude because the target is a field and X is underived.

Lemma 1.2.49. Let p : X → Sp(K) be a proper rigid analytic variety over a non-Archimedean
field K, such that Perf(X) is a smooth and proper, K-linear, idempotent-complete ∞-category .
Then Perf(X) admits a generator E. Moreover, the pair of adjoint functors

Perf(X) Perf(K)
HomOX (E,−)

p∗(−)⊗OX E

a
induces an equivalence between Perf(X) and LModB(Perf(K)), where B is the E1-algebra of
endomorphisms of the generator E.

Proof. We begin by observing that the adjunction is well-defined since X is proper over
Sp(K). By definition, Ind(Perf(X)) is a smooth and proper, presentable, and compactly
generated ∞-category . The existence of a compact generator for Ind(Perf(X)) follows
from Lemma 1.1.15. The remainder of the proof relies on the Barr–Beck–Lurie Theorem
[Lur17, Theorem 4.7.3.5]. Let E be the compact generator of Ind(Perf(X)). The functor
HomInd(Perf(X))(E,−) is conservative (since E is a generator) and commutes with colimits
(since E is compact and the categories are stable). By the aforementioned theorem, the
functor HomOX(E,−) induces an equivalence

Ind(Perf(X)) ' LModT(ModK),

where T is the monad HomOX(E, E⊗OX p∗(−)). We will now identify the monad T with
B⊗K −. For every K-module M, there is a canonical map:

HomX(E, E)⊗K M→ HomX(E, E⊗OX p∗M). (1.10)

Let W be the full subcategory of ModK consisting of all objects for which (1.10) is an
equivalence. We observe that W contains K and is closed under colimits, implying that
it is the entire ∞-category ModK. In this way, we obtain an equivalence:

LModT(ModK) ' LModB.

Since B is a smooth and proper algebra in ModK, we can identify the compact objects
in LModB with LModB(Perf(K)). Because X is proper, the functor HomX(E,−) pre-
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serves perfect complexes, and thus it restricts to an equivalence between Perf(X) and
LModB(Perf(K)).

Lemma 1.2.50. Let p : X → Sp(k) be a separated rigid analytic variety such that Perf(X) is
smooth and proper over Perf(k). Let K be a finite field extension of k. We denote by XK the fiber
product rigid analytic variety in the following pullback diagram:

XK X

Sp(K) Sp(k).

Then we have an equivalence:

Perf(XK) ' Perf(X)⊗Perf(k) Perf(K).

Consequently, if Perf(X) is smooth and proper over Perf(k), then Perf(XK) is smooth and proper
over Perf(K).

Proof. We begin by noting that Perf(K) is a dualizable ∞-category over Perf(k); by
[BGT13, Theorem 3.4], this is equivalent to saying that Perf(K) is smooth and proper
over Perf(k). Indeed, K is a finite separable field extension of k (which is a field of
characteristic 0), implying that the map

Spec(K)→ Spec(k)

is étale. This ensures that Perf(K) is smooth over Perf(k). It is also proper because K
is a finitely generated projective k-module. When X is isomorphic to an affinoid space
Sp(A), we have:

Perf(Sp(A))⊗Perf(k) Perf(K) ' Perf(A)⊗Perf(k) Perf(K)

' Perf(A⊗k K)

' Perf(Sp(A)×Sp(k) Sp(K)).

The first equivalence follows from Theorem 1.2.16, and the last follows from the fact
that, in this case, the tensor product A⊗k K can be identified with the completed tensor
product. Since X is separated, we can take a cover by affinoid spaces and express Perf(X)

as a limit of ∞-categories of the form Perf(Sp(Ai)). We can then compute the tensor
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product as follows:

Perf(X)⊗Perf(k) Perf(K) ' lim
(

Perf(Sp(Ai))⊗Perf(k) Perf(K)
)

' lim Perf(Sp(Ai)×Sp(k) Sp(K))

' Perf(XK).

The final statement follows from the fact that smooth and proper ∞-categories are stable
under base change.

Lemma 1.2.51. Let p : X → Sp(k) be a quasi-compact and separated rigid analytic variety such
that Ind(Perf(X)) admits a compact generator E. Let K be a finite field extension of k. We
denote by XK the corresponding pullback rigid analytic variety:

XK X

Sp(K) Sp(k).

iX

i

Then i∗X(E) is a compact generator of Ind(Perf(XK)). Moreover, if Perf(X) is smooth and
proper over k and B is the E1-algebra of endomorphisms of E, then Perf(XK) is equivalent
to LModB⊗kK(Perf(K)). In particular, the K-algebra of endomorphisms of i∗X(E) is Morita
equivalent to the K-algebra B⊗k K.

Proof. We observe that i∗X preserves perfect complexes, so i∗X(E) is a compact object in
Ind(Perf(XK)). To show that i∗X(E) is a generator, it suffices to prove that the right ad-
joint of Ind(i∗X) is conservative. We observe that iX,∗(−) preserves perfect complexes.
Indeed, being a perfect complex is a local property, allowing us to assume that X is
an affinoid space Sp(A). In this case, XK is identified with Sp(A ⊗k K). Using Theo-
rem 1.2.16, restricted to perfect complexes, iX,∗ is identified with the forgetful functor,
which preserves perfect complexes because K is a finite extension of k. Thus, we can
identify the right adjoint of Ind(i∗X) with Ind(iX,∗). Furthermore, locally on X, we can
identify Ind(iX,∗) with the forgetful functor between module ∞-categories , which is con-
servative. This implies that i∗XE is a generator. The final statement is deduced by first
applying Lemma 1.2.50 to conclude that Perf(XK) is smooth and proper over Perf(K),
and subsequently applying Lemma 1.2.49.
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Lemma 1.2.52. Consider the following diagram of algebras over k, where B′ = A′ ⊗A B:

A A′

B B′

For every M ∈ ModA′ , we can construct the following induced diagram:

ModA ModA′

ModB ModB′

M⊗A−

B⊗A− B′⊗A′−

B′⊗B

a
a

In this situation, the diagram formed by the left adjoints commutes. Furthermore, let BCM denote
the Beck-Chevalley transformation associated with this diagram, and let C be the full subcategory
of ModA′ consisting of modules M for which BCM is an equivalence. Then Perf(A′) ⊆ C.

Proof. We first note that A′ belongs to C. In this case, the right adjoint to the tensor
product is simply the forgetful functor, and the Beck-Chevalley transformation is trivially
an equivalence because for every module N ∈ ModA′ , the relation B′ = A′ ⊗A B implies:

B⊗A N ' B′ ⊗A′ N.

To complete the proof, we note that if M is a perfect complex over A′, it can be obtained
as a finite colimit of retracts of finite direct sums of A′. Since the subcategory C is closed
under retracts and finite colimits, it follows that M ∈ C.

Proof of Proposition 1.2.47. Fix a derived affinoid space S with global sections algebra A.
Our goal is to demonstrate a functorial equivalence of ∞-categories between PerfX(S)
and AnMPerf(X)(S). Recall that since Perf(X) is smooth and proper, by Lemma 1.2.49

it admits a compact generator E and can be identified with Perf(B), where B is the
E1-algebra of endomorphisms of E. Using Remark 1.2.29, we obtain an equivalence:

AnMPerf(X)(S) := Funst
k (Perf(X)op, Perf(S)) ' LModB(Perf(S)).
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Furthermore, by definition:

PerfX(S) := Perf(X× S).

Consider the projection diagram:

X× S

X S
p1 p2

Using the compact generator, we can establish an adjunction:

Perf(X× S) LModB(Perf(S)).
ψ:=p2,∗HomX×S(p∗1 E,−)

ϕ:=p∗2(−)⊗p∗1 E

a (1.11)

By Lemma 1.2.49, the adjunction in (1.11) is an equivalence when S ' Sp(k), as these
are exactly the functors producing the adjoint equivalence between Perf(X) and Perf(B).
Using Lemma 1.2.49, Lemma 1.2.50, and Lemma 1.2.51, we deduce that this adjunction
is also an equivalence when S ' Sp(K) for every finite field extension K of k.
The strategy is to deduce the general case from the fields S ' Sp(K). For every closed
point s : Sp(K)→ S with residue field K, we consider the Cartesian diagram:

XK := X× Sp(K) X× S

Sp(K) S

is

ps p2

s

(1.12)

This induces the following diagram:

Perf(X× S) LModB(Perf(S))

Perf(XK) LModB(Perf(K))' Perf(B⊗k K)

ϕ

i∗s

ψ

s∗

a
a

(1.13)

We observe that this diagram commutes when traversing the left adjoints. Because de-
rived affinoids are Jacobson, the family of pullback functors {i∗s }s∈S is jointly conserva-
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tive. Furthermore, we know that the bottom adjunction is an equivalence. Therefore, to
prove that the unit η and counit ϵ of the adjunction between ϕ and ψ are equivalences,
it suffices to show that the map i∗s maps the unit of the top adjunction to the unit of the
bottom adjunction, and similarly for the counit via s∗. This reduces to verifying that the
diagram is right adjointable [Lur17, Definition 4.7.4.13].

By Lemma 1.2.50, the object i∗s p∗1(E) is a generator of Perf(XK). Since the forgetful
functor from LModB(Perf(K)) to Perf(K) is conservative, the right adjointability of the
diagram in (1.13) is equivalent to the right adjointability of the following expanded
diagram:

Perf(X× S) Perf(X× S) Perf(S)

Perf(XK) Perf(XK) Perf(K)

HomX×S(p∗1 E,−)
i∗s

−⊗p∗1 E

p2,∗

i∗s

p∗2

s∗

HomXK (i
∗
s p∗1 E,−)

−⊗i∗s p∗1 E

ps,∗

p∗s

a a

a a

(1.14)

We prove this by showing that both the left and right squares are individually right
adjointable. The right adjointability of the square on the right follows from the base
change property applied to the diagram in (1.12), which was proven in [PY21, Lemma
6.4]. The right adjointability of the square on the left follows utilizing the fact that perfect
complexes are dualizable and the functor i∗s is symmetric monoidal.

To prove that this equivalence restricts to simple objects, for every F ∈ Perf(X × S)
we consider the following diagram:

Perf(S)

Perf(X× S) LModB(Perf(S)).

F⊗− ψ(F)⊗−

HomX×S(F,−)

ψ:=p1∗HomX×S(p∗1 E,−)

HomB(ψ(F),−)

ϕ:=p∗1 E⊗p∗2(−)

aa

a

(1.15)

We adopt the following notation:

L := ψ(F)⊗− ; L′ := F⊗− ; R := HomB(ψ(F),−) ; R′ := HomX×S(F,−).
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The diagram commutes on the left adjoints. Indeed, we have:

ϕ ◦ L := ϕ(ψ(F)⊗−)
' p∗1E⊗ p∗2(ψ(F)⊗−)
' p∗1(E)⊗ p∗2(ψF)⊗ p∗2(−)
' ϕ(ψF)⊗ p∗2(−)
' F⊗ p∗2(−) := L′.

Since the adjunction between ϕ and ψ is an equivalence, we deduce that

L ' ψ ◦ L′.

Passing to the right adjoints implies that

R ' R′ ◦ ϕ.

Evaluating at the respective identity objects, we obtain:

HomB(ψ(F), ψ(F)) ' HomX×S(F, F).

Consequently, F is simple in the sense of Definition 1.2.23 if and only if ψ(F) is sim-
ple in the sense of Definition 1.2.33. This proves that the equivalence ψ restricts to an
equivalence between simple objects.

In the following, we denote by t0Perfsim
X the restriction of Perfsim

X to underived affi-
noids. Note that by Corollary 1.2.26, it is naturally a rigid analytic 1-stack.

Corollary 1.2.53. Let X → Sp(k) be a proper, quasi-compact, and separated rigid analytic
variety such that Perf(X) is a smooth and proper ∞-category over Perf(k). Then the analytic
1-stacks t0Perfsim

X and (t0M
sim
Perf(X)

)an are equivalent.

Proof. Combining Proposition 1.2.45 and Proposition 1.2.47, we obtain an equivalence be-
tween Perfsim

X and (Msim
Perf(X)

)an. Moreover, since the analytification functor preserves ge-

ometric stacks (see [PY16, Lemma 2.24]), we deduce that (t0M
sim
Perf(X)

)an is a rigid analytic
geometric 1-stack. Using Theorem 1.2.39 and Theorem 1.2.16, the equivalence in Propo-
sition 1.2.45 restricts to an equivalence between the rigid analytic 1-stacks (t0M

sim
Perf(X)

)an

and t0AnMsim
Perf(X). We conclude by applying Proposition 1.2.47, observing that all the

stacks considered are naturally analytic 1-stacks, as explained above.
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1.3 Main theorem

The aim of this section is to prove the following main result:

Theorem 1.3.1. Let X → Sp(k) be a smooth and proper, quasi-compact, and separated rigid
analytic variety. Then Perf(X) is smooth and proper over Perf(k) if and only if X is algebraizable
(i.e., there exists an algebraic space Y and an equivalence Yan ' X).

In the final subsection, we shall also deduce an analogous statement for formal
schemes.

One direction of the proof is straightforward, as an algebraic space Y is smooth
and proper if and only if Perf(Y) is smooth and proper ([Lur18, Theorem 11.4.0.3]).
Furthermore, by GAGA theorems (see [PY16]), we obtain the same result for Perf(Yan).
In the formal setting, an analogous argument applies using the Grothendieck Existence
Theorem ([Lur18, Theorem 8.5.0.3]).

The converse direction is more involved. We provide here an overview of the proof
strategy, with the technical details deferred to the subsequent subsections. We begin
by observing that, by Lemma 1.2.49, there exists an equivalence between Perf(X) and
Perf(B), where B is the k-algebra of endomorphisms of a compact generator of Perf(X).
Moreover, by Corollary 1.1.16, B is a smooth and proper k-algebra.

We consider the truncation of the derived algebraic stack Msim
Perf(X)

, denoted by

t0M
sim
Perf(X)

. According to [TV07], this is an Artin 1-stack that admits a good moduli
space MX. The projection map

t0M
sim
Perf(X) → MX (1.16)

is a Gm-gerbe. In particular, MX is an algebraic space locally of finite type, and its
analytification Man

X is an underived rigid analytic space.
The proof then proceeds via the following main steps:

1. We prove that X can be embedded as an open subspace into Man
X .

2. We establish an algebraization result for such an embedding.

The proofs of these two points will be detailed in the next subsections, completing the
proof of the main theorem. Before proceeding, we verify that the properness of Perf(X)

holds whenever X is proper; however, as Theorem 1.3.1 suggests, this correspondence
does not extend to smoothness in the same way.

Corollary 1.3.2. Let X be a proper, quasi-compact rigid analytic variety. Then Perf(X) is a
proper k-linear ∞-category .
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Proof. We must show that HomX(F, G) is a perfect k-module for any pair of perfect
complexes Fand G. This follows directly from Lemma 1.2.48 and Lemma 1.2.21.

Remark 1.3.3. Note that by the previous corollary, to prove algebraizability it suffices to
verify the smoothness of Perf(X). This property represents the key categorical distinction
between the algebraic and analytic settings.

1.3.1 Embedding into the analytification of the algebraic space

Let X → Sp(k) be a smooth and proper, quasi-compact, and separated rigid analytic
variety, such that Perf(X) is smooth and proper over Perf(k). We denote by MX the
coarse moduli space of t0M

sim
Perf(X)

, as established in (1.16).
In this subsection, we construct a map

α : X× BGan
m → t0Perfsim

X ' (t0MPerf(X))
an. (1.17)

Subsequently, we will prove the following proposition:

Proposition 1.3.4. Under the assumptions of Theorem 1.3.1, the map constructed in (1.17)
induces an open immersion of X into Man

X .

To construct the map in Equation (1.17), we begin with the following setup. The
functor X introduced below can be viewed as the rigid analytic analogue of the algebraic
stack of coherent sheaves of length 1, as studied in [AT07].

Construction 1.3.5. Consider the following (underived) functor:

X : Afdk → S

which assigns to an affinoid space S the core of the full subcategory of Perf(X × S)
spanned by objects Fhaving Tor-amplitude [0, 0] relative to S (i.e., those which are flat
over S, and whose only non-zero cohomology sheaf is coherent and concentrated in
degree 0). Furthermore, for every closed point s ∈ S, we require the fiber Fs to be the
skyscraper sheaf of length 1 supported on a single point of the fiber Xs.

Observe that since the objects in X(S) lie in the heart of the t-structure on ModOX×S ,
their mapping spaces are 0-truncated [Lur17, Remark 1.2.1.12]. In particular, X can be
viewed as a functor taking values in 1-groupoids.

Lemma 1.3.6. There is an equivalence of presheaves between X and X× BGan
m .

Proof. Recall that the functor X takes values in 1-groupoids, and the same holds for the
product stack X × BGan

m . It therefore suffices to fix an arbitrary (classical) affinoid space
S and construct an equivalence of 1-groupoids evaluated at S.
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We begin by constructing the functor

Ψ : (X× BGan
m )(S)→X(S).

An object in the domain is a pair ( f ,L), where f : S → X is a morphism of analytic
spaces and L is a line bundle on S. Considering the graph morphism Γ f : S → X × S,
we define:

Ψ( f ,L) := Γ f∗L.

Observe that, since X is separated, Γ f is a closed immersion and L is locally free over
S. We verify the relative Tor-amplitude condition via the projection formula [PY21, The-
orem 5.7]. For any discrete OS-module N, we compute the derived tensor product:

(Γ f )∗L⊗OX×S p∗SN ' Γ f∗

(
L⊗OS Γ∗f p∗SN

)
.

Because pS ◦ Γ f ' idS, we have Γ∗f p∗SN ' N, and the expression simplifies to Γ f∗(L⊗OS

N). Since L is a line bundle on S (in particular, it is locally free and concentrated in
degree 0), the derived tensor product L⊗L

OS
N is also concentrated in degree 0. Finally,

since Γ f is a closed immersion, its pushforward is t-exact by [PY21, Lemma 6.2]. Thus,
the resulting complex Γ f∗L has Tor-amplitude [0, 0] relative to S.

Furthermore, we must verify the condition on the fibers. Let s ∈ S be a closed point,
and consider the inclusion of the fiber js : Xs → X × S. To compute j∗s Γ f∗L, we consider
the Cartesian square:

Sp(k(s)) S

Xs X× S

is

ix̃
Γ f

js

(1.18)

where is is the standard inclusion of the point s, and the vertical morphism ix̃ is the
inclusion of a k(s)-rational point x̃ ∈ Xs. We observe that x̃ is a lift of the point f (s) ∈ X
to Xs.

Since Γ f is a proper morphism (being a closed immersion), the derived base change
theorem [PY21, Theorem 6.8] yields a canonical isomorphism:

j∗s Γ f∗L ' ix̃∗ i
∗
sL.

Since L is a line bundle, its pullback i∗sL to the point s is a 1-dimensional vector space
over k(s) concentrated in degree 0. Moreover, since ix̃ is a closed immersion, ix̃∗ i

∗
sL is a

discrete skyscraper sheaf on Xs supported at the point x̃ of length 1, perfectly matching
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the functor’s requirements.
Regarding morphisms, since X(S) is a 1-groupoid, a morphism

α : ( f ,L)→ ( f ′,L′)

is given by a map f → f ′ and an isomorphism of line bundles L
∼−→ L′. Because the

mapping space Map(S, X) is 0-truncated, any such map implies f ' f ′. Thus, it suffices
to consider the case where f = f ′, allowing us to define

Ψ(α) := Γ f∗(α).

We now prove that Ψ is fully faithful and essentially surjective. We begin by demon-
strating fully faithfulness. Let ( f1,L1) and ( f2,L2) be two objects in (X × BGan

m )(S). We
must show that Ψ induces a bijection on the associated mapping spaces. As explained
above, the mapping space in the domain is empty if f1 6= f2, and it naturally identifies
with IsomS(L1,L2) if f1 = f2 = f .

Suppose first that f1 6= f2. The sheaves Γ f1∗
L1 and Γ f2∗

L2 are topologically supported
on the closed subsets Γ f1(S) and Γ f2(S) in X × S. Since X is separated, the graph of any
morphism is a closed immersion, and for distinct morphisms f1 6= f2, their graphs are
distinct subspaces. This implies

IsomX(S)(Γ f1∗L1, Γ f2∗L2) = ∅,

which exactly matches the empty mapping space of the domain.
Suppose now that f1 = f2 = f . We must verify that the pushforward functor along

the graph induces a bijection:

Γ f∗ : IsomS(L1,L2)
∼−→ IsomX(S)(Γ f∗L1, Γ f∗L2).

Since pS ◦ Γ f = idS, injectivity is immediate: if Γ f∗(γ1) = Γ f∗(γ2), applying pS∗ to both
sides yields pS∗Γ f∗(γ1) = pS∗Γ f∗(γ2), which simplifies directly to γ1 = γ2.

To demonstrate surjectivity, let β : Γ f∗L1
∼−→ Γ f∗L2 be an arbitrary isomorphism in

X(S). We define a candidate isomorphism in the domain as γ := pS∗(β) : L1
∼−→ L2. We

must show that Γ f∗(γ) ' β. Observe that both β and Γ f∗(γ) are supported on the graph
of f . Furthermore, the restriction of Γ f ◦ pS to the graph of f is equivalent to the identity
functor. This implies that

Γ f∗ ◦ pS∗(β) ' β,

concluding the proof that Ψ is fully faithful.
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We now turn to the essential surjectivity of Ψ. Let F be an object in X(S); we will
construct a pair ( f ,L) in (X× BGan

m )(S) such that Ψ( f ,L) ' F.
By definition, the sheaf F in X(S) corresponds to an object in Perf(X × S) such

that for every closed point s in S, the fiber Fs is supported at a single point in Xs.
Consequently, the support of F can be described as the graph of the function

supp(F)(−) : S→ X

sending a point s to the projection onto X of the single point in the fiber Xs that supports
Fs. Moreover, since Fhas Tor-amplitude [0, 0] relative to S and X is proper, we deduce
that

L := pS∗F

is a vector bundle on S. The specific requirement on the fiber Fs ensures that L is, in
fact, a line bundle on S.

We need to show that
Ψ(supp(F)(−),L) ' F.

We observe that the support of F coincides with the graph of the function supp(F)(−).
In particular, the composition Γsupp(F)(−) ◦ pS, when restricted to this graph, is equivalent
to the identity functor. Therefore, we obtain

Ψ(supp(F)(−),L) := Γsupp(F)(−)∗(pS∗(F)) ' F.

This completes the proof.

As a consequence of Lemma 1.3.6, X is a stack. Furthermore, we observe that the
objects of X(S) are simple sheaves over S in the sense of Definition 1.2.23. In particular,
this induces a canonical map:

α̃ : X → t0Perfsim
X . (1.19)

Lemma 1.3.7. The map constructed in (1.19) is an open immersion.

Proof. We will prove that the canonical map (1.19) is a monomorphism and formally
étale. Note that, by Corollary 1.2.53, these stacks are locally of finite presentation, so this
will imply it is an open immersion.

By definition, for every affinoid space S, the ∞-category X(S) is a full subcategory
of Perf(X× S)sim. This immediately implies that the diagonal map

X →X ×t0Perfsim
X

X
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is an equivalence, hence α̃ is a monomorphism.
We now prove that α̃ is formally étale. Let Sp(A) be an affinoid space, I a square-zero

ideal in A, and consider the following lifting problem:

X Sp(A/I)

t0Perfsim
X Sp(A).

α̃

We must prove the existence of the dotted arrow. The above diagram is specified by a
perfect complex E on X× Sp(A) such that, under the canonical inclusion

j : X× Sp(A/I)→ X× Sp(A),

the pullback j∗Ebelongs to the subcategory X(Sp(A/I)). We need to show that E itself
lies in X(Sp(A)).

To prove that E has Tor-amplitude [0, 0] relative to Sp(A), we can work locally and
assume X = Sp(R) for some affinoid algebra R. Using Theorem 1.2.16 and [Lur18,
Corollary 2.7.3.2], we deduce that E indeed has Tor-amplitude [0, 0] relative to Sp(A).
Finally, the condition that the restriction of E to the fiber over every closed point in
Sp(A) is a skyscraper sheaf is automatically satisfied: since I is a nilpotent ideal, the
affinoid spaces Sp(A) and Sp(A/I) share the exact same underlying topological space
and closed points.

According to [TV07, Corollary 3.22], there exists an algebraic space locally of finite
type, MX, such that the Artin stack t0M

sim
Perf(X)

admits it as a good moduli space:

p : t0M
sim
Perf(X) → MX. (1.20)

Moreover, the map p is a Gm-gerbe. By analyzing the analytification of this map, we can
conclude the proof of Proposition 1.3.4.

Proof of Proposition 1.3.4. Taking the analytification of the map in (1.20) and invoking the
equivalence established in Corollary 1.2.53, we obtain the following Gan

m -gerbe projection:

pan : t0Perfsim
X → Man

X .

Using Lemma 1.3.6 and Lemma 1.3.7, we can identify X × BGan
m as an open substack

of t0Perfsim
X . Since pan is a Gan

m -gerbe, taking the quotient of this open substack by the
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gerbe structure exactly yields X. Because the projection map of a gerbe is smooth (and
thus open), the image of this substack under pan is canonically isomorphic to X, and it
embeds as an open analytic subspace of Man

X .

1.3.2 Non-Archimedean Moishezon spaces

The notion of non-Archimedean Moishezon spaces was developed and studied in
[Con07]. In this section, we recall the definition of non-Archimedean Moishezon spaces
and state the main theorem characterizing them, from which we will deduce the alge-
braization result needed to complete the proof in the non-Archimedean case.

Definition 1.3.8 ([Con07]). A rigid analytic variety X is Moishezon if it is proper and
each irreducible component Xi of X, endowed with its reduced structure, satisfies
trdegk(K(Xi)) = dim Xi, where K(Xi) is the field of meromorphic functions and trdegk
denotes its transcendence degree over k.

Theorem 1.3.9 ([Con07]). The full subcategory of Moishezon spaces inside the category of rigid
analytic varieties coincides with the essential image of the analytification functor from the category
of proper algebraic spaces over k.

The proof of the following corollary is inspired by [TV08a, Proposition 5.7].

Corollary 1.3.10. Let M be a quasi-separated algebraic space, and let X be a rigid analytic
variety satisfying the assumptions of Theorem 1.3.1. If j : X → Man is an open immersion, then
X is algebraizable.

Proof. We will prove that X is a Moishezon space.
Since X is quasi-compact, its image j(X) ⊂ Man is also quasi-compact. Because M is

an algebraic space, it admits an étale covering by affine schemes. We can select a finite
number of these affine schemes whose images cover j(X). The union of these images
forms a quasi-compact, open algebraic subspace M′ ⊂ M of finite type over k. The map
j then factors through an open immersion X → (M′)an. Consequently, we may assume
without loss of generality that M is quasi-compact and locally of finite type over k.

To check the Moishezon condition, we evaluate X component by component; thus,
we may assume that X is irreducible. The open immersion j then factors through an
open immersion i : X → Z, where Z is an irreducible component of Man. Furthermore,
there exists an irreducible component M0 ⊂ M such that Z = Man

0 . Therefore, we may
also assume that M is irreducible.
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Since X and Man are irreducible, their rings of meromorphic functions K(Man) and
K(X) are fields. The open immersion j induces an injective field extension:

K(Man) ↪→ K(X).

Let n be the dimension of X. Because j is an open immersion, we have

dim Man = dim M = n.

Since M is an irreducible algebraic space of finite type, it contains a dense open affine
subscheme U of dimension n. We therefore have the field inclusions:

K(U) ' K(M) ⊂ K(Man) ⊂ K(X).

Since U is an affine variety of dimension n over k, its function field satisfies trdegk(K(U)) =

n. This implies that
trdegk(K(X)) ≥ n.

On the other hand, by [Con07, Theorem 2.2.1], for any proper rigid analytic variety, we
naturally have trdegk(K(X)) ≤ dim X = n. We conclude that trdegk(K(X)) = n, which
means X is a Moishezon space. The algebraizability of X now follows directly from
Theorem 1.3.9.

For completeness, we now assemble the complete proof of the main theorem.

Proof of Theorem 1.3.1. One direction is straightforward: an algebraic space Y is smooth
and proper if and only if Perf(Y) is smooth and proper ([Lur18, Theorem 11.4.0.3]).
Additionally, by GAGA ([PY16, Corollary 7.5], see also [HP25, Example 5.3]), we obtain
the corresponding result for Perf(Yan). The converse direction follows by combining the
open immersion from Proposition 1.3.4 with the algebraization result of Corollary 1.3.10.

1.3.3 Formal setting

In this section, we consider formal schemes over Spf(Ok), where Ok is a discrete valuation
ring (DVR) with maximal ideal m and fraction field k. We assume that Ok is complete
with respect to the m-adic topology. All formal schemes are assumed to be separated,
quasi-compact, topologically almost of finite presentation, and locally Noetherian. Un-
der these hypotheses, we rely on [Lur18] and [Ant19] as the main references for the
theory of formal schemes in the derived setting.
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Given a formal scheme X as above, we can consider its ∞-category of perfect com-
plexes Perf(X). This is an idempotent-complete ∞-category , and by the Grothendieck
Existence Theorem (see [Lur18, Theorem 8.5.0.3]), it is also Ok-linear (i.e., it belongs to
CatPerf

Ok
).

Definition 1.3.11. Let X be a (derived) stack over Spec(Ok). Its formalization (also called
formal completion) is defined as the following pullback:

X̂ X

Spf(Ok) Spec(Ok)

⌟

In this section, we will prove an analogue of Theorem 1.3.1 in the setting of formal
schemes.

Definition 1.3.12. Given a formal scheme Xover Spf(Ok), we say that X is algebraizable if
there exists an algebraic space X over Spec(Ok) and an equivalence X' X̂. In this case,
we say that X̂ is the formal completion of X.

The aim of this section is to prove the following theorem.

Theorem 1.3.13. Let X be a smooth and proper formal scheme over Spf(Ok). Then Perf(X) is
smooth and proper as an Ok-linear stable ∞-category if and only if X is algebraizable.

In order to prove this theorem, we require some preliminary results. At the end of
the section, we will also describe related results that do not rely on the smoothness hy-
pothesis for X.

We begin by proving the following lemma, which extends [LX15, Proposition 2.5] to
the case of algebraic spaces (which we always assume to be separated and of finite type).

Lemma 1.3.14. Let Xk be an algebraic space over k. Then Xk admits a model over Ok. Further-
more, if Xk is proper, we can choose the model to be proper.

Proof. We observe that, since Xk is of finite type, we can extend it to a model X over an
open subset V ⊆ Spec(Ok), such that X is again separated and of finite type. Consider
an atlas Uk → Xk. By [LX15, Proposition 2.5], we can extend the scheme Uk to a model
U that is faithfully flat over Spec(Ok). By suitably shrinking V, we may assume that the
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restriction U|V → X is a surjective étale map. Consider the following pushout diagram:

U|V X

U Y

j

α

⌟

By [CLO12, Lemma 3.1.6], we deduce that j is injective, α is an atlas, and Y is an algebraic
space of finite type, faithfully flat over Spec(Ok). By construction, Y is a model of Xk,
though it may not be proper. To resolve this, we invoke [CLO12, Theorem 1.2.1] to find
a proper algebraic space Ȳ equipped with an open immersion Y → Ȳ. The closure of X
inside Ȳ then provides the required proper model, by [Sta24, Tag 0CMK].

We denote by (−)rig the generic fiber functor for derived formal schemes and OX-
modules, as constructed in [Ant20]. In loc. cit., the authors establish the existence of
a functor (−)rig from the ∞-category of derived formal schemes to the ∞-category of
k-analytic spaces, which, at the underived level, recovers the classical generic fiber func-
tor of [Bos14]. This functor naturally extends to categories of sheaves, leading to the
following theorem:

Theorem 1.3.15. Let X be a formal scheme. The generic fiber functor induces a functor between
the ∞-categories of almost perfect complexes (still denoted by (−)rig)

(−)rig : Coh+(X)→ Coh+(Xrig)

which preserves perfect complexes and is t-exact. Furthermore, for every F∈ Cohb(Xrig), there
exists a formal model G∈ Cohb(X) (i.e., (G)rig ' F), and the category of formal models for F

is filtered.

Proof. This is essentially the content of [Ant20, Appendix A.2.1]. The proof demonstrates
that if F is bounded, we can choose G to be bounded as well. The only remaining
assertion is that the rigidification functor preserves perfect complexes. Working locally,
we may assume X= Spf(A) for an Ok-algebra A. By [PY21, Theorem 3.1], we can identify
Coh+((Spf(A))rig) with Coh+(A ⊗Ok k). Additionally, using [Lur18, Theorem 8.5.0.3],
we can identify Coh+(Spf(A)) with Coh+(A). In this affine setting, the rigidification
functor for sheaves coincides with the ordinary tensor product of modules:

−⊗Ok k : ModA → ModA⊗Ok k,
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which inherently preserves perfect complexes.

Lemma 1.3.16. Let X be a formal scheme that is smooth over Spf(Ok). Then Perf(X) is equiva-
lent to Cohb(X).

Proof. Note that both ∞-categories satisfy étale descent, so we may locally assume
X = Spf(A). Furthermore, since X is smooth, we may assume étale-locally that A =

Ok〈T1, . . . , Tn〉, implying that Spec(A) is regular over Spec(Ok) (see [GR02, Proposition
7.3.23]). In the locally Noetherian setting, the equivalence established in [Lur18, Propo-
sition 8.4.1.2] restricts to an equivalence of perfect objects and preserves t-structures (see
[Lur18, Remark 8.4.2.6]). In particular, this yields an equivalence between Cohb(Spf(A))

and Cohb(Spec(A)). Since Cohb(Spec(A)) is equivalent to Perf(Spec(A)), it follows that
Perf(Spf(A)) is equivalent to Cohb(Spf(A)).

Corollary 1.3.17. If X is smooth over Spf(Ok), then Cohb(Xrig) is equivalent to Perf(Xrig).

Proof. If F is a bounded coherent complex over Xrig, then by Theorem 1.3.15 it admits
a bounded formal model. This formal model is a perfect complex by Lemma 1.3.16.
Consequently, its rigidification F is also a perfect complex, again by Theorem 1.3.15.

Definition 1.3.18 ([Lur18, Definition 7.1.1.6]). Let C be an Ok-linear ∞-category . We say
that an object C ∈ C is nilpotent relative to m if, for every element x ∈ m, the relative
tensor product

Ok[x−1]⊗Ok C

vanishes. We denote by Cnil the full subcategory spanned by nilpotent objects.

Informally, we are requiring that C is supported set-theoretically at the closed point
associated with the maximal ideal m. When C is the ∞-category Cohb(X) for a formal
scheme X, our definition coincides with [AP20, Definition 3.1] (see [AP20, Lemma 3.2]
and [Lur18, Example 7.1.1.2]).

In the following lemma, we utilize one of the main theorems of [TT07]. It states that
there is a fiber-cofiber sequence in CatPerf of the form:

Perfm(Ok)→ Perf(Ok)→ Perf(k). (1.21)

Here, Perfm(Ok) denotes the ∞-category of perfect complexes supported on the closed
point associated with the maximal ideal m (i.e., complexes that vanish on the open com-
plement of the point).

Lemma 1.3.19. Let A be an ∞-category in CatPerf
Ok

. Then the map Perfm(Ok) ⊗Ok A → A,
obtained by tensoring the first map of (1.21) with A, is fully faithful, and its essential image
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coincides with Anil. Furthermore, there is a cofiber sequence in CatPerf of the form:

Perfm(Ok)⊗Ok A→ A→ Perf(k)⊗Ok A.

Proof. By [Lur18, Proposition 7.1.5.3], we can identify Perfm(Ok) with Perf(Ok)nil. The
first statement for the ind-completion of our ∞-categories follows from [Lur18, Corollary
7.1.2.11]. By [BP23, Lemma 3.10], we know that this map preserves compact objects, thus
allowing us to extend the result to idempotent-complete ∞-categories . To obtain the
cofiber sequence, we simply tensor (1.21) by −⊗Ok A.

Proposition 1.3.20. Let X be a smooth and proper formal scheme over Spf(Ok). Then there is
an equivalence of k-linear ∞-categories between Perf(X)⊗Ok Perf(k) and Perf(Xrig).

Proof. By the preceding lemma, we have a cofiber sequence:

Perfm(Ok)⊗Ok Perf(X)→ Perf(X)→ Perf(k)⊗Ok Perf(X).

We can identify Perfm(Ok)⊗Ok Perf(X) with Perf(X)nil. [AP20, Definition 3.5] introduces
the exact sequence:

Cohb(X)nil → Cohb(X)→ Cohb(X)loc.

[AP20, Corollary 3.8] proves that the right-hand side is equivalent to Cohb(Xrig) (note
that all functors here are t-exact). By invoking Lemma 1.3.16 and Corollary 1.3.17, we
obtain the equivalence stated in the proposition.

Proposition 1.3.21. Let X be a proper formal scheme such that Xrig is smooth and algebraizable.
Then X is algebraizable.

Proof. By Theorem 1.3.1, there exists a smooth and proper algebraic space Y over Spec(k)
such that Yan ' Xrig. Using Lemma 1.3.14, we can find a proper algebraic space W over
Ok such that Ŵ is a formal model for Xrig. We now possess two formal models for Xrig.
By [BL93, Theorem 4.1], there exists another formal scheme Ỹ fitting into a zig-zag of
formal schemes:

Ỹ

X Ŵ
(1.22)

where we may assume both maps are formal blow-ups. Since the map Ỹ → Ŵ is a formal
blow-up and W is algebraic, we deduce by [Art70, Theorem 3.1] that Ỹ is also algebraic.
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Finally, since Ỹ is algebraic, applying [Art70, Theorem 3.2] allows us to conclude that X
must be algebraic as well.

Proof of Theorem 1.3.13. Assuming that Perf(X) is smooth and proper, Proposition 1.3.20

implies that Perf(Xrig) is smooth and proper over k, as it is the base change of a smooth
and proper ∞-category. Using Theorem 1.3.1, we see that Xrig is algebraizable. Propo-
sition 1.3.21 then guarantees that X is algebraizable. The converse direction follows
immediately from [Lur18, Theorem 8.5.0.3].

Remark 1.3.22. Note that to prove that X is algebraizable, it is sufficient to assume that
X is proper, Xrig is smooth, and Perf(X) is smooth and proper. Under these relaxed
assumptions, the proof proceeds in exactly the same manner.

Using these same ideas, we can also prove the following result:

Theorem 1.3.23. Let Xbe a proper formal scheme such that Cohb(X) is smooth as a ∞-category
in CatPerf

Ok
, and Xrig is smooth. Then X is algebraizable.

Proof. Applying Lemma 1.3.19 with A= Cohb(X), we obtain the cofiber sequence:

Perfm(Ok)⊗Ok Cohb(X)→ Cohb(X)→ Perf(k)⊗Ok Cohb(X),

along with an equivalence between Perfm(Ok)⊗Ok Cohb(X) and Cohb(X)nil. Exactly as in
Proposition 1.3.20, we obtain an equivalence between Cohb(Xrig) and Cohb(X)⊗Perf(Ok)

Perf(k). Since Xrig is smooth, Corollary 1.3.17 allows us to identify Cohb(Xrig) with
Perf(Xrig). In particular, Cohb(Xrig) is smooth, and it is also proper by Corollary 1.3.2.
Thus, by Theorem 1.3.1 and Proposition 1.3.21, we conclude that X is algebraizable.

Remark 1.3.24. In particular, this theorem indicates that for a general proper formal
scheme X, we do not expect Cohb(X) to be smooth. For instance, consider a proper,
non-algebraizable formal scheme X whose rigid generic fiber is smooth (but not alge-
braizable). The preceding theorem forces us to conclude that Cohb(X) cannot be smooth.

By contrast, for a separated scheme X over a perfect field, Lunts demonstrated in
[Lun10] that Cohb(X) is always smooth. More generally, Efimov proved in [Efi18] that
under mild conditions on X, the ∞-category Cohb(X) is of finite type. Because being of
finite type implies smoothness, the above proposition highlights a sharp contrast: neither
of these statements can be generalized unconditionally to the setting of formal schemes.
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2
A non-commutative approach to rigid
analytic geometry

2.1 Smooth and proper categories in a six-functor formal-
ism

The notion of smooth and proper triangulated categories was introduced in [KS09]. Fur-
thermore, in the setting of dg-categories (respectively, stable ∞-categories ), an analogous
notion of smooth and proper categories has been studied, for example, in [TV07; Efi18]
(respectively, in [Lur18; AG14]).

In this section, we work over a stable, presentable, symmetric monoidal ∞-category
V. We will employ a modification of the standard notion of smooth and proper ∞-
categories , adapted to the setting of ModV(PrL). We will compare these definitions
with the notion of smooth and proper algebras defined in [Lur17, Definitions 4.6.4.2
and 4.6.4.13]. Finally, at the end of the section, we explore how to obtain smooth ∞-
categories in the context of a six-functor formalism, with the aim of relating these results
to the usual notion of smoothness in analytic geometry in subsequent sections.
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2.1.1 Remarks on presentable tensored categories

In this section, we consider a stable, presentable, symmetric monoidal ∞-category
V, and we denote its tensor product by ⊗. We let PrL

V denote the (∞, 2)-category
ModV(PrL

st) and refer to an object in PrL
V as a V-linear ∞-category . We now review

some known facts and definitions in the setting of V-linear ∞-categories . The main
references for this topic are [Ben24; Ram24a; Hin21; Hei23; GH15], which provide a
rigorous treatment of the subject.

We begin by observing that the (∞, 2)-category PrL
V admits a symmetric monoidal

structure [Lur17, Theorem 4.5.2.1]; we denote its tensor product (induced by that of V)
by ⊗V. Furthermore, any object C in PrL

V is equipped with a V-enriched internal hom
functor homV

C(−,−), as defined in [Ben24, Definition 4.20]. We note that, for an object
x ∈ C, the functor homV

C(x,−) is, in general, only lax V-linear. Indeed, it is defined as
the right adjoint to the V-linear functor

−⊗V x : V→ C,

given by the action of V on C. It follows from [Ben24, Proposition 4.17] that the right
adjoint of a V-linear left adjoint functor is lax V-linear. When the ∞-category under
consideration is clear from the context, we will simplify the notation and denote the
V-enriched internal hom by homV(−,−).

Proposition 2.1.1. Let C and D be two presentable V-tensored ∞-categories , and let L : C→
D be a V-linear left adjoint. Then R : D→ C is the right adjoint of L if and only if there is a
natural isomorphism

homV(L(−),−) ∼−→ homV(−, R(−)).

Proof. One direction is proved in [Ben24, Proposition 4.21]. Conversely, suppose that the
canonical map

homV(L(−),−)→ homV(−, R(−))

is a natural isomorphism. Applying the mapping space functor MapV(1V,−) yields a
natural isomorphism of spaces

Map(L(−),−) ' Map(−, R(−))

(see [GH15, Remark 7.2.12]).

Definition 2.1.2 ([Ben24, Proposition 5.2]). We say that a V-linear left adjoint functor
L : C→ D is internally left adjoint if its lax V-linear right adjoint R : D→ C is V-linear
and is itself a left adjoint.



2. A non-commutative approach to rigid analytic geometry 65

Definition 2.1.3. Let C be a ∞-category in PrL
V and let x be an object of C. We say that

x is compact relative to V if the functor homV
C(x,−) preserves colimits.

Note that since we always work with stable ∞-categories , the previous definition is
equivalent to requiring that homV

C(x,−) commutes with filtered colimits.

Definition 2.1.4. Let C be an E∞-algebra in ModV(PrL
st) and let x be an object of C.

We say that x is V-atomic if it is compact relative to V and the functor homV(x,−) is
V-linear. Equivalently, the functor −⊗V x is internally left adjoint.

Lemma 2.1.5. Let V be generated under colimits by dualizable objects and let C be a symmetric
monoidal presentable V-tensored ∞-category . Then an object x ∈ C is compact relative to V if
and only if it is V-atomic.

Proof. Every V-atomic object is compact relative to Vby definition. Conversely, assume
x is compact relative to V. By [Ram24b, Corollary 3.8], for any x, y ∈ C and any
dualizable object v ∈ V, the canonical map

v⊗ homV(x, y)→ homV(x, v⊗ y)

is an equivalence. Since V is generated under colimits by dualizable objects, any object
w ∈ V can be written as a colimit of dualizable objects, say w ' colimi∈I vi. Using the
assumption that x is compact relative to V (i.e., that homV(x,−) preserves colimits), we
obtain the following equivalences:

homV(x, w⊗ y) ' homV(x, (colim
i∈I

vi)⊗ y)

' homV(x, colim
i∈I

(vi ⊗ y))

' colim
i∈I

homV(x, vi ⊗ y)

' colim
i∈I

(vi ⊗ homV(x, y))

' (colim
i∈I

vi)⊗ homV(x, y)

' w⊗ homV(x, y).

This shows that homV(x,−) is V-linear, concluding the proof.

Remark 2.1.6. We observe that the hypotheses of Lemma 2.1.5 are satisfied when V is
equivalent to ModA for an E∞-algebra A in Sp

Moreover, when V is the ∞-category of spectra (denoted by Sp) or the ∞-category
ModR of modules over an E∞-ring R, we have the following characterization of V-atomic
objects.
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Proposition 2.1.7. Let V be the ∞-category of spectra or ModR for an E∞-ring R. Let C be a
∞-category in PrL

V and let x be an object of C. Then the following are equivalent:

1. The object x is compact in C.

2. The object x is compact relative to V.

3. The object x is V-atomic.

Proof. The equivalence (2) ⇔ (3) follows from Lemma 2.1.5. We now prove the equiv-
alence (1) ⇔ (2) in the case where V is the ∞-category of spectra. An analogous
argument is used in [BS23, Proposition 2.8].

Assume that x is compact relative to Sp. The mapping space MapC(x,−) can be
written as the delooping of the mapping spectrum Ω∞mapC(x,−). Since the functor
Ω∞ preserves filtered colimits, this implies that x is compact.

Conversely, suppose that x is compact in C. Observe that the shift functor Σn : Sp→
Sp preserves colimits for every integer n. Consequently, the functor

Ω∞ΣnmapC(x,−) ' MapC(x, Σn−)

preserves colimits. The statement now follows from the fact that the functors

Ω∞Σn : Sp→ Ani

are jointly conservative.
The equivalence (1) ⇔ (2) when V = ModR follows from the case where V = Sp,

using the fact that for every objects c and c′ in C we have a functorial equivalence

mapC(c, c′) ' mapModR
(R, homModR(c, c′))

and R is a compact generator of ModR.

Henceforth, for a stable ∞-category, implicitly using Proposition 2.1.7, we will no
longer distinguish between compact, Sp-compact, and Sp-atomic objects.

Definition 2.1.8. Let Cbe a ∞-category in PrL
V, and S a subset of objects in C. We denote

by CS the full subcategory of C spanned by the objects in S.

1. We say that C is V-relatively generated by S if C coincides with the smallest full
subcategory of itself that contains CS and is closed under colimits and the action
of V.
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2. We say that C is V-atomically generated if it is V-relatively generated by its subset
of V-atomic objects.

3. We say that C is V-relatively compactly generated if it is V-relatively generated by its
subset of V-compact objects.

We note that our definition of a V-atomically generated ∞-category coincides with
the notion of a V-molecular ∞-category introduced in [Ben24, Definition 2.10].

Remark 2.1.9. We also observe that the set of V-atomic objects is small [Ben24, Propo-
sition 5.9]. This allows us to “control” a V-atomically generated ∞-category by a small
subcategory. Indeed, by applying [Ram24a, Observation 1.28], it follows that if M∈ PrL

V

is V-atomically generated, there is an equivalence

M' PV((M)at),

where PV(−) denotes the category of V-enriched presheaves as defined in [Hei23], and
(M)at denotes the full subcategory of atomic objects in M. Moreover, it follows from
[Ben24, Section 6] that PV(−) commutes with colimits.

Remark 2.1.10. It follows from [RZ25, Corollary 3.13] that C is V-relatively generated by
S as in Definition 2.1.8 if and only if the family of functors

{homV
C(s,−) : C→ V}s∈S

is jointly conservative.

We will now consider the case where V is a rigid ∞-category , in which the various
definitions introduced above coincide.

In this paper, we extensively use the notion of rigid ∞-categories as introduced in
[GR17]. The main feature is that when V is rigid, PrL

V enjoys several favorable prop-
erties (see, for example, [GR17, Chapter 1, Sec 9] and [AM24, Lemma 3.33]). Another
motivation for introducing rigid ∞-categories comes from rigid analytic geometry; in-
deed, the ∞-category of nuclear sheaves in this setting is rigid. This ∞-category will be
studied in detail later in this paper.

Proposition 2.1.11. Let V be a stable, presentable, symmetric monoidal, rigid ∞-category , let
C be a ∞-category in PrL

V, and let x be an object in C. Then the following are equivalent:

1. The object x in C is compact.

2. The object x in C is compact relative to Sp.
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3. The object x in C is compact relative to V.

4. The object x in C is V-atomic.

Proof. This follows by combining Proposition 2.1.7 and [GR17, Corollary 9.3.4, Lemma
9.3.6].

From the above proposition, we can immediately deduce the following.

Corollary 2.1.12. If V is rigid, then the definitions of a V-atomically generated ∞-category and
a V-compactly generated ∞-category coincide.

For this reason, we will not further distinguish between the two notions when work-
ing over a rigid base.

2.1.2 Reminder on smooth and proper categories and algebras

This subsection introduces the notions of smooth and proper enriched ∞-categories that
will be utilized throughout this paper. We also prove the main result of this section,
Proposition 2.1.27, which plays a central role in refuting Conjecture 0.2.9.

Definition 2.1.13. Let A be an E1-algebra in V. We say that A is smooth if the diagonal
module is dualizable as a module over A⊗V Aop.

Definition 2.1.14 ([Lur17, Definition 4.6.4.2]). Let A be an E1-algebra in V. We say that
A is proper if it is dualizable as an object of V.

Definition 2.1.15. Let C be a V-linear ∞-category . We say that C is dualizable over V

if there exists a ∞-category C∨ in PrL
V, together with two functors in PrL

V, called the
evaluation and coevaluation functors:

ev : C⊗V C∨ → V

coev : V→ C∨ ⊗V C,

such that the composite maps

C C⊗V C∨ ⊗V C C
id⊠coev ev⊠id (2.1)

C∨ C∨ ⊗V C⊗V C∨ C∨coev⊠id id⊠ev (2.2)

are equivalent to the respective identity functors.
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Remark 2.1.16. It is a general fact that in a closed symmetric monoidal ∞-category , the
dual of a dualizable object X can be identified with the internal hom HomC(X, 1). In
particular, in our setting, we can identify C∨ with FunL

V(C, V) (see [GR17, p. 4.3.3]).

Remark 2.1.17. This definition is well-posed since V is a symmetric monoidal ∞-
category. If we only assume V to be an E1-algebra object in PrL

V, then one can employ
the definition of a dualizable ∞-category as explained in [Efi25b, Definition 1.10]. We
will not discuss the non-symmetric monoidal case further, as we assume throughout that
our base V is symmetric monoidal.

Remark 2.1.18. We note that Equation (2.1) implies that coev(1V) classifies the identity
functor under the equivalence

C∨ ⊗V C' FunL
V(C, C).

Definition 2.1.19. Let Cbe a presentable and dualizable ∞-category over V. We say that
C is smooth over V if the coevaluation map admits a right adjoint that preserves colimits.

Definition 2.1.20. Let Cbe a presentable and dualizable ∞-category over V. We say that
C is proper over V if the evaluation map admits a right adjoint that preserves colimits.

Note that, in general, the right adjoints of the evaluation and coevaluation maps are
only lax V-linear. This limitation motivates the introduction of the following variants of
the notions of smooth and proper V-linear ∞-categories .

Definition 2.1.21. Let Cbe a presentable and dualizable ∞-category over V. We say that
C is internally smooth over V if the coevaluation map admits a V-linear right adjoint that
preserves colimits.

Definition 2.1.22. Let Cbe a presentable and dualizable ∞-category over V. We say that
C is internally proper over V if the evaluation map admits a V-linear right adjoint that
preserves colimits.

Definition 2.1.23. Let C be a dualizable ∞-category over V. We say that C is fully
dualizable over V if it is internally smooth and internally proper; that is, if both the
evaluation and coevaluation maps admit a V-linear right adjoint that preserves colimits.

Remark 2.1.24. Observe that C satisfies Definition 2.1.19 and Definition 2.1.20 if and only
if it is dualizable in the ∞-category PrL,dual

V , which consists of dualizable ∞-categories
over V and V-linear strongly continuous functors. Indeed, this condition is equivalent
to requiring that both the coevaluation and evaluation functors admit continuous right
adjoints.
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Remark 2.1.25. We observe that C is smooth if and only if coev(1V) is V-atomic, in
particular if 1V is compact in V then also coev(1V) is compact. When V is rigid, this is
equivalent to requiring that coev(1V) is compact (see Proposition 2.1.11).

Note that, a priori, the right adjoint of a V-linear functor is not necessarily V-linear.
However, this property holds in specific cases; for example, if V is the ∞-category of
spectra or, more generally, a mode as explained in [Ram24a, Example 1.13]. In such cases,
being fully dualizable over V is strictly equivalent to being smooth and proper over V.
We observe that this equivalence also holds when V is rigid.

Lemma 2.1.26. Let V be rigid and let C be an object in PrL
V. Then C is internally smooth

(respectively, internally proper) if and only if it is smooth (respectively, proper).

Proof. It suffices to verify that the right adjoint of a V-linear map is itself V-linear. This
follows from the fact that V is rigid (see [GR17, Lemma 9.3.6]).

Proposition 2.1.27. Let V be a commutative algebra in PrL
st with compact unit and let C

be a smooth ∞-category over V which is V-atomically generated (equivalently, V-compactly
generated). Then C admits a single V-atomic (equivalently, compact) generator.

Proof. Let S denote the set of V-atomic objects of C. For every subset T ⊂ S, let CT be
the full subcategory of C spanned by T, and let ĈT be the smallest full subcategory of
C containing CT that is closed under colimits and the action of V. Since S is the set of
V-atomic generators, we have a canonical equivalence

ĈS ' C.

We claim that the canonical map

colim
T⊂S

ĈT → C (2.3)

is an equivalence, where the colimit is taken over the filtered system of finite subsets of S.
By Remark 2.1.9, each ĈT is V-atomically generated by T and can be identified with the
∞-category of V-enriched presheaves PV(CT). Similarly, C is identified with PV(CS).
Since PV(−) is a left adjoint (see Remark 2.1.9), it preserves colimits; thus, to show that
(2.3) is an equivalence, it suffices to observe that the canonical map

colim
T⊂S

CT → CS

is a tautological equivalence.



2. A non-commutative approach to rigid analytic geometry 71

We now observe that the coevaluation functor

coev : V→ C∨ ⊗V C

classifies the identity functor idC. Since C is smooth and 1V is a compact object, idC

is a compact object in FunL(C, C) (see Remark 2.1.25). Using (2.3), we can express the
identity as a filtered colimit

idC ' colim
T⊂S

fT,

where fT : ĈT → C is the natural inclusion. The compactness of idC implies that the
identity natural transformation

1idC
: idC→ idC

factors through fT for some finite subset T ⊂ S. This implies that idC factors through
ĈT, and in particular, that C coincides with ĈT. It follows that C is generated by the
single compact object

⊕
ai∈T ai.

We now turn to a detailed study of the case where the ∞-category is LModA(V), for
A an algebra object in V.

2.1.3 Modules over an algebra in V

In this subsection, we study the ∞-category LModA(V) in detail. In particular, we show
that it is generated under colimits and the action of V. We also analyze its dualizable and
compact objects. Finally, we compare the notion of internal smoothness for LModA(V)

to the smoothness of A as an algebra in V (see Proposition 2.1.33). This subsection,
along with its main result (Proposition 2.1.33), will be particularly relevant when we
study the compact generation of the ∞-category of nuclear sheaves, specifically in the
proof of Theorem 2.4.9.

Definition 2.1.28. Let R be an E1-algebra in V, and let X be an object in LModR(V). An
object Y in RModR(V) is said to be left dual to X if there exists an adjunction

X⊗− : V−−−→←−−− LModR(V) :Y⊗R −,

where the tensor product on the left is given by the action of V on LModR(V), and the
one on the right is described in Equation (2.5).

Lemma 2.1.29. Let R be an E1-algebra in V. Then R is V-atomic in LModR(V). Furthermore,
for every V-atomic object v in V, the object R⊗ v is V-atomic in LModR(V).
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Proof. The first assertion follows from the observation that homV
LModR

(R,−) can be iden-
tified with the forgetful functor

LModR(V)→ V.

This functor preserves colimits and is V-linear (see [Lur17, p. 4.2.3.7]). Moreover, since
the free module functor

R⊗− : V→ LModR(V)

is an internal left adjoint, it preserves atomic objects.

Proposition 2.1.30. Let R be an E1-algebra in V. Then LModR(V) is V-atomically generated.
Moreover, if an ∞-category C in PrL

V is generated by a single V-atomic object X, then C is
equivalent to LModR(V), where R is the E1-algebra homV(x, x).

Proof. It suffices to show that LModR(V) is generated under colimits by objects of
the form R ⊗ v with v ∈ V. This follows from [Lur17, p. 4.7.3.14] by observing that
LModR(V) is the category of modules over the monad R ⊗ −. The latter statement
follows from an application of the Barr–Beck–Lurie theorem.

Corollary 2.1.31. Let R be an E1-algebra in V. Then an object X in LModR(V) is dualizable
if and only if it is V-atomic.

Proof. Suppose that X is dualizable in LModR(V). Then there exists an object Y ∈
RModR(V) and an equivalence

homV
LModR

(X,−) ' Y⊗R −.

Since the functor Y ⊗R − preserves colimits and is V-linear (see [Lur17, p. 4.4.3.14]), it
follows that X is V-atomic. Conversely, suppose that X is V-atomic in LModR(V). We
define

X∨ := homV
LModR

(X, R).

This is canonically an object in RModR(V). To prove that X∨ is the dual of X, it suffices
to show that the functor X∨ ⊗R − is equivalent to homV

LModR
(X,−). This follows from

Proposition 2.1.30: since both functors preserve colimits and are V-linear, it is enough
to observe that they coincide when evaluated on R. Indeed, we have

X∨ ⊗R R ' X∨ = homV
LModR

(X, R).
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We now turn to the notion of internal smoothness for the ∞-category LModA(V)

and compare it to the smoothness of the algebra A. For instance, if R is an algebra
object in the ∞-category of spectra, then LModR is right dualizable with right dual
LModRop ' RModR. We will demonstrate that such results remain valid when working
over our symmetric monoidal base V instead of spectra. In particular, we prove that if
A is an E1-algebra in V, then the ∞-category of left A-modules, LModA(V), is always
dualizable over V. Furthermore, if V is rigid, then LModA(V) is also rigid.

We begin by observing that, as explained in [Lur17, p. 4.1.1.7], an involution can be
defined on the ∞-operad Assoc, which allows for the definition of the opposite algebra
for every algebra object in V. We identify RModA(V) with LModAop(V) and show that
this ∞-category is the dual of LModA(V). To achieve this, we explicitly describe the
coevaluation and evaluation functors and verify that they constitute a duality datum.

The coevaluation functor is obtained as a V-linear map by sending the unit 1V to A
equipped with the diagonal bimodule structure:

coev : V LModA(V)⊗ RModA(V) ' ModA⊗VAop(V)

1V A∆.
(2.4)

The diagonal bimodule structure on A is obtained via the forgetful functor m∗ : ModA →
ModA⊗Aop induced by the multiplication map m : A⊗ Aop → A. It is straightforward to
verify that the coevaluation functor has a right adjoint given by homV

A⊗Aop(A∆,−).
The evaluation functor is defined via the relative tensor product; explicitly, it is given

by the map:

ev : RModA(V)⊗ LModA(V) V

M ⊠ N M⊗A N.
(2.5)

In particular, this functor sends Aop ⊠ A to A (see [Lur17, Sec. 4.4] and [GR17, p. 4.2.1]).

Proposition 2.1.32. Let V be a stable, presentable, symmetric monoidal ∞-category and let A
be an E1-algebra in V. Then LModA(V) is dualizable over Vwith dual LModAop(V).

Proof. We need to check that the coevaluation and evaluation functors defined in Equa-
tion (2.4) and Equation (2.5) constitute a duality datum. We observe that the analogue
of Equation (2.1) is given by the composition

LModA LModA ⊗ RModA ⊗ LModA LModA
coev⊗id id⊗ev
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which sends a module M to A∆⊗A M. By [Lur17, Proposition 4.6.2.17], this composition
is homotopic to the identity. Similarly, one can show that the analogue of the map in
Equation (2.2) is homotopic to the identity.

Proposition 2.1.33. Let A be an E1-algebra in V. Then A is smooth as an algebra if and
only if the category of modules LModA(V) is internally smooth as a V-linear ∞-category . In
particular, the notion of an internally smooth ∞-category is Morita invariant.

Proof. By definition, A is smooth as an algebra in V if and only if coev(1V) ' A∆ is
dualizable in LModA⊗VAop(V). By invoking Corollary 2.1.31, we deduce that this holds
if and only if A∆ is V-atomic. In particular, this is equivalent to the condition that the
right adjoint of the coevaluation map, given by

homV
LModA⊗Aop (A∆,−),

preserves colimits and is V-linear.

2.1.4 Smooth categories in a six-functor formalism

The notion of a six-functor formalism has been extensively studied in recent years, par-
ticularly following the works of [HM24; Sch25; LZ24; Zav23; Kes25]. These ideas have
found significant applications in rigid analytic geometry and condensed mathematics,
as illustrated, for instance, in [MAN22; Cam24; Soo25]. Motivated by the objective of uti-
lizing an appropriate 6-functor formalism in analytic geometry to characterize smooth
varieties, we first investigate the conditions under which smooth ∞-category arise within
such a framework. This is established in Proposition 2.1.35 and its subsequent corollaries.
Specifically, in this section, we consider the following.

Setup 2.1.34. Let C be an ∞-category arising from a geometric setup as defined in [HM24,
Definition 2.1.1], equipped with a class E of !-able maps. Furthermore, let

D: C→ PrL
D(X)

be a symmetric monoidal, stable, and presentable 6-functor formalism, as in [HM24, Definition
3.2.1].

In this setup, employing the same argument as in [MP25, Corollary 1.2.10], we ob-
serve that for every !-able map Y → X, the category D(Y) is dualizable over D(X).
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Indeed, utilizing the span diagrams

Y

X Y×X Y

f ∆ and
Y

XY×X Y

f∆

we can explicitly express the evaluation and coevaluation maps as follows:

coev : D(X) D(Y) D(Y×X Y)
f ∗ ∆!

(2.6)

ev : D(Y×X Y) D(Y) D(X)
∆∗ f!

(2.7)

Observe that the pullback functors are inherently linear. Moreover, the projection for-
mula implies that f! is D(X)-linear, and Equation (2.8) demonstrates that ∆! is also
D(X)-linear. Consequently, both the evaluation and coevaluation functors are D(X)-
linear.

Their right adjoints admit explicit descriptions: the right adjoint to the evaluation
functor is given by

evR ' ∆∗ ◦ f !,

while the right adjoint to the coevaluation functor is given by

coevR ' f∗ ◦ ∆!.

To determine when the ∞-category D(Y) is smooth over D(X), we must investigate the
conditions under which the functor coevR preserves colimits.

Proposition 2.1.35. Let C and D be as in Setup 2.1.34, and let f : Y → X be a !-able map in
C. Then the category D(Y) is smooth over D(X) (internally smooth) provided the following
conditions are satisfied:

1. The functor f∗ preserves colimits (and, moreover, is D(X)-linear).

2. The object ∆!1Y is internally compact in D(Y ×X Y), i.e. its internal hom functor
Hom(∆!1Y,−) preserves filtered colimits (it is dualizable in D(Y×X Y)).

3. Letting pr : Y×X Y → Y denote one of the projections, we require pr∗ to preserve colimits
(and, moreover, to be D(X)-linear).

Proof. We prove only the smoothness of D(Y) over D(X); internal smoothness follows
by an analogous argument. Using the projection formula, we observe that ∆!(−) acts
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as a D(Y)-linear functor. Indeed, for all M, N in D(Y), we have the following natural
equivalences:

∆!(M⊗ N) ' ∆!(M⊗ ∆∗pr∗N) ' ∆!(M)⊗ pr∗(N). (2.8)

In particular, for every M in D(Y), we can express ∆!(M) as follows:

∆!(M) ' ∆!(1D(Y) ⊗M) ' ∆!1D(Y) ⊗ pr∗(M).

It follows that its right adjoint can be explicitly written as

pr∗HomD(Y×XY)(∆!1D(Y), (−)).

Consequently, by invoking the hypotheses, this right adjoint preserves colimits, thus
defining a functor in PrL. By condition (1), f∗ also belongs to PrL.

Remark 2.1.36. Note that conditions 2. and 3. in Proposition 2.1.35 are equivalent to
requiring ∆!1Y to be compact (atomic) relative to D(Y).

We can specialize Proposition 2.1.35 to two cases of particular interest. To do this, we
first recall the definitions of suave and prim maps.

Definition 2.1.37. [HM24, Lemma 4.4.6] Let Dbe a 6-functor formalism as in Setup 2.1.34,
let f : X → S be a !-able map, and let P ∈ D(X). Then P is said to be f -prim if and only
if the natural map

f! (π2∗Hom(π∗1 P, ∆!1)⊗ P) −→ f∗Hom(P, P)

becomes an isomorphism after applying Hom(1,−). Here, πi : X ×S X → X denote the
two projections, and ∆ : X → X ×S X is the diagonal map. Moreover, if P is f -prim, we
denote by D f (P) the object π2∗Hom(π∗1 P, ∆!1).
We say that f is D-prim if 1X is f -prim. In this case, we denote by δ f the object D f (1X).

Definition 2.1.38. [HM24, Lemma 4.4.5] Let Dbe a 6-functor formalism as in Setup 2.1.34,
let f : X → S be a !-able map, and let P ∈ D(X). Then P is said to be f -suave if and only
if the natural map

π∗1Hom(P, f !1)⊗ π∗2 P −→ Hom(π∗1 P, π!
2P)

becomes an isomorphism after applying Hom(1, ∆!(−)). In this case, we define SD f (P)
to be Hom(P, f !1).
We say that f is D-suave if 1X is f -suave. In this case, we denote by ω f the object SD f (1).
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Proposition 2.1.39. [HM24, Corollary 4.5.11] Let Dbe a 6-functor formalism as in Setup 2.1.34,
and let f : X → Y be a !-able map.

1. If f is D-suave, then the natural maps

ω f ⊗ f ∗(−) ∼−→ f !(−) and f ∗(−) ∼−→ Hom(ω f , f !(−))

are isomorphisms of functors D(Y)→ D(X).

2. If f is D-prim, then the natural maps

f!(δ f ⊗−)
∼−→ f∗(−) and f!(−)

∼−→ f∗Hom(δ f ,−)

are isomorphisms of functors D(X)→ D(Y).

Corollary 2.1.40. Let C and D be as in Setup 2.1.34, and let f : Y → X be a !-able map in C.
Then the category D(Y) is internally smooth over D(X) provided that f is D-prim and ∆ f is
D-suave.

Proof. We verify the hypotheses of Proposition 2.1.35. Since f is D-prim, pr is also
D-prim (see [HM24, Lemma 4.4.8]). Invoking Proposition 2.1.39, we obtain two equiva-
lences:

pr!(δpr ⊗−) ' pr∗(−) and f!(δ f ⊗−) ' f∗(−).

Therefore, both f∗(−) and pr∗(−) preserve colimits and are D(X)-linear by the projec-
tion formula. Using the D(Y)-linearity of ∆ f ,!, we obtain an equivalence

homD(Y)
D(Y×XY)(∆ f ,!1,−) ' ∆!

f (−),

since both functors are right adjoints to ∆ f ,!(−). Furthermore, by Proposition 2.1.39, we
can identify the internal hom functor with ω∆ f ⊗ ∆∗f (−), which is a colimit-preserving
D(Y)-linear functor. This implies that ∆ f ,!1 is D(Y)-atomic.

Remark 2.1.41. Let C and D be as in Setup 2.1.34, and let f : Y → X be a !-able map. As
observed earlier via Equation (2.8), the coevaluation functor is inherently D(X)-linear.
Consequently, the right adjoint to coev can be identified with the D(X)-enriched hom
functor:

coevR(−) ' homD(X)
D(Y×XY)(coev(1X),−). (2.9)

It follows that D(Y) is internally smooth over D(X) if and only if coev(1X) is D(X)-
atomic.

In the rigid case, this remark specializes to the following result.
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Lemma 2.1.42. Let C and D be as in Setup 2.1.34. Let Y → X be a !-able map in C. If D(X) is
rigid, then the category D(Y) is internally smooth over D(X) if and only if ∆!(1Y) is compact.

Proof. This follows directly by combining Remark 2.1.41 and Proposition 2.1.11.

2.1.5 Proper categories in a six-functor formalism

By analogy with the previous section, we investigate here how to obtain a proper ∞-
category from a six-functor formalism, as defined in Setup 2.1.34. We conclude by prov-
ing a criterion for obtaining D-prim covers, which will be used in Section 2.5.2.

Proposition 2.1.43. Let C and D be as in Setup 2.1.34, and let f : Y → X be a !-able map in
C. Then the category D(Y) is proper over D(X) (and internally proper) provided the following
conditions are satisfied:

1. The functor ∆ f ,∗ preserves colimits (and, moreover, is D(X)-linear).

2. The functor f ! preserves colimits (and, moreover, is D(X)-linear).

Proof. This statement follows immediately from the explicit descriptions of the right ad-
joints to the evaluation and coevaluation functors provided in Equation (2.7) and Equa-
tion (2.6).

Nevertheless, from the preceding proposition, we can deduce reasonable conditions
under which proper ∞-category arise within a six-functor formalism.

Corollary 2.1.44. Let C and D be as in Setup 2.1.34, and let f : Y → X be a !-able map in C.
Then the category D(Y) is internally proper over D(X) provided that f is D-suave and ∆ f is
D-prim.

Proof. This follows from the natural equivalences

ω f ⊗ f ∗(−) ∼−→ f !(−) and ∆ f ,!(δ∆ f ⊗−)
∼−→ ∆ f ,∗(−),

combined with the D(Y)-linearity of ∆ f ,!(−), as established in Equation (2.8).

Remark 2.1.45. Another instance where the hypotheses of Proposition 2.1.43 are satisfied
occurs when considering rigid categories. Indeed, let C and D be as in Setup 2.1.34, and
let f : Y → X be a !-able map in C. If D(X) is rigid, then for D(Y) to be internally
proper over D(X), it suffices for the right adjoint evR(−) to preserve colimits.

To conclude this section, we combine the obtained results to provide an explicit crite-
rion for a ∞-category to be smooth and proper within a six-functor formalism.
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Proposition 2.1.46. Let C and D be as in Setup 2.1.34, and let f : Y → X be a !-able map in
C. Then the ∞-category D(Y) is internally smooth and proper over D(X) if f is both D-suave
and D-prim.

Proof. By [HM24, Lemma 4.5.9 (i)], if f is D-suave (respectively, D-prim), then ∆ f is
D-suave (respectively, D-prim). The statement then follows from Corollary 2.1.40 and
Corollary 2.1.44.

We now describe a criterion for obtaining D-prim covers, which will be used in
Section 2.5.2. We refer the reader to [HM24] for the standard definition of the D-topology
(also called the !-topology) and for the notion of a D-cover. In particular, a map W → X
is a D-cover if the functor D(−) satisfies universal ∗- and !-descent along W → X.

From now on, we assume the following:

Assumptions 2.1.47. Let C and D be as in Setup 2.1.34. Assume, moreover, that C is the
∞-category of sheaves of Ani on an ∞-site C0, and that the six-functor formalism D arises as the
extension of a stable, presentable six-functor formalism on C0, as explained in [HM24].

Proposition 2.1.48. Let C and D be as in Assumptions 2.1.47, and let X be an object in C such
that:

(1) There exists an affine object W and an effective epimorphism g : W → X along which
D(−) satisfies ∗-descent, and there exists an integer n such that the Čech nerve of g is an
n-truncated diagram (i.e., the canonical map

X ' colim
[m]∈∆≤n

(W W ×X W W ×X W ×X W · · · )

is an equivalence).

(2) The projection maps W ×X W →W are D-prim.

Then g : W → X is a descendable D-cover (i.e., g∗1 is descendable). Moreover, g is D-prim.

Proof. We begin by observing that since being prim is local on the target [HM24, Lemma
4.5.7], it follows from hypothesis (2) that g is D-prim.

First, we prove that g is a descendable map. We need to verify that g : W → X is such
that g∗1 ∈ D(X) is descendable (i.e., 1X belongs to the thick tensor ideal 〈g∗1W〉).

Observe that by denoting the n-fold fiber product W ×X W ×X · · · ×X W by Wn and
considering the maps

gn : Wn →W → X,
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we obtain
1X ' lim

[m]∈∆≤n
gm,∗1Wm . (2.10)

We now show that gm,∗1Wm ' g∗1W ⊗X · · · ⊗X g∗1W . This follows by induction,
starting with the base case m = 2. We consider the following diagram:

W ×X W

W W

X.

pr2 pr1

g g

Since g is prim, we have the following equivalences:

g2,∗1W2 ' g∗pr2∗1W×XW

' g∗(pr2∗pr∗11W)

' g∗(1W ⊗ pr2∗pr∗11W)

' g∗(1W ⊗ g∗g∗1W)

' g∗1W ⊗ g∗1W .

Here, the fourth equivalence follows from the base change property, and the last one
from the projection formula. This computation implies that the finite limit in Equa-
tion (2.10) belongs to the thick tensor ideal 〈g∗1W〉. Now, from [HM24, Lemma 4.7.4],
we deduce that g is a D-cover.

Corollary 2.1.49. Let C and D be as in Assumptions 2.1.47, and let f : X → Y be a map in C.
Assume the following conditions:

(1) The induced map W → Y is D-prim.

(2) There exists an affine object W and an effective epimorphism g : W → X along which
D(−) satisfies ∗-descent, and there exists an integer n such that the Čech nerve of g is an
n-truncated diagram (i.e., the canonical map

X ' colim
[m]∈∆≤n

(W W ×X W W ×X W ×X W · · · )

is an equivalence).

(3) The projection maps W ×X W →W are D-prim.
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Then f is D-prim.

Proof. The condition that f : X → Y is D-prim can be checked locally on Y (see [HM24,
Lemma 4.5.7]); in particular, we may assume Y is affine. Moreover, by Proposition 2.1.48

and [HM24, Corollary 4.7.5], it suffices to show that the composite map W → Y is
D-prim. This follows directly from condition (1).

Remark 2.1.50. We observe that condition (1) in Corollary 2.1.49 is implied by the fol-
lowing condition:

(1’) For every affine object T equipped with a map T → Y, the pullback map W×Y T →
T is D-prim, and Y is semi-separated (i.e., it has an affine diagonal).

We note that although the hypotheses of Corollary 2.1.49, especially condition (2),
appear stringent, they are satisfied in

2.2 Some Remarks on Condensed Mathematics

2.2.1 Analytic rings

In this subsection, we review the definition of analytic rings as presented in [CS24],
with a primary focus on those arising from rigid geometry. Throughout this section, we
work over a complete non-archimedean base field k of characteristic 0, with a pseudo-
uniformizer ω and ring of integers Ok.

The main objective of this section is to introduce the notation used in subsequent
parts of this paper, such as the definition of animated affinoid k-algebras as given in [Mik23],
and to describe their tensor product (see Proposition 2.2.9). We begin by introducing
some basic notions related to condensed mathematics and analytic stacks, as explained
in [CS24].

We denote by Modcond
Z the unbounded derived ∞-category of condensed abelian

groups. We say that A is a condensed E∞-algebra if A is an E∞-algebra in Modcond
Z . In this

case, we denote by Modcond
A the ∞-category of A-modules in Modcond

Z .

Definition 2.2.1. An analytic ring is a pair A = (A, D(A)), where A is a condensed E∞-
algebra and D(A) is a full subcategory of Modcond

A satisfying the following properties:

1. The ∞-category D(A) contains the object A.

2. Let ιA : D(A) ↪→ Modcond
A denote the natural inclusion functor. Then ιA commutes

with all limits and colimits, and it admits a left adjoint (called the completion functor
along A), which we denote by −⊗A A. The composition ιA ◦ (−⊗A A) preserves
connective objects.
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3. For every object M in D(A) and every N in Modcond
Z , the internal mapping object

HomZ(N, M) lies in D(A).

Remark 2.2.2. [MP25, Remark 2.2.3] By definition, the essential image of ιA is a localiza-
tion of Modcond

A . In particular, since Modcond
A is presentable and stable, it follows that

D(A) is presentable and stable as well. Moreover, D(A) admits a symmetric monoidal
structure obtained by completing the natural tensor product of Modcond

A along A.

In this paper, we are mainly interested in analytic rings arising from rigid analytic
geometry and affinoid algebras (i.e., quotients of Tate algebras by a finitely generated
ideal). Recall that to every complete Huber pair (R, R+), we can associate an analytic
ring

(R, R+)■ := (R., D(R)■)

defined as follows.
We define R. to be the condensed ring associated with R via its given topology. We

then consider the following construction, as explained in [And21]. For f ∈ R+ and
M ∈ Modcond

R , we say that M is f -solid if

1− f σ : HomZ(NullZ, M) −→ HomZ(NullZ, M)

is an equivalence. The inclusion of the full sub-∞-category of f -solid R-modules admits
a left adjoint (−) f■, called f -solidification. We define

D(R)■ ⊆ Modcond
R

to be the full sub-∞-category of condensed R-modules that are f -solid for all f ∈ R+.
This construction defines an analytic ring, as shown in [And21, Theorem 3.28]. Further-
more, using [And21, Theorem 3.33], we see that this construction determines a fully
faithful embedding from the category of complete Huber pairs into the category of an-
alytic rings. In particular, when the Huber pair arises from an affinoid algebra A, we
denote the associated analytic ring by

A■ := (A, A◦)■ := (A., D(A)■).

The objects in D(A)■ are called A◦-solid modules. We denote the symmetric monoidal
structure of D(A)■ by −⊗■

A −.

Remark 2.2.3. We note that, by [Mik23, Proposition 2.3], Tate algebras over k and, more
generally, affinoid k-algebras lie in D(k)■.

The following is an analogue of [And21, Definition 5.8].
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Definition 2.2.4. We define the k-solidification functor to be the functor

(−) : Modk → D(k)■

determined by mapping k to k. (endowed with its non-archimedean topology) and re-
quiring that it commutes with colimits. The objects in the image of this functor are called
discrete k-solid modules.

Note that, although the term “discrete” appears in the nomenclature, the objects in
the image of the functor defined in Definition 2.2.4 do not necessarily carry the discrete
topology. Furthermore, this functor is by definition a left adjoint; we denote its right
adjoint by

(−)(∗) : D(k)■ → Modk.

Similarly, for every affinoid k-algebra A, we can define an adjunction

ModA.(∗) D(A)■
(−)

(−)(∗)
a

The objects in the image of (−) are referred to as discrete A-solid modules.

Lemma 2.2.5. Let A and B be two discrete k-solid modules. Then the tensor product A⊗■
k B is

equivalent to the discrete k-solid module associated with the k-linear tensor product of A and B.

Proof. It suffices to observe that every object in Modk can be written as a colimit of
copies of k. Since the k-solidification functor commutes with colimits and sends k to k.

in D(k)■, we deduce that
A⊗■

k B ' A⊗k B.

2.2.2 Animated affinoid algebras

In this section, we review the definition of condensed derived affinoid k-algebras, fol-
lowing [Mik23]. Throughout this section, we work over the analytic ring (k, Z)■, as is
also done in [Mik23]. However, the essential requirement for the arguments in the subse-
quent subsection is a tensor product that recovers the classical completed tensor product
for affinoid algebras, as explained in Remark 2.2.10. Any other choice of base analytic
ring satisfying this property, such as k■, functions equally well.

In this subsection, we denote by ⊗■
k the tensor product in D(k, Z)■.
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Definition 2.2.6. Let C be a stable closed symmetric monoidal ∞-category. An object
X ∈ C is called nuclear if, for every compact object P ∈ C, the canonical map

MapC

(
1C, HomC(P, 1C)⊗C X

)
−→ MapC(P, X)

is an equivalence of anima. The full subcategory of C spanned by nuclear objects is
denoted by Nuc(C) ⊆ C.

Let A be an analytic ring and let D(A) be its associated ∞-category . The ∞-category
Nuc(A) is a presentable, stable, full sub-∞-category of D(A) that is closed under colimits
and tensor products [CS26, Theorem 8.6]. This closure property equips Nuc(A) with a
symmetric monoidal structure inherited from D(A).

Definition 2.2.7. [Mik23, Definition 2.11] An animated affinoid k-algebra A is a condensed
animated k-algebra such that:

1. A is a Z-solid k-algebra and, moreover, A is nuclear over (k, Z)■.

2. π0(A) is an underived condensed affinoid algebra over k (i.e., there exists a classical
affinoid k-algebra B such that, if we denote by B the algebra B regarded as a
condensed k-module, then there is an equivalence π0(A) ' B).

Remark 2.2.8. We observe that the first condition of Definition 2.2.7 is equivalent to
requiring A to be nuclear over k■. Indeed, by [Mik23, Corollary 2.7], an animated
affinoid k-algebra is nuclear over k■ if and only if it is nuclear over (k, Z)■.

We denote by dAfdAlgk the ∞-category of animated affinoid k-algebras, regarded as
a full subcategory of D(k, Z)■.

Proposition 2.2.9. The ∞-category dAfdAlgk is stable under finite products and tensor prod-
ucts.

Proof. The fact that the tensor product of animated affinoid k-algebras yields an animated
affinoid k-algebra is proven in [Mik23, Proposition 2.14]. To verify that the ∞-category
dAfdAlgk is stable under finite products, we observe that π0(−) commutes with prod-
ucts, and that nuclear categories are stable under finite limits.

Remark 2.2.10. As explained in the proof of [Mik23, Proposition 2.14], the tensor product
of derived affinoid k-algebras recovers the completed tensor product of classical affinoid
algebras. In particular, we have

π0(A⊗■
B C) ' π0A⊗̂π0Bπ0C.
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Motivated by this property, we denote the tensor product in dAfdAlgk by −⊗̂−. In
particular, it can be regarded as a tensor product between animated affinoid algebras in
Nuc(k).

2.2.3 Nuclear categories for animated affinoid algebras

By [And23, Kollar 3.18], we deduce an equivalence between Nuc(D(k)■) and Nuc(D(k, Z)■).
For this reason, hereafter we will simply write Nuc(k).

For animated affinoid k-algebras in Nuc(k), we consider the tensor product described
above, denoted by −⊗̂−.

If A is an animated affinoid k-algebra, by [Sch26a, Proposition 12.21] and using the
analytic ring structure on π0(A) (as described in [And21, Theorem 3.28]), we can asso-
ciate to it an analytic ring

A■ := (A, D(A)■). (2.11)

In particular, an object M ∈ Modcond
A lies in D(A)■ if and only if πi(M) belongs to

D(π0(A))■ for every integer i.
In this way, as explained in [Mik23, Proposition 2.18], we obtain a fully faithful em-

bedding:
dAdfdAlgk AnRing(k,Z)■

A A■.

For an animated affinoid k-algebra A, we will hereafter denote by Nuc(A) the ∞-
category Nuc(D(A)■) of nuclear objects in D(A)■. The following proposition provides
an explicit description of this ∞-category .

Proposition 2.2.11. Let A be an animated affinoid k-algebra. Then there is an equivalence

Nuc(A) ' ModA(Nuc(k)).

In particular, Nuc(A) is rigid.

Proof. This is a special case of [Wan26, Lemma 4.4.7]. We apply the cited lemma to the
canonical map of analytic rings

(k, Z)■ → A■.

Indeed, by Definition 2.2.7 and Remark 2.2.8, A belongs to Nuc(k). Moreover, for every
profinite set S, the condensed k-module of continuous functions C(S, k) lies in Nuc(k)
by [And23, Kollar 3.14].

From the above proposition, we immediately deduce the following corollary.
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Corollary 2.2.12. If A→ B is a map of animated affinoid k-algebras, then B is nuclear over A.

Proof. Since B can be viewed as an A-module, the statement reduces, by Proposi-
tion 2.2.11, to showing that B is nuclear over k. This follows directly from Re-
mark 2.2.8.

Corollary 2.2.13. Let A, B, and C be animated affinoid k-algebras. Then there is an equivalence

Nuc(A)⊗Nuc(B) Nuc(C) ' Nuc(A⊗̂BC).

Proof. By Proposition 2.2.9, the tensor product A⊗̂BC is an animated affinoid algebra.
The statement then easily follows from the explicit description of nuclear ∞-categories
provided in Proposition 2.2.11.

Lemma 2.2.14. Let f : A → B be a map of animated affinoid k-algebras. Then the pullback
functor

f ∗ : D(A)■ → D(B)■

preserves nuclear modules. Moreover, under the equivalence of Proposition 2.2.11, the induced
map

f ∗ : Nuc(A)→ Nuc(B)

can be identified with the tensor product −⊗̂AB.

Proof. From [MW25, Theorem 2.9 (c)], we deduce that the pullback functor f ∗ restricts
to the nuclear subcategories. The latter statement follows from the exact same argument
used in [MP25, Proposition 3.2.8], which extends verbatim to our setting.

2.3 Nuclear categories for derived rigid analytic spaces

In this section, we introduce the notion of derived rigid analytic spaces, which will be
employed in the final section. A derived rigid space will be described via the gluing of
animated affinoid k-algebras along rational localizations. We will then consider quasi-
compact semi-separated derived rigid analytic spaces and their nuclear ∞-categories
proving a Künneth formula (Proposition 2.3.14) and establishing the existence of a six-
functor formalism (Theorem 2.3.15).

2.3.1 Rational localization and derived rigid analytic spaces

In this subsection, we define condensed derived rigid analytic varieties as the gluing of
animated affinoid k-algebras along rational localizations. A similar approach has been
carried out in the bornological setting by Aron Soor in [Soo25].
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As explained in [Mik23, Lemma 2.24], let A be a classical affinoid algebra, and let
f1, . . . , fn, g be elements that generate the unit ideal of A. We can view A as a Z[T]-
algebra via the map sending T to g. Under this Z[T]-module structure, we have the
equivalence:

A⊗(Z[T],Z)■ (Z[T, T−1], Z)■ ' A[g−1].

Moreover, we can consider A[g−1] as an algebra over Z[U1, . . . , Un] via the map sending
Ui to fi/g. This yields an isomorphism:

(A⊗(Z[T],Z)■ (Z[T, T−1], Z)■)⊗(Z[U1,...,Un],Z)■ Z[U1, . . . , Un]■ ' A
〈

f1

g
, . . . ,

fn

g

〉
.

Here, A
〈

f1
g , . . . , fn

g

〉
denotes the usual rational localization of A.

When A is a derived affinoid k-algebra, we define:

A
〈

f1

g
, . . . ,

fn

g

〉
:= (A⊗(Z[T],Z)■ (Z[T, T−1], Z)■)⊗(Z[U1,...,Un],Z)■ Z[U1, . . . , Un]■. (2.12)

This leads to the following proposition:

Proposition 2.3.1. [Mik23, Proposition 2.25] If A is an animated affinoid k-algebra, then
A
〈

f1
g , . . . , fn

g

〉
is also an animated affinoid k-algebra such that

π0

(
A
〈

f1

g
, . . . ,

fn

g

〉)
' (π0A)

〈
f1

g
, . . . ,

fn

g

〉
.

Definition 2.3.2. [Mik23, Definition 2.26] Let A be a derived affinoid k-algebra. A rational
localization of A is a map of animated affinoid k-algebras

A→ A
〈

f1

g
, . . . ,

fn

g

〉
induced by Equation (2.12).

If A is an animated affinoid k-algebra, we denote by RatA the ∞-category of rational
localizations of A.

Remark 2.3.3. By [Mik23, Proposition 2.29], there is an equivalence of categories from
RatA to Ratπ0(A). This category, as explained above, coincides with the category of usual
rational localizations of the affinoid k-algebra π0A(∗).

Definition 2.3.4. We say that a map A→ B of animated affinoid k-algebras is a homotopy
epimorphism if the induced map

B⊗̂AB→ B
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is an equivalence.

Lemma 2.3.5. The class of rational localizations is stable under pushouts and compositions.
Moreover, every rational localization is a homotopy epimorphism.

Proof. Let A → B and A → C be maps of derived affinoid k-algebras, with A → B a
rational localization. To prove that C → B⊗̂AC is a rational localization, using [Mik23,
Proposition 2.29], it suffices to show that the induced map on π0 is a classical rational
localization.

Using the equivalence

π0(B⊗■
A C) ' π0(B)⊗■

π0(A) π0(C),

and the fact that the tensor product can be identified with the completed tensor product,
we deduce that the induced map

π0(C)→ π0(B⊗■
A C) ' π0(B)⊗■

π0(A) π0(C)

can be identified with a rational localization.
The fact that a rational localization is a homotopy epimorphism follows from [Mik23,

Lemma 2.27] and [Sch26a, Exercise 12.17].

Remark 2.3.6. In particular, this lemma implies that a rational localization is a Zariski
morphism in the opposite ∞-category dAfdAlgop, as defined in [MP25, Definition 1.3.4].
This property will be utilized later.

To conclude the proof, by invoking [Mik23, Proposition 2.29], we deduce that ratio-
nal localizations are stable under compositions, since classical rational localizations are
stable under compositions.

We denote by dAfdk the opposite ∞-category of dAfdAlgk, and we denote by dSp(A)

the object in dAfdk associated with the animated affinoid k-algebra A. We refer to the
objects in the ∞-category dAfdk as derived k-affinoid spaces.

Definition 2.3.7. [Soo25, Definition 4.12] Let X := dSp(A) be a derived k-affinoid space.

(i) The small analytic site of X is the ∞-site with:

(a) underlying ∞-category given by the full subcategory RatX of dAfd/X spanned
by rational subdomains Sp(B)→ Sp(A);

(b) covering sieves generated by finite families of rational subdomains

{dSp(Bi)→ dSp(B)}n
i=1
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such that
{Sp(π0(Bi)(∗))→ Sp(π0(B)(∗))}n

i=1

is an analytic cover of the classical rigid space Sp(π0(B)(∗)).

(ii) The big analytic site on dAfd is the ∞-site with:

(a) underlying ∞-category given by dAfd;

(b) covering sieves generated by finite families of rational subdomains

{dSp(Bi)→ dSp(B)}n
i=1

such that
{Sp(π0(Bi)(∗))→ Sp(π0(B)(∗))}n

i=1

is an analytic cover of the classical rigid space Sp(π0(B)(∗)).

Definition 2.3.8. We define

Shv(dAfd) := Shv(dAfd, Ani) (2.13)

to be the ∞-category of sheaves on the ∞-site dAfd equipped with the analytic topology.

Remark 2.3.9. Since every classical affinoid space Sp(A) is quasi-compact, from Defini-
tion 2.3.7 and Remark 2.3.3 we immediately deduce that every analytic cover of Sp(A)

can be refined to a finite cover.

Lemma 2.3.10. The following properties hold.

(i) The functor Nuc: dAfdop → CAlg(PrL
st) is a sheaf on dAfd in the analytic topology.

(ii) For every animated affinoid k-algebra A, the functor represented by dSp(A),

dSp(A) : dAfdop → Ani,

is a sheaf in the analytic topology.

Proof. To prove (i), we observe that by Remark 2.3.9 we can reduce the problem to con-
sidering a finite cover

{B→ Ai}i∈I

of animated affinoid k-algebras. By Proposition 2.2.11 and [Lur18, Lemma D.3.5.5], the
functor

Nuc(−) ' Mod(−)(Nuc(k)) : dAfdop → PrL
st
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commutes with finite products. Under this observation, using [Mat16, Proposition 3.22],
we can reduce the problem to showing that

C := ∏
i∈I

Ai

is a descendable algebra in Nuc(B). First, we observe that by Proposition 2.2.9, C is an
animated affinoid k-algebra. The statement then follows from [Mik23, Theorem 4.15],
observing that by Corollary 2.2.12, C lies in Nuc(B).

We now prove that the functor

MapdAfdAlgk
(A,−) : dAfdAlgk → Ani

is a sheaf in the analytic topology. Consider an animated affinoid k-algebra B and a
cover as described above. As already explained, C is descendable in Nuc(B); there-
fore, by [Mat16, Proposition 3.20], we can realize B as the following limit in Nuc(B) '
ModB(Nuc(k)):

B '−→ lim
[n]∈∆

(
C C⊗Nuc(B) C C⊗Nuc(B) C⊗Nuc(B) C · · ·

)
.

Now, since MapdAfdAlgk
(A,−) commutes with limits, the statement follows from [Lur17,

Proposition 4.6.2.17].

Definition 2.3.11. [Soo25, Definition 4.19]

(i) A derived k-affinoid space is an object of Shv(dAfd) that is isomorphic to dSp(A) for
some A ∈ dAfdAlgk.

(ii) Let X := dSp(A) be a derived k-affinoid space. An analytic subspace U ↪→ X is a
subsheaf U of X such that:

? There exists a small collection {dSp(Ai)}i∈I of derived affinoid spaces and an
effective epimorphism ⨿i∈I dSp(Ai) → U in Shvweak(dAfd) such that each
map dSp(Ai)→ dSp(A) is a rational subdomain.

(iii) Let X ∈ Shv(dAfd). An analytic subspace Y ↪→ X is a subsheaf such that for every
derived affinoid space dSp(A) → X mapping to X, the pullback Y ×X dSp(A) ↪→
dSp(A) is an analytic subspace in the sense of (ii). The morphism Y → X is then
termed an open immersion.

(iv) A derived rigid analytic space is an object X ∈ Shv(dAfd) such that there ex-
ists a small collection {dSp(Ai)}i∈I of derived affinoid subspaces for which
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⨿i∈I dSp(Ai) → X is an effective epimorphism. We denote the full subcategory
of Shv(dAfd) consisting of derived rigid spaces by dRig.

We remark that the category dRig admits all fiber products and colimits. The ter-
minal object is Sp(k). Moreover, every classical rigid analytic variety can be viewed as
a derived rigid analytic space; we reserve the term rigid analytic varieties exclusively for
those derived rigid analytic spaces that arise from classical rigid analytic varieties.

Definition 2.3.12. Let f : X → Y be a map of derived rigid analytic spaces.

1. We say that f is affine if for every derived affinoid map dSp(A) → Y, the pullback
X×Y dSp(A) is a derived affinoid space.

2. We say that X is quasi-compact if every affinoid cover of X can be refined to a finite
cover.

3. We say that X is semi-separated if the diagonal map

X → X×dSp(k) X

is affine.

2.3.2 Nuclear categories over derived rigid analytic spaces

Let X be a derived rigid analytic space over Sp(k). We define the nuclear category of X,
via Kan extension using Lemma 2.3.10, as the following limit over a cover of X consisting
of derived affinoid spaces:

Nuc(X) := limdSp(Ai)→XNuc(dSp(Ai)).

In this way, for every map f : X → Y of derived rigid analytic varieties, we obtain a
pullback functor for nuclear categories

f ∗ : Nuc(Y)→ Nuc(X) (2.14)

which extends the one introduced in Lemma 2.2.14.
In particular, given a derived rigid analytic space X, its nuclear category Nuc(X) is a

presentable ∞-category , tensored over Nuc(k).
Consequently, given two rigid analytic varieties, we can define the tensor product

of their associated nuclear categories as the tensor product in ModNuc(k)(PrL). We will
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employ the following notation: let X and Y be two rigid analytic varieties over Sp(k); we
define the tensor product of their nuclear categories, denoted by −⊗̂−, as follows:

Nuc(X)⊗̂Nuc(Y) := Nuc(X)⊗Nuc(k) Nuc(Y),

where the term on the right-hand side denotes the tensor product in ModNuc(k)(PrL).

Proposition 2.3.13. Let X be a quasi-compact and semi-separated derived rigid analytic space.
Then Nuc(X) is a rigid ∞-category .

Proof. Observe that our setup satisfies [MP25, Assumption 1.3.10] by taking C to be the
∞-category of derived affinoid spaces, and Ĉ to be the ∞-category Shv(dAdf). Therefore,
this is a special case of [MP25, Proposition 1.3.17].

Using this tensor product, we obtain a Künneth formula for nuclear ∞-categories .

Proposition 2.3.14. Let X and Y be two quasi-compact, semi-separated derived rigid analytic
spaces over Sp(k). Then we have the following equivalence of categories:

Nuc(X)⊗̂Nuc(Y) ' Nuc(X×Y).

Proof. Consider an affinoid cover {dSp(Ai)}i of the derived rigid analytic space X. We
first prove that

Nuc(X× dSp(B)) ' Nuc(X)⊗̂Nuc(dSp(B)). (2.15)

By descent, we can express Nuc(X) as limiNuc(dSp(Ai)). Since Nuc(dSp(B)) is rigid, it
is dualizable as a Nuc(k)-linear ∞-category ; hence, the functor −⊗̂Nuc(dSp(B)) com-
mutes with limits. In particular, we obtain

limi(Nuc(dSp(Ai))⊗̂Nuc(dSp(B))) ' (limiNuc(dSp(Ai))) ⊗̂Nuc(dSp(B)).

Since {dSp(Ai)× dSp(B)}i constitutes a cover of X× dSp(B), we can again use descent
for nuclear categories and the completed tensor product to identify limi(Nuc(dSp(Ai))⊗̂Nuc(dSp(B)))
with Nuc(X× dSp(B)).

To conclude, we observe that the same argument applies using an affinoid cover of Y
instead of dSp(B), utilizing the fact that Nuc(X) is also rigid.
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2.3.3 six-functor formalism for nuclear categories over rigid analytic
spaces

As explained in Equation (2.14), to every map of derived rigid analytic spaces f : Y → X,
we can associate a pullback functor at the level of nuclear ∞-categories :

f ∗ : Nuc(X)→ Nuc(Y).

This functor is a left adjoint, and we denote its right adjoint by f∗. When X and Y are
derived affinoid spaces, f∗ can be identified with the forgetful functor.

Theorem 2.3.15. The assignment that sends a derived rigid analytic space X over Sp(k) to its
∞-category Nuc(X) of nuclear sheaves can be extended to a 6-functor formalism with values in
stable, presentable ∞-categories :

Nuc(−) : Corr(dRigk)qcqs,all → PrL
st,

where, for every map of quasi-compact and semi-separated derived rigid analytic spaces, we define
the lower shriek functor f! to be the pushforward f∗.

In order to prove this theorem, we require the following lemma.

Lemma 2.3.16. Let α : Y → X be a map of quasi-compact, semi-separated derived rigid analytic
spaces. Then the following properties hold:

1 (Base change) Let β : V → X be a morphism of quasi-compact and semi-separated derived
rigid analytic spaces, and consider the diagram

Y×X V V

Y X.

α′

β′ β

α

Then, for every object M in Nuc(Y), the canonical map

β∗α∗M −→ α′∗β
′∗M (2.16)

is an equivalence.

2 (Projection formula) For every N in Nuc(Y) and M in Nuc(X), the natural map

α∗(N ⊗Nuc(Y) α∗M) −→ α∗N ⊗Nuc(X) M (2.17)
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is an equivalence.

3 The functor
α∗ : Nuc(Y)→ Nuc(X)

commutes with colimits; in particular, it admits a right adjoint.

Proof. We begin the proof by observing that our setup satisfies [MP25, Assumption
1.3.10], taking C to be the ∞-category of derived affinoid spaces and Ĉ to be the ∞-
category Shv(dAdf).

To prove (1), suppose V is a derived rigid analytic variety. We can use a derived affi-
noid cover ⨿i∈I dSp(Ai) of V and Lemma 2.3.10 to verify Equation (2.16) after restriction
to each derived affinoid space dSp(Ai). In this way, we can reduce the verification of
Equation (2.16) to the case where V is a derived affinoid space. In this case, the result
follows directly from Proposition 3.3.27.(1).

We observe that (2) is a special case of Proposition 3.3.27.(5), and (3) follows from
Proposition 3.3.27.(2).

Proof of Theorem 2.3.15. This follows from Lemma 2.3.16 and [MAN22, Proposition
A.5.10], taking I to be the class of equivalences and P to be the class of maps between
quasi-compact and semi-separated derived rigid analytic spaces.

Remark 2.3.17. We observe that in the 6-functor formalism of Theorem 2.3.15, every
!-able map (i.e., every map between quasi-compact and semi-separated derived rigid
analytic spaces) is prim. This follows from the fact that for all such maps, the lower star
and lower shriek functors coincide, by [HM24, Lemma 4.5.5].

2.4 Smooth categories and compact generation in rigid an-
alytic geometry

In this section, we study the compact generation of the ∞-category of nuclear modules
over rigid analytic varieties. In particular, we will show that this ∞-category is com-
pactly (equivalently, atomically) generated if and only if the rigid analytic variety is
algebraizable (see Theorem 2.4.9). We then use this result to falsify Conjecture 0.2.9.
Two important steps in the proof are a version of the GAGA theorem, as described in
[Wan26] in the setting of nuclear ∞-categories , and the comparison between the geo-
metric notion of smooth rigid varieties and the categorical definition of smoothness (see
Theorem 2.4.1).
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2.4.1 Non-commutative smoothness and classical smoothness

We begin by comparing the classical notion of smoothness in rigid analytic geometry
with the notion of a smooth ∞-category introduced in Section 2.1. In particular, we will
prove the following theorem:

Theorem 2.4.1. Let f : X → Sp(k) be a (classical) rigid analytic variety over k. Then X is
smooth if and only if the ∞-category Nuc(X) is internally smooth in PrL

Nuc(k).

We observe that an analogous theorem has been proved for schemes in [Orl16] and
in [Lun10] for the category of perfect complexes. However, the generalization to rigid
analytic varieties is not straightforward, and we cannot reproduce the same proof as in
[Orl16]. Indeed, the analogue of Theorem 2.4.1 does not hold for the ∞-category of per-
fect complexes in rigid analytic geometry. It has been shown in [Mon25] that the notion
of smoothness for the ∞-category of perfect complexes over a rigid analytic variety is
intrinsically algebraic and does not reflect the smoothness of the variety itself. To obtain
a correspondence between smooth “categories of sheaves” and smooth varieties, it is
necessary to use a “completed tensor product of ∞-categories ” with the property that,
for a variety X,

Shv(X× X) ' Shv(X)⊗̂Shv(X).

This can be achieved, for example, in the framework of analytic geometry developed
by Clausen and Scholze [CS24], or in the setting developed by Ben-Bassat, Kelly, and
Kremnizer [BKK24]. Here, we have chosen to explore these ideas within the setting of
analytic stacks as in [CS24], focusing on the sheaf of nuclear ∞-categories . However, we
believe that it would not be difficult to adapt some of the ideas presented here to the
setting of [BKK24], utilizing the 6-functor formalism described in [Soo25], or to other
“analytic sheaf theories,” such as the D-solid sheaves described in [Cam24].

We will prove Theorem 2.4.1 at the end of this section as a corollary of Proposi-
tion 2.4.3.

Definition 2.4.2. An affinoid algebra A over k is called smooth if, for every finite field
extension K of k, the tensor product A ⊗k K is a regular ring (i.e., for every maximal
ideal m in A⊗k K, the local ring (A⊗k K)m is regular).

We now relate this classical notion of smoothness to the notion of a smooth algebra
in Nuc(k), as defined in Definition 2.1.13.

Proposition 2.4.3. Let A be a (classical) affinoid algebra over k, and let A. be the associated
condensed ring. Then A. is a smooth algebra in Nuc(k) in the sense of Definition 2.1.13 if and
only if A is smooth over k in the sense of Definition 2.4.2.
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Proof. We begin by assuming that A. is smooth in Nuc(k). To prove that A is smooth,
after replacing k with a finite field extension K and A with its base change to K, it
suffices to show that for every maximal ideal m in A, the localization Am is regular. By
Serre’s criterion [Lur18, Lemma 11.3.3.3], it is enough to show that the residue field
K̃ := Am/mAm is a perfect complex when regarded as a module over Am. First, we
observe that the following diagram is a pullback of derived affinoid spaces (where all
tensor products are taken relative to k):

Sp(K̃) Sp(A)

Sp(A⊗ K̃) Sp(A⊗̂A).

x

x ∆

id×x

(2.18)

This follows from the following standard computation:

A⊗̂A⊗̂A(A⊗̂K̃) ' A⊗̂A⊗̂A(A⊗̂A⊗̂AK̃)

' (A⊗̂A⊗̂A A⊗̂A)⊗̂AK̃

' A⊗̂AK̃ ' K̃.

Note that since K̃ is a finite field extension, the tensor product A⊗k K̃ does not need to
be completed. Since A. is smooth, we have that ∆∗A. is dualizable in Nuc(A⊗̂A).

Using the base change property of Lemma 2.3.16, we see that K̃, viewed as a module
over A⊗k K̃, can be written as

x∗K̃. ' x∗x∗(A⊗k K̃). ' (id× x)∗∆∗A..

In particular, since ∆∗A. is dualizable over Nuc(A⊗̂A), it follows that K̃. is also dualiz-
able over Nuc(A⊗k K̃). By invoking [And21, Theorem 5.50] and [And21, Lemma 5.47],
we deduce that K̃ is dualizable over ModA⊗kK̃. Since dualizable objects in ModA⊗kK̃ are
perfect complexes and K̃ is a finite field extension of k, we conclude that K̃ is dualizable
in ModA. To conclude, we observe that

K̃ ' K̃⊗A Am.

This implies, in particular, that K̃ is dualizable as a module over Am.
To conclude the proof, we assume that A is smooth, and we need to prove that

A. is dualizable as a diagonal module in Nuc(A⊗̂k A). By [And21, Corollary 5.51.1],
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it is enough to show that A is dualizable in ModA⊗̂k A. The diagonal map is a closed
immersion and is, moreover, a local complete intersection (lci) by [Zav25, Corollary 5.11].
Thus, we can locally assume it to be a regular immersion; using the Koszul resolution,
this implies that ∆∗A is dualizable.

Corollary 2.4.4. Let X be a rigid analytic variety over Sp(k). Then X is smooth if and only if
∆∗OX is a compact object in Nuc(X×̂X).

Proof. Both the smoothness of X and the compactness of ∆∗OX are local properties on X
in the analytic topology (see [And21, Theorem 5.41 and Theorem 5.42]). Consequently,
we can reduce the proof to the affine case treated in Proposition 2.4.3.

We conclude this subsection by proving its main result.

Proof of Theorem 2.4.1. Since in our 6-functor formalism ∆! := ∆∗, and the ∞-categories
considered here are rigid, we can deduce from Lemma 2.1.42 that Nuc(X) is internally
smooth over Nuc(k) if and only if ∆∗(OX) is compact. This reduces the statement to
Corollary 2.4.4.

2.4.2 GAGA for nuclear categories in rigid analytic geometry

In this subsection, we will describe a GAGA theorem for nuclear ∞-categories , utilizing
some ideas presented in [Wan26]. In loc. cit., the author introduces two analytic stacks
associated with an algebraic stack X, called respectively the algebraic realization Xk−alg

and the analytification Xan. When X is a proper scheme, the author proves a GAGA-
type theorem relating the solid derived ∞-categories of Xk−alg and Xan (see [Wan26,
Theorem 4.1.1]).

We begin by reviewing the algebraic realization construction as introduced in [Wan26];
we refer to loc. cit. for a comprehensive treatment. We will not review the analytification
construction described in [Wan26] here. Indeed, we will only consider the case where
X is an underived scheme of finite type. In this scenario, the analytification functor
described in [Wan26] produces exactly the analytic stack associated to the rigid analytic
variety Xan (see [Wan26, Lemma 3.2.9 and Lemma 3.2.12]). For this reason, by a slight
abuse of notation, we will still denote this analytic stack by Xan.

If R is an animated ring of finite type over k, we can associate to it an analytic ring
Rtriv := (R, Modcond

R ), where R is the discrete condensed ring associated with R. We
can also define the algebraic realization of R, following [Wan26, Definition 3.2.1], to be the
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following pushout of analytic rings:

ktriv Rtriv

k■ Rk−alg

⌟

In particular, using [Sch26a, Proposition 12.12], we can identify Rk−alg with the analytic
ring given by (R, D(Rk−alg)), where R is the condensed derived ring defined in Defini-
tion 2.2.4, and we have an equivalence:

D(Rk−alg) ' ModR(D(k)■).

Moreover, since R is discrete relative to k (and in particular nuclear over k), and Rk−alg

carries the induced analytic ring structure from k■, we obtain the following equivalence
via [Mik23, Lemma 2.9]:

Nuc(Rk−alg) ' ModR(Nuc(k)).

Similarly, if X is a derived scheme of finite type, we can regard it as an analytic stack
Xtriv, obtained by gluing analytic rings of the form Rtriv in the Zariski topology. Note that
since we are considering the trivial analytic ring structure on Rtriv, all transition maps
in the gluing process to obtain Xtriv are !-able. This ensures that Xtriv is a well-defined
analytic stack over AnSpec(ktriv).

We define Xk−alg via the following pullback of analytic stacks:

Xk−alg Xtriv

AnSpec(k■) AnSpec(ktriv).

In particular, Xk−alg is obtained by gluing the analytic stacks associated with analytic
rings of the form Rk−alg.

Lemma 2.4.5. The functor

CAlg(Modk) AnRing PrL(−)k−alg Nuc(−)
(2.19)
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defined by sending a commutative algebra R to the ∞-category of nuclear modules over the
analytic ring Rk−alg, satisfies descent for the fppf topology.

Proof. Let S → R be an fppf cover of commutative algebras in Modk. By [Mat16, Corol-
lary 3.33], R is a descendable algebra in ModS. Since R is nuclear over k and the k-
solidification functor in Definition 2.2.4 is symmetric monoidal (see Lemma 2.2.5), it
induces a functor

ModS → Nuc(Sk−alg) ' ModS(Nuc(k)).

Applying [Mat16, Corollary 3.21] to this functor, we deduce that R is a descendable
algebra in Nuc(Sk−alg) ' ModS(Nuc(k)). Consequently, by [Mat16, Proposition 3.22],
we deduce that the functor in Equation (2.19) is a sheaf for the fppf topology.

If {Spec(Ai)}i∈I is a Zariski cover of a separated scheme X over Spec(k), we can
observe that {AnSpec(Ak−alg

i )}i∈I is a cover of Xk−alg. Using Lemma 2.4.5, we obtain an
equivalence:

Nuc(Xk−alg) ' lim
[n]∈∆op ∏

{i1,··· ,in}⊆I
Nuc(Ak−alg

i1,...,in)

where Spec(Ai1,...,in) denotes the intersection Spec(Ai1)×X · · · ×X Spec(Ain).

Proposition 2.4.6. Let X be a connective derived scheme, separated and of finite type over k.
Then there is an equivalence of categories between Nuc(Xk−alg) and QCoh(X)⊗Modk

Nuc(k).

Proof. As above, let {Spec(Ai)}i∈I be a cover of X, and let Spec(Ai1,...,in) denote the
intersection Spec(Ai1) ×X · · · ×X Spec(Ain). Note that since X is separated, QCoh(X)

can be written as a limit of quasi-coherent sheaves on affine schemes. In particular,
using the same notation as above, we have that

QCoh(X) ' lim
[n]∈∆op ∏

{i1,··· ,in}⊆I
ModAi1,...,in

.

Thus, QCoh(X) can be written as a limit of ModA for affine opens Spec(A) in X. Now,
since both Nuc(k) and Modk are rigid, it follows that Nuc(k) is dualizable over Modk; in
particular, the functor −⊗Modk

Nuc(k) commutes with limits. Therefore, we can write

QCoh(X)⊗Modk
Nuc(k) ' lim

[n]∈∆op ∏
{i1,··· ,in}⊆I

(
ModAi1,...,in

⊗Modk
Nuc(k)

)
. (2.20)

The right-hand side can be identified with

lim
[n]∈∆op ∏

{i1,··· ,in}⊆I
ModAi1,...,in

(Nuc(k)).
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To conclude, it is enough to observe that ModA(Nuc(k)) can be identified with
Nuc(Ak−alg), and that {AnSpec(Ak−alg

i )}i∈I defines a cover of Xk−alg. Hence, using
descent for Nuc(−) (Lemma 2.4.5), we can identify the limit in Equation (2.20) with
Nuc(Xk−alg).

Corollary 2.4.7. Let X be a proper scheme of finite type, quasi-compact and separated, over
Spec(k), and let Xan be its analytification as a rigid analytic variety. Then we have an equivalence

Nuc(Xan) ' QCoh(X)⊗Modk
Nuc(k).

Proof. This is a consequence of [Wan26, Theorem 4.1.1] and Proposition 2.4.6. Indeed, as
explained in the proof of [Wan26, Theorem 4.1.1], the pullback along the inclusion of the
categorical locales associated with Xan and Xk−alg yields an equivalence of solid derived
∞-categories :

D(Xk−alg)■ ' D(Xan)■.

Since this pullback is a symmetric monoidal functor, it preserves the nuclear subcate-
gories (see [MW25, Theorem 2.4 (c)]). We can therefore conclude by applying Proposi-
tion 2.4.6.

2.4.3 Compact generation of nuclear categories in rigid analytic geom-
etry

Lemma 2.4.8. Let X be a rigid analytic variety over k, and let Fbe an object in Nuc(X). Then
the following properties are equivalent:

1. F is a dualizable object in Nuc(X).

2. F is a compact object in Nuc(X).

3. F is a Nuc(k)-compact (equivalently, Nuc(k)-atomic) object in Nuc(X).

4. F is a perfect complex over X.

Proof. The equivalence between (2) and (3) follows from Proposition 2.1.11.
We also observe that all these properties are local on X (see [And21]), so we may

assume X to be an affinoid space. Since Nuc(k) is rigid, and locally we can assume
Nuc(X) to be of the form ModA(Nuc(k)), the equivalence between (1) and (3) follows
from Corollary 2.1.31.

Moreover, we note that by [And21, Corollary 5.51.1], we can identify dualizable ob-
jects in D(X)■ with perfect complexes over X. To conclude, we observe that by [And21,
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Lemma 5.45 and Theorem 5.50], we can also identify dualizable objects in D(X)■ with
dualizable objects in Nuc(X).

Theorem 2.4.9. Let p : X → Sp(k) be a smooth, proper, quasi-compact, and separated rigid
analytic variety over Sp(k). Then X is algebraizable if and only if Nuc(X) admits a compact
(equivalently, Nuc(k)-atomic) generator.

Proof. The strategy of the proof is to show that Perf(X) is a smooth, proper, idempotent-
complete k-linear ∞-category , and then apply [Mon25, Theorem 3.1].

Suppose there exists an object F which is a Nuc(k)-compact generator of Nuc(X).
Since F is a Nuc(k)-compact generator, we can apply the Barr–Beck–Lurie theorem
([Lur17, Proposition 4.8.5.8]) to the functor

homNuc(k)(F,−) : Nuc(X)→ Nuc(k).

In this way, we can identify Nuc(X) with LModA(Nuc(k)), where A is the E1-algebra of
endomorphisms of the Nuc(k)-compact generator F. Explicitly,

A := p∗HomNuc(X)(F, F) ' homNuc(k)(F, F)

as an E1-algebra in Nuc(k).
Since dualizable objects in Nuc(X) (respectively, in Nuc(k)) correspond to perfect

complexes on X (respectively, on Sp(k)) by Lemma 2.4.8, and since X is proper, [PY21,
Proposition 7.8] implies that A is a perfect complex of k-modules. In particular, it is a
dualizable object in Nuc(k) and thus a proper algebra in Nuc(k). Because X is smooth,
Corollary 2.4.4 implies that Nuc(X) is smooth over Nuc(k). Therefore, by Proposi-
tion 2.1.33, A is a smooth algebra over Nuc(k). Using [Lur17, Proposition 4.6.4.4 and
Proposition 4.6.4.12], we obtain

Perf(X) ' Nuc(X)dual ' LModA(Nuc(k))dual ' LModA(Perf(k)) ' Perf(A).

Now, to prove that Perf(X) is a smooth and proper idempotent-complete k-linear
∞-category , it suffices to show that A is a smooth and proper k-algebra. We observe
that, since A is a perfect complex over k, the completed tensor product A⊗̂k A coincides
with the uncompleted tensor product A⊗k A. This implies that A is a smooth algebra
over Modk. Furthermore, since A is a perfect complex of k-modules, it is dualizable in
Modk, meaning it is also a proper algebra in Modk. Hence using [Mon25, Theorem 3.1]
we deduce that X is algebraizable.
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The converse follows from Corollary 2.4.7. Indeed, we have an equivalence

Nuc(Xan) ' QCoh(X)⊗Modk
Nuc(k).

In particular, using Corollary 2.5.6, we deduce the existence of a discrete, smooth, and
proper algebra A in Modk such that

QCoh(X) ' LModA.

This implies that
Nuc(X) ' LModA(Nuc(k)).

Since A is a perfect complex over k, the same argument explained above shows that A is
a smooth and proper algebra in Nuc(k).

Corollary 2.4.10. Let p : X → Sp(k) be a smooth, proper, quasi-compact, separated and non-
algebraizable rigid analytic variety over Sp(k). Then Nuc(X) is internally smooth over Nuc(k),
but it does not have a compact (or, equivalently, a Nuc(k)-atomic) generator.

Proof. In this case, Corollary 2.4.4 shows that Nuc(X) is smooth over Nuc(k), while
Theorem 2.4.9 demonstrates that Nuc(X) does not admit a compact generator.

Remark 2.4.11. Using Corollary 2.4.10 we are able to produce an example of a category
that is internally smooth over a rigid base but fails to have a compact generator. It
suffices to consider the category of nuclear modules over a non-algebraizable, smooth,
and proper rigid analytic variety, such as the p-adic Hopf surface studied in [Mus77;
Vos91]. This provides a counterexample to Conjecture 0.2.9, illustrating that Stefanich’s
theorem ([Ste25]) cannot be extended to arbitrary rigid symmetric monoidal bases.

Remark 2.4.12. Our previous theorem implies that it is not, in general, possible to glue
local, relatively compact generators of a sheaf of categories in the analytic topology to
obtain a global compact generator. Locally in the analytic topology over X, the sheaf
Nuc(−) is of the form ModA(Nuc(k)) for affinoid algebras A. However, Theorem 2.4.9
demonstrates that, globally, such a generator algebra does not necessarily exist.

This property of gluing local compact generators is one of the foundational features
of Non-Commutative Algebraic Geometry, and it highlights a key distinction between al-
gebraic and analytic topologies. This gluing procedure for compact generators has been
shown to hold for various topologies utilized in algebraic geometry; see, for example,
[TV07] and [BB03].
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2.5 Other examples of smooth and proper categories in a
six-functor formalism

We conclude this chapter applying the general theory developed in Section 2.1 to the
setting of derived algebraic geometry to obtain a proof of known results and to the
setting of analytic stacks.

2.5.1 Smooth and proper categories in derived algebraic geometry

In this section, we will always work over a discrete field k of characteristic 0, and we will
employ the foundations for derived geometry as described in [Lur18] and [TV08b]. We
emphasize that the results presented here are known to experts; however, we provide
an alternative proof based on the six-functor formalism and the theory of smooth ∞-
categories as developed in Section 2.1. In particular, we will prove the following theorem.

Theorem 2.5.1. Let f : X → Y be a morphism of finite Tor-amplitude between quasi-compact,
semi-separated derived schemes of finite type. Then the following hold:

1. The map f is smooth if and only if QCoh(X) is smooth over QCoh(Y).

2. If QCoh(X) is proper over QCoh(Y), then f is universally closed (i.e., for every derived
scheme W and for every map W → Y, the induced map of topological spaces |X×Y W| →
|W| is closed).

3. If f is proper, then QCoh(X) is proper over QCoh(Y).

Remark 2.5.2. In particular, under the hypotheses of Theorem 2.5.1, if f is separated,
then f is proper if and only if QCoh(X) is proper over QCoh(Y). Moreover, as ex-
plained in [Lur18, Theorem 11.4.2.1], if we assume QCoh(X) to be smooth, then X is
automatically separated (since the diagonal is a closed immersion; see [Lur18, Lemma
11.3.6.2]). This implies that, under the hypotheses of Theorem 2.5.1, X is smooth and
proper if and only if QCoh(X) is smooth and proper over QCoh(Y).

As a corollary, we immediately deduce the following, which is the algebraic geometry
analogue of Theorem 2.4.1.

Corollary 2.5.3. Let X → Spec(k) be a quasi-compact and separated underived scheme of
finite type over k. Then X is smooth (respectively, proper) if and only if QCoh(X) is smooth
(respectively, proper).
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When f is the structure map X → Spec(k) from a (classical) scheme to a field, a
similar statement has been proved in [Orl16, Proposition 3.30] regarding properness,
and in [Lun10, Proposition 3.13] regarding smoothness, by considering the DG category
of perfect complexes over X. Our corollary is also closely related to [Lur18, Theorem
11.4.2.1] (see also [Lur18, Proposition 11.1.4.3 and Theorem 11.3.6.1] for results similar to
those obtained in Theorem 2.5.1).

However, the techniques we employ in the proof of Theorem 2.5.1 are different and
rely on a specific six-functor formalism for quasi-compact and semi-separated schemes.

We begin by reviewing some classical definitions to clarify our statements.
We consider derived schemes to be those derived stacks that admit a Zariski cover by

affine derived schemes of finite type over k, glued together along Zariski open immer-
sions.

We recall the following definitions of quasi-compact, semi-separated, and separated
maps.

Definition 2.5.4. Let f : X → Y be a map of derived schemes of finite type over k.

1. We say that f is quasi-compact if, for every map Spec(A) → Y, the pullback
Spec(A)×Y X admits a finite cover by affine schemes.

2. We say that f is semi-separated if the diagonal ∆ f is affine.

3. We say that f is separated if the diagonal ∆ f is a closed immersion.

4. We say that a derived stack X over Spec(k) is quasi-compact (respectively, semi-
separated) if the canonical map X → Spec(k) is quasi-compact (respectively, semi-
separated). In particular, in this case, X admits a finite atlas of affine derived
schemes whose intersections are again affine.

Theorem 2.5.5 ([Sch25, Theorem 8.11]). There exists a symmetric monoidal six-functor for-
malism on derived schemes

QCoh(−) : Corr(Schk)qcss,all → PrL
st

with the following properties. A derived stack X is assigned to the ∞-category QCoh(X), and
for every map of schemes f : X → Y, we consider the usual pullback and pushforward functors.
We take the class of !-able maps to be the maps between quasi-compact and semi-separated derived
schemes, for which we define f! := f∗.

We remark here that this six-functor formalism is not the one commonly used in
algebraic geometry; in particular, our upper shriek functors are not the ones used in
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Grothendieck–Serre duality. However, for our purposes, this six-functor formalism is
sufficient.

Proof. This statement follows from [MP25, Proposition 1.3.13] and [MAN22, Proposition
A.5.10] by taking I to be the class of identity maps and P to be the class of maps between
quasi-compact, semi-separated derived schemes. The fact that this six-functor formalism
is symmetric monoidal easily follows from the fact that, for a quasi-compact and semi-
separated derived scheme X, the ∞-category QCoh(X) is rigid (see [MP25, Proposition
1.3.17] for a proof of this fact).

Proof of Theorem 2.5.1. We begin by proving (1). We consider the coevaluation functor
obtained as in Equation (2.6):

coev : QCoh(Y) QCoh(X) QCoh(X×Y X).
f ∗ ∆ f!

By Lemma 2.1.26, we deduce that QCoh(X) is smooth over QCoh(Y) if and only if
∆∗OX is compact in QCoh(X ×Y X). Since both conditions are local with respect to the
Zariski topology, we may assume for the remainder of the proof that X and Y are affine.
Suppose now that QCoh(X) is smooth. To prove that f is also smooth, we may assume,
by virtue of [Lur18, Proposition 11.2.3.6], that Y ' Spec(k) for some field k. In this
setting, the claim follows by adapting the argument of Proposition 2.4.3. Indeed, that
proof relies on the base-change property and on the fact that compact and dualizable
objects coincide in Nuc(A); both of these properties hold true in the setting considered
here. Conversely, if f is smooth, then the diagonal morphism ∆ f is a quasi-smooth
(i.e., local complete intersection) closed immersion. These properties ensure that the
pushforward along ∆ f preserves perfect complexes (see, e.g., [Toë12a]).

To prove (3), we assume f is proper, and we need to prove that the evaluation functor

ev : QCoh(X⊗Y X) QCoh(X) QCoh(Y)
∆∗ f!

has a continuous right adjoint. Since ∆∗ ' ∆!, it is enough to show that f ! is continuous,
which follows from [Sch25, Theorem 8.13].

To prove statement (2), let W be a derived scheme over k and consider a map W → Y,
we must prove that the induced map X ×Y W → W is closed. As also explained in
[Sta24, Tag 0CL3] by covering W with affine derived schemes, we can reduce to prove
the statement when W is affine. Now in this setting the ∞-categories of quasi-coherent
sheaves are rigid, this easily implies the following Künneth formula (see, for example,

https://stacks.math.columbia.edu/tag/0CL3
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the proof of Proposition 2.3.14, or [BFN10]):

QCoh(X×Y W) ' QCoh(X)⊗QCoh(Y) QCoh(W).

Since proper ∞-categories are stable under base change (see [Lur18, Proposition
11.1.1.5]), we deduce that QCoh(X ×Y W) is proper over QCoh(W). The statement now
follows from [Lur18, Lemma 11.1.4.6].

As a corollary of Theorem 2.5.1, we obtain the following.

Corollary 2.5.6 ([BB03; Toë12b]). Let p : X → Spec(k) be a smooth, proper, quasi-compact,
and semi-separated scheme over Spec(k). Then there is a smooth and proper E1-algebra A in
Modk such that QCoh(X) is equivalent to RModA.

Proof. It is a standard result that QCoh(X) is compactly generated by its full subcate-
gory of perfect complexes (see, for example, [Sch25, Theorem 8.3]). By Theorem 2.5.1,
QCoh(X) is also smooth; using [Lur18, Proposition 11.3.2.4], we can deduce that it ad-
mits a single compact generator, say G.

Using the same argument as in Proposition 2.1.7, we can see that G is also a compact
generator relative to Modk. To show the existence of the algebra A, we will use the
Barr–Beck–Lurie theorem ([Lur17, Proposition 4.8.5.8]). To apply loc. cit., we only need
to show that for every M ∈ Modk and F∈ QCoh(X), the natural map

homModk(G, F)⊗k M→ homModk(G, p∗(M)⊗OX F) (2.21)

is an equivalence. To prove this, we consider X, the stable full subcategory of Modk

spanned by all objects M ∈ Modk such that the map in Equation (2.21) is an equivalence.
Obviously, k is in X, and X is closed under colimits since G is compact relative to Modk.
This implies that X is the entirety of Modk, and Equation (2.21) is an equivalence for all
M. Defining A as the E1-algebra

A := p∗Hom(G, G) ' homModk(G, G),

we thus obtain an equivalence between QCoh(X) and RModA. Finally, we need to
show that A is a smooth and proper algebra. The fact that A is smooth follows from
Proposition 2.1.33 and Theorem 2.5.1. Moreover, A is proper since X is proper, and in
this case p∗ preserves perfect complexes (see [Sch25, Theorem 8.10]).

We conclude by recalling that, for a quasi-compact and quasi-separated scheme, the
existence of a compact generator was proved in [BB03], and in a more general setting in
[Toë12b].
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2.5.2 Smooth and proper categories in analytic stacks

In this section, we apply the results obtained in Section 2.1 to provide examples of
smooth and proper ∞-categories for analytic stacks, as introduced by Clausen and
Scholze. We employ the theory of analytic stacks developed in [CS24]. For a com-
prehensive overview, we refer the reader to [Kes25]. In what follows, we consider the
∞-category of analytic stacks defined as the ∞-category of sheaves with values in Anima
with respect to the D-topology on the ∞-category of analytic rings.

In this appendix, we focus on analytic stacks arising from rigid analytic geometry.
However, it should be straightforward to adapt these ideas to other contexts, for example,
by viewing schemes as analytic stacks endowed with the trivial analytic ring structure,
or complex manifolds equipped with the liquid (or gaseous) analytic ring structure.

In this section, we fix a non-Archimedean field k with a pseudo-uniformizer ω and a
ring of power-bounded elements k◦. We will prove the following result.

Proposition 2.5.7. Let f : X → Sp(k) be a smooth, proper, quasi-compact, and separated rigid
analytic variety. Then, considering the induced map of analytic stacks f■ : X■ → AnSpec(k■),
the ∞-category D(X)■ is internally smooth and proper over D(k)■.

Remark 2.5.8. We can interpret the preceding proposition as stating that the coevaluation
functor

coev : D(k)■ D(X) D(X×̂X)
f ∗■ ∆ f■,!

admits a continuous and linear right adjoint. By the results in Section 2.1, we deduce
that this implies ∆ f■,!(1X) is atomic relative to D(k)■. However, the precise relationship
between D(k)■-atomic objects in D(X×̂X) and perfect complexes over X×̂X remains
unclear to the author. This prevents us from deducing the smoothness of the variety
from the smoothness of the ∞-category D(X)■ and the analogous results established in
Section 2.4.

We begin by explaining how to construct a functor from rigid analytic varieties to
analytic stacks. For this reason, throughout this appendix, we restrict our attention to
Huber pairs weakly of finite type. Related ideas have also been discussed in [Mik26] and
[And21].

We first recall the following result.

Lemma 2.5.9 ([PY16, Lemma 2.14]). Let C and X be ∞-sites, and let F : C→ X be a functor
that preserves coverings and finite limits. Then F can be extended to a functor Shv(C) →
Shv(X) that preserves finite limits and colimits.

To every analytic Huber pair (A, A+) we associate an analytic ring (A, A+)■, see
[And21, Theorem 3.28].
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Proposition 2.5.10. The functor from the category of analytic Huber pairs weakly of finite type
over k to analytic stacks

(−)■ : AnHuberwft
k → AnRingk■

defined by sending (A, A+) to AnSpec(A, A+)■ is a fully faithful embedding that commutes
with finite limits. Moreover, it sends covers in the analytic topology to D-covers.

Proof. The fact that the embedding is fully faithful was proved in [And21, Theorem
3.34]. The final assertion follows from [Cam24, Lemma 3.2.9]. Since the functor (−)■
preserves the initial object it is enough to show that the functor (−)■ commutes with
tensor products. Indeed, given a pushout diagram of Huber pairs weakly of finite type

(A, A+) (B, B+)

(C, C+) (D, D+),

we can identify the ring D with the completed tensor product of Tate algebras B⊗̂AC,
and D+ with the minimal open and integrally closed subring containing the images of
B+ and C+. The analogous tensor product in the ∞-category of analytic rings yields an
analytic ring E := (E., D(E)), where E. coincides with the condensed ring associated
to the completed tensor product B⊗̂AC (see Remark 2.2.10). By [Sch26a, Proposition
12.12], the analytic ring structure on E is obtained by completing the analytic ring struc-
ture induced by (B, B+)■ and (C, C+)■. Since E. is an affinoid algebra, it is nuclear
over (B, B+)■ and (C, C+)■; in particular, the induced analytic ring structure is already
complete. Applying [And21, Proposition 3.32], we deduce that (D, D+)■ coincides with
E.

Applying Lemma 2.5.9, we obtain the following colimit-preserving functor:

AnHuberwft
k AnStackk■

Shv(AnHuberwft
k)

(−)■

(−)■

In particular, by composing this functor with the natural map AnAdic→ Shvan(AnHuber),
we obtain the required functor:

RigVar→ AnStacks.
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Explicitly, for a rigid analytic variety X, we can consider the associated analytic stack,
defined as:

X■ := lim−→
Sp(A)↪→X

AnSpec(A, A◦)■. (2.22)

For a rigid analytic variety X, we denote by D(X)■ the ∞-category of “analytic
quasi-coherent sheaves” on X, defined via descent using Equation (2.22). Moreover, if
f : Sp(A) → X is a cover, we can identify the analytic stack X■ with the Čech nerve of
f■.

Lemma 2.5.11. Let f : X → Spa(k, k◦) be a proper and quasi-compact rigid analytic variety.
Then there exists a descendable D-prim cover of analytic stacks of the form fk■ : AnSpec(A, k◦)■ →
X■.

Proof. We observe that since X is quasi-compact, there exists a cover f : Sp(A) → X
consisting of the disjoint union of finitely many open affinoids in X. Because X is
separated, the Čech nerve of f is n-truncated for some n, taking the form:

X ' colim
[m]∈∆≤n

(Sp(A) Sp(A2) · · · )

where we denote by Sp(An) the n-fold intersection Sp(A) ×X · · · ×X Sp(A). Since X
is proper and separated, this colimit can be equivalently described in the category of
adic spaces using the analogous diagram with the adic compactifications Spa(An, k◦).
Applying Lemma 2.5.9, we obtain an effective epimorphism:

fk■ : AnSpec(A, k◦)■ → X■.

This map satisfies the assumptions of Proposition 2.1.48; it follows that fk■ is a descend-
able D-prim cover.

Proof of Proposition 2.5.7. The proof relies on Proposition 2.1.46. To apply loc. cit., we
must verify that f■ is D-prim and D-suave. The fact that f■ is D-suave follows from
[Mik26, Theorem 1.62]. Furthermore, using Lemma 2.5.11 and Corollary 2.1.49, we de-
duce that f■ is indeed D-prim.
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3
An axiomatic approach to analytic
1-affineness

joint with Emanuele Pavia

3.1 Categorified sheaves over ∞-sites

3.1.1 The general setup

Standing assumption 3.1.1. Throughout this section, we fix the following.

(1) A small ∞-site C admitting all finite coproducts, binary products, and pullbacks.
We call objects in C test spaces, and denote them as U → X: they have to be thought
as open quasi-compact subobjects of some geometric object X (which may, or may
not, belong to the ∞-site C itself). When dealing with morphisms of test spaces,
we shall trim our notations and just write φ : U → V.

(2) A stable and presentably symmetric monoidal ∞-category V.

(3) A sheaf of presentably V-linear symmetric monoidal ∞-categories D: Cop →
CAlg(PrL

V) which sends finite limits existing in C to finite colimits in CAlg(PrL
V).

We moreover assume the following.
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(4) Finite coproducts in C are disjoint and universal: let ∅ denote the initial object of
C. Then for any finite collection of objects {Ui → X}i∈I , we have that

Ui1 ×Ui1 ⨿ Ui2
Ui2 ' ∅.

Moreover, for any diagram of test spaces Ui → V →W, the natural map

⨿
i∈I

(Ui ×W V) −→
(

⨿
i∈I

Ui

)
×W V

is an equivalence.

(5) The Grothendieck topology on C is generated by a collection of maps S which
contains all equivalences and is stable under compositions, pullbacks and finite
coproducts, in the sense of [Lur18, Proposition A.3.2.1].

Remark 3.1.2. Let us say something more on the set of conditions in Assumptions 3.1.1.

1. The ∞-site admits all finite coproducts, but the condition of having all binary prod-
ucts in Assumption 3.1.1.(1) means only that whenever U → X and V → X are
test spaces, then there exists a test space U ×X V in C. In particular, C can fail to
have a terminal object: for example, this happens when C is the little site spanned
by a base of quasi-compact open subsets of a topological space X which is not
quasi-compact itself.

2. The assumptions 3.1.1.(4) and 3.1.1.(5) identify the Grothendieck topology on C

as the one described as follows: a collection of maps {Ui → V}i∈I is a covering if
and only if there exists a finite subset J ⊆ I such that ⨿j∈J Uj → V is a morphism
in S. In particular, each test space is tautologically quasi-compact, in the sense that
any τ-covering can be refined to a finite one.

3. Since V is assumed to be stable and presentable, it is a Sp-module in PrL ([Lur17,
Proposition 4.8.2.18]). Being V symmetric monoidal, [Lur17, Corollary 4.8.2.19]
implies that there exists a symmetric monoidal functor Sp → V, hence we obtain
a forgetful functor

PrL
V−→ PrL

Sp ' PrL
st,

where PrL
st is the ∞-category of presentable and stable ∞-categories. In particular,

Assumption 3.1.1.(3) implies that for all test spaces U → X the ∞-category D(U)

is stable.
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Definition 3.1.3. Let C, V and D be as in Assumptions 3.1.1. The categorification of D is
the functor

Dcat : Cop −→ Ĉatrex

U 7→ PrL
D(U).

(3.1)

We are interested in extending the categorification of the sheaf D to some (possibly
large) ∞-category Ĉ containing C, in such a way that objects in Ĉ are still governed by
the ones in C. In order to formalize this idea, we need to fix some notations.

Definition 3.1.4. Let C be a ∞-category, and let ι : C→ Ĉ be a functor. We say that ι is
dense if the identity functor on Ĉ is a left Kan extension of ι along itself. Equivalently,
this means that for all objects D of Ĉ the functor

C×
Ĉ
Ĉ/D −→ C

ι−→ Ĉ

admits a colimit, which is equivalent to D. If ι is moreover fully faithful, we shall say
that ι is a dense embedding and that C is a dense sub-∞-category.

Remark 3.1.5. As explained in [Lur09, ArXiv v4, Remark 5.2.9.4], if ι : C → Ĉ is a
functor and Ĉ admits all small colimits, then ι is dense if and only if the induced functor
Fun(Cop, Ani) → Ĉ exhibits Ĉ as a localization of the ∞-category of presheaves over C.
If we drop the assumption that C is small, the same holds if we accept to enlarge our
universe and consider presheaves of large anima Fun(Cop, Âni).

Example 3.1.6. Let C be a Grothendieck site. Then the Yoneda embedding よ : C →
Fun(Cop, Ani) is always a dense embedding, and composing with the natural sheafifica-
tion functor Fun(Cop, Ani)→ ShvτC

(C) one obtains a dense functorよ : C→ ShvτC
(C).

This is a dense embedding if and only if the Grothendieck topology τC is sub-canonical.

Construction 3.1.7. Let C, V and D be as in Assumptions 3.1.1, let Dcat : Cop → Ĉatrex

be the categorification of D as in Definition 3.1.3, and let ι : C→ Ĉ be a dense functor.
We have two ways to extend Dcat to an assignment to all Ĉ.

1. We can either consider the right Kan extension RanιD(Y) of D along (the opposite
functor to) ι : C⊆ Ĉ, which is given by the assignment

D(Y) ' lim
ι(X)→Y

X∈C

D(X),
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and then consider its categorification

Ĉ−→ Ĉatrex

Y 7→ PrL
RanιD(Y).

2. Or we can consider the right Kan extension of Dcat along ι : C⊆ Ĉ, obtaining the
functor RanιD

cat. On an object Y of Ĉ, it is explicitly described by the assignment

Y 7→ lim
ι(X)→Y

X∈C

PrL
D(X).

An object in PrL
RanιD(Y) is a categorical D(Y)-module, while an object in RanιD

cat(Y) can
be loosely described as a sheaf of ∞-categories described by a rule

C×
Ĉ
Ĉ/Y −→ Ĉatrex

{α : ι(U)→ Y} 7→ EU,

where EU is a categorical D(U)-module, together with suitable homotopy coherent co-
cycle conditions. For any object Y of Ĉ, we have a natural comparison functor

PrL
RanιD(Y) −→ RanιD

cat(Y). (3.2)

induced by the universal property of limits.

Definition 3.1.8. Let C, V and D be as in Assumptions 3.1.1, and let ι : C → Ĉ be a
dense functor. We say that an object Y in Ĉ is 1-affine with respect to ι if the comparison
functor (3.2) is an equivalence.

Notation 3.1.9. For the remainder of the paper, we will frequently abuse notation and denote the
right Kan extension RanιD(−) simply by D(−); the same applies to Dcat(−).

Remark 3.1.10. If Ĉ admits all colimits, then Remark 3.1.5 implies that it is a full sub-
∞-category of Fun(Cop, Ani). In this case, if Y is an object of Ĉ ⊆ Fun(Cop, Ani) we
shall simply say that Y is 1-affine. This choice of terminology agrees with the one used
of [Gai15].

The fundamental question of this paper is the following.

Question 3.1.11. Let C, V, and D be as in Assumptions 3.1.1, and let ι : C→ Ĉ be a
dense functor. Which objects of Ĉ can be proved to be 1-affine?
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3.1.12. The quest for 1-affineness with respect to a dense functor ι : C → Ĉ can be
rephrased in more explicit terms. Recall the functor (3.2): this is the left adjoint in the
adjunction

(̂−) : PrL
D(Y)

−−−→
←−−− Dcat(Y) : Γ(Y,−). (3.3)

The left adjoint is a categorified version of the sheafification of modules on a locally
ringed space. Given a categorical D(Y)-module E, its sheafification is described by the
rule

{α : ι(U)→ Y} 7→ E⊗D(Y) D(U).

This formula makes sense, since D(Y) is a limit of symmetric monoidal ∞-categories
(hence it is naturally symmetric monoidal), so D(U) becomes a categorical D(Y)-module
via pullback.

On the other hand, the right adjoint Γ(Y,−) is a categorified version of the global
sections functor. For an object in Dcat(Y), described by the rule

{α : ι(U)→ Y} 7→ EU,

we have an associated diagram

C×
Ĉ
ĈY −→ PrL

D(Y)

{α : ι(U)→ Y} 7→ α∗EU.

Then we have
Γ((EU)α, Y) ' lim

α : ι(U)→Y
U∈C

α∗EU.

This discussion makes sense also in the case when Y = ι(U) lies in C. Of course, since
D is assumed to be a sheaf for the Grothendieck topology on C, the discussion in this
case greatly simplifies: for any test space U in C we have equivalences

RanιD(ι(U)) ' D(U) and Dcat(ι(U)) ' Dcat(U),

so the adjunction (3.3) actually boils down to an adjunction

(̂−) : PrL
D(U)

−−−→
←−−− Dcat(U) : Γ(X,−), (3.4)

which is trivially an adjoint equivalence. In general, for all objects Y in Ĉ and for any E
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in PrL
D(Y) we have a unit functor

η : E−→ Γ(Y, Ê) (3.5)

and for any (GX)α : ι(X)→Y in Dcat(Y) we have counit functor

ϵ : (GX)α : ι(X)→Y −→
(

lim
α : ι(U)→Y

α∗G⊗RanιD(Y) D(X)

)
X

. (3.6)

An object is 1-affine if and only if both functors (3.5) and (3.6) are equivalences.

In general, it is difficult to characterize 1-affine objects for an arbitrary choice of C

and D. For example, it is not clear at all that the categorification Dcat is again a sheaf
over C, even if Dwas a sheaf in the first place. In the following, we propose two suitably
general frameworks in which Dcat can be proved to be still a sheaf.

Assumption 3.1.13. Let C, D and V be as in Assumptions 3.1.1. Suppose that one of the
following two conditions hold.

(1) The sheaf of ∞-categories D is obtained from a strongly monoidal six-functor formalism

(D∗, D!) : Corr(C)⊗E,all −→ PrL,⊗
V

in the sense of [MAN22], and the topology on C is the universal !-able topology (see
Definition 3.1.18).

(2) The sheaf D already is the categorification of a sheaf of commutative algebras

D : Cop −→ CAlg(V),

in the sense that we have a natural equivalence of functors

D' ModD(−)(V).

While the meaning of Assumption 3.1.13.(2) is quite self-evident, Assumption 3.1.13.(1)
is a compact way to formulate many different sub-conditions: we shall describe in de-
tail what we mean in Section 3.1.2. We finish this section by collecting some pieces of
terminology that we will use later (essentially to describe non-trivial 1-affine object).

Definition 3.1.14. Let C, V, and D be as in Assumptions 3.1.1. Let ι : C→ Ĉ be a dense
functor.
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(1) An object X of Ĉ is C-affine if it belongs to the essential image of ι.

(2) A morphism α : Y → X is C-affine if for any C-affine object ι(U) → X the map
Y ×X ι(U) is C-affine and the projection Y ×X ι(U) → ι(U) is the image of a map
of C under ι.

(3) We say that a collection of maps {φi : Wi → X} is a C-affine atlas (or affine C-
atlas) if each Wi is C-affine and for each C-affine ι(U) → X the collection of
maps {Wi ×X ι(U)→ ι(U)} is the image under ι of a covering of ι(U) for the
Grothendieck topology on C.

Remark 3.1.15. Let C be as in Assumptions 3.1.1, and let ι : C→ Ĉ be a dense functor
in a ∞-category Ĉ where colimits are universal. Let {ι(Wi)→ X} be a C-affine atlas of
an object X in Ĉ. Then we can write

X ' colim
ι(U)→X

ι(U).

Since {ι(Wi)→ X} is a C-affine atlas, for any ι(U)→ X we let

πU :
n

⨿
i=1

ι(Wi)×X ι(U)→ ι(U)

be the induced covering of ι(U), and let Č(πU) denote its Čech cover, so as to write

ι(U) ' colim
∆op

Č(πU).

For each [n] ∈ ∆, we have

Č(πU)
n ' ⨿

{i1,··· ,in}⊆{1,··· ,m}
ι(Wi1)×X · · · ×X ι(Win)×X ι(U),

and so using the fact that colimits in Ĉ are universal we have

colim
ι(U)→X

Č(πU)
n ' ⨿

{i1,··· ,in}⊆{1,··· ,m}
ι(Wi1)×X · · · ×X ι(Win) ' Č(φ)n.

So we have
X ' colim

∆op
colim

ι(U)→X
Č(πU) ' colim

∆op
Č(φ).

In particular, it is still true that if X admits C-affine atlas, then it is realized as the colimit
of its associated Čech nerve.
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3.1.2 Categorified sheaves under Assumption 3.1.13.(1)

Let C, D and V be as in Assumptions 3.1.1, We first spend some words on what the
technical machinery of six-functor formalisms, established in [MAN22, §A.5], specializes
to in our setting, and explain clearly what we mean in Assumption 3.1.13.(1).

Fact 3.1.16.

(1) The pair (C, E) forms a geometric setup in the sense of [MAN22, Definition A.5.1]. In
particular, E is a class of morphisms which contains all equivalences and is closed under
pullbacks.

(2) Let Corr(C)E,all denote the sub-∞-category of the ∞-category of correspondences of C,
whose objects are the same as the objects of C but where we allow a span V ← U → W to
be a morphism in Corr(C)E,all only if U →W belongs to E. The ∞-category Corr(C)E,all

can be regarded as the underlying ∞-category of a ∞-operad

Corr(C)⊗E,all := Corr (((Cop)⨿)op)S−,all

using the formalism of coCartesian ∞-operads (see [Lur17, Proposition 2.4.3.3]).

(3) We have a map of ∞-operads

(D∗, D!) : Corr(C)⊗E,all −→ PrL,⊗
V ,

such that for all morphisms φ : U → V we have a symmetric monoidal functor between
presentably V-linear symmetric monoidal ∞-categories φ∗ : D(V) → D(U). If ψ : W →
Y lies in E, then we have a functor ψ! : D(W)→ D(Y).

(4) Both φ∗ and ψ! admit right adjoints for abstract reasons. At the same time, the symmetric
monoidal structure on each D(U) is closed.

Remark 3.1.17. If C admits a terminal object, and thus all limits, then Cop admits all
finite coproducts, hence ((Cop)⨿)op can be regarded as a twist of the Cartesian monoidal
structure on C. Concretely, the fiber over a map of finite pointed sets α : J → I of finite
sets along the coCartesian fibration of ∞-operads ((Cop)⨿)op → Fin∗ consists of maps

Xi −→ ∏
j∈α−1(i)

Yj,

rather than maps in the opposite direction. Still, this defines a symmetric monoidal
∞-category ([Lur17, Remark 2.4.3.4]) and so Corr(C)⊗E,all is a symmetric monoidal ∞-
category as well ([LZ24, Proposition 6.1.3]): its symmetric monoidal structure is inherited
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from such twisted Cartesian monoidal structure of C. The ∞-operad Corr(C)⊗E,all in
Fact 3.1.16.(2) is just the underlying ∞-operad of such symmetric monoidal structure.
Thus, the map of ∞-operads in Fact 3.1.16.(3) boils down to a lax monoidal structure on
the functor (D∗, D!).

Let us now explain what the universal !-able Grothendieck topology on C is.

Definition 3.1.18 ([Sch25, Definition 4.14]). Let C be any ∞-category, and let (D∗, D!) a
six-functor formalism on (C, E). We define a Grothendieck topology τ!

C on C by saying
that a collection of maps {φi : Ui → V} is a universal !-able cover if all maps φi lie in E
and the following conditions hold.

(1) (The topology is universally sub-canonical.) For any object Z in C and for any map
W → V from an object in C, the functor MapC(−, Z) exhibits MapC(W, Z) as the
limit for the diagram MapC(−, Z)

∣∣
Ui×VW→W .

(2) (The topology satisfies universal *-descent.) For any map W → V from an object in
C, the functor D exhibits D(W) as the limit for the diagram D|Ui×VW→W computed
along the functors φ∗.

(3) (The topology satisfies universal !-descent.) For any map X → よ(V) in
Fun(Cop, Ani), the functor Dexhibits D(X) as the limit for the diagram D|よ(Ui)×よ(V)X→X

computed along the functors φ!.

We say that the Grothendieck topology τ!
C is the universal !-able topology on C.

All together, Assumption 3.1.13.(1) means that the functor D is formally obtained as
the restriction of the functor (D∗, D!) along the natural inclusion of ∞-operads (Cop)⨿ ⊆
Corr(C)⊗E,all. Moreover, the functor D is a sheaf for the universal !-able topology on C.

3.1.19. The assumption that D turns finite limits of C into finite colimits of CAlg(PrL
V)

(Assumption 3.1.1.(3)) actually implies that the six-functor formalism

(D∗, D!) : Corr(C)⊗E,all −→ PrL,⊗
V

is locally strongly monoidal, in the following sense. For any test space V, the ∞-category
C/V admits all finite limits (all finite limits but the terminal object are inherited by
limits in C, while the terminal object is realized by V), so the procedure described in
Fact 3.1.16.(2) equips Corr(C/V)E,all with a symmetric monoidal structure. Then the
induced functor

(D∗, D!)|V : Corr(C/V)
⊗
E,all −→ PrL,⊗

D(V)
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is a symmetric monoidal functor of ∞-categories. This is true because the product in
C/V of two objects U → V and W → V (which is the pullback U ×V W in C) is sent to
the pushout of the diagram D(U) ← D(V) → D(W) in CAlg(PrL

V), which is precisely
the relative tensor product D(U)⊗D(V) D(W).

We now explain how Assumption 3.1.13.(1) implies that we can deduce a strong
dualizability condition at the categorified level, whenever a map of test spaes φ : U → V
is a universal !-able cover.

Construction 3.1.20. Let V be any test space in C, let C/V denote the slice ∞-category
over V. Let CS

/V denote the sub-∞-category of C/V described as follows.

1. Objects are maps U → V which belong to E.

2. A morphism between two arrows φ : U → V and ψ : W → V is a map in C/V .

Notice that [HM24, Lemma 2.1.5.iii] implies that whenever U → V and W → V belong
to E, then any morphism U →W commuting with the maps to V is forced to lie in E as
well. This is easily seen to imply the following.

Proposition 3.1.21. Let C and E be as in Assumption 3.1.13.(1). Then CE
/V ⊆ C/V is a full

sub-∞-category closed under finite limits.

As a consequence of Proposition 3.1.21, we have a strongly monoidal inclusion

Corr(CE
/V)
⊗ := Corr(CE

/V)
⊗
all,all ⊆ Corr(C/V)

⊗
E,all.

In particular, the restriction

(D∗, D!)
E
∣∣∣
V

: Corr(CE
/V)
⊗ ⊆ Corr(C/V)

⊗
E,all −→ PrL,⊗

D(V)
(3.7)

remains strongly monoidal.

We want to show how Proposition 3.1.21 implies that D(U) is D(V)-dualizable, when
φ : U → V lies in E. In order to do so, recall the following fundamental property of
(higher) ∞-categories of correspondences.

Proposition 3.1.22 ([Hau18, Theorem 1.4]). If C is a ∞-category admitting all finite lim-
its, then for all n ⩾ 1 every object in the (∞, n)-category Corrn(C) of iterated spans is fully
dualizable.
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Remark 3.1.23. Actually, the proof of Proposition 3.1.22 in [Hau18] shows something
more: each object is self dual. The evaluation and coevaluation correspondences

X

{∗} X× X

∆ and
X

{∗}X× X

∆

are one the transpose of the other.

Corollary 3.1.24 ([CS24, Lecture 17, around 1:19:00]). Let C, D, V be as in Assump-
tion 3.1.13.(1). Then for any map of test spaces φ : U → V lying in E the pullback
φ∗ : D(V)→ D(U) turns D(U) into a dualizable D(V)-module. In fact, this D(V)-module is
self-dual, and for any map of test spaces α : U → W over V which belongs to E the dual of the
functor α∗ : D(W)→ D(U) corresponds to α! : D(U)→ D(W) under the equivalences

D(U) ' D(U)∨ and D(W) ' D(W)∨.

Proof. Just notice that, being symmetric monoidal, the functor (3.7) preserves duals. Then
everything is a formal consequence of Proposition 3.1.22 and Remark 3.1.23.

We are now ready to prove that the functor (3.1) is a sheaf for the Grothendieck
topology on C.

Proposition 3.1.25. Let C, D and V be as in Assumptions 3.1.1. Assume Assump-
tion 3.1.13.(1) to hold. Then the functor (3.1) is a sheaf for the universal !-able Grothendieck
topology on C.

Proof. The assumption on our Grothendieck topology τC allows us to reduce the above
claim to the following (see also [Lur18, Proposition A.3.3.1]).

1. The functor Dcat preserves finite products.

2. For any map of test spaces φ : V → U which is a universal !-able cover, the functor

Dcat(U) −→ lim
[n]∈∆

(
Dcat(V) Dcat(V ×U V) Dcat(V ×U V ×U V) · · ·

)
is an equivalence.

The first claim follows from an easy check of the Barr–Beck–Lurie’s monadicity theorem,
using the fact that for any collection of presentably symmetric monoidal ∞-categories Vi

one has

∏
i∈I

PrL
Vi
' PrL

∏i Vi
,
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see for example [PPS25b, Proposition 3.2.32]. In order to prove the second claim, we
argue as follows: since all objects involved belong to C, they are clearly 1-affine with
respect to ι. So the claim reduces to proving that the functor

PrL
D(U) −→ lim

[n]∈∆
PrL

D(V×U (n+1))

is an equivalence. Once again, this is a left adjoint functor which sends a categorical
D(U)-module E to the collection of D

(
V×U(n+1)

)
-modules E⊗D(U) D

(
V×U(n+1)

)
. Its

right adjoint simply takes a compatible collection of D
(

V×U(n+1)
)

-modules En and com-

putes the totalization of the diagram φ∗En in PrL
D(U). The fact that the unit functor

E−→ lim
[n]∈∆

E⊗D(U) D
(

V×U(n+1)
)

is an equivalence is essentially due to the fact that D is a sheaf for the universal !-able
topology. Indeed, we argue as follows: we have an equivalence

D(U) ' lim∗
[n]∈∆

D
(

V×U(n+1)
)
' lim!

[n]∈∆
D
(

V×U(n+1)
)

,

where the superscripts ∗ and ! denote the functors with respect to which the limits are
computed. Since each D

(
V×U(n+1)

)
is self-dual over D(U) (Corollary 3.1.24), we have

that
E⊗D(U) D

(
V×U(n+1)

)
' FunL

D(U)

(
D
(

V×U(n+1)
)

, E
)

so we have

lim∗
[n]∈∆

E⊗D(U) D
(

V×U(n+1)
)
' lim∗

[n]∈∆
FunL

D(U)

(
D
(

V×U(n+1)
)

, E
)

' FunL
D(U)

(
colim∗,∨
[n]∈∆op

D
(

V×U(n+1)
)

, E
)

' FunL
D(U)

(
colim!
[n]∈∆op

D
(

V×U(n+1)
)

, E

)

' FunL
D(U)

(
lim!

[n]∈∆
D
(

V×U(n+1)
)

, E
)

' FunL
D(U)(D(U), E) ' E.
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The fact that for an object {En}[n] in lim[n] PrL
D(V×U (n+1))

the counit

{(
lim
[m]∈∆

Em

)
⊗D(U) D

(
V×U(n+1)

)}
[n]∈∆

−→ {En}[n]∈∆

is an equivalence is a consequence of the fact that each D
(

V×U(n+1)
)

is dualizable over
D(U). Indeed, it is sufficient that the above functor is an equivalence at the n = 0 stage,
since for n ⩾ 1 the functor at stage n is obtained by tensoring with D

(
V×U(n+1)

)
. In

this case, we have
lim
[m]∈∆

E0 ⊗D(U) D
(

V×U(m+1)
)
−→ E0.

But the cosimplicial object E0 ⊗D(U) D
(

V×U(m+1)
)

is cosplit via the diagonal, with
coaugmentation given precisely by E0 → E0⊗D(U) D(V). Therefore, E0 is the (universal)
limit of such coaugmented cosimplicial diagram, and this finishes the proof.

In particular from the above proposition we can deduce the following corollary

Corollary 3.1.26. Every object in C is 1-affine.

Remark 3.1.27. In Proposition 3.1.25, it is not strictly necessary to consider the Čech
nerve of a covering map. The same proof shows that Dcat satisfies descent along any
simplicial C-affine diagram whose colimit is U, provided that D satisfies universal *-
descent and universal !-descent along it.

Let C, V and D be as in Assumptions 3.1.1, and suppose that Assumption 3.1.13.(1)
holds. In order to study the problem of 1-affineness relatively to a dense functor ι : C→
Ĉ, we shall assume the following.

Assumption 3.1.28.

(1) The dense functor ι : C→ Ĉ is fully faithful.

(2) The ∞-category Ĉ admits all finite limits, and the dense functor ι : C → Ĉ preserves
pullbacks of C along all maps in E.

(3) If the pullback of a morphism α : X → ι(U) along a map ι(W) → ι(U) lies in E, then
X ' ι(V) and α is the image under ι of a morphism of E.

We start by extending the six-functor formalism (D∗, D!) from C to Ĉ along ι, fol-
lowing a recipe due to Heyer and Mann [HM24]
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Proposition 3.1.29 ([HM24, Proposition 3.4.2]). Let C, D and V be as in Assump-
tion 3.1.13.(1), and let ι : C → Ĉ be a dense functor as in Assumption 3.1.28. Let E be the
class of morphisms φ : X → Y of Ĉ satisfying the following: for all test spaces U in C and for
all maps ι(U) → Y, the pullback ι(U)×Y X is equivalent to ι(V) for some object V in C and
ι(U)×Y X → ι(U) is the image of a morphism of E under ι. Then we have the following.

(1) The pair ( Ĉ, S′) is a geometric setup.

(2) The functor ι : C→ Ĉ is a morphism of geometric setups ([HM24, §2.1]).

(3) The six-functor formalism (D∗, D!) extends uniquely to a six-functor formalism (D∗, D!)

on Ĉ, via a left Kan extension

D(X) := lim
ι(U)→X

D(U).

Proof. The first two claims can clearly be proved in the same way as in [HM24, Proposi-
tion 3.4.2], while the third claim is just [MAN22, Proposition A.5.16].

Proposition 3.1.30 ([HM24, Theorem 3.4.11]). Let C, D and V be as in Assump-
tion 3.1.13.(1), and let ι : C → Ĉ be a dense functor satisfying the assumptions of Proposi-
tion 3.1.29. Let ( Ĉ, E) denote the geometric setup obtained from the geometric (C, E) as in
Proposition 3.1.29. Then there exists a collection of morphisms Ê in Ĉ satisfying the following.

(1) The functor ι defines a morphism of geometric setups (C, E)→ ( Ĉ, Ê), and the six-functor
formalism (D

∗, D!) on the source extends uniquely to a six-functor formalism (D̂∗, D̂!)

on the target.

(2) The class Ê is *-local on the target: if a morphism α : X → Y is such that for every
morphism ι(U)→ Y the pullback ι(U)×Y X → ι(U) lies in Ê, then α is in Ê.

(3) The class Ê is !-local on both source and target: if a morphism α : X → Y is such
that there exists either a small universal !-cover {ι(Ui)→ Y} such that all morphisms
ι(Ui) ×Y X → ι(Ui) are in Ê, or a small universal !-cover

{
ι(Vj)→ X

}
such that all

compositions ι(Vi)→ Y are in Ê, then α lies in Ê.

(4) The class Ê is tame: every morphism Y → ι(U) which lies in Ê is !-locally on the source
in E.

Moreover, such choice can be chosen to be minimal with respect to the inclusion order.

Remark 3.1.31. The recipe in Proposition 3.1.30 extends in a non-trivial way the class of
morphisms α for which the functors α! and α! are defined, but it does not alter the stable
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and presentable ∞-category D(X) associated to an object X in Ĉ. In particular, the stable
and presentable ∞-category D̂(X) is once again D(X), which in turn is just D(X). All in
all, Proposition 3.1.30 tells us that the left Kan extension of one of the operations the six-
functor formalism is itself part of a six-functor formalism, and there exists a clever way
to add maps to the collection E in order to keep all the good properties of the six-functor
formalism.

Proof. While the statement in [HM24, Theorem 3.4.11] only considers the case where Ĉ

is the ∞-category of sheaves for the universal !-able topology, the proof applies in our
generality as well. Indeed, the only point where the proof explicitly relies on the fact
that Ĉ= Shvτ!

C
(C) is to ensure that the class S of all possible collections of morphisms

Ê which satisfy Proposition 3.1.30.(1) and Proposition 3.1.30.(4) is not empty. However,
as already observed in Proposition 3.1.29, this is true also in our case since S contains at
least E.

Remark 3.1.32. If ι satisfies all conditions in Assumption 3.1.28 except for the fully faith-
fulness, it should still be feasible to adapt the proofs of [HM24, Proposition 3.4.2 and
Theorem 3.4.11] obtaining a six-functor formalism (D̂∗, D̂!) on Ĉ. Although this will not
be an extension of the six-functor formalism (D∗, D!) anymore, it still is the universal
six-functor formalism making the diagram of ∞-operads

Corr(C)⊗E,all

Corr( Ĉ)⊗
E,all

PrL,⊗
V

ι

(D∗, D!)

(D̂∗, D̂!)

commute. However, since the Grothendieck topology τ!
C is required to be sub-canonical,

and since we want D̂(ι(U)) to be the same as D(U) for any test space U, we do not
investigate the matter further.

Remark 3.1.33. With the general recipe of Proposition 3.1.30, the six-functor formalism
can be extended to the geometric setup ( Ĉ, Ê). So it makes sense to define universal
!-able covers also in Ĉ.

The following proposition is close in spirit to the results studied in [Kes25] concern-
ing categorical Künneth formulas for analytic stacks, and especially to [Kes25, Theorem
3.26]. The proof is almost the same as the one in loc. cit., but we still provide a proof for
the reader’s convenience.
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Proposition 3.1.34. Let C, V, and D be as in Assumption 3.1.13.(1), and let ι : C→ Ĉ be a
dense embedding as in Assumption 3.1.28. Let Y be an object in Ĉ that can be realized as the
colimit colim[n]∈∆op Wi1...in of a simplicial diagram in which each Wi1...in is C-affine, and along
which D(−) satisfies universal *-descent and universal !-descent. Then, for every pair of indices
α, β in the simplicial diagram, the natural functor

D(ι(Wα)×Y ι(Wβ)) −→ D(Wα)⊗D(Y) D(Wβ)

is an equivalence.

Proof. Let us fix some notations first. For α and β as in the statement, write

Wα1···αn for Wα ×Y Wi1...in ,

Wβ1···βn for ⨿
{i1,...,in}⊆I

Wβ ×Y Wi1...in .

We have

D(ι(Wα))⊗D(Y) D(ι(Wβ)) ' D(Wα)⊗D(Y) D(Wβ)

' colim
[n]∈∆op

D(Wα)⊗V D(Y)⊗n ⊗V D(Wβ).

Using descent along the universal !-able covers {Wi → Y}, {Wα ×Y Wi →Wα} and{
Wβ ×Y Wi →Wβ

}
we deduce

D(Wα) ' lim∗
[m]∈∆

D(Wα1···αm) ' lim!

[m]∈∆
D(Wα1···αm) ' colim!

[m]∈∆op
D(Wα1···αm),

D(Y) ' lim∗
[m]∈∆

D(Wi1···im) ' lim!

[m]∈∆
D(Wi1···im) ' colim!

[m]∈∆op
D(Wi1···im),

D(Wβ) ' lim∗
[m]∈∆

D(Wβ1···βm) ' lim!

[m]∈∆
D(Wβ1···βm) ' colim!

[m]∈∆op
D(Wβ1···βm).

Moreover, since ∆op is sifted, ∆op → ∆op,×n is a final functor for all integers n, thus we
have

D(Y)⊗n '
(

colim!
[m]∈∆op

D(Wi1···im)

)⊗n

' colim!
[m]∈∆op

(D(Wi1···im)
⊗n).



3. An axiomatic approach to analytic 1-affineness 127

All things considered, we can write

colim
[n]∈∆op

D(Wα)⊗V D(Y)⊗n ⊗V D(Wβ) ' colim!
∆op,×4

D(Wα1···αm1
)⊗V D(Wi1···im2

)⊗n ⊗V D(Wβ1···βm3
)

' colim!
∆op,×2

D(Wα1···αm)⊗V D(Wi1···im)
⊗n ⊗V D(Wβ1···βm)

' colim!
[m]∈∆op

D(Wα1···αm)⊗D(Wi1···in )
D(Wβ1···βm)

' colim!
[m]∈∆op

D
(

Wα1···αm ×Wi1···in
Wβ1···βm

)
.

Notice that in the second equivalence we used once again that ∆op is sifted, while in the
last equivalence we used the fact that the six-functor formalism (D∗, D!) is assumed to
be strongly monoidal, and thus D sends fiber products of objects in C to relative tensor
products of presentably symmetric monoidal ∞-categories (see discussion in §3.1.19).
We now observe that

Wα1···αm ×Wi1...im
Wβ1···βm := Wα ×Y Wi1...in ×Wi1...im

Wβ ×Y Wi1...im

'Wα ×Y Wβ ×Y Wi1...im .

Since D(−) satisfies universal !-descent along the diagram colim[n]∈∆op Wi1...in using !-
descent we conclude as desired.

Proposition 3.1.34 is the main stepping stone in proving the following theorem.

Theorem 3.1.35. Let C, V, D be as in Assumption 3.1.13.(1), and let ι : C→ Ĉ be a dense
embedding as in Assumption 3.1.28. Let Y be an object in Ĉ, and suppose that Y satisfies the
hypotesis in Proposition 3.1.34. Then Y is 1-affine relatively to ι.

Remark 3.1.36. We observe that the hypotheses of Proposition 3.1.34 are satisfied, in
particular, when Y admits a universal !-able cover of the form {ι(Wi)→ Y}i∈I such that
all n-fold fiber products ι(Wi1) ×Y · · · ×Y ι(Win) are again C-affine. In this case, the
simplicial diagram under consideration is the Čech nerve of this cover.

Proof. We endow the ∞-category Ĉ of the universal !-able topology for the six-functor
formalism established in Proposition 3.1.30. As explained in [HM24, Theorem 3.4.11],
the functor D is again a sheaf for the universal !-able topology on Ĉ, since Dwas a sheaf
in the first place (Proposition 3.1.25).

In order to prove the 1-affineness of Y, we simply need to prove that the functor
PrL

D(−) satisfies descent along the cover {ι(Wi)→ Y}. Once we know this, since all C-
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affine objects are trivially 1-affine relatively to ι, we would have a chain of equivalences

Dcat(Y) := lim
[n]∈∆op

Dcat(Wi1...in)

' lim
[n]∈∆op

PrL
D(Wi1...in )

' PrL
D(Y).

Notice that, while it is true that we have at our disposal a six-functor formalism
(D̂∗, D̂!) on all Ĉ which extends the six-functor formalism (D∗, D!) over C, it is not
true that the six-functor formalism (D̂∗, D̂!) is locally strongly monoidal (in the sense of
Paragraph 3.1.19) anymore. It follows that, in general, for a map Z → Y lying in Ê the
categorical D(Y)-module D(Z) will not be self-dual anymore. But Proposition 3.1.34

is precisely the ingredient that allows us to deduce that each D(Wi) is self-dual as a
categorical D(Y)-module. Indeed, let 〈ι(Wi)〉/Y be the smallest sub-∞-category of Ĉ/Y

containing all maps ι(Wi1...in) → Y and the identity Y = Y. Then Proposition 3.1.34

means that the composition

Corr(〈ι(Wi)〉/Y)
⊗ −→ Corr( Ĉ/V)

⊗
Ê,all

(D̂∗,D̂!)−→ PrL,⊗
D(Y)

is now strongly monoidal, hence it preserves duals, and so we can safely apply Propo-
sition 3.1.22 to establish that each D(Wi) is self-dual as a categorical D(Y)-module. At
this point, we can follow the same strategy of proof of Proposition 3.1.25 (see also Re-
mark 3.1.27) to deduce that the natural functor

PrL
D(Y) −→ lim

ι(Wi)→Y
PrL

D(Wi)

is an equivalence, and so we conclude.

3.1.3 Categorified sheaves under Assumption 3.1.13.(2)

Let C, D and V be as in Assumptions 3.1.1. Assume moreover that Assump-
tion 3.1.13.(2) holds: this means that for any morphism of test spaces φ : U → V the
adjunction φ∗ a φ∗ can be interpreted as a free–forgetful adjunction of the form

−⊗D(V) D(U) : ModD(V)(V) −−−→←−−− ModD(U)(V) : oblvD(U) .

In particular, the right adjoint commutes with all limits and colimits and it is lax
monoidal ([HHLN23, Proposition A]). It follows that oblvD(U) D(U) is still a commu-
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tative algebra inside ModD(V)(V) (equivalently, it is a commutative D(V)-algebra). By
abuse of notation, we shall still denote it as D(U).

Definition 3.1.37 ([Mat16, Definition 3.18]). Let C, D and V be as in Assumptions 3.1.1.
We say that a morphism of test spaces φ : U → V is descendable if the thick ⊗-ideal
generated by f∗1D(U) in ModD(V) coincides with the whole ModD(V).

The following is a straight-forward generalization of [Mat16, Proposition 3.45].

Proposition 3.1.38. Let C, D and V be as in Assumptions 3.1.1, and assume that Assump-
tion 3.1.13.(2) holds. Assume moreover that any morphism of test spaces φ : U → V belonging
to S is descendable. Then the functor (3.1) is a sheaf for the Grothendieck topology on C.

Proof. This is a formal consequence of descent for ∞-categories of modules, as showed
in [Mat16, Proposition 3.45]. There, this assertion is stated in the particular setting when
V = Sp is the ∞-category of spectra. However, its proof only relies on the notion of
descendability (that makes sense also in our more general setting), on Barr–Beck–Lurie’s
(co)monadicity theorem (which holds for any comonad over any ∞-category), and on the
fact that given a map of test spaces φ : U → V which is descendable the functor D(−)
satisfies descent along φ (which is a piece of datum already in Assumptions 3.1.1).

In particular, that proof can be carried out verbatim replacing Sp with V.

Remark 3.1.39. Assuming that V admits a left complete Y-structure, one could also
expand the result of Proposition 3.1.38 using the theory of faithfully flat monads. Namely,
for C, Vand D as in Assumptions 3.1.1, with D further satisfying Assumption 3.1.13.(2),
assume that for any morphism of test spaces φ : U → V the monadic adjunction φ∗ a φ∗
is faithfully flat in the sense of [Lur18, Definition D.6.4.1]. Then the functor (3.1) is
a sheaf. Already when V is the ∞-category of spectra, descendable morphisms and
faithfully flat monads are not known to be compatible in general: for example, faithfully
flat morphisms of commutative ring spectra always yield faithfully flat monads, but
without some finiteness assumptions they are still not known to be descendable in the
sense of Definition 3.1.37. On the converse, descendable morphisms of commutative ring
spectra need not to be faithfully flat ([Lur18, Remark D.3.3.3]).

In this level of generality, studying the property of 1-affineness for objects in Ĉ is
very cumbersome. It turns out that both in the algebro-geometric and in the analytic
settings the key property that we need is that, among all maps that form coverings
for the topology on affine schemes, we can single out some particularly nice class of
maps (the Zariski open immersions). Analytic open immersions are defined for analytic
stacks generalizing some homological properties of pullback functors along finite open
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immersions (Definition 3.2.13.(2)). We use instead a different notion, already appeared
in the literature as homotopy monormophism ([Sav24; BKK24]), which asks instead for some
good property with respect to self-intersections.

Definition 3.1.40. Let C be an ∞-category, and let α : U → X be a morphism. We say
that α is a Zariski morphism if the diagonal map U → U ×X U is an equivalence.

Remark 3.1.41.

(1) Let C be a ∞-category. By a straightforward argument using the pasting law for
pullbacks, it is easily seen that Zariski morphisms are stable under pullbacks and
enjoy the following property: if φ : Y → X and ψ : Z → Y are morphisms of C such
that φ is a Zariski morphism, then φ ◦ ψ is Zariski if and only if ψ is Zariski. In
particular, Zariski morphisms are closed under composition, are right cancellative,
and if φ : Y → X and ψ : Z → Y are Zariski morphisms then we have

Z ' Z×Y Z ' Z×X Z. (3.8)

(2) Let C be a ∞-category, and let α : U → X and β : V → X be two Zariski morphism.
One can define the union of U and V as

U ∪V := U ⨿
U×XV

V.

It comes provided by a natural map γ : U ∪V → X. If colimits in C are universal,
we have that γ is Zariski itself: indeed, in this case we have

(U ∪V)×X (U ∪V) :=

(
U ⨿

U×XV
V

)
×X

(
U ⨿

U×XV
V

)

'
(
(U ×X U) ⨿

U×XV
(V ×X U)

)
⨿

U×XV

(
(U ×X V) ⨿

U×XV
(V ×X V)

)
' U ⨿

U×XV
V.

It follows from Remark 3.1.41.(1) that also the inclusions U → U ∪ V and V →
U ∪V are Zariski morphisms.

(3) Let C, V and D be as in Assumption 3.1.13.(2), and let ι : C → Ĉ be a dense
functor such that colimits in Ĉ are universal. If α : ι(U) → X and β : ι(V) → X are
Zariski morphisms which form a C-affine atlas for X (Definition 3.1.14.(3)) then
ι(U) → ι(U) ∪ ι(V) and ι(V) → ι(U) ∪ ι(V) form a C-affine atlas for ι(U) ∪ ι(V)



3. An axiomatic approach to analytic 1-affineness 131

as well: this is a clear consequence of the fact that ι(U)→ ι(U) ∪ ι(V) and ι(V)→
ι(U) ∪ ι(V) are Zariski morphisms, together with the fact that all squares in the
following diagram

ι(U) ι(U) ∪ ι(V) X

ι(U) ι(U) ∪ ι(V) ι(U) ∪ ι(V)

ι(U)×X ι(W) ι(W) ι(W)

are pullbacks. By an easy inductive argument (using the local property of covering
sieves in ∞-sites) it follows that if {ι(Ui)→ X}k

i=1 is a C-affine atlas of Zariski
morphisms, and Wi denotes the union

ι(U1) ∪ · · · ∪ ι̂(Ui) ∪ · · · ∪ ι(Ui),

where the i-th element is omitted, then ι(Ui)→ X and Wi → X still form a C-affine
atlas of Zariski morphisms for X.

(4) If C, V and D are as in Assumption 3.1.13.(2), and if the functor

D(−) : Cop −→ CAlg(V)

sends finite limits of Cop to finite colimits of CAlg(V), then for any Zariski mor-
phism of test spaces φ : U → V we have that the forgetful functor in the adjunction

−⊗D(V) D(U) : ModD(V)(V) −−−→←−−− ModD(U)(V) : oblvD(U)

is fully faithful. Indeed, if (Xi)i∈I is a set of compact generators of V, the com-
pact generators of ModD(U)(V) is given by (Xi ⊗V D(U))i∈I : in particular, on any
generator of this form the counit of the adjunction −⊗D(V) D(U) a oblvD(U)

oblvD(U)(Xi ⊗V D(U))⊗D(V) D(U) −→ Xi ⊗V D(U)

is readily seen to be an equivalence because D(U)⊗D(V) D(U) ' D(U ×V U) '
D(U). The equivalence on all objects of ModD(U)(V) follows from the fact that
both functors commute with colimits.

The fundamental property of Zariski morphisms is that if an object X in Ĉ admits a
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C-affine atlas comprised of a single map ι(W) → X which is a Zariski morphism, then
X is itself C-affine. Moreover, if X admits a finite C-affine atlas {αi : ι(Wi)→ X} where
each αi is a Zariski morphism, then X can be expressed as a finite colimit of objects in
the essential image of ι.

Proposition 3.1.42. Let C be as in Assumptions 3.1.1, and let ι : C→ Ĉ be a dense functor.
Assume that colimits in Ĉ are universal.
Consider an object X in Ĉ admitting a C-affine atlas {αi : ι(Wi)→ X}k

i=1 where each αi is a
Zariski morphism. Let φ : ⨿i ι(Wi) → X be the induced map from the disjoint union, and let
Č(φ)→ X be its Čech nerve. Then the maps in the natural composition

colim
∆op

Č(φ) −→ colim
∆

op
⩽k−1

Č(φ) −→ X

are equivalences. In particular, if k = 1 then X ' ι(W1).

Proof. Since each αi is a Zariski morphism, for all h ⩾ k we have an equivalence

ι(Wi1)×X · · · ×X ι(Wih) ' ι(W1)×X · · · ×X ι(Wk).

Thus, the simplicial diagram corresponding to the Čech nerve Č(φ) is constant for all
k ⩾ m− 1. In particular, it is (m− 1)-skeletal, in the sense that the simplicial diagram
∆op → Ĉ is a left Kan extension of its restriction to ∆

op
⩽k. Since left Kan extensions along

fully faithful functors do not alter colimits, the first map is naturally an equivalence. So,
it is sufficient to notice that this colimit is just X because of Remark 3.1.15.

Proposition 3.1.42 offers a key technical advantage in working with objects of Ĉ:
when an object X of Ĉadmits a finite C-affine atlas consisting only of Zariski morphisms,
we are often allowed to run an inductive strategy on the cardinality of the C-affine cover,
starting by proving our statements when objects are C-affine. We therefore introduce
the following piece of terminology.

Definition 3.1.43. Let C, V and D be as in Assumption 3.1.13.(2), and let ι : C→ Ĉ be
a dense functor.

(1) We say that an object X in Ĉ is quasi-compact if it admits a finite affine C-atlas
{αi : ι(Wi)→ X} such that each αi is a Zariski morphism.

(2) We say that an object X in Ĉ is semi-separated if all Zariski morphisms ι(U) → X
are C-affine.

(3) A map α : X → Y is called C-affine if it is representable by C-affine objects (i.e.
every pullback of an C-affine object is still C-affine).
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Remark 3.1.44.

(1) Given a dense functor ι : C→ Ĉ, then any C-affine object is always quasi-compact.
If ι preserves pullbacks, then any C-affine object is also semi-separated.

(2) If X is semi-separated and α : Y → X is a Zariski morphism, then Y is semi-
separated as well. Indeed, if ι(U) → Y is a Zariski morphism, then ι(U) → X
is a Zariski morphism and ι(U)×X Y ' ι(U). So, for any map ι(W) → Y we have
an equivalence

ι(W)×Y ι(U) ' ι(W)×Y (Y×X ι(U)) ' ι(W)×X ι(U),

which is C-affine.

(3) If X is quasi-compact and α : Y → X is a C-affine Zariski morphism, then Y is
quasi-compact as well. Indeed, pulling back any finite C-affine atlas of Zariski
morphism for X yields a finite C-affine atlas of Zariski morphisms for Y.

In order to obtain the best behavior of Zariski morphisms, for the rest of this section
we add the following assumptions to our setting.

Assumption 3.1.45. Let C, V and D be as in Assumption 3.1.13.(2), and let ι : C→ Ĉ be
a dense functor. We assume that ι preserves finite limits existing in C, that colimits in Ĉ are
universal, and that the sheaf of commutative algebras

D(−) : Cop −→ CAlg(V)

sends finite limits of C to finite colimits in CAlg(V).

Our main 1-affineness result of this section can then be stated as follows.

Theorem 3.1.46. Let ι : C → Ĉ, V and D be as in Assumption 3.1.45, and assume that V

is rigid. Let X be an object in Ĉ admitting a finite affine C-atlas {φi : ι(Wi)→ X}k
i=1 such

that each φi is a Zariski morphism, and such that for all subsets of indices I = {i1, . . . , in} ⊆
{1, . . . k} the functor

φ∗I : D(ι(Wi1)×X · · · ×X ι(Win)) −→ D(X)

admits a left adjoint φI,\. Then X is 1-affine.

Remark 3.1.47. The condition on the existence of left adjoints for pullback functors seems
a bit unnatural. However, this is what happens for finite flat morphisms in algebraic
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geometry, for analytic open immersions in rigid analytic geometry (Proposition 3.3.28),
and in general for open immersions of affine analytic stacks (Definition 3.2.13.(2)).

The proof of Theorem 3.1.46 is quite complex and long, and relies on many auxiliary
results that allow us to extend the good properties of Zariski open immersions in alge-
braic geometry to our abstract framework. We prove them following the same stream of
ideas of [MAN22, Lemma 2.4.16] and of [Soo25, Lemma 3.2].

Proposition 3.1.48. Let ι : C→ Ĉ, V and D be as in Assumption 3.1.45. Let α : Y → X be a
morphism between quasi-compact and semi-separated objects of Ĉ.

(1) (Base change) Let β : ι(V)→ X be a morphism, and consider the diagram

Y×X ι(V) ι(V)

Y X.

α′

β

α

β′

Then for every object M in D(Y) the canonical map

β∗α∗M −→ α′∗β
′∗M (3.9)

is an equivalence.

(2) The functor α∗ commutes with colimits. If α is Zariski, then α∗ is fully faithful. Moreover
if α is a C-affine morphism then α∗ is conservative. In particular, it is a both monadic and
comonadic functor.

We begin with the following lemma

Lemma 3.1.49. Let α : Y → X a map in C and {φ : ⨿ Ui → X} a finite C-affine cover. For
every finite subset J = {i1, . . . , im} of {1, . . . , n} we denote with UI the intersection Ui1 ×X

· · · ×X Uim and we denote with VI the following pullabck

VI UI

Y X

αI

φ̄I φI

α

(3.10)

(1) For every M is D(Y) α∗M is equivalent to the limit limI φI,∗αJ,∗ φ̄I
∗M.

(2) The base change property holds for the diagram in Equation (3.10)
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Proof. To prove the first part we observe that every M is D(Y) can be written as a finite
limit over the Čech nerve of the C-affine cover {⨿ Vi → Y}, limI φ̄I,∗ φ̄

∗
I M. For every N

in D(X) we have the following equivalences

Map(N, α∗M) ' Map(α∗N, limI φ̄I,∗ φ̄
∗
I M)

' limIMap(φ̄∗I α∗N, φ̄∗I M)

' limIMap(α∗I φ∗I N, φ̄∗I M)

' limIMap(N, φI,∗αI,∗ φ̄
∗
I M)

' Map(N, limI φI,∗αI,∗ φ̄
∗
I M).

The Yoneda embedding implies the equivalence in Lemma 3.1.49.(1). To prove the sec-
ond part of the lemma, for every M in D(Y), we use the first part and Proposition 3.1.42,
to identity α∗(M) as the object in the projective sistem given by limαJ,∗ φ̄I

∗(M). This
implies the base-change property.

Proof of Proposition 3.1.48. We first observe that we can reduce to the case where Y is
C-affine. Indeed we can cover Y with a finite C-affine cover {Wi → Y}i∈{1,...,n}. For
every finite subset I = {i1, . . . , im} of {1, . . . , n} we denote with WI the intersection
Wi1 ×X · · · ×X Wim . We oreover consider the following pullback diagram

WI ×X ι(V) Y×X ι(V) ι(V)

WI Y X

β

α

Using Proposition 3.1.42 we deduce that α∗ can be described as a finite limit limIαI,∗
where αI denotes the composition WI → Y → X.

We observe that in this case the pullback Wi ×X ι(V) is C-affine cover of Y ×X ι(V).
Since we are working in a stable setting the functors considered in the base-change
formula commute with finite limits, in this way we can reduce to verity the formula in
the case where Y is C-affine.

Now assuming that Y is C-affine and using the notations as in Lemma 3.1.49 we
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consider the following diagram

VI ×X ι(V) UI ×X ι(V)

ι(V)×X Y ι(V)

VI UI

Y X.

α
′

β
′

β
αI

φ̄I φI

α

Since UI is part of the Čech nerve of a cover of X, Equation (1.18) can be proved after
pullback to every UI ×X ι(V). Observing that X is semi-separated and Y is assumed to
be C-affine we obtain that every cartesian product and also every UI and VI are C-affine.
In this way using Lemma 3.1.49 we can reduces to the case where both X and Y are
C-affine. When α : ι(W) → ι(U) is a morphism between C-affine objects, the claim is
trivial because Y×X ι(V) is just the object ι(W×U V) and so the base change equivalence

M⊗D(W) D(W ×U V) ' M⊗D(W) D(W)⊗D(U) D(V) −→ M⊗D(U) D(V)

reduces to the associativity of relative tensor products.
To prove Proposition 3.1.48.(2), we start by proving that α∗ commutes with colimits.

Using the notations in Lemma 3.1.49 we reduces to show that for very I = {i1, . . . in}
φ∗α∗ commutes with colimits, in this way we reduce to the case where X is C-affine.
Using the base change property in Lemma 3.1.49 we are reduced to check the analogous
statement when Y ' ι(W) is C-affine: in this case, the claim is obvious since α∗ is a
forgetful functor between module ∞-categories (Remark 3.1.41.(4)).

We now prove the fully faithfulness of α∗ in the case α : Y → X is a Zariski morphism
and {ji : Wi → Y}i∈{1,...,n} a C-affine cover of Y. For any M in D(Y) write

M ' lim
[n]∈∆⩽k

ji1...in,∗ j∗i1...in M.

So, in the counit morphism ι∗ι∗M → M for the adjunction α∗ a α∗, the source can be
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written as

α∗α∗M ' α∗α∗

(
lim
[n]∈∆

ji1...in,∗ j∗i1...in M
)

' lim
[n]∈∆

(
α∗α∗ ji1...in,∗ j∗i1...in M

)
' lim

[n]∈∆⩽k

(
α∗αi1...in,∗ j∗i1...in M

)
' lim

[n]∈∆⩽k

ji1...in,∗ j∗i1...in M ' M.

Notice that in the equivalence in the last row we used both Proposition 3.1.48.(1), and
the fact that ι(Wi)×X Y ' ι(Wi) (Remark 3.1.41.(1)).

We finish the proof proving that if α : Y → X is C-affine then α∗ is conservatives.
Considering an affine cover of X and using the fact that α is C-affine we can reduces to
the case where both Y and X are affines. In this case the statement is obvious since the
functor α∗ is the forgetful functor between modules categories.

Proposition 3.1.50. Let ι : C→ Ĉ, V and D be as in Assumption 3.1.45. Let α : Y → X be
a morphism between quasi-compact and semi-separated objects of Ĉ. Then for every N in D(Y)
and M in D(X) the natural map

α∗(N ⊗D(Y) α∗M) −→ α∗N ⊗D(X) M (3.11)

is an equivalence.

Proof. First, assume that Y is itself C-affine: write it Y ' ι(V). Since X is quasi-compact,
we can consider a finite C-affine atlas {φi : ι(Wi) → X}k

i=1 consisting of Zariski mor-
phisms; let us denote with ji : ι(Wi)→ X the inclusion. Arguing as in the previous proof,
by descent along the C-affine atlas we can check whether (3.11) is an equivalence locally
on the target. So, consider the pullback diagram

ι(V)×X ι(Wi) ι(Wi)

ι(V) X.

α′

j′i ji

α

Since X is semi-separated, ι(W) ×X ι(Wi) is C-affine: let us denote it by ι(Ui). We
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now have

j∗i α∗(N ⊗D(V) α∗M) ' α′∗ j
′∗
i (N ⊗D(V) α∗M)

' α′∗(j′∗i N ⊗D(V) j′∗i α∗M)

' α′∗ j
′∗
i M⊗D(V) j∗i N

' j∗i (α∗M⊗D(X) N).

We highlight that we used the base change property of Proposition 3.1.48.(1), and the fact
that for C-affine objects the projection equivalence in (3.11) holds trivially (it boils down
to the fact that N ⊗D(V) (D(V)⊗D(U) M) is equivalent to N ⊗D(U) M). For a general Y,
we consider a finite C-affine atlas of Y given by Zariski morphisms, and write each N as
a finite limit along such cover; thus, we reduce ourselves to the case when Y is C-affine,
which we have just proved.

Concatenating Propositions 3.1.48 and 3.1.50 we immediately obtain the following.

Corollary 3.1.51. Let ι : C → Ĉ, V and D be as in Assumption 3.1.45. Let α : ι(U) → X
be a morphism to a quasi-compact and semi-separated object of Ĉ. We have an equivalence of
∞-categories

D(U) ' Modα∗D(U)(D(X)).

Proof. The proof is a standard argument based on Barr–Beck–Lurie’s monadicity the-
orem. Indeed, by Proposition 3.1.48.(2) the functor ι∗ is monadic, and one simply
needs to do a routine computation to show that this monad corresponds to the monad
−⊗D(X) α∗D(U), using the projection formula.

Proposition 3.1.52. Let ι : C → Ĉ, V and D be as in Assumption 3.1.45. If X is a quasi-
compact and semi-separated object of Ĉ and V is a rigid symmetric monoidal ∞-category, then
D(X) is rigid as well.

Proof. We argue inductively on the cardinality of C-affine atlas {φi : ι(Wi)→ X}k
i=1,

where each φi is a Zariski morphism.
If k = 1, then X is C-affine and in this case the assertion follows from the more general
fact that if V is rigid and A is a commutative algebra object in V, then ModA(V) is
rigid. Let now k > 1, and assume that D(Y) is rigid whenever Y admits a C-affine atlas
consisting of k− 1 Zariski morphisms. Let us write

Z := ι(W1) ∪ · · · ∪ ι(Wk−1).
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By the inductive hypothesis (together with Remark 3.1.41.(2)) both D(Z) and D(Z ×X

ι(Wk)) are rigid. By descent along the C-affine atlas, D(X) sits in a pullback diagram

D(X) D(Z)

D(Wk) D(Z×X ι(Wk)).

(3.12)

Propositions 3.1.48 and 3.1.50 imply that the pullback functors D(X) → D(Z) and
D(X) → D(Z ×X ι(Wk)) are internally left adjoints, in the sense of [Ram24a, Defini-
tion 1.9]. So we can simply apply [Ram24a, Corollary 4.5] and obtain that D(X) is a
pullback also inside the full sub-∞-category PrL,dbl

st ⊆ PrL
st of dualizable presentable stable

∞-categories. Since the inclusion of rigid presentable symmetric monoidal ∞-categories
into dualizable presentable ∞-categories preserves limits ([Ram24b, Corollary 4.85]), we
can view the pullback in (3.12) as a limit of rigid ∞-categories. In particular D(X) is
rigid.

The last result that we need in the proof of Theorem 3.1.46 is the following lemma,
due to Gaitsgory.

Lemma 3.1.53. Let ι : C → Ĉ, V and D be as in Assumption 3.1.45. Let α : Y → X be a
morphism in Ĉ. Assume that there is a C-affine atlas {ι(Wi) → X}i∈I of X such that for every
index i the canonical map

D(Wi)⊗D(X) D(Y) −→ D(ι(Wi)×X Y)

is an equivalence. Assume moreover that D(Y) is dualizable as a categorical D(X)-module. Then
the diagram

Dcat(X)

Dcat(Y)

PrL
D(X)

PrL
D(Y)

(̂−)X

α̃∗α∗

(̂−)Y

is vertically right adjointable.

Proof. Completely analogous to the proof of [Gai15, Proposition 3.2.6 (ii)].

However, in practice, often one would wish for some concrete way to check whether
the Künneth formula in the hypotheses of Lemma 3.1.53 is satisfied. The following offers
a nice criterion when V is a rigid symmetric monoidal ∞-category.
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Proposition 3.1.54. Let ι : C→ Ĉ, V and D be as in Assumption 3.1.45, and assume V to be
rigid as a symmetric monoidal ∞-category. Let α : Y → X be a morphism between quasi-compact
and semi-separated objects of Ĉ. For every morphism φ : ι(V)→ X, the canonical functor

D(Y)⊗D(X) D(V) −→ D(Y×X ι(V))

is an equivalence.

Proof. First assume that Y ' ι(U) is itself C-affine. Now ι(U) ×X ι(V) is C-affine be-
cause X is semi-separated: write ι(W) for such pullback, and let α′ : ι(W) → ι(V) and
φ′ : ι(W) → ι(U) denote the corresponding morphisms. Using Corollary 3.1.51, we can
write

D(U) ' Modα∗D(U)(D(X))

and so the tensor product D(U) ⊗D(X) D(V) is equivalent to Modα∗D(U)(D(V)) via
[Lur17, Theorem 4.8.4.6]. This in turn is by definition Modφ∗α∗D(U)(D(V)), since D(V)

is tensored over D(X) via the symmetric monoidal pullback φ∗.
On the other hand, using the base change property (Proposition 3.1.48.(1)), we can

write

D(ι(U)×X ι(V)) ' Modα′∗D(W)(D(V))

' Modα′∗φ′∗D(U)(D(V))

' Modφ∗α∗D(U)(D(V)).

For the general case, consider a C-affine atlas {ι(Ui)→ Y}i∈I consisting of Zariski mor-
phisms. Since D(V) and D(X) are rigid (Proposition 3.1.52) it follows that D(V) is
dualizable as a categorical D(X)-module, so we have

D(Y)⊗D(X) D(V) '
(

lim
i∈I

D(Ui)

)
⊗D(X) D(V)

' lim
i∈I

(
D(Ui)⊗D(X) D(V)

)
' lim

i∈I
D(ι(Ui)×X ι(V))

' D(Y×X ι(V)).

Proof of Theorem 3.1.46. Let X be quasi-compact and semi-separated, and let {φi : ι(Wi)→ X}k
i=1

be a finite C-affine atlas as in the statement. We will prove the theorem by induction on
the cardinality k of the affine C-atlas.
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If k = 1, X is C-affine so there is nothing to prove. For k > 1, let

Y := ι(W2) ∪ · · · ∪ ι(Wk)

denote the union of the last k− 1 elements of the atlas; let ψ : Y → X, α1 : Y×X ι(W1)→
ι(W1) and β : Y ×X ι(W1) → Y denote the natural maps (which are all Zariski, in virtue
of Remark 3.1.41.(2)). Consider the following diagram.

PrL
D(X) Dcat(X)

PrL
D(W1)

Dcat(W1)

PrL
D(Y) Dcat(Y)

PrL
D(Y×X ι(W1))

Dcat(Y×X ι(W1))

(̂−)X

φ∗1
φ̃∗1'

β∗

β̃∗

'

'

ψ∗ ψ̃∗

α∗1 α̃∗1

(3.13)

Everything is naturally commutative, and the equivalences are all determined by the
fact that the adjunction (3.3) is an equivalence for ι(W1) (being C-affine) and for Y and
Y ×X ι(W1) (by the induction hypothesis). We want to prove that (̂−)X is an equiva-
lence: for this purpose, we will prove that for all objects E in PrL

D(X) and for all objects
(EU)γ : ι(U)→X the unit (3.5) and the counit (3.6) are equivalences.

Notice that both the top and the bottom faces of the diagram (3.13) are right ad-
jointable, because of Lemma 3.1.53 (the hypotheses are satisfied thanks to Proposi-
tion 3.1.54). In particular we have the following.

1. The functor ψ∗ sends the unit functor for the adjunction (̂−)X a Γ(X,−) to the unit
functor for the adjunction (̂−)Y a Γ(Y,−), which is an equivalence.

2. The functor φ∗1 sends the unit functor for the adjunction (̂−)X a Γ(X,−) to the unit
functor for the adjunction (̂−)ι(W1)

a Γ(ι(W1),−), which is an equivalence.

3. The functor ψ̃∗ sends the counit functor for the adjunction (̂−)X a Γ(X,−) to the
counit functor for the adjunction (̂−)Y a Γ(Y,−), which is an equivalence.

4. The functor φ̃∗1 sends the counit functor for the adjunction (̂−)X a Γ(X,−) to the
unit functor for the adjunction (̂−)ι(W1)

a Γ(ι(W1),−), which is an equivalence.
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So it is sufficient to prove that the functors ψ∗, and φ∗1 (respectively ψ̃∗ and φ̃∗1) are jointly
conservative functors. For ψ̃∗ and φ̃∗1 , this is a obvious consequence of the fact that Y and
ι(U1) form a C-affine atlas for X, with respect to which which Dcat satisfies descent. For
ψ∗ and φ∗1 , it is enough to show that for each categorical D(X)-module E the diagram

E E⊗D(X) D(Y)

E⊗D(X) D(W1) E⊗D(X) D(Y×X ι(W1))

idE⊗ ψ∗

idE⊗ φ∗1 idE⊗ α∗1

idE⊗ β∗

(3.14)

is Cartesian. For this, we will need the following lemma.

Lemma 3.1.55. Let ι : C→ Ĉ, V, D and X be as in the statement of Theorem 3.1.46. Let

Y :=
⋃

i1,...,in

ι(Wi)

and the diagram

ι(V)×X Y ι(W1)

Y X

α1

β φ1

ψ

as in the proof of Theorem 3.1.46. Then, the functors ψ∗, α∗1 and β∗ admit left adjoints, denoted
respectively with α\ α1,\ and β\.

Proof. To prove that ψ∗ has a left adjoint we will show that it commutes with limits. We
consider an diagram in D(X) and the canonical map

ψ∗limMk → limψ∗Mk.

If we denote with ji the canonical map ι(Wi)→ Y it is enough to show that the map

j∗i ψ∗limMk → j∗i limψ∗Mk

is an equivalence.
The composition ji ◦ψ is canonically φi, this implies that the left hand side commutes

with colimits. For the right hand side we observe that j∗i has a left adjoint given by
ψ∗ ◦ φi,\. Indeed since ψ∗ : D(Y)→ D(X) is fully faithful (Proposition 3.1.48.(2)) we can
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write

MapD(Wi)
(M, j∗i N) ' MapD(Wi)

(M, j∗i ψ∗ψ∗N)

' MapD(Wi)
(M, φ∗i ψ∗N)

' MapD(X)(φi,\M, ψ∗N)

' MapD(Wi)
(ψ∗φi,\M, N).

In particular also the left hand side commutes with limits.
We now prove that α∗1,∗ and β∗ have left adjoints. We can use the maps ι(W1) ×X

ι(Wi) → Y whose composition with ψ is φ1,i and apply the same argument as above to
show the existence of the left adjoint for (ψ ◦ β)∗, denoted with ε. Again with the same
argument as above we can identify β\ with ψ∗ ◦ ε. We now prove the existence of the left
adjoint for α∗1 , using Proposition 3.1.48 we deduce that α∗1 can be written as β∗ ◦ α∗ ◦ φ∗.
We now have the following equivalences that prove the existence of the left adjoint

MapD(Wi)
(M, α∗1 N) ' MapD(Wi)

(M, β∗ψ∗φ1,∗N)

' MapD(Wi)
(εM, φ1,∗N)

' MapD(X)(φ∗1εM, N).

Using Lemma 3.1.55, we see that both β∗ and α∗1 admit left adjoints α1,\ and β\.
Passing to the diagram of left adjoints (and using the compatibility of colimtis and tensor
products), from the diagram (3.14) we obtain a pushout square

E⊗D(X)

(
D(W1)⨿D(Y×X ι(W1))

D(Y)
)

E⊗D(X) D(Y)

E⊗D(X) D(W1) E⊗D(X) D(Y×X ι(W1)),

idE⊗ α1,\

idE⊗ β\

so our claim follows if
D(W1) ⨿

D(Y×X ι(W1))

D(Y) ' D(X).

Again, by passing to the left adjoints, this is equivalent to saying that

D(X) ' D(W1)×D(Y×X ι(W1))
D(Y),
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which is true because the maps ι(W1) → X and Y → X form a C-affine Zariski atlas of
X.

3.2 Recollections on analytic geometry after Clausen–Scholze

Our main goal is to apply the general formalism established in Section 3.1 to the setting
of rigid and analytic geometry. More precisely:

1. The site C will be either the opposite of the ∞-category AnRing equipped with
the universal !-able topology, or the ∞-category dAfdk equipped with the analytic
topology. The former is the opposite of the ∞-category of condensed analytic
rings (equivalently: the ∞-category of affine analytic stacks), while the latter is the
opposite ∞-category of animated affinoid spaces over a complete non-archimedean
field k.

2. The sheaf of presentably symmetric monoidal and stable ∞-categories D will be
either the functor D(−) or its sub-functor Nuc(−). The former assigns to an an-
alytic ring A its derived ∞-category D(A) of complete modules, while the latter
is defined for analytic rings coming from affinoid algebras and selects the sub-∞-
category Nuc(A) ⊆ D(A)■ spanned by nuclear modules.

3. Accordingly, the stable and presentably symmetric monoidal ∞-category V will
be either the derived ∞-category D(Ztriv), where Z is equipped with the trivial
analytic structure, or the ∞-category Nuc(k).

4. The dense functor ι : C→ C̃ will be either the Yoneda embedding (in the analytic
case) or the inclusion of affinoid spaces in the ∞-category of all rigid varieties.

While the theory of rigid varieties is classical (see for example [Bos14] for an intro-
duction), the theory of analytic stacks has been only recently developed in the frame-
work of condensed mathematics. Thus, before proceeding in studying the problem of
1-affineness in the context of analytic stacks, we start by reviewing some fundamental
definitions and fixing the notations that will be used in Section 3.3.1. We stress that
this section does not bear any addition or improvement to the existing literature, but we
include it in the paper for the reader’s convenience: if they are already acquainted with
the language of condensed mathematics, they may safely skip it.

We mainly adapt the conventions and terminology from [CS24]; further references
are provided in the text when needed.
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3.2.1 Condensed objects in ∞-categories

Recall that a pro-finite set is by definition a pro-finite object in the category Fin of finite
sets. More explicitly, a pro-finite set is a set X which can be realized as a projective limit
of finite sets, i.e., it is a set admitting a presentation

X ∼= lim
i∈I

Xi

where I is a cofiltered diagram and each Xi is finite. We denote the category of pro-finite
sets as ProFin.

Definition 3.2.1. A pro-finite set X is light if it can be presented as a limit of finite sets
over a countable cofiltered diagram.

Remark 3.2.2. Equipping finite sets with the discrete topology, every pro-finite comes
equipped with the inverse limit topology. Indeed, by Stone duality, pro-finite sets are
precisely totally disconnected compact Hausdorff topological spaces. In Section 3.3, we
shall often blur this distinction and consider pro-finite sets as objects inside the category
of topological spaces.

Under this equivalence, light pro-finite sets correspond to those totally disconnected
compact Hausdorff topological spaces which are moreover metrizable [CS24, Lecture 2].

Light pro-finite sets define a full sub-category of ProFin, that we denote as ProFinlight.
This category naturally admits a Grothendieck topology, for which a cover is a finite
collection of jointly surjective maps.

Definition 3.2.3. Let C be any ∞-category. A condensed object in C is a sheaf from the
category of light pro-finite sets to C. We denote the ∞-category of condensed objects in
C as Ccond.

Remark 3.2.4. If C is presentable, then Ccond is presentable as well. This follows from the
fact that ProFinlight is small enough to let Fun

(
(ProFinlight)op, C

)
be presentable itself

– light pro-finite sets are singled out precisely for this reason – and so Ccond defines a
topological localization of Fun

(
(ProFinlight)op, C

)
.

At the same time, if C is stable then so is Ccond. Again, this follows from the fact
that Ccond is a topological localization of the stable ∞-category Fun

(
(ProFinlight)op, C

)
.

Let C be a presentably symmetric monoidal ∞-category. Then the ∞-category of
C-valued presheaves over ProFinlight admits a point-wise tensor product turning it into
a presentably symmetric monoidal ∞-category as well. Hence, one can define a pre-
sentably symmetric monoidal structure also on Ccond, given by sheafifying the point-
wise monoidal structure on Fun

(
(ProFin)light, C

)
.
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Thus, it is natural to ask what is the relationship between condensed commutative
algebras in C, and commutative algebras in Ccond. The following proposition shows that
there is no ambiguity whatsoever.

Proposition 3.2.5. Let C be a presentably symmetric monoidal ∞-category. Then there is an
equivalence

CAlg(C)cond ' CAlg(Ccond)

between condensed E∞-algebras in C, and E∞-algebras in the ∞-category of condensed objects
of C.

Remark 3.2.6. Proposition 3.2.5 applies in particular to the case when C is either the
∞-category of derived k-modules, or the ∞-category of connective derived k-modules.

Proof of Proposition 3.2.5. Since both C and CAlg(C) admit all limits, [Lur18, Proposition
1.3.1.7] yields equivalences

Ccond := Sh(ProFinlight, C) ' FunR
(
(Anicond)op, C

)
and

CAlg(C)cond := Sh(ProFinlight, CAlg(C)) ' FunR
(
(Anicond)op, CAlg(C)

)
,

where the decoration R denotes those functors which preserve limits. So we can define
a natural functor

ϕ̃ : CAlg(C)cond −→ CAlg(Fun(ProFinlight, C))

as the composition

FunR
(
(Anicond)op, CAlg(C)

)
Fun

(
(Anicond)op, CAlg(C)

)

CAlg(C)cond CAlg
(

Fun
(
(Anicond)op, C

))
.

'
'

ϕ̃

In the above diagram, the vertical map on the right is an equivalence by [Lur17, Remark
2.1.3.4], and the top horizontal arrow is a fully faithful embedding. In particular it
follows that ϕ̃ is a fully faithful embedding as well.

To prove that its essential image is the whole CAlg(Ccond), it is enough to show the
following: given a commutative algebra object F in Fun

(
(Anicond)op, C

)
such that the
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underlying functor (Anicond)op → C commutes with limits, then F is in the image of ϕ̃.
But under the equivalence

Fun
(
(Anicond)op, CAlg(C)

)
' CAlg

(
Fun

(
(Anicond)op, C

))
,

the forgetful functor CAlg
(

Fun
(
(Anicond)op, C

))
→ Fun

(
(Anicond)op, C

)
corresponds

to the functor

Fun
(
(Anicond)op, CAlg(C)

) oblvCAlg ◦−−−−−−−→ Fun
(
(Anicond)op, C

)
.

Since the forgetful functor CAlg(C) → C is conservative and commutes with limits
([Lur17, Corollary 3.2.2.4 and Lemma 3.2.2.6],) our claim follows tautologically.

Remark 3.2.7. Let C be a presentably symmetric monoidal ∞-category, and let A be
a condensed commutative algebra in C. In virtue of Proposition 3.2.5 A corresponds
to a commutative algebra in the presentably symmetric monoidal ∞-category Ccond. In
particular, [Lur17, §4.8] yields a well-defined functor

Mod(−)(C
cond) : CAlg(C)cond ' CAlg(Ccond) −→ CAlg(PrL

Ccond)

sending a condensed E∞-algebra in C to its (symmetric monoidal) derived ∞-category
of modules inside the ∞-category of condensed objects of C. When C = ModZ, Ccond

is derived ∞-category of condensed abelian groups, this category is sometimes also
denoted by D(Ztriv), as will be explained in Example 3.2.11.(1). In this case, given a
condensed E∞-ring A, we shall denote the ∞-category ModA(Modcond

Z ) as ModA .

3.2.2 Analytic rings and stacks

In this subsection we review the six-functor formalism for analytic rings as defined by
Clausen-Scholze in [CS24], and we show how to extend it to the context of analytic stacks.
A nice overview of the following definitions and results can also be found in [Kes25].

First, let us recall Definition 2.2.1.

Definition 3.2.8. An analytic ring is a pair A = (A, D(A)), where A is a condensed E∞-
algebra, and D(A) is a full subcategory of Modcond

A enjoying the following properties.

(1) The ∞-category D(A) contains the object A.

(2) Let ιA : D(A) ↪→ ModA denote the natural inclusion functor. Then ιA commutes
with all limits and colimits, and it has a left adjoint (called the completion along
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A functor) that we denote with − ⊗A A. The composition ιA ◦ (− ⊗A A) sends
connective objects to connective objects.

(3) For every object M in D(A) and every N in Modcond
Z , the internal mapping object

HomZ(N, M) lies in D(A).

A morphism between analytic rings f : A → B is a morphism of the underlying con-
densed E∞-rings f: A → B such that the induced forgetful functor ModB → ModA

sends D(B) to D(A). Analytic rings are naturally gathered in a ∞-category AnRing.

Remark 3.2.9. At a heuristic level, objects in Modcond
A play the role of topological A-

modules. Following this analogy, objects in D(A) correspond to those topological A-
modules which are complete. For this reason, this ∞-category was originally denoted as
D(A,M) in [Sch26a], where M should suggest a space of measures. This justifies the
name of the left adjoint appearing in Definition 3.2.8.(2).

Remark 3.2.10. By definition, ιA is a localization functor. In particular, since ModA is
presentable and stable, it follows that D(A) is presentable and stable as well. Moreover,
it admits a symmetric monoidal structure given by completing the natural tensor product
of ModA along A. We denote such tensor product as ⊗A.

Example 3.2.11.

(1) As explained in [CS24, Lecture 19], to every E∞-Z-algebra R one can associate an
analytic ring Rtriv, in the following way. Via the functor

CAlgZ

const−→ Fun
(
(ProFinlight)op, CAlgZ

)
(−)+−→ CAlgcond

Z

we can associate a discrete condensed ring R to any E∞-Z-algebra R. So the ana-
lytic ring Rtriv is explicitly given by the pair (R, ModR).

(2) Another source of analytic rings comes from rigid analytic geometry. As explained
in [And21, Proposition 3.34], there is a fully faithful functor from the category of
affinoid rings (and more generally from the category of complete Huber pairs) to
the category of analytic rings. By abuse of notation we continue to denote by A
the analytic ring associated to an affinoid ring A, and we denote with D(A) the
associated ∞-category of "complete modules.

We are interested in (derived) analytic stacks, which are locally modeled by analytic
rings. As customary in algebraic geometry, we shall denote the opposite ∞-category of
AnRing as Aff, and call it the ∞-category of affine analytic stacks. Given an analytic ring
A, its associated affine stack will be denoted as AnSpec(A).
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3.2.12. Let f : AnSpec(A) → AnSpec(B) be a morphism of affine analytic rings. Let
us denote by f∗ the restriction of the forgetful functor ModB → ModA to the sub-
∞-category D(A): by the definition of morphism of analytic rings, this is a functor
f∗ : D(B)→ D(A), which we can write as a composition of right adjoints

D(B)
ιB

↪−→ ModB −→ ModA

f R

−→ D(A).

The last functor is the right adjoint of ιA, which exists because D(A) is a presentable
∞-category closed under all colimits inside ModA . The fact that the functor acts as the
identity on the image of D(B) follows from the facts that the forgetful functor preserves
complete modules and f R is a colocalization functor.

It follows that the functor f∗ admits a left adjoint f ∗ : D(B) → D(A) given by the
composition

D(B)
ιB

↪−→ ModB
−⊗BA−→ ModA

−⊗A A−→ D(A).

In virtue of [Kes25, Proposition 4.11] the assignment

A 7→ D(A), f 7→ f ∗

can be promoted to a symmetric monoidal functor

D: AnRing ' Affop −→ CAlg(PrL
st), (3.15)

which generalizes the usual functor sending a commutative ring to its stable ∞-category
of derived modules.

Definition 3.2.13. Let f : AnSpec(A)→ AnSpec(B) be a map of affine analytic stacks.

(1) We say that f is proper if f ∗ induces an equivalence D(A) ' ModA(D(B)). This
means that B has the analytic ring structure induced by the one of A.

(2) We say that f is an open immersion if f ∗ has a left adjoint f! that satisfies the projec-
tion formula. This means that there is a canonical equivalence of functors

f!(−)⊗B (−) ' f!((−)⊗A f ∗(−))

from D(A)⊗ D(B) to D(B).

(3) We say that f is !-able if can be written as a composition f ' p ◦ j, where j is an
open immersion and p is proper.
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Remark 3.2.14. If f is a !-able map with given decomposition f ' p ◦ j, then we can
define a functor f! : D(A) → D(B) to be p∗ ◦ j!. It is indeed a left adjoint: this follows
from the fact that j! is a left adjoint by definition, while p∗ (which is normally only a
right adjoint) is also a left adjoint when p is proper. Indeed, in this case, p∗ identifies
with the forgetful functor ModA(D(B))→ D(A), which preserves all limits and colimits.
In particular, f! admits a right adjoint f !.

The following theorem appears in the video series on analytic stacks by Clausen and
Scholze. For completeness, we include a proof here, drawing on results from the existing
literature.

Theorem 3.2.15 ([CS24]). Let E denote the class of !-able morphisms, let I denote the class of
open immersions, and let P denote the class of proper maps in Aff.

(1) The pair (Aff, E) defines a geometric setup, in the sense of [HM24, Definition 2.2.1].

(2) The pair (P, I) is a suitable decomposition of E, in the sense of [HM24, Definition 3.3.2]

(3) The functor (3.15) is a sheaf for the universal !-topology, and it is one of the operations in
a symmetric monoidal six-functor formalism over (Aff, E).

Proof. Theorem 3.2.15.(1) and Theorem 3.2.15.(2) are proved in [Kes25, Lemmas 4.6 and
4.7]. For Theorem 3.2.15.(3), we note that the fact that D(−) is a sheaf for the universal
!-able topology follows directly from the definition of universal !-able topology (Defini-
tion 3.1.18), while the fact that D(−) can be promoted to a six-functor formalism follows
from [HM24, Proposition 3.3.3]. The fact that D(−) is a symmetric monoidal functor
follows from [Kes25, Proposition 4.11].

Example 3.2.16. Let R be an affinoid ring, seen as an analytic ring as in Exam-
ple 3.2.11.(2). Then, [CS24] shows that the functor from affinoid rings to analytic rings
sends analytic open immersions of affinoid rings to universal !-able maps of analytic
rings. This makes it possible to regard rigid analytic varieties as analytic stacks. Again,
when X is a rigid analytic variety we shall abuse our notations and still denote its asso-
ciated analytic stack by X.

3.2.3 Proper objects and descent

In this subsection we will briefly describe the notion of D-proper maps, as defined in
[HM24] (where they are called prim maps). For the reader’s convenience, we also recall
some properties and results borrowed from [Sch25] (where they are called "cohomolog-
ically proper) and [Cam24] (where they are called "co-smooth) that we will need in the
rest of the paper.
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We refer the reader to the above references for a complete treatment of this topic and
all the relevant proofs.

Notation 3.2.17. Let C be a ∞-category with finite limits. Fix a class of morphisms E such that
the pair (C, E) is a geometric setup, and let (D∗, D!) be a six-functor formalism over (C, E).
Given a map f : X → S, we denote with p1,2 : X ×S X → X the two projection maps, and with
∆ : X → X ×S X the diagonal. If P is an object in D(X) we denote with Pf (P) the object of
D(X) given by p2,∗HomD(X×SX)(p∗1(P), ∆!(1D(X))).

Definition 3.2.18 ([Cam24, Proposition 3.1.11],[HM24, Lemma 4.4.6]). Let f : X → S be a
map lying in E.

(1) We say that an object P ∈ D(X) is f -proper if the natural map

f!(P⊗Pf (P))
f∗−→ f∗HomD(X)(P, P)

is an equivalence.

(2) We say that f is D-proper if 1D(X) is f -proper and Pf (1D(X)) is invertible with
respect to the symmetric monoidal structure of D(X).

Remark 3.2.19. Note that in [HM24] the terminology f -prim is used for what we call
f -proper. In that reference, the term f -proper is reserved for a stronger condition.

The following result is the key tool that allows us to establish whether a morphism
constitutes a universal !-able cover of the target.

Theorem 3.2.20 ([Sch25, Theorem 6.19]). Let f : X → S be a morphism in E. If f is descend-
able (Definition 3.1.37) and 1D(X) is f -proper, then D(−) satisfies universal *- and !-descent
along f .

It follows that in order to understand whether a map is a universal !-able cover, we
have to be able to detect whether an object is proper. The next proposition allows us to
check this condition *-locally on the target.

Proposition 3.2.21 ([HM24, Lemma 4.4.8]). Let f : X → S be a morphism in E. Suppose that
S admits a universal *-cover {gi : Ti → S}, and denote with fi : X ×S Ti → Ti and gi,X : X ×S

Ti → X the obvious projection maps. An object P of D(X) is f -proper if the objects g∗i,X(P) are
fi-proper for all i.

In order to show that 1D(X) is f -proper and apply Theorem 3.2.20, in many cases we
can use the following weaker definition of properness.



3. An axiomatic approach to analytic 1-affineness 152

Definition 3.2.22 ([Cam24, Definition 3.1.19]). Let f : X → S be a morphism of C. We
say that f : X → S is weakly cohomologically proper if the following conditions hold.

(1) The object 1D(X) is ∆ f -proper.

(2) There is an equivalence P∆ f (1D(X))
'→ 1D(X).

(3) The object 1D(X) is f -proper.

Remark 3.2.23. Definition 3.2.22 bears an important advantage over Definition 3.2.13.(1).
Indeed, when the six-functor formalism we are considering admits a suitable decompo-
sition (I, P) then all proper maps are also weakly cohomologically proper, as proved in
[Cam24, Lemma 3.1.21]; in particular, in this case, given any proper map f : X → S the
object 1D(X) is f -proper. Thanks to Theorem 3.2.15.(2), this discussion applies to the
case of the six-functor formalism over AnRing as well.

3.3 1-affineness in analytic geometry

Finally, we are ready to prove our main 1-affineness results in the context of rigid and
analytic geometry, highlighting a class of analytic stacks and rigid varieties which are
1-affine. While the final results that we obtain are similar in both the analytic and rigid
cases, the strategy of the proofs and the reason why certain objects are 1-affine are
different, so we split our presentation in two parts.

3.3.1 1-affineness for derived categories of analytic stacks

Consider the ∞-category AnRing of analytic rings (in the sense of Definition 2.2.1), and
consider the sheaf of presentably symmetric monoidal ∞-categories D(−) : AnRing →
CAlg(PrL). Endow AnRing with the universal !-able topology. Then, Theorem 3.2.15.(3)
guarantees that this piece of data fits in the setting of Assumption 3.1.13.(1). In particular,
Proposition 3.1.25 tells us the following.

Proposition 3.3.1. The functor

ModD(−) : AnRingZtriv −→ PrL
D(Ztriv)

is a sheaf for the universal !-able topology.

Our goal is to single out a class of analytic stacks that are 1-affine. This problem can
be seen as a particular instance of Question 3.1.11. Indeed, in this case Theorem 3.1.35

immediately specializes to the following theorem.
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Theorem 3.3.2. Let X be an analytic stack admitting an affine !-cover {AnSpec(Ai) → X}i∈I

such that all the fiber products AnSpec(Ai1) ×X · · · ×X AnSpec(Ain) are affine. Then X is
1-affine.

Corollary 3.3.3. Let X be an analytic stack admitting an affine universal !-cover {AnSpec(Ai)→
X}i∈I such that all the fiber products AnSpec(Ai1)×X · · · ×X AnSpec(Ain) are affine. Then
the functor

ModD(−) : AnStacks→ Catrex (3.16)

satisfies descent along the cover {AnSpec(Ai)→ X}i∈I .

Proof. This follows using Theorem 3.3.2 since by definition Dcat(−) := ModD(−) satisfies
descent.

Theorem 3.3.2 has also been independently proved in [Kes25] while this paper was
in preparation. However, the formulation of our general result, Theorem 3.1.35, a priori
allows us to obtain a more general statement. For instance, it enables us to consider
the 1-affineness property with respect to certain !-hypercovers, rather than restricting
exclusively to Čech covers. Indeed, the definition of analytic stacks in [CS24] lies between
the notions of a sheaf and a hypersheaf. Nevertheless, for the applications described later
in this paper, such as the Betti stack, the formulation of Theorem 3.3.2 suffices.

Notation 3.3.4. Let CondAni denote the ∞-category of condensed anima. It is defined in [CS24]
as the ∞-category of hypercomplete sheaves on ProFin with values in Ani. We also note that for
the 1-category condensed sets there is no difference in considering sheaves or hypesheaves on
ProFin, see [Lur09, Lemma 6.5.2.9]. The fact that the ∞-category of analytic stacks also features
hypersheaves (such as condensed anima) rather than merely sheaves provides one of the primary
motivations for developing the theory in Section 3.3.1, which applies to any localization of the
∞-category of sheaves.

Inside the ∞-category CondAni, there are two classes of objects coming from topol-
ogy.

1. Homotopy types or anima: they are the objects in the essential image of the constant
functor Ani→ CondAni.

2. Topological spaces (not up to homotopy): all topological spaces can be understood
as condensed sets ([Sch26b, Example 1.5]). The functor Top → Setcond is always
faithful, and moreover fully faithful on the subcategory of κ-compactly generated
topological spaces ([Sch26b, Proposition 1.7]). So, post-composing with the limit-
preserving inclusion ι0 : Set ⊆ Ani we obtain a faithful functor Top→ CondAni.
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If we denote with | − | the functor sending a topological space to its underlying anima,
and with (−) the functor from topological spaces to condensed sets as described above,
we obtain the diagram

CondAni

Setcond Ani

Top.

ι0 const

(−) | − |

(3.17)

which however is not commutative.
In particular we can see two different realizations of a topological space in the cat-

egory CondAni . Using the right hand side of the diagram (3.17) we can assign to a
topological space the sheafification of the constant presheaf with values in its underlying
homotopy type. On the other side, we can assign to a topological space a 0-truncated
object in the ∞-topos of condensed anima (in the sense of [Lur09, Definition 5.5.6.1]).
This means that we have a collection of homotopy condensed groups, and all the higher
homtopy condensed groups are trivial.

In this section we will view topological spaces as objects in condensed anima using
the composition on the left hand side of the diagram (3.17). This functor is actually very
well behaved.

Lemma 3.3.5. The functor

Top
(−)
−→ Setcond ι0

↪−→ CondAni

appearing in the left hand side of the diagram (3.17) commutes with all limits. Moreover, it is
fully faithful when restricted to metrizable compact Hausdorff topological spaces.

Proof of Lemma 3.3.5. We begin observing that Setcond con be identified with τ≤0CondAni,
this follows from [Lur09, Lemma 6.5.2.9].

The first assertions follows from the fact that both the functor Top → Setcond and
the functor Setcond → CondAni are right adjoints. For the first functor, this is proved
in [Cam26, Proposition 2.2.4] (see also [Sch26b, Proposition 1.7]); the latter follows from
[Lur09, Proposition 5.5.6.18].

The second statement follows again from [Cam26, Proposition 2.2.4] since the second
is always fully faithful.

The above observations allow us to define the condensed Betti stack of a topological
space, following [Sch24]. We start by defining this functor on light pro-finite sets, and
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then we extend it to every condensed anima (hence, to every topological space in virtue
of Lemma 3.3.5).

Construction 3.3.6. Let (−)Betti denote the functor

ProFinlight −→ AnStacks (3.18)

defined by sending a pro-finite set T to the affine analytic stack AnSpec(C0(T, Z)triv).
Here, C0(T, Z)triv denotes the trivial analytic ring on the E∞-ring of continuous func-
tions from T (equipped with its inverse limit topology) to Z, as described in Exam-
ple 3.2.11.(1). In other words, the class of complete condensed modules over C0(T, Z)

coincides with the whole ModC0(T,Z).

Proposition 3.3.7 ([CS24, Lecture 20]). The functor (3.18) preserves finite limits and sends
hypercovers of pro-finite sets to universal !-covers.

Sketch of proof. Since each pro-finite set is an inverse limit of finite sets one reduces to
prove the claim for finite sets, for which the proofs are easy.

Corollary 3.3.8. The functor (3.18) admits a unique left exact and colimit-preserving extension
to a functor CondAni → AnStacks. We still denote such extension as (−)Betti, and call this
functor the extended Betti stack functor.

Proof. This is a direct consequence of Proposition 3.3.7 applying [Lur09, Proposition
6.2.3.20].

Let now X be a topological space and let T be a light pro-finite set such that there
exists a surjection f : T → X (here we are viewing light pro-finite sets inside Top in virtue
of Remark 3.2.2). For any i ⩾ 0, let us denote with Ti the i-th object in the simplicial
hypercover associated to Čech nerve of f . Since (−)Betti commutes with colimits and
finite limits, we can describe XBetti as the geometric realization of the simplicial diagram

(T1)Betti (T2)Betti (T3)Betti · · · .

In general, the (Ti)Betti’s are not affine analytic stacks. The goal of the following lemmas
is to show that, at least when X is a finite dimensional, metrizable and compact topo-
logical space, then the above simplicial diagram arises as the Čech nerve of a universal
!-cover of analytic stacks, and at each step such simplicial diagram consists of affine
analytic stacks. In particular, this applies to the case when X is a compact topological
manifold.
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Lemma 3.3.9. Let X be a Hausdorff topological space and let T1 and T2 two light pro-finite sets
mapping into X. Then the pullback T1 ×X T2 is still a light pro-finite set.

Proof. Let fi : Ti → X be the two maps in the statement. We have a natural map
〈 f1, f2〉 : T1 × T2 → X × X. Taking the pullback of this map along the diagonal
∆ : X → X× X yields a natural map

α : (T1 × T2)×X×X X −→ T1 × T2.

Since X is Hausdorff, the diagonal X → X × X is a closed embedding, and so is α.
However, the source of α is homeomorphic to T1×X T2. In particular, it is a closed subset
of the compact metrizable totally disconnected Hausdorff topological space T1 × T2, so
it is compact, metrizable, totally disconnected and Hausdorff itself.

Lemma 3.3.10. Let X be a metrizable and compact topological space. Then there exist a light
pro-finite set K and a surjection f : K → X. Its Čech nerve yields a simplicial diagram, in
CondAni whose colimit is X, which at each step consists only of light pro-finite sets. Furthermore
fBetti : KBetti → XBetti is a universal *-cover.

Proof. Since X is a metrizable compact topological space, we have a continuous surjection
form the Cantor set K := {0, 1}N to X. Let f denote such cover map.

Using Lemma 3.3.9, we have that every pullback K ×X · · · ×X K is again a light pro-
finite set. Now the Čech nerve of f is the required hypercover of X consisting of light
pro-finite sets. To prove that fBetti is a *-cover we need to show that the functor D(−)
satisfies descent along f ∗Betti and along every fiber product of f ∗Betti. By construction fBetti

is an effective epimorphism, so it naturally satisfies *-descent. Universal *-descent follows
from the fact that effective epimorphisms are stable under pullbacks([Lur09, Proposition
6.2.3.15]).

Lemma 3.3.11. Let X be a finite dimensional, metrizable and compact topological space. Then
there is a universal !-cover of fBetti : KBetti → XBetti where K is a light pro-finite sets and the
Čech nerve of fBetti is made of affine analytic stacks.

Proof. Arguing as in the above proof we can find a light pro-finite set K and a surjection
K → X such that the associated Čech nerve is made of light pro-finite sets. In virtue of
[Sch24, Proposition II.1.1] the object fBetti(1) is descendable, so if 1KBetti was also fBetti-
proper we could apply [HM24, Lemma 4.7.4] to deduce that fBetti yields a universal
!-cover.

Using [HM24, Lemma 4.4.8] and Lemma 3.3.9 we can assume that f is a map of light
pro-finite sets. In this case, fBetti is actually weakly cohomologicaly proper in the sense
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of Definition 3.2.22. Indeed, the analytic ring structure on C0(T, Z) is always induced
from the one of Ztriv for all light pro-finite sets T, and so we simply apply Remark 3.2.23

to get our desired assertion.
The fact that the Čech nerve of fBetti is made of affine analytic stacks follows directly

from Corollary 3.3.8 and Lemma 3.3.9.

Theorem 3.3.12. Let X be a finite dimensional, metrizable, compact Hausdorff space. Then the
analytic stack XBetti is 1-affine. Morover the functor

ModD(−) : AnStacks −→ Ĉatrex

satisfies descent along the universal !-cover described in Lemma 3.3.11.

Proof. Applying Lemma 3.3.11, we see that the hypotheses of Theorem 3.3.2 are evidently
satisfied, so XBetti is indeed 1-affine. The last part follows form Corollary 3.3.3.

Remark 3.3.13. In derived algebraic geometry, one can define another Betti stack of a
topological space X. This is the sheafification of the constant prestack with values in the
underlying anima |X|.

In [PPS25a], it is proved that this "homotopical" Betti stack is never 1-affine when
the second homotopy group of X is non-trivial. However, there are plenty metrizable
and compact finite dimensional topological manifolds which admit non-trivial π2: one
example is provided by the real projective space RP2. Thus, Theorem 3.3.12 shows a
curious discrepancy between the analytic and the homotopical Betti stacks.

We collect now some consequences of Theorem 3.3.2. First, suppose that X is a
compact complex manifold. Using the analytic Riemman–Hilbert correspondence as
stated in [Sch24, Theorem II.3.1] and our Theorem 3.3.12 we can immediately prove
the following result, that can be understood as the "analytic version of a theorem of
Gaitsgory (see [Gai15, Theorem 2.6.3]).

Corollary 3.3.14. Let X be a compact complex manifold, Then the analytic de Rham stack, Xan
dR

as defined in [Sch24] is 1-affine.

Another immediate consequence of our result is 2-descent for derived categories of
sheaves over well-behaved topological spaces.

Corollary 3.3.15. Let X be a finite dimensional, metrizable, compact Hausdorff space. Fix a
surjection f : T → X from a light pro-finite set T. Then the functor Sh(−, D(Ztriv)) sending
a topological space X to its derived ∞-category of sheaves with values in D(Ztriv) ' ModZ

satisfies 2-descent along f . In other words, the functor

PrL
Sh(−,D(Ztriv)) : Top −→ Ĉatrex
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satisfies descent along f .

Proof. This follows from Theorem 3.3.12, once we observe that for any topological space
X the ∞-category D(XBetti) agrees with the derived ∞-category Sh(X, D(Ztriv)) ([Sch24,
Corollary II.1.2]).

Warning 3.3.16. Note that it is not reasonable to extend the above corollary to every compact
Hausdorff space. Indeed, in [Hai22] it was proved that for a general presentable ∞-category C

the functor
Sh(−, C) : CHaus −→ Ĉat∞

from compact Hausdorff spaces does not satisfy descent along a surjection f : T → X from a light
pro-finite set. It does, however, satisfy descent up to Postnikov completion ([Hai22, Corollary
2.8]). In particular, for Sh(−, C) to satisfy descent along f it is necessary that Sh(X, C) is itself
Postnikov complete. This is the case for example when X is a pro-finite set or is a CW-complex,
see [Hai22, Examples 1.28 and 1.29].

3.3.2 Nuclear categories in rigid geometry

We want to provide an answer to Question 3.1.11 in the setting of rigid analytic geometry.
In order to do so, we need to turn to the setting of ∞-categories of nuclear modules.

In this section we recall the relevant definitions, and we prove that this problem fits
in the general framework of categorified sheaves described in Section 3.1.3 (see Proposi-
tion 3.3.18).

Let Cbe a symmetric monoidal ∞-category. Using the definition of nuclear objects in
an ∞-category, see Definition 2.2.6, the full subcategory of C spanned by nuclear objects
will be denoted as Nuc(C) ⊆ C. Given an analytic ring A, the ∞-category Nuc(A) is
a presentable full sub-∞-category of D(A) which is closed under colimits and tensor
product ([Sch26b, Theorem 8.6]). This equips Nuc(A) of a symmetric monoidal tensor
product that we denote as ⊗̂A.

For the remainder of this section we will the setup introduced in [Mon26], in partic-
ular we will work with animated affinoid k-algebras and derived rigid analytic spaces
defined over a complete non-archimedean base field k, as defined in Definition 2.3.11.
We denote with dAfdk the ∞-category of derived k-affinoid spaces (i.e. the opposit
∞-category of the ∞-category of animated affinoid k-algebras) and with dRigk the ∞-
category of derived rigid analytic spaces over k. Following the notation used in Equa-
tion (2.11) when A is an animated affinoid k-algebra we denote with A■ the associated
analytic ring and with D(A)■ the solid ∞-category associated to A. As in the previous
chapter when C is the derived ∞-category D(A) of an analytic ring A, we shall simply
write Nuc(A) instead of Nuc(D(A)■).
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We also remind here that as already explained in the previous chapter the map
A 7→ Nuc(A) defines a sheaf for the analytic topology on animated affinoid k-algebras
(Lemma 2.3.10). Moreover given a map of animated affinoid k-algebras f : A → B, the
functor Nuc(A) → Nuc(B) is the restriction of the functor D(A) → D(B) to the full
sub-∞-categories of nuclear objects ([MW25, Theorem 2.9 (c)]).

In this subsection we want to study a categorified version of the sheaf of nuclear
modules. More precisely, we will study the functor

dAfdk −→ Ĉatrex

A 7→ PrL
Nuc(A).

(3.19)

We will prove that such functor is a sheaf for the analytic topology, (Proposition 3.3.22.(2)).
We start remind to the reader some results proved in the previous chapter.

Proposition 3.3.17. Let A be an animated affinoid k-algebra. Then A is nuclear over k.

Proof. This follows form Remark 2.2.8.

Proposition 3.3.17 tells us that given any animated affinoid k-algebra A, we can view
it as a E∞-algebra object inside Nuc(k). So we can consider two a priori distinct symmet-
ric monoidal ∞-categories associated to an animated affinoid k-algebra.

1. The ∞-category Nuc(A), with tensor product given by the restriction of the tensor
product of D(A)■.

2. The ∞-category ModA(Nuc(k)), with tensor product given by the usual relative
tensor product over A.

We now show that these two ∞-categories are actually symmetric monoidally equiv-
alent.

Proposition 3.3.18. Let A be an animated affinoid algebra over k. Then there is an equivalence
of ∞- categories between ModA(Nuc(k)) and Nuc(A). In particular Nuc(A) is a rigid ∞-
category.

Proof. This is exactly Proposition 2.2.11.

Remark 3.3.19. Combining Proposition 3.3.17 with Proposition 3.3.18, we can see that
for any map of animated affinoid k-algebras A → B we can consider B as an object
in Nuc(A). Indeed, A → B is in particular a map of commutative algebras inside
Nuc(k), so B inherits a natural A-module structure and so corresponds to an object in
ModA(Nuc(k)). This ∞-category is the same as the ∞-category Nuc(A), so our claim
follows.
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Proposition 3.3.20. Let A → B a map of animated affinoid algebras over k. Under the iden-
tification ModA(Nuc(k)) ' Nuc(A) of Proposition 3.3.18, the pullback functor Nuc(A) →
Nuc(B) can be identified with the usual base-change functor −⊗̂AB.

Proof. Using the categorical Eilenberg–Watts theorem ([Lur17, Theorem 4.8.4.1]), we can
identify the ∞-category of Nuc(k)-linear, colimit-preserving functors from Nuc(A) '
ModA(Nuc(k)) to Nuc(B) ' ModB(Nuc(k)) with the ∞-category of (A, B)-bimodules
in Nuc(k). More explicitly, this equivalence is given by

FunL
Nuc(k)(Nuc(A), Nuc(B)) '−→ ABModB(Nuc(k))

F 7→ F(A).

In particular the diagram

Nuc(A) Nuc(B)

ModA(Nuc(k)) ModB(Nuc(k))

f ∗

' '
−⊗̂AB

yields two functors ModA(Nuc(k))→ ModB(Nuc(k)), both mapping the object A to the
object B with the (A, B)-bimodule structure induced by the map A → B. It follows that
the two functors must be equivalent; in particular, the above diagram is commutative up
to natural equivalence.

Remark 3.3.21. Applying Proposition 3.3.20 to the case A = B, we see that the end-
ofunctor Nuc(A) → Nuc(A) given by the tensor product with a nuclear A-module M
corresponds to the functor −⊗̂AM : ModA(Nuc(k))→ ModA(Nuc(k)). In particular, the
equivalence of Proposition 3.3.18 is symmetric monoidal.

In the following, we will blur the distinction between the functor Nuc(−) and the
functor Mod(−)(Nuc(k)), since the previous statements imply that they are naturally
equivalent.

We now endow the ∞-category of derived k-affinoid spaces with the Grothendieck
topology described in Definition 2.3.7.

Proposition 3.3.22. Let φ : dSp(B) → dSp(A) be a cover of animated affinoid spaces in the
analytic topology of Definition 2.3.11.

(1) We have that B is descendable as an algebra in Nuc(A).
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(2) The functor
Nuc(−) : Afdk −→ PrL

Nuc(k)

satisfies descent along φ.

Proof. This follows using the same proof as in Lemma 2.3.10.

The previous corollary was the last brick of the theory that we needed in order to
apply the general machinery developed in Section 3.1.3. In particular, we obtain the
following.

Theorem 3.3.23. Let Spa(B) → Spa(A) be a cover map of derived k-affinoid spaces. Then the
adjunction

−⊗Nuc(A) Nuc(B) : PrL
Nuc(A)

−−−→
←−−− PrL

Nuc(B) : forget

is comonadic. In particular the functor (3.19) is a sheaf for the analytic topology descibed in
Definition 2.3.7.

Proof. This follows from Propositions 3.3.22.(1) and 3.1.38, after the identification

Nuc(−) ' ModNuc(−)(Nuc(k))

of Proposition 3.3.18.

3.3.3 1-affineness for categories of nuclear modules over rigid varieties

After proving that the functor PrL
Nuc(−) is a sheaf for the analitic topology on animated

affinoid k-algebras, we are ready to tackle Question 3.1.11 for more general derived rigid
analytic spaces. We first set some piece of terminology.

Notation 3.3.24. Let dRigk denote the ∞-category of derived rigid analytic spaces over our
complete non-archimedean base field k. Since Nuc(−) is a sheaf for the analytic topology on
animated affinoid k-algebras, it can be extended to a sheaf for the analytic topology on all dRigk,
i.e., we have

Nuc(−) : dRigk −→ CAlg(PrL
Nuc(k).

We shall denote with Nuccat the categorification of the above functor, as in Definition 3.1.3. More
precisely, this is the right Kan extension along the inclusion dAfdk ⊆ dRigk of the functor

Nuccat : dAfdk −→ Ĉatrex

Spa(A) 7→ PrL
Nuc(A).
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In virtue of Theorem 3.3.23 and Proposition 3.1.38, Nuccat is a sheaf for the analytic topology on
rigid analytic varieties.

Warning 3.3.25. Assumption 3.1.45 almost holds for the case of classical rigid analytic varieties
and nuclear modules, but not quite. The deal-breaker of the theory is that the functor Nuc(−)
will not send finite limits of affinoid spaces to colimits of Nuc(k)-linear presentably symmetric
monoidal ∞-categories: indeed, in general the pullback X ×Y Z of affinoid spaces needs to be
derived. The theory then can work in the context of derived rigid geometry as we will explain
here.
Still, pullbacks are sent to tensor products when we restrict to flat morphisms of affinoid spaces
(indeed, in this case we do not have to derive the tensor product of their coordinate animated
affinoid k-algebras); in particular, pullbacks along analytic open immersions are sent to tensor
products of ∞-categories of nuclear modules. So, the results in Section 3.1.3 still hold under these
stricter assumptions as explained in the original version of the paper [MP25].

We can now state our main result.

Theorem 3.3.26. Let X be a quasi-compact and semi-separated derived rigid analytic space over
k. Then X is 1-affine with respect to the sheaf of ∞-categories Nuccat(−). More precisely, there
is an equivalence of ∞-categories

PrL
Nuc(X) ' lim

dSp(A)⊂X
PrL

Nuc(A),

where the limit is taken over an affinoid cover of X.

Theorem 3.3.26 is a particular instance of Theorem 3.1.46. Indeed, the proof of Theo-
rem 3.3.26 boils down to proving that the assumptions of Theorem 3.1.46 are satisfied.

Recall that the proof of Theorem 3.1.46 relies on various auxiliary results, among
which some variants of categorical Künneth formulas. Since they might be of indepen-
dent interest, we explicitly write the statements down when applying the formalism of
Section 3.1.3 to the particular case of nuclear modules and rigid analytic varieties.

Proposition 3.3.27. Let ι : Y → X and j : dSp(B)→ X be morphisms of derived rigid analytic
spaces, and assume that both Y and X are quasi-compact and semi-separated.

(1) (Base change, Proposition 3.1.48.(1)) Consider the diagram

dSp(A)×X Y dSp(A)

Y X.

ι′

j

ι

j′
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Then for every nuclear sheaf M over Y the canonical map

j∗ι∗M −→ ι′∗ j
′∗M

is an equivalence.

(2) (Proposition 3.1.48.(2)) When restricted to the nuclear ∞-category , the functors ι∗ and j∗
commute with colimits. Moreover if j is an open immersions j∗ is conservatives. In par-
ticular, it both monadic and comonadic functors. The monad j∗ j∗ on Nuc(X) is naturally
identified with the monad −⊗̂Nuc(X) j∗A, and thus we have an equivalence of ∞-categories

Modj∗A(Nuc(X)) ' Nuc(A).

(3) If ι is an analytic open immersion, then ι∗ is moreover fully faithful.

(4) (Categorical Künneth formula, Proposition 3.1.54) The canonical functor

Nuc(Y)⊗Nuc(X) Nuc(B) −→ Nuc(Y×X Spa(B))

is an equivalence.

(5) (Projection formula, Proposition 3.1.50) For every N in Nuc(Y) and M in Nuc(X), the
natural map

ι∗(N ⊗Nuc(Y) ι∗M) −→ ι∗N ⊗Nuc(X) M

is an equivalence.

(6) (Proposition 3.1.52) The ∞-category Nuc(X) is rigid.

In order to apply Theorem 3.1.46, the only thing that is not a formal consequence of
the theory is that analytic open immersions of affinoid subsets ι : dSp(A) → X provide
an adjunction ι\ a ι∗. This is the content of the following proposition. To avoid confusion
with the lower shriek functor used in the previous chapter here we will denote the left
adjoint to i∗ by i\ .

Proposition 3.3.28. Let ι : U → X be an analytic open immersion into a semi-separated and
quasi-compact derived rigid analytic space. Then the functor

ι∗ : Nuc(X) −→ Nuc(U)

admits a left adjoint ι\.

In the proof we will use the following lemma.
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Lemma 3.3.29. Let ι : U → dSp(A) be a rational localization of a derived k-affinoid space, as in
Definition 2.3.2, then the functor

ι∗ : D(A)■ −→ D(U)■

admits a fully faithful left adjoint ι\ that satisfies projection formula (i.e. is a categorical open
immersion).

Proof. Since categorical open immersions are stable under compositions and base change,
using the same argument in [Cam26, Lemma 7.2.3] we can reduce to prove that the map

(Z[U], Z)■ → Z[U]■

is a categorical open immersion. This follows form [Cam26, Lemma 5.4.13].

Proof of Proposition 3.3.28. We will show that ι∗ commutes with limits, i.e., that for any
diagram I → Nuc(X) selecting objects (Mi)i∈I the canonical map

lim
i∈I

ι∗Mi −→ ι∗
(

lim
i∈I

Mi

)
is an equivalence. If X is not affinoid, we can still consider a finite affinoid cover{

Vj → X
}

j∈J . Using descent of Nuc(−) we write

Nuc(X) ' lim
j∈J

Nuc(Vj),

so each Mi can be realized as a finite limit of a cosimplicial diagram M•i , associated to
the Čech nerve of the cover

{
Vj → X

}
. In this way using the base-change property and

the fact that ι∗ commutes with finite limits we can reduces to prove the statement in the
case U → X is an affinoid subdomain into a derived affinoid space.
So that we can assume X to be a derived affinoid and we can cover U with rational subdo-
mains of X. Using the same argument at the beginning of proof of Lemma 3.1.55 we can
moreover assume that U is a rational subset. Using Lemma 3.3.29 the inclusion of a ratio-
nal open subset U ↪→ X is also an open immersion in the sense of Definition 3.2.13.(2),
so we obtain an adjunction at the level of solid ∞-categories

ι\ : D(U)■
−−−→
←−−− D(X)■ : ι∗

where ι\ is moreover fully faithful and satisfies the projection formula. In particular, for
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every N and M in D(U) we have that

ι\(N ⊗D(U) M) ' ι\(N ⊗D(U) ι∗ι\M) ' ι\N ⊗D(X) ι\M.

So ι\ is actually a strongly monoidal colimit-preserving functor, and thus using [MW25,
Theorem 2.9 (c)] we can conclude that ι\ preserves nuclear subcategories. In particular,
ι\ : D(X)■ → D(U)■ restricts to a right adjoint for ι∗ : Nuc(X) → Nuc(U) that thus
obviously commutes with limits.

Remark 3.3.30. In the context of derived rigid analytic varieties developed in [Soo25], we
still have that an analogue of Proposition 3.3.28 holds ([Soo25, Proposition 4.5]). In par-
ticular, one could get a 1-affineness result also for quasi-compact and semi-separated de-
rived rigid analytic varieties with respect to the sheaf of presentably symmetric monoidal
∞-categories Nuc(−) on derived rigid analytic varieties: indeed, Nuc(k) is rigid thanks
to [KM25, Corollary 6.38].

We conclude by presenting some consequences of Theorem 3.3.26. In particular we
will obtain a relative version Proposition 2.3.14.

Corollary 3.3.31. Let X → Z and Y → Z be two maps of quasi-compact and semi-separated
derived rigid analytic spaces. Then the diagram of ∞-categories

PrL
Nuc(Z) PrL

Nuc(Y)

PrL
Nuc(X) PrL

Nuc(X×ZY)

−⊗Nuc(Z) Nuc(Y)

−⊗Nuc(Z) Nuc(X) −⊗Nuc(Y) Nuc(X×Z Y)

−⊗Nuc(X) Nuc(X×Z Y)

(3.20)

is vertically right adjointable.

Proof. The proof can be obtained by adapting the argument of [Ste23, Proposition 3.2.14].
We want to show that for every C in PrL

Nuc(X) the canonical functor

C⊗Nuc(Z) Nuc(Y) −→ C⊗Nuc(X) Nuc(X×Z Y)

is an equivalence. Consider an affinoid open cover of X, so as to write

PrL
Nuc(X) ' lim

dSp(Ai)⊆X
PrL

Nuc(Ai)

using Theorem 3.3.26. Notice that all the forgetful functors and the functors −⊗Nuc(X)

Nuc(X ×Z Y) and −⊗Nuc(Z) Nuc(Y) commute with limits (the latter in virtue of Propo-
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sition 3.3.27.(6)), so we can reduce ourselves to the case when X is affinoid. Now we
apply (the dual of) [Ste23, Lemma 2.2.7] as in the proof of [Ste23, Proposition 3.2.14] to
reduce to the case where both Z and Y are affinoid as well. In this case, the statement
follows from the fact that the diagram

Nuc(Z) Nuc(Y)

Nuc(X) Nuc(X×Z Y)

is a pushout diagram of commutative algebras in PrL (Proposition 3.3.27.(4)).

Remark 3.3.32. Applying Corollary 3.3.31 to the categorical Nuc(X)-module C '
Nuc(X), we obtain an equivalence of categorical Nuc(Y)-modules

Nuc(X×Z Y) ' C⊗Nuc(Z) Nuc(Y),

which represents a stronger variant of the categorical Künneth formula for nuclear mod-
ules of Proposition 2.3.14
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