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Abstract. We prove a folklore conjecture identifying two categorical enhancements of the
automorphic side of the local Langlands correspondence. Concretely, we construct an equiva-
lence for torsion coefficients between the category considered by Zhu and the one considered by
Fargues–Scholze. To achieve this, we revisit Scholze’s analytification functor and apply the first
author’s theory of kimberlites. We discuss unconditional applications to the splitting of the
semi-orthogonal decomposition on BunG, and the compatibility with Eisenstein functors. Fi-
nally, we formulate a linearity conjecture for our functor with which we can show new vanishing
statements for the cohomology of local Shimura varieties, and perverse exactness statements
for Hecke operators.
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1. Introduction

We divide our introduction into a soft part and a technical part. The reader who enjoys
mathematical story-telling is invited to read the soft introduction (§1.1). Otherwise, we invite
the pragmatic reader to skip directly to the technical part (§1.2). Having divided our audience
by taste, we will shamelessly be vague during the soft portion of this introduction, to the extent
that we cannot even be wrong.

1.1. Soft introduction. Categorification, in modern representation theory, has already transi-
tioned from being treated as a technical tool to an object of independent mathematical interest.
Following a key insight of Fargues in 2014, number theorists and arithmetic geometers work-
ing in the Langlands program have realized throughout the last decade that the classical local
Langlands correspondence could and should be upgraded to a categorical statement. We refer
the reader to [Far16; Gai16; Zhu18] for informal early accounts on the subject.

Following the hard work of numerous experts coming from different backgrounds, the com-
munity has reached the so called “categorical local Langlands conjecture” (or CLLC). This is a
beautiful conjecture that interweaves classical representation theory with arithmetic geometry.
Surprisingly, however, this conjecture came in two different formulations which address different
pieces of structure. One formulation of the conjecture was made precise by Fargues–Scholze
([FS24, Conjecture X.3.5]) and the other was made precise in the work of Zhu ([Zhu25a, Conjec-
ture 2.1.3]). We will refer to the first theory as the BunG perspective, and to the second one as
the B(G) perspective. The purpose of this article is to construct an equivalence of categories,

⋔⋔⋔

,
whose role is to bridge the two perspectives on how to formulate the CLLC. This work builds on
[GIZ26; Gle26], where some of us laid the geometric foundations necessary for the construction
of the functor

⋔⋔⋔

.
As we will try to convince the reader later in this introduction, this work is not a linguistic

translation. Instead, each of the perspectives is sensitive to different phenomena, and connecting
these perspectives enriches our understanding of the CLLC, and its connection to other mathe-
matical objects of interest. Although we are forced to discuss a substantial amount of formalism,
the key to

⋔⋔⋔

ultimately comes from interesting geometric observations.

From an impressionistic lens, the CLLC resembles the classical formulation of unramified
Langlands. To explain this, let us first fix some notation. We let E be a non-Archimedean
local field of residue characteristic p, with ring of integers OE ⊆ E and residue field Fq with q
elements. We set WE to be the Weil group of E and set IE ⊆ WE to be the inertia subgroup.
We let G/E be a connected reductive group, which we assume to be split for simplicity in this
introduction, and we fix as usual T ⊆ B ⊆ G a Borel and a maximal torus. We let W denote
the Weyl group of G. We let Λ be a suitable coefficient ring in which p is invertible.

Recall that the classical unramified local Langlands can be obtained by using the following
recipe. If V denotes a C-valued smooth irreducible and spherical representation, then V G(OE)

becomes an irreducible H-module where

H := (C∞c (G(OE)\G(E)/G(OE),C), ∗)

denotes the spherical Hecke algebra equipped with convolution. A consequence of the Satake
isomorphism

H ≃ C[X∗(T )W ], (1.1)
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is that every irreducible H-module is 1-dimensional. In particular, V is completely determined
by the eigenvalues of the simultaneously diagonalizable Hecke operators acting on the only
G(OE)-fixed line of V .

These eigenvalues are the so-called Satake parameters of V , which can be encoded by a semi-
simple conjugacy class in Ĝ. In this way, classical unramified Langlands is a spectral classification
of spherical irreducible representations, i.e., it classifies spherical irreducible representations by
their Hecke eigenvalues. It also encompasses a multiplicity-one statement saying that for each
family of eigenvalues, there is exactly one irreducible spherical representation corresponding to
it.

The first observation that the CLLC makes is that one should enlarge the (derived) category
of G(E)-representations, to a so-called local Langlands category. In the BunG setup we will
denote it as Dan

Λ (BunG) (see [FS24, §5]), and in the B(G) setup we will denote it by Shv!(B(G))
(see [Zhu25b, §3.4]). Each of these categories come equipped with fully faithful functors

j1,! : Rep(G(E))→ Dan
Λ (BunG)

and
i1,! : Rep(G(E))→ Shv!(B(G))

respectively, where Rep(G(E)) denotes the derived category of smooth representations of G(E)
on Λ-modules. When we want to speak of a platonic local Langlands category, without a specific
construction of it, we will denote it as DLLC. That we can take this platonic attitude is partially
justified by our main result, which is the construction of an equivalence

⋔⋔⋔

: Shv!(B(G))
≃−→ Dan

Λ (BunG)

between LLC categories satisfying several desiderata.
In the CLLC, instead of considering the spherical Hecke algebra H one considers the Satake

category (SG, ∗), which is a category with a commutative algebra structure under convolution
a.k.a. a symmetric monoidal category. Just as the spherical Hecke algebra is the space of
compactly supported functions on the double coset space G(OE)\G(E)/G(OE) endowed with
convolution, the Satake category is obtained by considering perverse sheaves on the double coset
stack L+G\LG/L+G, the so-called local Hecke stack, and the multiplication is also through
convolution. Just as in the classical picture, the Satake category has a spectral expression
through the so called geometric Satake

(SG, ∗) ≃ (Rep Ĝ,⊗),
which is a categorification of (1.1). Indeed, highest weight theory identifies X∗(T )W with the
set of isomorphism classes of irreducible algebraic representations of Ĝ for Λ = Qℓ.

Analogous to the action of the spherical Hecke algebra on the spherical vectors of a smooth
representation one should “treat DLLC as a vector space”, and endow DLLC with Hecke operators.
In other words, one should realize DLLC as an SG-module. Since we are in a categorical context,
the Hecke operators themselves have automorphisms. To wit, in the CLLC one should consider
an arithmetic version of (SG, ∗) that varies with the arithmetic geometry of E, this is customarily
done through the Beilinson–Drinfeld Grassmannian in its B+

dR-incarnation. This furnishes Hecke
operators with a plethora of automorphisms coming from the Weil group action: in very rough
terms, a “Galois loop” gives rise to coherently organized automorphism of the Hecke operators
(this is known as a factorization structure), which in turn gives rise to the so-called excursion
operators, as introduced by V. Lafforgue [Laf18]. Following ideas of geometric Langlands for
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Riemann surfaces (see [NY19]), one can package excursion operators, i.e., the data of Hecke
operators with coherently organized Galois automorphisms, through the so-called spectral action.
That is, one forms the stack ParG,E of L-parameters, and the (Rep(Ĝ),⊗)-action promotes to
an action

(QCoh(ParG,E),⊗) ⟳ DLLC.

Here QCoh(ParG,E) denotes a suitable derived category of quasi-coherent sheaves on the param-
eter stack. The naive multiplicity one statement in this setup would posit that DLLC is a free
1-dimensional (QCoh(ParG,E),⊗)-module, but this is provably false outside the case in which G
is a torus. Instead, after fixing a Whittaker datum ψ, the CLLC predicts that there is a unique
(QCoh(ParG,E),⊗)-linear equivalence

Lψ : IndCohNilp(ParG,E) ≃ DLLC (1.2)

with the property that
Lψ(OParG,E

) =Wψ

where Wψ ∈ DLLC is the Whittaker sheaf attached to ψ. Here IndCohNilp(ParG,E) is a version
of QCoh(ParG,E) that accounts for the singularities of ParG,E in a precise categorical sense, and
it comes equipped with a canonical (QCoh(ParG,E),⊗)-action. In this way, the CLLC is also
a spectral parametrization where the Hecke operators, and the narrative, has been categorified.
Strictly speaking, IndCoh(ParG,E) is not a free 1-dimensional (QCoh(ParG,E),⊗)-module, but
it is so in a smooth and dense open locus of ParG,E . In this way, the CLLC also predicts how
to precisely correct the multiplicity one statement in this context.

In the BunG setup, Fargues–Scholze have constructed all of the structures necessary to carry
out this narrative, completely formulating the CLLC conjecture for Dan

Λ (BunG), i.e., Fargues–
Scholze construct1 a spectral action

(QCoh(ParG,E),⊗) ⟳ Dan
Λ (BunG),

incarnated geometrically as a global Hecke stack on the Fargues–Fontaine curve, and conjecture
that there is a unique QCoh(ParG,E)-linear equivalence

Lan
ψ : IndCoh(ParG,E) ≃ Dan

Λ (BunG)

with the property that
Lan
ψ (OParG,E

) =Wan
ψ .

The fundamental motto guiding Fargues–Scholze’s work is that the CLLC should be inter-
preted as “global unramified Geometric Langlands for the Fargues–Fontaine curve”. A major
part of Fargues–Scholze’s work goes into providing geometric foundations to show that in this
exotic arithmetic context, the key geometric players are well behaved, and one can still find all
of the structures that the geometric Langlands program for Riemann surfaces had recognized.
Fargues–Scholze’s framework invites the possibility to consider several other important construc-
tions in global Geometric Langlands and its consequences to the CLLC. A notable example are
the so-called geometric Eisenstein series which have been explored and shown to be well-behaved
in [Ham25; HI25; HHS24].

1Fargues–Scholze’s construction assumes some mild assumptions on ℓ the characteristic of Λ.
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In the B(G) setup, one does not yet have a full precise formulation of the CLLC as we have
discussed above, at least for mixed-characteristic local fields E. Indeed, although one already
has the language and technology to pose that there should be an equivalence

Lsch
ψ : IndCoh(ParG,E) ≃ Shv!(B(G)),

with the property that
Lsch
ψ (OParG,E

) =Wsch
ψ ,

one does not have a spectral action on Shv!(B(G)) in full generality2. In particular, one cannot
ask if this equivalence is linear, and it becomes much more subtle to formulate in what sense this
equivalence is unique. Nevertheless, one can already formulate and prove a tame-level version
of (1.2), as Zhu does [Zhu25b, Theorem 1.6, Theorem 1.7]. More precisely, there is an open and
closed substack

Partame
G,E ⊆ ParG,E ,

that parametrizes the tamely ramified L-parameters (see §12.1.2). Moreover, Zhu defines a
tamely ramified local Langlands subcategory

Shv!,tame(B(G)) ⊆ Shv!(B(G)),

and shows, after fixing adjectives appropriately, that there is an equivalence

Lsch,tame
ψ : IndCoh(Partame

G,E ) ≃ Shv!,tame(B(G))

(see Theorem 12.1.10). From Zhu’s work, it follows that one can endow Shv!,tame(B(G)) with
a QCoh(Partame

G,E )-action, but this is rather indirect (see [YZ25, §3.1.5]). That this definition is
indirect, is partially due to the fact that the B(G) setup interprets the CLLC as “the Frobenius
trace of the local geometric Langlands conjecture”. Indeed, the starting point is Bezrukavnikov’s
equivalence [Bez16] (interpreted appropriately as a 2-categorical statement in local geometric
Langlands). In this 2-categorical context, one has a monoidal category which we will denote
(Shv!,tame(LG), ∗) in this introduction. Hecke operators in this context are incarnated through
Gaitsgory’s central functor, which is a monoidal functor

Z : (Rep(Ĝ),⊗)→ (Shv!,tame(LG), ∗)

factoring through the center. This construction is compatible with inertial Galois loops which
gives an action

QCoh(Partame
G,Ĕ

) ⟳ (Shv!,tame(LG), ∗),

where Ĕ is the completion of the maximal unramified extension of E. After taking trace of
Frobenius, this yields a partial spectral action

QCoh(Partame
G,E ) ≃ Tr(QCoh(Partame

G,Ĕ
)) ⟳ Tr((Shv!,tame(LG), ∗))

restricted exclusively to the tame parts. The work of Zhu discusses patiently some of the formal
foundations necessary to carry this narrative, and crucially constructs an identification

Shv!,tame(B(G)) ≃ Tr((Shv!,tame(LG), ∗)).

2There is work in progress by Éteve–Gaitsgory–Genestier–Lafforgue constructing a spectral action on Shv!(B(G))
when E is an equicharacteristic local field.
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It is through this identification, and through transfer of structure, that Zhu endows Shv!,tame(B(G))
with a spectral action.

Although we believe it is profitable to have two perspectives on the CLLC, from a purist lens
in which there should be only one local Langlands category DLLC. What our work explains is
a precise sense in which Fargues–Scholze’s geometrization relates to local geometric Langlands.
Namely, one of the many things that the work of Zhu explains is in what sense Shv!(B(G)) is
a natural recipient for the Frobenius trace construction, and why one obtains a fully-faithful
functor

Tr(Shv!,tame(LG), ∗) ↪→ Shv!(B(G)).

In essence, our work explains why Dan
Λ (BunG) is also a natural recipient for the trace construc-

tion. Independently of Zhu’s work, one can use our methods to directly construct a functor

Tr(Shv!,tame(LG), ∗)→ Dan
Λ (BunG),

but it would only be through Zhu’s work and our equivalence

⋔⋔⋔

, that one can clearly see why
this functor is fully faithful.

From our perspective, the clear advantage of working with Shv!(B(G)) is its immediate con-
nection to local geometric Langlands, whereas the clear advantage of working with Dan

Λ (BunG) is
that, even in mixed-characteristic, it has a geometrically defined spectral action. By reconciling
these two perspectives, we obtained a platonic DLLC that has a geometrically defined spectral
action and can be studied through its connection to the geometric local Langlands program. As
a small application of this perspective, consider the following.

Relying on techniques from local geometric Langlands, Deligne–Lusztig theory and the geom-
etry of affine Deligne–Lusztig varieties (ADLV), Zhu constructs a direct sum decomposition

Shv!,tame(B(G)) ≃
⊕
ζ

Shv!,ζ̂,(B(G)),

as ζ ranges over the tame inertial types. As a proof of concept, one of the immediate corollaries
of our work (see Theorem 12.1.13 for details) is that we also have a similar decomposition

Dan,tame
Λ (BunG) ≃

⊕
ζ

Dan,ζ̂
Λ (BunG).

That this direct sum decomposition holds for Dan,tame
Λ (BunG) is predicted by the CLLC in the

BunG setup, but it is quite unclear otherwise (see Remark 12.1.15). Using

⋔⋔⋔

, we can already
obtain this result unconditionally.

We expect many more applications to be obtained in the near future, not only in the CLLC
but also in more classical arithmetic Langlands, by using our functor to combine the meth-
ods from the two setups. This will become even more likely once the connection between

⋔⋔⋔

and Gaitsgory’s central functors has been properly elucidated, which some of us are planning to
discuss in future work. For a precise statement of the kind of desired result, see Conjecture 12.2.2.

Leaving the purist point of view behind, the two perspectives on the CLLC interact with
different geometric objects of mathematical interest. For this reason, we believe it is interesting
to understand the CLLC through both perspectives and be able to transfer results from one
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perspective to the other. We make a table highlighting important examples, we have left a
question mark “?” when the analogue in the table is not understood.

BunG B(G)
Generic fiber of Shimura varieties Special fiber of Shimura varieties

p-adic period domains & local Shimura varieties (LSV) affine Deligne–Lusztig varieties (ADLV)
Fargues–Scholze parameters Genestier–Lafforgue parameters

? p-adic Deligne–Lusztig stacks
Geometric Eisenstein series ?

For example, Zhu uses the dimension formula of ADLV to show that Hecke operators are
perverse t-exact on Shv!(B(G)). Since our functor is also perverse t-exact (see Theorem 1.2.12),
under the expected property that

⋔⋔⋔

intertwines Hecke operators (which will be verified in a differ-
ent work), one can conclude a similar perversity statement of Hecke operators on Dan

Λ (BunG), as
established in certain cases by [HL25, Corollary 4.27]. One can then use this perversity statement
to deduce vanishing results in the cohomology of local Shimura varieties (see Theorem 12.6.4),
analogous to the results in [Ham25, § 10.2].3 For this last part, it was critical to use the CLLC
formulated with DLLC = Dan

Λ (BunG), since local Shimura varieties do not directly interact with
B(G). In addition, using our functor

⋔⋔⋔

one can use results on the splitting of the semi-orthogonal
decomposition on Shv!(B(G),Λ) around a generic localization, as proven in [YZ25], in order to
obtain unconditional analogous results for a generic localization of Dan

Λ (BunG) (see Corollaries
12.3.3 and 12.3.7), which proves results along similar lines to [Ham25; HL25] that were originally
established by a careful study of geometric Eisenstein functors in the Fargues-Scholze context
(see Remark 12.3.8 for a discussion of the relation). Similarly, we are able to show uncondition-
ally in certain special cases that the tame categorical Langlands equivalence of Zhu intertwines
the geometric Eisenstein functors studied in [Ham25; HHS24; HI25] with spectral Eisenstein
functors, by using our functor to compare the two (see Proposition 12.4.6).

1.2. Technical introduction. As above, we fix E a non-Archimedean local field of residue
characteristic p. We let OE ⊆ E denote the ring of integers. We fix π ∈ OE a uniformizer, an
isomorphism Fq ≃ OE/π where q is a power of p, and an algebraic closure k = Fq of Fq. We
let Ĕ denote the π-adically completed maximal unramified extension of E. We let WE denote
the Weil group of E, IE ⊆ WE the inertia group and ΓE ⊇ WE the Galois group. We fix G/E
a quasi-split connected reductive group, we fix T ⊆ B ⊆ G a maximally split rational torus
and a rational Borel. We let I denote the parahoric group scheme associated with an Iwahori
subgroup I(OE) ⊆ G(E). Since Lurie’s formalism of∞-categories has become widespread in the
CLLC, we adapt our terminology accordingly: by category we mean an ∞-category, whereas
1-truncated categories are called ordinary categories. We fix a prime number ℓ ̸= p, and we
let Λ denote a fixed torsion Zℓ-algebra (i.e., ℓn · Λ = 0 for some n). We let ModΛ denote the
(derived) category of Λ-modules. We let LinCatΛ denote the category of presentable stable
Λ-linear categories.

3The standard way to connect the cohomology of LSV to the geometry of ADLV is through the nearby cycles
construction. One can think that the functor

⋔⋔⋔

encapsulates a plethora of nearby cycle computations, and it is
precisely by studying specific nearby cycles (see Theorems 10.0.6 and 10.0.7) that the equivalence is obtained.
The magic of

⋔⋔⋔

is that it gives for free more nearby cycle computations than those required to show that it is an
equivalence.
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We let PSchaff denote the category of perfect affine k-schemes and let PSchaff,pfp ⊆ PSchaff

denote the full subcategory of those affine schemes that are perfectly finitely presented over k.
We let PreStk denote the category of small accessible presheaves on PSchaff with values in anima
(or spaces). We let Perfaff denote the category of affinoid perfectoid spaces over k, and we let
Std ⊆ Perfaff denote the full subcategory of those affinoid perfectoid spaces that are strictly
totally disconnected. We consider Perfaff as an ordinary site endowed with the v-topology, and
we let AnStkv denote the category of small v-sheaves with values in anima. We now review the
precise definition of the local Langlands categories of Fargues–Scholze and Zhu.

1.2.1. Zhu’s construction. For any X ∈ PreStk, Zhu considers a category Shv!(X) ∈ LinCatΛ of
étale sheaves which, when specialized to B(G), will give rise to Zhu’s version of the automorphic
local Langlands category. We now review this construction.

For every X ∈ PSchaff,pfp, we have an ordinary étale site Xét, and we may consider the
category of sheaves with values in −ModΛ, which we denote by D(Xét,Λ). This coincides
with the derived category of its abelian heart; in other words, it is given by the ∞-categorical
enhancement of the ordinary triangulated derived category attached to the abelian category of
Λ-modules on Xét. This category is compactly generated, and for every morphism [f : X →
Y ] ∈ PSchaff,pfp one has a functor

f ! : D(Yét,Λ)→ D(Xét,Λ).

Moreover, this functor preserves compact objects (i.e., bounded complexes with constructible
cohomology) and restricts to a functor

f !,ω : D(Yét,Λ)ω → D(Xét,Λ)
ω.

We may interpret the data discussed above as a functor with values in small Λ-linear categories

D!
cons : (PSch

aff,pfp)op → LinCatsmΛ .

We can let Shv! denote the ind-extension of D!
cons which we interpret as a functor

Shv! : (PSchaff,pfp)op → LinCatΛ.

For a map f : X → Y , we get a functor

Shv!([f : X → Y ]) =: f ! : Shv!(Y )→ Shv!(Xét)

defined as the Ind-extension of f !,ω. This is naturally equivalent to the mapping

f ! : D(Yét)→ D(Xét),

but we will keep this change of notation in what follows since we will extend the domain of
definition of f ! in a way that it will no longer necessarily agree with f !. We perform this
extension in two steps:

(1) We let the value of Shv! on PSchaff be given by the right Kan extension along the
inclusion PSchaff,pfp ⊆ PSchaff . In other words, if SpecA = lim←− SpecAi, with each Ai
pfp over k, then

Shv!(SpecA) ≃ lim−→
f !

Shv!(SpecAi).
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(2) We let the value of Shv! on PreStk be given by the left Kan extension along the Yoneda
embedding PSchaff ⊆ PreStk. In other words, if X ∈ PreStk, then

Shv!(X) ≃ lim←−
SpecA→X

f !

Shv!(SpecA).

Recall the loop group LG ∈ PreStk,

LG : (PSchaff)op → Ani

with formula
LG(SpecR) := G(W(R)[

1

π
]),

where W(R) denotes the OE-Witt vectors. It comes with an automorphism

φ : LG→ LG

extracted from q-Frobenius on R. We consider the Kottwitz stack parametrizing isocrystals
with G-structure, B(G) ∈ PreStk, which admits a description as the étale stack quotient by the
φ-conjugation action

B(G) :=
LG

Adφ LG
.

Definition 1.2.1. Zhu’s version of the local Langlands category is given by

DLLC := Shv!(B(G)).

1.2.2. Fargues–Scholze’s construction. For any X ∈ AnStkv one attaches a presentable stable
Λ-linear category Dan

Λ (X) ∈ LinCatΛ of Λ-étale sheaves whose definition we shall recall. For
every X ∈ Std a strictly totally disconnected space in the sense of [Sch22, Definition 1.14],
we have an ordinary étale site Xét, and, as above, one attaches the category of sheaves with
values in Λ-modules that we denote by D(Xét,Λ), which is essentially sheaves on the underlying
topological space of X (which at the level of connected components is just a profinite set). From
pure site theoretic considerations, for every map [f : X → Y ] ∈ Std one has a pullback functor

f∗ : D(Yét,Λ)→ D(Xét,Λ),

which we may consider as a functor

Dan
Λ : (Std)op → LinCatΛ.

As above, we extend the domain of definition of Dan
Λ . More precisely,

Dan
Λ : AnStkv → LinCatΛ

is the left Kan extension along the Yoneda embedding Std ⊆ AnStkv.
Recall that, to any Spa(R,R+) ∈ Perfaff , one attaches a relative adic Fargues–Fontaine curve

XFF,R. This is a sousperfectoid adic space with formula

XFF,R := (Spa(W(R+)) \ V (π[ϖ]))/φ.

Here ϖ ∈ R+ is a choice of pseudo-uniformizer, [ϖ] ∈W(R+) is a Teichmüller lift, and φ is the
action induced from q-Frobenius on R+. One considers the moduli stack of G-bundles on the
Fargues–Fontaine curve, BunG ∈ AnStkv. Namely,

BunG : Perfaff → Ani
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with formula
BunG(Spa(R,R

+)) := {G-bundles on XFF,R}.

Definition 1.2.2. Fargues–Scholze’s version of the local Langlands category is given by

DLLC := Dan
Λ (BunG).

1.2.3. The main theorem. The following is our main theorem

Theorem 1.2.3 (Theorem 11.3.2(1)). Let G be a quasi-split reductive group over E. If Λ is
an ℓ-torsion Zℓ-algebra, then the categories Shv!(B(G)) and Dan

Λ (BunG) are equivalent. More
precisely, we construct an equivalence

⋔⋔⋔

: Shv!(B(G))
≃−→ Dan

Λ (BunG).

In the rest of this introduction, we will do the following.
a) Discuss the finer properties of our equivalence that are established in this article.
b) Sketch a construction of

⋔⋔⋔

.
c) Summarize the strategy and discuss the methods we employ to show that

⋔⋔⋔

is an equiv-
alence.

1.2.4. Finer properties of

⋔⋔⋔

. Recall the Kottwitz set

B(G) :=
G(Ĕ)

AdφG(Ĕ)

from [Kot97, §3]. It identifies with the set of isomorphism classes of isocrystals over k. The set
B(G) comes equipped with two invariants, the so-called Newton map and the so-called Kottwitz
map, which gives an injective map of sets

(ν, κ) : B(G)→ (X∗(T )⊗Q)ΓE ,+ × π1(G)ΓE
,

see [Kot97, (4.13.1)]. The right hand side has a partial order, which B(G) inherits. Here
(ν1, κ1) ≤ (ν2, κ2) whenever κ1 = κ2 and ν2 − ν1 is a non-negative rational linear combination
of positive coroots. Moreover, this partial order is down-finite in the sense that the set Z≤b :=
{b′ ∈ B(G) | b′ ≤ b} is a finite set, see [RR96, Proposition 2.4.(iii)].

One can endow B(G) with its partial order topology where the up-closed sets U≥b = {b′ ∈
B(G) | b′ ≥ b} are a basis of open sets generating the topology. We will denote this topological
space also by B(G). Similarly, one can consider the opposite order topology in which the sets
Z≤b := {b′ ∈ B(G) | b′ ≤ b} are declared to be a basis of open subsets generating the topology,
we denote this topological space as B(G)op. Recall that we have homeomorphisms

|B(G)| ≃ B(G)

and
|BunG| ≃ B(G)op.

The first homeomorphism is due to He [He16, Theorem 2.12], and the second due to Viehmann
[Vie23, Theorem 1.1]. This reversal of topologies explains plenty of phenomena concerning our
functor

⋔⋔⋔

. Using this topological input, for every finite closed subset Z ⊆ B(G) we obtain a
closed substack

iZ : B(G)Z ⊆ B(G)
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and an open substack
jZ : BunZG ⊆ BunG.

Overall, we get fully-faithful functors

iZ,∗ : Shv
!(B(G)Z)→ Shv!(B(G)) and jZ,! : Dan

Λ (BunZG)→ Dan
Λ (BunG).

We let Shv!(B(G)Z)∗ ⊆ Shv!(B(G)) and Dan
Λ (BunZG)! ⊆ Dan

Λ (BunG) denote the essential images
of these functors.

Proposition 1.2.4 (Theorem 11.1.2(3)). For every finite closed subset Z ⊆ B(G), we have that

⋔⋔⋔

(Shv!(B(G)Z)∗) ⊆ D
an
Λ (BunZG)!,

and consequently there exists a unique (up to contractible choice) functor

⋔⋔⋔

Z : Shv!(B(G)Z)→ D
an
Λ (BunZG),

making the following diagram

Shv!(B(G)Z) Shv!(B(G))

Dan
Λ (BunZG) Dan

Λ (BunG)

iZ∗

⋔⋔⋔

Z

⋔⋔⋔

jZ!

commute.

In §6, we recall the theory of recollements and semi-orthogonal decompositions following [HA,
Appendix A.8] and [AMR23], relating it to the theory of presentable Nagata 2-functor formalisms
in [DK24]. We call a finite subset S ⊆ B(G) convex if it can be written (non-uniquely) in the
form S = Z1 \ Z2, with Z2 ⊆ Z1 ⊆ B(G) finite closed subsets. It follows formally from this
theory that for every finite convex subset S ⊆ B(G) one obtains a functor

⋔⋔⋔

S : Shv!(B(G)S)→ D
an
Λ (BunSG),

irrespective of the choice of presentation Z1 \Z2, that fits in the following commutative diagram

Shv!(B(G)Z2
) Dan

Λ (BunZ2
G )

Shv!(B(G)Z1
) Dan

Λ (BunZ1
G )

Shv!(B(G)S) Dan
Λ (BunSG).

⋔⋔⋔

Z2

⋔⋔⋔

Z1

⋔⋔⋔

S

where the vertical arrows yield a Verdier quotient presentation for the bottom line. Here B(G)S
(respectively BunSG) denotes the locally closed substack of isocrystals (respectively G-bundles)
whose value on each geometric point is of type of b with b ∈ S.

Since the categories participate in various recollements, the formalism of semi-orthogonal
decompositions provides additional functors which we shall clarify below. We explain the B(G)
setup first since it is more intuitive. For a closed subset Z ⊆ B(G), the fully faithful functor



12 I. GLEASON, L. HAMANN, A. IVANOV, J. LOURENÇO, K. ZOU

iZ,∗ = iZ,! (associated with the closed immersion iZ : B(G)Z ⊆ B(G)) admits left and right
adjoints i.e., we have

i∗Z ⊣ iZ,∗ ⊣ i!Z .
When S = Z1 \ Z2, we have an open immersion iS,Z1 : B(G)S → B(G)Z1

and an identification

i!S,Z1
= i∗S,Z1

: Shv!(B(G))S,∗
≃−→ Shv!(B(G)S).

Similarly, this functor fits into a sequence of adjoint functors

iS,Z1,! ⊣ i!S,Z1
⊣ iS,Z1,∗.

Composing the functors considered above, we obtain for all finite convex S ⊆ B(G) functors

iS,!, iS,∗ : Shv
!(B(G)S)→ Shv!(B(G)) and i!S , i

∗
S : Shv!(B(G))→ Shv!(B(G)S)

participating in adjunctions
iS,! ⊣ i!S and i∗S ⊣ iS,∗.

Moreover, these functors do not depend on the presentation S = Z1 \ Z2. Actually, something
else is true, namely if S1 ⊆ S2 is an inclusion of finite convex subsets we get analogous functors

iS1,S2,!, iS1,S2,∗ : Shv
!(B(G)S1

)→ Shv!(B(G)S2
) and i!S1,S2

, i∗S1,S2
: Shv!(B(G)S2

)→ Shv!(B(G)S1
)

participating in adjunctions

iS1,S2,! ⊣ i!S1,S2
and i∗S1,S2

⊣ iS1,S2,∗,

and compatible with composition in the expected manner along inclusions S1 ⊆ S2 ⊆ S3.
One can capture all of these compatibilities and coherences into a so called semi-orthogonal
decomposition (see Theorem 6.2.1).

We let ConvexB(G) denote the category whose objects are the finite convex subsets of B(G)
and the morphisms are inclusions.

Proposition 1.2.5 (See §9.0.1). There is a semi-orthogonal decomposition SB(G) of B(G) with
respect to the partially ordered set B(G) (i.e., a presentable 2-functor formalism satisfying the
axioms of Theorem 6.2.1) of the form

SB(G) : Corr(ConvexB(G),All)→ LinCatΛ

with
SB(G)(V ) := Shv!(B(G)V )

and
SB(G)([V ←W → U ]) := iWU ! ◦ i∗WV .

Understanding the structure that should come from this semi-orthogonal decomposition via
the equivalence

⋔⋔⋔

: Shv!(B(G)) ≃ Dan
Λ (BunG) is more subtle, but this is to be expected by

the reversal of topologies. Indeed, |BunG| ≃ B(G)op, and there is a natural semi-orthogonal
decomposition with respect to B(G)op. However, this is not the one we are looking for. In
particular, we are trying to describe a decomposition with respect to B(G) and not with respect
to B(G)op. This will be explained by the existence of certain exceptional adjoints, which had
already featured in the work of Fargues–Scholze [FS24]. More precisely, for a closed subset
Z ⊆ B(G), the reversal of topologies will give us an open immersion jZ : BunZG → BunG and the
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functor jZ! admits the usual right adjoint j!Z = j∗Z . Exceptionally, it also admits a left-adjoint
which is not guaranteed by the usual 6-functor formalism (see §8.2). We will denote the left
adjoint to jZ! by j♭Z . In other words, we have a sequence of adjoint functors

j♭Z ⊣ jZ! ⊣ j∗Z .

To obtain the functor j♭Z , recall that Fargues–Scholze construct the so-called Bernstein–Zelevinsky

DBZ : Dan
Λ (BunG)

ω ≃−→ Dan
Λ (BunG)

ω,op.

One can show that DBZ preserves the subcategory Dan
Λ (BunZG)

ω ⊆ Dan
Λ (BunG)

ω. This gives rise
to a unique functor fitting in the following commutative diagram

Dan
Λ (BunZG)

ω Dan
Λ (BunZG)

ω,op

Dan
Λ (BunG)

ω Dan
Λ (BunG)

ω,op.

DBZ,Z

jωZ,! jω,op
Z,!

DBZ

Then j♭Z can be computed by the formula

j♭Z := Ind(DZBZj
∗,ω
Z DBZ).

Now, when we consider a finite convex subset with presentation S = Z1 \ Z2, the reversal of
topologies gives us a closed immersion jSZ1 : BunSG → BunZ1

G , and we get a canonical map

j∗SZ1
: Dan

Λ (BunZ1
G )→ Dan

Λ (BunSG).

This functor has an evident right adjoint since jSZ1∗ = jSZ1! and it also has an exceptional left
adjoint jS,Z1,♯. Hence, we have a sequence of adjoint functors

jSZ1♯ ⊣ j∗SZ1
⊣ jSZ1∗.

Again, the exceptional left adjoint functor jS,Z1,♯ is given by the formula

jSZ1♯ := Ind(DBZj
ω
S,Z1,!DBZ,S),

where DBZ,S is the unique functor filling in the following commutative diagram

Dan
Λ (BunZ1

G )ω Dan
Λ (BunZ1

G )ω,op

Dan
Λ (BunSG)

ω Dan
Λ (BunSG)

ω,op,

DBZ,Z1

j∗,ωSZ1
j∗,ω,op
S,Z

DBZ,S

whose existence comes from the functoriality of Verdier quotients.
As before, one can use composition to define for any finite convex subset S ⊆ B(G) functors

jS♯, jS! : Dan
Λ (BunSG)→ Dan

Λ (BunG) and j∗S , j
♭
S : Dan

Λ (BunG)→ Dan
Λ (BunSG)

participating in adjunctions
jS♯ ⊣ j∗S and j♭S ⊣ jS!.

As above, we also have a version for inclusions of finite convex subsets S1 ⊆ S2, as follows

jS1S2♯, jS1S2! : Dan
Λ (BunS1

G )→ Dan
Λ (BunS2

G ) and j∗S1S2
, j♭S1S2

: Dan
Λ (BunS2

G )→ Dan
Λ (BunS1

G )
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participating in adjunctions

jS1S2,♯ ⊣ j∗S1S2
and j♭S1S2

⊣ jS1S2,!,

and compatible with composition in the expected manner along inclusions S1 ⊆ S2 ⊆ S3. Again,
we package all of these compatibilities and coherences as follows.

Proposition 1.2.6 (See §9.0.2). There is a semi-orthogonal decomposition SexBunG
of BunG by

B(G) (see Theorem 6.2.1 for a precise definition) of the form

SexBunG
: Corr(ConvexB(G),All)→ LinCatΛ

with
SexBunG

(V ) := Dan
Λ (BunVG)

and
SexBunG

([V ←W → U ]) := jWU♯ ◦ j♭WV .

The following theorem upgrades Theorem 1.2.3 to explain that

⋔⋔⋔

is compatible with a variety
of operations.

Theorem 1.2.7 (Theorem 11.3.2). There is an equivalence of 2-functor formalisms

⋔⋔⋔

S : SB(G)
≃−→ SexBunG

,

such that ⋔⋔⋔

≃ lim
Z⊆B(G)

⋔⋔⋔

Z

where Z ⊆ B(G) ranges over finite closed subsets of B(G).

The non-technical translation of the theorem above is the following.

Corollary 1.2.8 (Theorem 11.3.2). For every finite convex subset S ⊆ B(G), we have an
equivalence

⋔⋔⋔

S : Shv!(B(G)S)
≃−→ Dan

Λ (BunSG),

together with commutation formulas

(1)

⋔⋔⋔

◦ iS,! ≃ jS,♯ ◦

⋔⋔⋔

S

(2)

⋔⋔⋔

S ◦ i∗S ≃ j♭S ◦

⋔⋔⋔

(3)

⋔⋔⋔

S ◦ i!S ≃ j∗S ◦

⋔⋔⋔

(4)

⋔⋔⋔

◦ iS,∗ ≃ jS,! ◦

⋔⋔⋔

S.

Moreover, for a pair of convex subsets S1 ⊆ S2 we also have commutation formulas

(1)

⋔⋔⋔

S2 ◦ iS1,S2,! ≃ jS1,S2,♯ ◦

⋔⋔⋔

S1

(2)

⋔⋔⋔

S1 ◦ i∗S1,S2
≃ j♭S1,S2

◦

⋔⋔⋔

S2

(3)

⋔⋔⋔

S1 ◦ i!S1,S2
≃ j∗S1,S2

◦

⋔⋔⋔

S2

(4)

⋔⋔⋔

S2 ◦ iS1,S2,∗ ≃ jS1,S2,! ◦

⋔⋔⋔

S1.

Amusingly, the equivalence also provides exceptional right adjoint functors in the B(G) setup.
Namely, in the BunG setup we naturally have adjoint functors j∗S ⊣ jS,∗ and jS,! ⊣ j!S induced by
the 6-functor formalism Dan

Λ . From here, we can deduce that we also have adjunctions i!S ⊣ iS,♭
and iS,∗ ⊣ i♯S .4

4In the work of Zhu, the functors iS,∗ and i!S , when they exist, are automatically forced to commute with colimits.
Consequently, one can use the adjoint functor theorem to deduce the existence of these adjoints.
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Remark 1.2.9. For the convenience of the reader, we make the following table of adjunctions
that are intertwined by

⋔⋔⋔

j♭ ⊣ j! ⊣ j!

i∗ ⊣ i∗ ⊣ i♯
j♯ ⊣ j∗ ⊣ j∗
i! ⊣ i! ⊣ i♭

A consequence of the intertwining discussed in Theorem 1.2.8 is the following.

Corollary 1.2.10 (Theorem 12.1.13). The equivalence

⋔⋔⋔

: Shv!(B(G))
≃−→ Dan

Λ (BunG)

restricts to equivalences

⋔⋔⋔Adm : Shv!(B(G))Adm ≃−→ Dan
Λ (BunG)

ULA

and ⋔⋔⋔ω : Shv!(B(G))ω
≃−→ Dan

Λ (BunG)
ω.

From the geometric nature of the constructions, both setups come with their own version
of perverse t-structure. Let us recall them. For b ∈ B(G) we consider dim(BunbG), the ℓ-
cohomological dimension of BunbG. We recall that this is always a non-positive number that can
be computed by the formula −⟨2ρG, νb⟩ where 2ρG is the half-sum of positive roots. Adhering to
convention, we let db := ⟨2ρG, νb⟩, so that dim(BunbG) = −db. As usual, the perverse t-structure
can be described as

pDan,≤0
Λ (BunG) := {A ∈ Dan

Λ (BunG) | j∗bA ∈ sDan,≤db
Λ (BunbG) for all b ∈ B(G)}

and
pDan,≥0

Λ (BunG) := {A ∈ Dan
Λ (BunG) | j!bA ∈ sDan,≥db

Λ (BunbG) for all b ∈ B(G)},
where we use sDan

Λ to denote the standard t-structure (see Theorem 12.5.3).
Similarly, one would want to define the perverse t-structure in the B(G) setup as

pShv!(B(G))≤0 := {A ∈ Shv!(B(G)) | i∗bA ∈ sShv!(B(G)b)
≤db for all b ∈ B(G)}

and
pShv!(B(G))≥0 := {A ∈ Shv!(B(G)) | i!bA ∈ sShv!(B(G)b)

≥db for all b ∈ B(G)}.

Nevertheless, there is a subtlety with this formula (see [Zhu25b, Remark 3.107] for a discussion
of this subtlety). Instead, one defines pShv!(B(G))≤0 as the subcategory generated under small
colimits by the family of objects

{ib,! c-Ind
Gb(E)
K Λ[n− db] | b ∈ B(G), n ≥ 0,K ⊆ Gb(E) is a pro-p-subgroup},

but the definition of pShv!(B(G))≥0 stays the same (see Definition 12.5.1).
Our functor allow us to define exceptional t-structures on either of the perspectives.

Definition 1.2.11. We define the exceptional t-structures

(eDan,≤0
Λ (BunG),

eDan,≥0
Λ (BunG)) := (

⋔⋔⋔

(pShv!(B(G))≤0),

⋔⋔⋔

(pShv!(B(G))≥0))

and

(eShv!(B(G))≤0, eShv!(B(G))≥0) := (

⋔⋔⋔−1(pDan,≤0
Λ (BunG)),

⋔⋔⋔−1(pDan,≥0
Λ (BunG))).
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The exceptional t-structures on Shv!(B(G)) and Dan
Λ of Theorem 1.2.11 agree with the ex-

ceptional t-structures considered by Zhu (see [Zhu25b, Proposition 3.110]) and the (ℓ-torsion
version of the) hadal t-structure considered by Hansen [Han24, Theorem 1.2.3]5. More precisely,
we have the following.

Corollary 1.2.12 (Theorem 12.6.1). We have the following formulas:

(1) eDan,≤0
Λ (BunG) is the category generated under small colimits by the family

{jb,♯ c-Ind
Gb(E)
K Λ[n− db] | b ∈ B(G), n ≥ 0,K ⊆ Gb(E) is a pro-p-subgroup},

(2) eDan,≥0
Λ (BunG) = {A ∈ Dan

Λ (BunG) | j∗bA ∈ sDan,≥db
Λ (BunbG) for all b ∈ B(G)}

(3) eShv!(B(G))≤0 := {A ∈ Shv!(B(G)) | i!bA ∈ sShv!(B(G)b)
≤db for all b ∈ B(G)}

(4) eShv!(B(G))≥0 := {A ∈ Shv!(B(G)) | i♯bA ∈
sShv!(B(G)b)

≥db for all b ∈ B(G)}.

Theorem 1.2.12 essentially follows from Theorem 1.2.7. Indeed, the only additional input to
this statement is that the equivalence

⋔⋔⋔

b : Shv
!(B(G)b)→ D

an
Λ (BunbG)

is t-exact for the standard t-structure which follows from a direct computation (see Theo-
rem 1.2.13), which we now explain.

A priori, the categories Shv!(B(G)b) and Dan
Λ (BunbG) are abstractly defined. For computa-

tions, it is sometimes useful to give more concrete descriptions of these categories. Recall that,
after fixing ḃ ∈ G(Ĕ) a representative of b ∈ B(G) one obtains morphisms ḃ : ∗ → B(G)b and
ḃ : ∗ → BunbG. These morphisms produce, through ḃ! and ḃ∗ respectively, t-exact identifications

Rep(Gḃ(E)) ≃ḃ Shv
!(B(G)b) and Rep(Gḃ(E)) ≃ḃ D

an
Λ (BunbG).

Here Gḃ(E) denotes the φ-centralizer Gḃ(E) = {g ∈ G(Ĕ) | g−1ḃφ(g) = ḃ}, and Rep(Gḃ(E)) is
the (derived) category of smooth representations, where φ denotes the Frobenius on Ĕ. This
leads to an auto-equivalence αḃ characterized by fitting in a commutative diagram

Shv!(B(G)b) Dan
Λ (BunbG)

Rep(Gḃ(E)) Rep(Gḃ(E)).

⋔⋔⋔

b

≃ḃ ≃ḃ

αḃ

To make αḃ more explicit, consider the following. Both the Dan
Λ (BunG) setup and the

Shv!(B(G)) come with canonically constructed Frobenius algebra structures in the sense of
[HA, Definition 4.6.5.1]). These give rise to identifications

DBZ : Dan
Λ (BunG)

≃−→ Dan
Λ (BunG)

∨

and
idBZ : Shv!(B(G))

≃−→ Shv!(B(G))∨,

5We note that, with Qℓ-coefficients, Hansen actually proves a stronger claim. In particular, he shows that this
gives rise to a t-structure on the full subcategory of compact objects. This is not at all obvious, since showing
that the compact generators are preserved under standard truncation requires a non-trivial input.
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where (−)∨ denotes the dual category. Moreover, both of these dualities are suitably compatible
with semi-orthogonal decompositions, which lead to naturally defined dualities

DBZ,b : Dan
Λ (BunbG)

≃−→ Dan
Λ (BunbG)

∨

and
idBZ,b : Shv

!(B(G)b)
≃−→ Shv!(B(G)b)

∨.

Recall that Rep(Gḃ(E)) is self-dual6 and that there is a canonical duality introduced by
Bernstein

Dcoh,Gḃ(E) : Rep(Gḃ(E))
≃−→ Rep(Gḃ(E))∨,

which we refer to as cohomological duality. As it turns out, these dualities fit in commutative
diagrams

Shv!(B(G)b) Shv!(B(G)b)
∨ Dan

Λ (BunbG) Dan
Λ (BunbG)

∨

Rep(Gḃ(E)) Rep(Gḃ(E)) Rep(Gḃ(E)) Rep(Gḃ(E))

idBZ,b

≃ḃ ≃ḃ

DBZ,b

≃ḃ ≃ḃ

−⊗ξḃ −⊗τḃ

where τḃ and ξḃ are invertible objects in Rep(Gḃ(E)). One can show that ξḃ ≃ δ
Zhu
ḃ

[−2db] for a
smooth character δZhu

ḃ
: Gḃ(E) → Λ×. Similarly, one can show that τḃ ≃ δFS

ḃ
[2db] for a smooth

characters Gḃ(E) → Λ×, which was explicitly computed in [HI25]. This is what we can say
about the functor αḃ(−) at the moment. Recall from [Hai14a] the notion of weakly unramified
character of p-adic reductive group. These are those characters that factor through the Kottwitz
homomorphism, or alternatively, those whose restriction to parahoric subgroups is trivial.

Proposition 1.2.13 (Theorem 11.2.5, Theorem 12.1.14). We have the following formula

αḃ(−) ≃ (−⊗ δZhu
ḃ
⊗ δFS,−1

ḃ
).

In particular, αḃ(−) and

⋔⋔⋔

b are t-exact. Moreover, χḃ := δZhu
ḃ
⊗ δFS,−1

ḃ
is a weakly unramified

character.

Remark 1.2.14. Our expectation is that χḃ is always trivial i.e., that χḃ ≃ 1. One of us (H.)
together with Imai computed explicit formulas for the character δFS

ḃ
(see [HI25]). One can hope

that δZhu
ḃ

would also follow from explicit methods, but we have not attempted to compute it
ourselves. Alternatively, we expect Fargues–Scholze’s duality DBZ to be intertwined with Zhu’s
duality idBZ under the equivalence

⋔⋔⋔

. If this was true, one could use abstract methods to show
that χḃ must be trivial.

Remark 1.2.15. The fact that the character χḃ has trivial restriction to the Iwahori allows us
to see that our functor restricts to an equivalence

⋔⋔⋔tame : Shv!,tame(B(G),Λ)
≃−→ Dan,tame

Λ (BunG)

for the tame part Dan,tame
Λ (BunG) ⊂ Dan

Λ (BunG) (see 12.1.12). Indeed, this will follow essentially
from Theorem 1.2.7 and the fact that tensoring by χḃ will preserve the tame subcategories since
it is weakly unramified. Similarly, we can deduce variants for the unipotent subcategories (see
Theorem 12.1.13).
6It is even compactly generated.
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1.3. Construction of

⋔⋔⋔

. To first approximation, the functor

⋔⋔⋔

may be understood as being
geometrically realized via a correspondence defined by an object Bunmer

G sitting in a diagram of
v-stacks

Bunmer
G BunG

B(G)♢,

σ

γ

as introduced in [GIZ26] by two of the authors together with Zillinger. Here, for anyX ∈ PreStk,
we are letting X♢ ∈ AnStkv denote the sheafification of the rule

X♢pre(Spa(R,R+)) := X(SpecR),

(see §2.1.3). Indeed, as described already in [GIZ26], one expected to be able to define a functor⋔⋔⋔naive along the lines of the formula

⋔⋔⋔naive := σ!γ
∗c∗,

where
c∗ : Dsch

Λ (B(G))→ Dan
Λ (B(G)♢)

is Scholze’s analytification functor (§3.3). Here Dsch
Λ (B(G)) denotes the category of étale sheaves

obtained from v-descent (see Theorem 3.1.15). This approach is however too naive for the
following two technical reasons:

a) It is not at all clear if the map σ : Bunmer
G → BunG of v-stacks is nice enough to support

a functor σ! in the 6-functor formalism Dan
Λ , i.e., we do not know if σ is !-able.

b) The precise relationship between Shv!(B(G)) the category that Zhu studies andDsch
Λ (B(G))

is not at all clear. Indeed, both categories are, at heart, constructed from the classical
derived category of étale sheaves on perfectly finitely presented k-schemes. However, the
categorical procedures one uses to define them are of a different nature.

Let us discuss how we tackle b). One of the main reasons that the category Shv!(B(G)) can
be studied is because the stack B(G) is sind-very placid in Zhu’s terminology (see [Zhu25b,
§10.6]). Informally, this means that it is constructed from perfectly finitely presented k-schemes
by straightforward categorical operations. Indeed, the prefix “sind-” is the contraction of the
word “sifted” and the prefix “ind-”, and it is designed to remind the reader that B(G) as an
object in PreStk is a sifted colimit of ind-objects each of which is very-placid7. More precisely,
recall the Newton map

Nt : ShtschI → B(G),

where the source space is the stack of I-shtukas (see [Zhu25b, §3.1.4] and §7.3). We can form
the Čech nerve with respect to the Newton map to obtain a resolution by so-called Hecke
correspondences

Hk•(ShtschI )→ B(G),

with
Hkn(ShtschI ) := ShtschI ×B(G) Sht

sch
I ×B(G) · · · ×B(G) Sht

sch
I︸ ︷︷ ︸

n+ 1 times

.

7According to Zhu, the suffix “sind-” was introduced by Hemo, in the joint unpublished work of Hemo–Zhu that
gave rise to [Zhu25b].
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Then B(G) is the geometric realization (a sifted colimit) of Hk•(ShtschI ), and each Hkn(ShtschI )

is an ind-very placid stack. More precisely, each Hkn(ShtschI ) has a presentation as a filtered
colimit Hkn(ShtschI ) = colimβ∈Bn Zn,β where each Zn,β is a very-placid stack, and the transition
maps are closed immersions. We refer to the Zn,β as the bounded pieces of B(G). When n = 0,
the bounded pieces Zn,β can be taken to be of the form ShtschI,≤µ as we range over dominant
cocharacters µ ∈ X∗(T )+. Overall we get (up to étale sheafification) a colimit formula in PreStk
of the form

B(G) ≃ colimn∈∆op colimβ∈Bn Zn,β.

This also gives a colimit formula at the level of sheaf theories

Shv!(B(G)) ≃ colimn∈∆op colimβ∈Bn Shv
!(Zn,β),

and a colimit formula for the dual categories

Shv!(B(G))∨ ≃ colimn∈∆op colimβ∈Bn Shv
!(Zn,β)

∨.

At this point, we observe that for the very-placid stacks Zn,β we have canonical comparison
maps

Shv!(Zn,β)
∨ → Dét(Zn,β)

c∗−→ Dét(Z
♢
n,β),

where the first map compares the Shv!-theory with the (left-completed) étale sheaves on Zn,β ,
and the second is Scholze’s analytification of étale sheaves. In particular, the dual category
Shv!(B(G))∨ can be written as a colimit of pieces Shv!(Zn,β)∨ each of which can be analytified.

Let us discuss how we tackle a). In rough terms, what we realized is that even if σ is not
!-able, σ! can still be constructed on sheaves that come from analytification. We achieve this by
treating Bunmer

G as a sind-object, as it turns out Bunmer
G can be treated as a sind-Artin v-stack.

More precisely, we have a presentation

Bunmer
G ≃ colimn∈N colimβ∈Bn(Z

♢
n,β ×B(G)♢ Bunmer

G ).

This presentation allows us to consider the map

σn,β : Z♢n,β ×B(G)♢ Bunmer
G → BunG,

by composing the natural projection Z♢n,β ×B(G)♢ Bunmer
G → Bunmer

G with σ. This suggests that
we may define the appropriate version of σ! by first defining σn,β! and then taking the colimit.

Indeed, in the process of writing [GIZ26] one of us (G.) noticed that the analogue of the map
σ for the moduli of analytic shtukas was !-able. The following theorem was proved by further
developing the theory of kimberlites.

Theorem 1.3.1 ([Gle26, Theorem 1.1]). The following statements hold.
(1) Each of Z♢n,β ×B(G)♢ Bunmer

G is an Artin v-stack.
(2) The maps σn,β are representable in locally spatial diamonds. More precisely, they are

fdcs and in particular !-able.

This theorem allows us to define a functor

⋔⋔⋔∨
n,β : Shv!(Zn,β)

∨ → Dan
Λ (BunG)

by composing the maps

Shv!(Zn,β)
∨ → Dét(Zn,β)

c∗−→ Dét(Z
♢
n,β)

γ∗n,β−−→ Dét(Z
♢
n,β ×B(G)♢ Bunmer

G )
σn,β,!−−−→ Dan

Λ (BunG),
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where γn,β denotes the natural base-change of Bunmer
G → B(G). The next step is to form the

colimit

⋔⋔⋔∨ := colimn∈∆op colimβ∈Bn

⋔⋔⋔∨
n,β, (1.3)

this is a map

⋔⋔⋔∨ : Shv!(B(G))∨ → Dan
Λ (BunG).

Finally, we can precompose with Zhu’s duality idBZ : Shv!(B(G))
≃−→ Shv!(B(G))∨ to obtain

our functor

⋔⋔⋔

:=

⋔⋔⋔∨ ◦ idBZ : Shv!(B(G))→ Dan
Λ (BunG).

The necessary background to understand the construction of the functor is discussed in §2, §3
and §5, while the construction is carried in §7. Since we are manipulating (∞)-categories and
functors, one has to be careful when it comes to taking colimits of such gadgets, particularly when
we deal with stacks and descent. In particular, one has to be able to verify that the constructions
employed are appropriately functorial in an ∞-categorical sense. To this aim, in §2, we discuss
Scholze’s analytification functor in functorial language by encoding analytification through a
6-functor formalism, as in [HM24]. To our knowledge, our Theorem 3.3.9 is the first entry in
the literature that carefully discusses the compatibility of Scholze’s analytification functor c∗
with the !-lower operation when maps of stacks are involved. Since we ran into more than a few
surprises when thinking about this, we have decided to include a very thorough discussion that
spans §2 and §3.

Similarly, the purpose of §5 is to recall Zhu’s formalism of cosheaves on ind-sifited-placid
stacks, and to explain how it interacts with analytification. This turns out to also be a subtle
topic. Indeed, as mentioned above, one does not expect to have an analytification functor of the
form

Shv!(X)→ Dan
Λ (X♢)

for X ∈ PreStk. Instead, it is more natural to expect a functor of the form

Shv!(X)∨ → Dan
Λ (X♢),

but for general prestacks even this can fail to exist. This forces us to carefully discuss conditions
under which one can find such a functor. On the other hand, in the discussion above, we have
used the Newton map

Nt : ShtschI → B(G)

to construct

⋔⋔⋔

, which naturally leads to the question: How does

⋔⋔⋔

depend on the choice of the
Iwahori I? The formalism described in §5 is precisely designed to give us a presentation of the
functor

⋔⋔⋔

that does not depend on any choices.

1.4. Why is

⋔⋔⋔

an equivalence? In the end, the equivalence boils down to specific nearby cycles
computations, but we first do some abstract reasoning to isolate which of these computations
are key. We first exploit that our functor

⋔⋔⋔

is B(G)-filtered (i.e., Theorem 1.2.4 holds). This is
a consequence of the following geometric reasoning. Recall the following

Theorem 1.4.1 ([GIZ26, Theorem 1.1]). We have a commutative diagram
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Mb Bunmer
G BunG .

B(G)♢b B(G)♢,

qb

πb

γ

σ

i♢b

where the square is Cartesian.

Here Mb are the Fargues–Scholze charts parametrizing filtered bundles with graded piece
isomorphic to Eb (as a graded bundle). We call the map σ the special Newton polygon map.
The category Shv!(B(G)Z) is generated under colimits by the subcategories

{ib,!(Shv!(B(G)b)) ⊆ Shv!(B(G)Z)}b∈Z ,

so it suffices to show that

⋔⋔⋔

(ib,!A) ∈ Dan
Λ (BunZG)!. This can be achieved by using Theorem 1.4.1,

proper base change and the fact that πb(Mb) ⊆ BunZG whenever b ∈ Z and Z ⊆ B(G) is closed.
As we mentioned above, this already provides purely abstractly functors

⋔⋔⋔

S : Shv!(B(G)S)→ D
an
Λ (BunSG),

for every finite convex subset S ⊆ B(G). It is also not hard to see that
⋔⋔⋔

= colim{Z⊆B(G)|Z is finite and closed}

⋔⋔⋔

Z .

In particular, we are easily reduced to showing that

⋔⋔⋔

Z is an equivalence for Z ⊆ B(G) a closed
finite subset. Intuition from a decategorified setting, like filtered vector spaces, would suggest
that a filtered functor is an equivalence if and only if it is an equivalence on graded pieces, but
this is not true and it is easy to construct counterexamples. This does not mean that we cannot
try to reduce to graded pieces, but it suggests that we should tread carefully. Concretely, some
conditions must be imposed on the left and right orthogonals of the graded pieces, with the
following condition already being sufficient.

Proposition 1.4.2 (Theorem 9.0.10). Suppose that

⋔⋔⋔

is B(G)-filtered (i.e., Theorem 1.2.4
holds) and that the following conditions hold.

(1) For every convex subset S ⊆ B(G),

⋔⋔⋔

(Im(iS,!)) ⊆ Im(jS,♯).
(2) For every convex subset S ⊆ B(G) and for all b ∈ S that are minimal in S, i.e., a closed

point in S, we have that

⋔⋔⋔

S(Im(iS\{b},S,∗)) ⊆ Im(jS\{b},S,!).

(3) For every b ∈ B(G),

⋔⋔⋔

b : Shv
!(B(G)b)→ Dan

Λ (BunbG) is an equivalence.

Then

⋔⋔⋔

is an equivalence.

Remark 1.4.3. We point out that at this stage of the argument we do not have all of the
commutation identities of Theorem 1.2.7 since some of them only follow after it is shown that⋔⋔⋔

is an equivalence.
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The next step is to give a more concrete construction of

⋔⋔⋔

S for S ⊆ B(G) finite and convex.
The stack B(G)S is also sind-very placid and we have a correspondence

Bun
mer,{γ,σ∈S}
G BunSG

B(G)♢S .

σS

γS

Here Bunmer,γ,σ∈S
G is the locally closed locus in Bunmer

G where both the special and generic
Newton polygons lie in S. More precisely, it is defined through the following Cartesian diagram

Bun
mer,{γ,σ∈S}
G BunSG ×B(G)♢S

Bunmer
G BunG ×B(G)♢.

(jS ,iS)

(σ,γ)

We can use the same blueprint of using a sind-resolution of B(G)S and the correspondence
above to construct a functor

⋔⋔⋔′
S : Shv!(B(G)S)→ D

an
Λ (BunSG),

and we show that the abstractly defined

⋔⋔⋔

S agrees with

⋔⋔⋔′
S . This already allows us to show

item (3) in Theorem 1.4.2 holds. Indeed, when S = {b} the map

γb : Bun
mer,(b,b)
G → B(G)♢b

is an isomorphism of stacks. Moreover, after fixing ḃ, we get a commutative diagram

Bun
mer,(b,b)
G BunbG

∗/Gḃ(E) ∗/G̃ḃ,

≃ ≃

where G̃ḃ ≃ Gḃ(E) ⋉ G̃>0
ḃ

, is the group of automorphism of the G-bundle corresponding to ḃ
(see Theorem 8.2.1 (4)). From here, it follows that

σb,! : Dan
Λ (Bun

mer,(b,b)
G )→ Dan

Λ (BunbG)

is an equivalence, and this will imply that

⋔⋔⋔

b is also an equivalence.

Let us discuss condition (1) of Theorem 1.4.2 holds. Given a finite convex set S ⊆ B(G) we
may consider its closure S ⊆ Z which is also a finite closed subset Z ⊆ B(G). It suffices to show
that for all δ ∈ S and b ∈ Z \ S

HomDan
Λ (BunG)(

⋔⋔⋔

(iδ!A), jb!B) = 0

for all A ∈ Shv!(B(G)δ), and B ∈ Dan
Λ (BunbG). Indeed, L ∈ Dan

Λ (BunZG)! lies in Im(jS,Z,♯) if and
only if L is left-orthogonal to all objects in Im(jb!) for all b ∈ Z \ S.

One can use Theorem 1.4.1 and the fact that the map

πδ :Mδ → BunG
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is smooth to show that

HomDan
Λ (BunG)(

⋔⋔⋔

(iδ! c-Ind
Gδ(E)
K Λ), jb!B) = Γ(M̃δ, j

δ
b!B
′)K ,

for some B′ and where we consider the locally closed immersion

jδb : M̃σ=b
δ → M̃δ, and the Gδ(E)-torsor M̃δ →Mδ.

It follows from the results of Fargues–Scholze (see the proof of [FS24, Proposition V.4.2]) that
Γ(M̃δ, j

δ
b!B
′) always vanishes regardless of what B′ is. This is because the spaces M̃δ are

“henselian” towards their unique non-analytic closed point M̃σ=δ
δ ⊆ M̃δ (cf. [FS24, Proposi-

tion V.4.2] and its proof).8
The proof strategy to show that condition (2) of Theorem 1.4.2 holds follows a similar rea-

soning. In this case, one wants to show that if S is a finite convex subset, b ∈ S is minimal and
δ ∈ S \ {b}, then

HomDan
Λ (BunSG)(jb,S!B,

⋔⋔⋔

S(iδ,S∗A)) = 0,

for all A and B. Since b ∈ S is minimal, the inclusion BunbG → BunSG is an open immersion, so
it suffices to show that for all A

j∗b,S

⋔⋔⋔

S (iδ,S,∗A)) = 0.

There were two key facts that allowed us to show that condition (1) of Theorem 1.4.2 was
satisfied. Namely, that the map Bunmer,γ=δ

G =Mδ → BunG is smooth and that the source of
this map is henselian towards its unique non-analytic closed point. In other words, the F̄p-fibers
of the map

γ : Bunmer
G → B(G)♢

satisfy a henselianity property.
For condition (2) of Theorem 1.4.2, the relevant computation goes through the correspondence

T γ∈Sb := Bun
mer,{γ∈S,σ=b}
G BunbG

B(G)♢S .

σb

γS

Here T γ∈Sb mimicsMδ, where the role of the Newton polygons has been reversed in the definition.
By analogy, one may hope that the map γS is also smooth, and that the F̄p-fibers of

σ : Bunmer
G → BunG

also satisfy a henselianity property. Unfortunately, γS is not smooth, since different fibers have
different dimensions. Nevertheless, the map γS : T γ∈Sb → B(G)♢S still satisfies a shadow of
smooth base change, at least for sheaves coming from analytification (see Theorem 5.4.5). That
is, for δ ∈ S \ {b} and a compact K ⊆ Gδ(E), we have a formula

j∗b,S

⋔⋔⋔

S (iδ,S,∗ c-Ind
Gδ(E)
K Λ) = σb,!kδ,∗γ

∗
δ c-Ind

Gδ(E)
K Λ,

8More conceptually, this is a version of geometric second adjointness in the sense of Theorem [HHS24, Theo-
rem 1.2.1 (3)], via the relationship between Mδ and moduli spaces of parabolic structures on G-bundles (see
[FS24, Example V.3.4]). On a similar note, this second adjointness is also precisely the result guaranteeing the
existence of the exceptional left adjoints jb♯ ⊣ j∗b required to construct the semi-orthogonal decomposition in
§1.2.6, which we are essentially comparing in this argument.
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Figure 1. This picture depicts the (γ, σ)-strata of Bunmer
SL2

, where γ, σ run over
the set S = {(0, 0), (1,−1), (2,−2)}. There are a total of 6 strata indexed by
(σ, γ) subject to the condition γ ≥ σ. If γ > σ, then the strata is analytic:
they are depicted by a circle and two smaller ellipses in the figure above. The
remaining strata are given by γ = σ and are thus non-analytic: we depict them
by bullet points in the above picture. The blue parallel lines surround the locus
M(2,−2) inside Bunmer

SL2
where σ varies through S and γ = (2,−2), and whose

unique non-analytic point is indexed by σ = γ = (2,−2), corresponding to the
bottom left vertex of the vertical cone. Similarly, the red parallel lines surround
the locus T(0,0) of Bunmer

SL2
where σ = (0, 0) and γ runs through S, and whose

unique non-analytic point is indexed by σ = γ = (0, 0), corresponding to the
top right vertex of the horizontal cone. The square enclosed by the red and blue
lines contains a circle depicting the stratum given by σ = (0, 0) and γ = (2,−2),
coinciding with the open stratum of both T(0,0) andM(2,−2).

where kδ fits in the following Cartesian diagram

T γ=δb T γ∈Sb

B(G)♢δ B(G)♢S .

kδ

γδ γS

i♢δ,S
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To finish showing

j∗b,S

⋔⋔⋔

S (iδ,S,∗ c-Ind
Gδ(E)
K Λ) = σb,!kδ,∗γ

∗
δ c-Ind

Gδ(E)
K Λ ≃ 0

we observe that σb,!kδ,∗C ≃ 0 regardless of what C is. This is precisely the henselianity property
for the spaces T γ∈Sb . Indeed, the T γ∈Sb are henselian towards their unique non-analytic closed
point T γ=bb ⊆ T γ∈Sb .

Remark 1.4.4. Although, in essence, our proof that

⋔⋔⋔

is an equivalence follows the sketch
provided above, we warn the reader that the actual details look quite different due to various
technical subtleties. In particular, one of the main reasons for this is that

⋔⋔⋔

is constructed by
taking a colimit, and thus every appearance of B(G), Bunmer

G or any of their corresponding
locally closed strata that appear in the above argument must be replaced by a bounded piece
of it. For this reason, in the actual technical argument the stack of shtukas ShtschI,≤µ and various
loci within it appears more often than B(G).

The proof that

⋔⋔⋔

is an equivalence is spread through §4, §10 and §11. In §4 we introduce
techniques that we call pro-unipotent base change and overconvergent replacement with the
intention of showing that the map γS : T γ∈Sb → B(G)♢S still satisfies a weak version of smooth
base change. We believe that these techniques will have further applicability beyond this work,
since they should help develop an analytic version of placid geometry, which should show up in
various contexts. In §10 we recall the theory of kimberlites developed in [Gle24] and expanded in
[Gle26]. One of the achievements of this theory is to show that moduli spaces of analytic shtukas
are locally spatial kimberlites, and that locally spatial kimberlites are automatically henselian
towards their non-analytic locus. As it turns out, the spaces T γ∈Sb admit a sind-resolution by
locally spatial kimberlites, this is the key input to show that the spaces T γ∈Sb are henselian
towards their non-analytic locus (see Theorem 10.0.6). Finally, §11 is the section which ties all
of the previous sections together in order to show that

⋔⋔⋔

is an equivalence. In §12, we explain
the applications to the splitting of the semi-orthogonal decomposition on Dan

Λ (BunG) alluded
to in §1.1 and the compatibility of Zhu’s equivalence with geometric Eisenstein functors, by
combining with results of [Zhu25b] on the tame categorical Langlands correspondence. We also
spell out the conjectural linearity property of our functor under the spectral action and some
applications to the cohomology of local Shimura varieties alluded to above.
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Notation.

(1) Let E be a non-Archimedean local field of residue characteristic p > 0, OE its ring of
integers, and Fq its residue field of cardinality q. Let π ∈ OE be a uniformizer. We also
let Ĕ denote its completed maximal unramified extension and ΓE := Gal(E/E) be its
absolute Galois group.

(2) Let G be a connected reductive group defined over E. We often write G for an auxiliary
parahoric model of G defined over OE . If G is an Iwahori, we frequently use the letter I
instead.

(3) Fix k an algebraically closed field of characteristic p together with an embedding Fq ⊆ k.
(4) Let CAlg and CAlgperf denote the category of k-algebras and perfect k-algebras respec-

tively. Let Sch, PSch, Schqcqs, PSchqcqs and PSchaff denote the categories of schemes,
perfect schemes, qcqs schemes, perfect qcqs schemes and perfect affine schemes over
Spec k respectively.

(5) For any R ∈ CAlgperf , we let Frob denote the arithmetic q-Frobenius of R.
(6) Given R ∈ CAlgperf , we let W(R) denote the ring of OE-ramified Witt vectors. We let

φ : W(R)→W(R) denote the automorphism induced from Frob.
(7) We let Perf and Perfaff denote the categories of perfectoid and affinoid perfectoid spaces

over k.
(8) Given a Huber pair (A,A+) over Zp we let Spd(A,A+) denote its associated v-sheaf

as in [Sch22, Lemma 15.1]. Whenever A+ = A◦ we also denote SpdA = Spd(A,A◦).
In particular, if R is a ring endowed with its discrete topology, then SpdR denotes
Spd(R,R).

(9) In our higher categorical setup, all 2-morphisms are invertible, so we work exclusively
with (∞, 1)-categories (or simply∞-categories). We also follow the choice of terminology
employed in [HM24, Subsection 1.1, Page 5]: a (∞, 1)-category will be called a category
from now on and a 1-truncated category will be referred to as an ordinary category.

(10) Given a category C, we let Cω denote the subcategory of compact objects.
(11) If C is a category, and E is a subset of arrows in the homotopy category that contains

all isomorphisms, we let CE ⊆ C denote the wide subcategory spanned by E.
(12) Let Cat denote the category of small categories. We let Ĉat denote the category of not

necessarily small categories. We let PrL denote the category of presentable categories
whose morphisms are colimit-preserving functors. We let Ani ∈ PrL denote the category
of anima or spaces. We let ∆ ∈ Cat denote the simplex category. We let LinCat denote
the category of presentable stable categories whose morphisms are colimit preserving
functors, and we write LinCatR for the category of presentable stable categories whose
morphisms are right adjoint functors.



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 27

(13) Given a ring Λ, we let ModΛ ∈ LinCat denote the derived category of Λ-modules which
is an algebra object. We also let LinCatΛ denote the category of presentable stable Λ-
linear categories (i.e., the category of Λ-module objects in LinCat). This has a symmetric
monoidal structure ⊗Λ given by the relative Lurie tensor product over ModΛ ∈ LinCatΛ,
which is its ⊗-unit. We let LinCatcgΛ ⊆ LinCatΛ denote the (non-full) subcategory of
compactly generated Λ-linear categories whose functors preserve compact objects. We
also let LinCatsmΛ denote the category of small stable Λ-linear categories.

(14) We fix ℓ ̸= p. All the coefficient rings Λ we consider are classical and Zℓ-algebras. For
the majority of the text they will further be assumed to be ℓ-torsion, i.e., Z/ℓnZ-algebras
for some n.

(15) Given a category C, we will need to consider PreStk = Fun(Cop,Ani). This poses issues
if C is not small. In regards to set theory, we consider two possibilites. The first one is
to fix a sufficiently big regular cardinal κ. In this case, by “small” we mean κ-small and
by “accessible” we mean the empty condition, and restrict the categories in Point (4)
and (7) to κ-small versions. There are no issues defining prestacks on these categories.
The second possiblity is to follow the approach of [Sch22, §4] that only considers those
prestacks that are accessible, equivalently small. By definition, this is equivalent to
taking the union over all κ from the first approach. We refer to [HP24, Definition A.3]
for more exposition on accessible prestacks. By [HP24, Remark A.4], the Yoneda lemma
and the universal characterization of the category of prestacks still works as expected.

(16) Given a topology τ on a category C in the sense of [HTT, Definition 6.2.2.1], we let
Stkτ ⊂ PreStk denote the full subcategory of accessible prestacks that satisfy descent
with respect to τ , i.e., they form sheaves in the sense of [HTT, Definition 6.2.2.6]. Let
us mention that there exists a stronger notion of hypercomplete sheaves, see [HTT,
Definition 6.5.3.2], that we do not make use of.

(17) The inclusion Stkτ ⊂ PreStk has left adjoint, which we denote by (−)τ . If C is small, this
is [HM24, Lemma A.4.15]. If instead C is big but Cop is accessible, we have fully faithful
functors PreStk≤κ ↪→ PreStk≤κ

′
for κ ≤ κ′ given by left Kan extension, one checks that

(−)τ for different κ assemble together. Here the superscript means we take prestacks on
κ-small objects. In any of these cases this is known as the sheafification functor, and
exhibits Stkτ as a reflective subcategory of PreStk.

(18) If C1 and C2 are two compactly generated categories in LinCatcg, we let Cω1 and Cω2 denote
the full subcategories spanned by their compact objects. Given F : C1 → C2 a functor
preserving compact objects, we write Fω : Cω1 → Cω2 for the induced functor on compact
objects. Finally, we define F o := Ind(Fω,op) regarded as a functor C∨1 → C∨2 between the
dual categories. We refer to this as the conjugate functor.

Part I. Formalism and generalities

2. Analytification and 6-functor formalisms

Soft preamble to the section: Throughout this paper, we are interested in comparing objects
coming from algebraic and analytic sheaf theories. We will need to understand how to pass from
the algebraic context to the analytic context and how to relate the six operations that appear
in each of the setups. In order to do this, we will use the language of 6-functor formalisms and
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natural transformations between them.

Technical preamble to the section: This section is mostly expository, but we discuss some
subtle technical points that can easily be missed when thinking about analytification for the
first time.

§2.1 Recalls the basic setup that we use to define and study analytification.
§2.2 Recalls the theory of 6-functor formalisms following [Man22a; Sch25; HM24].
§2.3 Studies analytification as a formal construction. We explain the perspective that ana-

lytification functors should be treated as morphisms in their own 6-functor formalism.
We define and study the so-called standard !-able maps (Theorem 2.3.18) and standard
fine maps (Theorem 2.3.13), which are subsets of the usual !-able maps and usual fine
maps that behave better with respect to analytification. The basic observation is that
maps of universal D!-descent do not behave appropriately with respect to analytification,
and must be replaced by a stronger condition.

2.1. Perfect and Perfectoid Prestacks.

2.1.1. Perfect Prestacks. We first setup some notation following [Zhu25b, §10].

Definition 2.1.1. A perfect prestack X is an accessible functor X : PSchaff,op → Ani from the
category of perfect affine schemes over k to the category of anima. We write PreStk for the
category of perfect prestacks.

In the schematic setup, all of our geometric objects belong to PreStk after a suitable embed-
ding. As we will consider multiple different 6-functor formalisms on schemes satisfying slightly
different descent properties, it is often convenient to formulate things in this level of generality.

We consider several full subcategories of PreStk. The Yoneda embedding described in [HTT,
Proposition 5.1.3.1] yields fully faithful functors

CAlgperf,op ≃ PSchaff ↪→ PSch ↪→ PreStk,

and we invariably identify these categories with their essential image. We let CAlgpfp ⊂ CAlgperf

denote the full subcategory of k-algebras that are perfectly finitely presented over k, compare
with [Zhu25b, Definition 10.4]. We let PSchpfp ⊂ PSchqcqs ⊂ PSch denote the subcategory of
perfectly finitely presented k-schemes and qcqs perfect k-schemes, respectively. We let AlgSp
denote the category of perfect algebraic spaces over k and AlgSppfp ⊂ AlgSp the full subcategory
of those of perfect finite presentation, see [Zhu25b, Definition 10.4].

Given a topology τ on CAlg in the sense of [HTT, Definition 6.2.2.1], we let SchStkτ ⊂ PreStk
denote the full subcategory of accessible prestacks that satisfy descent with respect to τ , i.e.,
they form sheaves in the sense of [HTT, Definition 6.2.2.6]. Let us mention that there exists a
stronger notion of hypercomplete sheaves, see [HTT, §6.5.2, §6.5.3], that we do not make use of.
Throughout, we will mostly let τ be one of the following.

(1) The étale topology, with corresponding sheaf category SchStkét.
(2) The schematic v-topology as in [BS17, Definitions 2.1, 2.13], with corresponding sheaf

category SchStkv.
(3) The arc-topology as in [BM21, Definition 1.2], with corresponding sheaf category SchStkarc.
(4) The ♢-topology, which will be defined in Theorem 4.2.9, with corresponding sheaf cate-

gory SchStk♢.
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For such a Grothendieck topology τ , we recall that the inclusion SchStkτ → PreStk admits a left
adjoint by [HM24, Lemma A.4.15], which we denote by (−)τ . This is known as the sheafification
functor, and exhibits SchStkτ as a reflective subcategory of PreStk.

2.1.2. Perfectoid Prestacks. In the analytic context, we have the following analogue to Theo-
rem 2.1.1.

Definition 2.1.2. A perfectoid prestack X is an accessible functor

X : Perfaff,op → Ani,

from the category of affinoid perfectoid spaces over k to the category of anima. We write
AnPreStk for the category of perfectoid prestacks.

Remark 2.1.3. The condition that a v-sheaf is small in [Sch22, Definition 12.1] agrees with the
accessibility condition in Theorem 2.1.2.

Just like in the schematic setup, all geometric objects take values in AnPreStk. While the
category Perfaff does carry a wide variety of topologies, we will mostly consider the v-topology,
as defined in [Sch22, Definition 8.1 (iii)]. Occasionally, we also consider the proétale topology
[Sch22, Definition 8.1 (i)]. As in the previous section, we obtain full subcategories

AnStkv ⊆ AnStkproét ⊆ AnPreStk, (2.1)

and the inclusion functors admit left adjoint functors

(−)v : AnPreStk→ AnStkv and (−)proét : AnPreStk→ AnStkproét

given by sheafification. We have full subcategories vShv ⊂ vStk ⊂ AnStkv, of small v-sheaves
and small v-stacks as defined in [Sch22, Definition 12.1] and [Sch22, Definition 11.4], respectively.

Remark 2.1.4. A small v-stack X ∈ vStk is the same as a 1-truncated (i.e., take values in the
subcategory τ≤1 : Ani≤1 ↪→ Ani of spaces whose homotopy groups vanish for i > 1) perfectoid
prestack that lies in the full subcategory AnStkv. Although the 6-functor formalism of étale
cohomology of diamonds [Sch22] was initially only constructed for vStk, with modern tools (see,
e.g., [Man22b]), one can adapt the construction to treat the category AnStkv of v-stacks with
values in anima. For our purposes, the difference between AnStkv and vStk is immaterial, since
all of our geometric objects take values in vStk.

We recall that vShv contains the full subcategory of diamonds (see [Sch22, Proposition 11.9]),
which are defined as a special kind of set-valued proétale sheaves on Perf that resemble algebraic
spaces (see [Sch22, Definition 11.1]). Moreover, [Sch22, Definition 11.17] isolates the better-
behaved subcategories of spatial (resp. locally spatial) diamonds. These particular type of
diamonds are very useful for cohomological considerations. Indeed, one of the key features is
that, for these diamonds, their underlying topological spaces are automatically spectral (resp.
locally spectral) (see [Sch22, Proposition 11.19]).

2.1.3. The ♢-Functor. We follow [Sch22, §27].

Definition 2.1.5. We define

(−)♢pre : PreStk→ AnPreStk

X 7→ {(R,R+) 7→ X(Spec(R))},
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we write (−)♢ := (−)v ◦ (−)♢pre for the composition of (−)♢pre with the v-sheafification functor
and we refer to either of these functors as the big diamond functor.

More conceptually, note that Spec(A)♢ = Spec(A)♢pre is a v-sheaf in light of [Sch22, Theo-
rem 8.7]. Therefore, the functor ♢ is a left Kan-extension of the functor

♢ : PSchaff → AnStkv ⊂ AnPreStk

Spec(A) 7→ Spec(A)♢,

along PSchaff ⊂ PreStk.
In §4.2, we will describe two additional constructions related to analytification ⋄ and †. How-

ever, among these three functors (⋄, † and ♢), ♢ is the only functor that upgrades to a natural
transformation of 6-functor formalisms as we will explain below. This is why we study ♢ first.
We recall some generalities on 6-functor formalisms, following closely [Man22a; Sch25; HM24]
with special emphasis on the latter reference.

2.2. 6-Functor Formalisms.

2.2.1. Basic Notions. The basic context on which a 6-functor formalism exists is the following,
compare also with [HM24, Definition 2.1.1, Remark 2.1.2].

Definition 2.2.1. A geometric setup is a pair (C, E), where C is an∞-category admitting finite
limits9 and E is a homotopy class of edges such that

(1) E contains all isomorphisms,
(2) E is stable under composition,
(3) E is stable under base change in C,
(4) E is stable under forming diagonals, i.e., if f ∈ E, then ∆f ∈ E. Equivalently, E is

right-cancellative i.e., if g ◦ f ∈ E and g ∈ E then f ∈ E (see [HM24, Lemma 2.1.5]).

The morphisms in E are colloquially referred to as the !-able maps of the geometric setup.
Geometric setups form a category, see [HM24, Definition 2.1.1], whose morphisms (C1, E1) →
(C2, E2) are functors f : C1 → C2 that restricts to a functor CE1 → CE2 satisfying that f(X ×Y
Z) ≃ f(X)×f(Y ) f(Z) whenever [X → Y ] ∈ CE1 .

Given a geometric setup, one can construct a category Corr(C, E) of correspondences, see
[HM24, Definition 2.2.10]. Objects in this category are simply the objects of C. Morphisms can
be informally described as diagrams of the form {X ← Z → Y } such that Z → Y is in E.
Composition of correspondences is given by the obvious diagram involving fiber products, see
also [HM24, Definition 1.2.2]. The mapping (C, E) 7→ Corr(C, E) is functorial with respect to
morphisms of geometric setups and preserves limits, see [HM24, Lemma 2.2.11].

By [HM24, Proposition 2.3.3, Example 2.3.4], the category Corr(C, E) carries a symmetric
monoidal structure Corr(C, E)⊗, which on objects is simply the Cartesian product on C (recalling
that we always assume that C has finite limits). We will reference this symmetric monoidal
structure throughout. Moreover, given any map of geometric setups (C, E) → (C′, E′) the
induced map on correspondence categories Corr(C, E)⊗ → Corr(C′, E′)⊗ is a lax symmetric
monoidal functor, by [HM24, Proposition 2.3.5].

9This assumption is not made in [HM24, Definition 2.1.1], but it simplifies the discussion.
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Definition 2.2.2 ([HM24, Definition 1.2.3]). Consider Ĉat equipped with the Cartesian sym-
metric monoidal structure Ĉat

×
in the sense of [HA, Definition 2.4.1.1, Proposition 2.4.1.5]. A

3-functor formalism on (C, E) is a lax symmetric monoidal functor

D : Corr(C, E)⊗ → Ĉat
×

X 7→ D(X).

Remark 2.2.3 ([HM24, Definition 3.1.4]). We have a non-full embedding CE ↪→ Corr(C, E)
which on objects is given by the mapping [X 7→ X] and on arrows is given by the mapping

[f : X → Y ] 7→ {X idX←−− X f−→ Y }.
Given a 3-functor formalism, we write f! : D(X)→ D(Y ) for the induced functor. Similarly, we
have a non-full embedding Cop → Corr(C, E) which on objects is given by the mapping [X 7→ X]
and on arrows can be described by the mapping

[f : X → Y ] 7→ {Y f←− X idX−−→ X}.
Given a 3-functor formalism, we write f∗ : D(Y ) → D(X) for the induced functor. Finally, we
note that the lax symmetric monoidal structure defines a map

D(X)×D(X)→ D(X ×X),

which, when composed with the pullback ∆∗ : D(X × X) → D(X) along the diagonal map,
defines a symmetric monoidal structure ⊗D,X on D(X).

Remark 2.2.4. The above shows how to extract the three operations f∗, f!, and ⊗D from an
abstract 3-functor formalism. The point of encoding this in the correspondence category is that
it captures coherently all the compatibilities that one expects (see [HM24, Proposition 3.1.8]).
For example, it follows formally that on any 3-functor formalism the functors f∗ are symmetric
monoidal with respect to ⊗D (see [HM24, Proposition 3.1.8.(ii)]). We will often use 1X to
denote the tensor unit in this symmetric monoidal structure. If the context is clear, we remove
the decorations and simply write 1 and ⊗ instead.

Recall that PrL is equipped with the so-called Lurie tensor product denoted ⊗, as defined
in [HA, Proposition 4.8.1.15]. Moreover, the forgetful functor PrL → Ĉat is lax symmetric
monoidal.

Definition 2.2.5 ([HM24, Definition 3.2.1]). Let (C, E) be a geometric setup.
(1) A 6-functor formalism on (C, E) is a 3-functor formalism on (C, E) such that all the

functors f! : D(X) → D(Y ), f∗ : D(Y ) → D(X), and ⊗ admit right adjoint functors.
These are denoted f !, f∗, and Hom(−.−) respectively.

(2) A presentable 3-functor formalism D is a lax symmetric monoidal functor

D : Corr(C, E)⊗ → (PrL)⊗.

Equivalently, it is a 3-functor formalism which factors through the subcategory PrL of
Ĉat and for which the map D(X) × D(Y ) → D(X × Y ) factors through D(X) ⊗ D(Y )
(see [HM24, Lemma 3.2.5]).

Remark 2.2.6. By the ∞-categorical adjoint functor theorem [HTT, Corollary 5.5.2.9], any
presentable 3-functor formalism is automatically a 6-functor formalism.
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Definition 2.2.7. For a 6-functor formalism D and [f : X → S] ∈ CE , we define the Verdier
duality functor

DX/S,D : D(X)→ D(X)op

A 7→ Hom(A, f !(1)).

If ∗ ∈ C denotes the final object, and X → ∗ is in CE , we will denote this functor by DX,D. We
will suppress D when it is clear from context.

Remark 2.2.8. We warn the reader that although this functor is called Verdier duality, it is
not a duality in many of the situations that we consider. Indeed, in the analytic theory this
functor is almost never a duality, it already fails for the unit ball.

Remark 2.2.9. It follows from the Yoneda lemma and the projection formula that, for a diagram
in CE ,

X Y

S

f

,

the following identities hold
DY/S,Df! ≃ f∗DX/S,D
DX/S,Df∗ ≃ f !DY/S,D.

However, the other familiar identities can fail whenever DX/S or DY/S are not equivalences.
Whenever D2

X/S = id and D2
Y/S = id hold, then we also have natural equivalences

DY/S,Df∗ ≃ f!DX/S,D

DX/S,Df ! ≃ f∗DY/S,D.

We will repeatedly use Theorem 2.2.10 below. Recall that an object A ∈ D(Y ) is called
reflexive if the natural map A→ D2

Y/SA is an equivalence.

Proposition 2.2.10. Fix a presentable 3-functor formalism D, and let A ∈ D(Y ). The following
statements hold.

(1) If both A and f∗DY/SA are reflexive, then DX/S,Df !A ≃ f∗DY/S,DA.
(2) If A and f!DX/S,DA are reflexive, then DY/S,Df∗A ≃ f!DX/S,DA.

2.2.2. More elaborate notions. As Theorem 2.2.10 exemplifies, it is important to isolate a set
of objects on which relative Verdier duality is an equivalence. A key example is the set of the
so-called suave objects which we recall below.

Let (C, E) be a geometric setup, D a 3-functor formalism over (C, E) and fix an object S ∈ C.
To these data, we can attach the 2-category of kernels, see [HM24, Definition 4.1.3], that is
denoted KD,S . Objects are given by [X → S] ∈ CE and morphism categories are given by
D(X ×S Y ). We have the following abstract notions defined in terms of the kernel category.

Definition 2.2.11 ([HM24, Definition 4.4.1, Definition 4.5.1]). Fix a 3-functor formalism D on
a geometric setup (C, E), and a map [f : X → S] ∈ CE .

(1) We say that A ∈ D(X) = HomKS,D(X,S) is f -suave if it admits a right adjoint
SDf,D(A) ∈ D(X) = HomKS,D(S,X), which we refer to as the f -suave dual of A.
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(2) We say that A ∈ D(X) = HomKS,D(X,S) is f -prim if it admits a left adjoint PDf,D(A) ∈
D(X) = HomKS,D(S,X), which we refer to as the f -prim dual of A.

(3) We let Suavef,D(X) ⊂ D(X) denote the full subcategory of suave objects inside D(X).
(4) We let Primf,D(X) ⊂ D(X) denote the full subcategory of prim objects inside D(X).
(5) We say that f is D-suave if the tensor unit 1 ∈ D(X) is suave.
(6) We say that f is D-prim if the tensor unit 1 ∈ D(X) is prim.
(7) We say that f is D-smooth if it is D-suave and SDf,D(1) is invertible for ⊗D.
(8) We say that f is D-unipotent if it is D-smooth and the pullback functor f∗ is fully

faithful.

The category of suave objects is equipped with an involutive equivalence, which is a manifes-
tation of the fact that that Kop

S,D ≃ KS,D, since D(X ×S Y ) ≃ D(Y ×S X).

Proposition 2.2.12 ([HM24, Lemma 4.4.4 (i)]). The suave duality functor induces an involutive
equivalence

Suavef,D(X)
≃−→ Suavef,D(X)op.

We note that suave duality has the following concrete interpretation in a 6-functor formalism.

Proposition 2.2.13 ([HM24, Lemma 4.4.5]). For a 6-functor formalism D and a map [f : X →
S] ∈ CE, we have a natural identification

DX/S,D ≃ SDf,D

when we restrict the left-hand side functor to Suavef,D(X).

In light of Proposition 2.2.13, when speaking about suave duality in the setting of 6-functor
formalisms we will just refer to it as Verdier duality, and implicitly use this identification through-
out. Note that, in particular, Verdier duality becomes involutive when restricted to suave objects.

The next group of definitions concerns descent in a 3-functor formalism. We will take the
approach of [HM24] and use covering sieves. We refer the reader to [HTT, Definition 6.2.2.1]
and [HM24, Definition A.4.1] for the definition of a sieve.

Definition 2.2.14 ([HM24, Definition 3.4.6]). Let (C, E) be a geometric setup and let D :

Corr(C, E)→ Ĉat be a 3-functor formalism. Let X ∈ C.
(1) We say a sieve U over X is a D∗-cover of X if the natural map

D(X)→ lim
V ∈Uop

D(V )

induced by ∗-pullback is an equivalence. We say that it is a universal D∗-cover if this is
true after pulling back along any X ′ → X with respect to the pullback sieve f∗U .

(2) Given a CE-sieve U over X (i.e., U ⊂ (CE)/X), we say that U is a D!-cover of X if it is
generated by a small family of maps {Ui → X}i∈I , and the natural map

D(X)→ lim
V ∈Uop

D(V )

induced by !-pullback is an equivalence. We say that this is a universal D!-cover if this
is true after pulling back along any X ′ → X with respect to the pullback sieve f∗U .

(3) We say a map f : U → X is a (universal) D∗-cover (resp. (universal) D!-cover), if the
sieve that it generates is a (universal) D∗-cover (resp. (universal) D!-cover).
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Remark 2.2.15. In practice, most sieves that one cares about are generated by small family
of maps, and very often generated by single map U → X. In this case, the covering properties
state that the map

D(X)→ lim
n∈∆
D(Un/X),

where Un/X denotes the n-fold fiber product of U over X, is an equivalence (see [HM24, Lemma
A.4.6]).

The following statements provide the main two classes of morphisms that are universal D∗-
covers and universal D!-covers.

Proposition 2.2.16 ([HM24, Lemma 4.7.1]). Let D be a 6-functor formalism on some geometric
setup (C, E). Let [f : X → Y ] ∈ CE and suppose that D(X) has all countable limits and colimits.
If f is D-suave and f∗ : D(Y ) → D(X) is conservative, then f is a universal D∗-cover and a
universal D!-cover.

There is a similar, yet more involved statement for prim maps.

Definition 2.2.17 ([Mat16, Definition 3.18], [HM24, Definition 4.7.2]). Let C be a stable
monoidal category. For every object A ∈ C, we denote by ⟨A⟩ ⊆ C the smallest full subcategory
containing A which is stable under finite limits, finite colimits, retracts and tensor products. We
say that A is descendable if ⟨A⟩ contains the tensor unit.

Recall that a 6-functor formalism is said to be stable if for all X ∈ C, the category D(X) is a
stable category.

Proposition 2.2.18 ([HM24, Lemma 4.7.4]). Let (C, E) be a geometric setup. Let D be a stable
6-functor formalism on (C, E). Let [f : X → Y ] ∈ CE be a map. Suppose that f is D-prim and
that f∗1 is descendable. Then, f is a universal D∗-cover and a universal D!-cover.

2.2.3. The Liu–Zheng construction. We now turn our attention to the construction of 3-functor
formalisms. There are two main types of tools available for this purpose. One is the so-called
Liu–Zheng construction, which takes two functors for granted (f∗ and ⊗) and produces the third
(f!) by passing to a left or a right adjoint of f∗. The second type of tools are the extension
procedures which start with a given 3-functor formalism and enlarge it.

Let us give an informal account of the Liu–Zheng construction. In nice geometric situations, a
morphism f will admit a presentation as a composition f = g◦j where j is an open immersion and
where g is a proper map. To define compactly supported cohomology, one would let f! := g∗ ◦ j♮
(extension by 0 composed with usual cohomology). For example, if we took C = Schqcqs to be
the category of qcqs schemes, E the set of separated finite type morphisms, I to be the set of
open immersions and P to be the set of proper morphisms, then, by the Nagata compactification
theorem [Stacks, Tags 0F41, 0ATT], every morphism f ∈ E would decompose as f = g ◦ j with
g ∈ P and j ∈ I.

The Liu–Zheng construction takes as data subsets of morphisms I ⊆ E that behave as if they
were open immersions and P ⊆ E that behave as if they were proper morphisms such that all
the morphisms in E can be obtained as compositions f = g ◦ j with g ∈ P and j ∈ I. Given
I and P subject to such axioms, one can define the third operation by letting g! := g∗ (the
right adjoint to g∗) when g ∈ P and j! := j♮ when j ∈ I (the left adjoint to j∗). For general
f , to define the third operation, one would find a decomposition f = g ◦ j and let f! := g! ◦ j!.
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This leads to the evident question: How does this depend on the presentation of f? Intuitively
speaking, the Liu–Zheng construction provides coherently organized isomorphisms between all
the possible definitions of f! obtained from the various decompositions.

Let us move to a more precise account on the subject. Recall the definition of a suitable
decomposition.

Definition 2.2.19 ([HM24, Definition 3.3.2]). Let (C, E) be a geometric setup. A suitable
decomposition of E is a pair I, P ⊆ E satisfying that:

(1) The classes I and P are stable under pullback, composition, and contain all isomor-
phisms.

(2) Any morphism f ∈ E factors as f = fj for some j ∈ I and some f ∈ P .
(3) If f : X → Y and f ′ : X ′ → Y are both in I (respectively P ) and g : X ′ → X is a map

over Y , then g ∈ I (respectively g ∈ P ).
(4) If f ∈ I ∩ P , then f is n-truncated ([HM24, Definition A.1.20]) for some n ≥ −2.

The key construction in this situation, introduced in [LZ24] and streamlined in [Man22a], is
as follows.

Construction 2.2.20 ([HM24, Proposition 3.3.3]). Fix a geometric setup (C, E) and a functor
D0 : Cop → CAlg(Ĉat). Assume that there is a suitable decomposition I and P such that the
following holds.

(1) For any f ∈ I, the functor f∗ has a left adjoint f♮ satisfying base change against any
map in C and satisfying the projection formula.

(2) For any f ∈ P , the functor f∗ has a right adjoint f∗ satisfying base change against any
map in C and satisfying the projection formula.

(3) For any Cartesian diagram

X ′ X

Y ′ Y

g′

j′

g

j

with j ∈ I (hence j′ ∈ I) and g ∈ P (hence g′ ∈ P ), the natural map j♮g′∗ → g′∗j♮ is an
isomorphism.

Then we obtain a 3-functor formalism D : Corr(C, E)→ Ĉat that extends D0 along the (non-full)
embedding Cop ↪→ Corr(C, E). Moreover, D satisfies that for f ∈ I, f! = f♮ is the left adjoint of
f∗ and for f ∈ P , f! = f∗ is the right adjoint of f∗.

Theorem 2.2.20 is called the Liu–Zheng construction, and we use LZ(C, E, P, I,D0) to denote
the 3-functor formalism that it produces.

It will be useful for us to have a characterization of the 6-functor formalisms constructed in
this way. That such a characterization exists was conjectured by Scholze and recently shown by
Dauser and Kuijper [DK24]. To explain this, we introduce the following definition, which gives
us an intrinsic characterization of the morphisms P and I appearing in the construction.

Definition 2.2.21 ([Sch25, Definition 6.10, Definition 6.12]). Given a 6-functor formalism D
on a geometric setup (C, E), assume that [f : X → Y ] ∈ CE is n-truncated for some n ≥ −2.
We consider the following conditions.

(1) We say that f is D-proper if:
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a) f is an isomorphism, or
b) if ∆f is D-proper and the natural map (see [Sch25, Proposition 6.11])

f! → f∗

is an isomorphism.
(2) We say that f is D-étale if:

a) f is an isomorphism, or
b) if ∆f is D-étale and the natural map (see [Sch25, Proposition 6.13])

f ! → f∗

is an isomorphism.

Remark 2.2.22. We note that Theorem 2.2.21 is not self-referential. Indeed, if f is n-truncated
then ∆f is n− 1-truncated and (−2)-truncated maps are isomorphisms.

Remark 2.2.23. We note that f : X → Y being D-étale (resp. D-proper) in the above sense
immediately implies that f is D-suave (resp. D-prim). Indeed, this is precisely the content of
[Sch25, Proposition 6.11, Proposition 6.13].

With Theorem 2.2.21 in hand, we can recall the following.

Definition 2.2.24 ([DK24, Definition 2.1, Definition 2.15]).
(1) A Nagata setup is a tuple (C, E, P, I) where (C, E) is a geometric setup, I, P ⊆ E is a

suitable decomposition of E (as in Theorem 2.2.19) subject to the stronger axiom that
if f ∈ I ∪ P then f is n-truncated for some n ≥ −2.

(2) For (C, E, P, I) a Nagata setup and D a 6-functor formalism on the geometric setup
(C, E), we say that D is Nagata with respect to this Nagata setup if morphisms in P
(resp. I) are D-proper (resp. D-étale).

The main result characterizing the essential image of the Liu–Zheng construction is the fol-
lowing.

Theorem 2.2.25 ([DK24, Theorem 3.3]). Let (C, E, P, I) be a Nagata setup. Suppose that D is
a 6-functor formalism that is Nagata with respect to (C, E, P, I). Then we have a unique (up to
contractible choice) equivalence

D ≃ LZ(C, E, P, I,D|Cop),
of 6-functor formalisms extending the natural identification D|Cop ≃ LZ(C, E, P, I,D|Cop) |Cop .

Remark 2.2.26. The reference [DK24] also characterizes 3-functor formalisms coming from the
Liu–Zheng construction, but one has to be more careful defining the notions of D-proper and
D-étale maps in the more general setup (see [DK24, Definition 2.6, Proposition 2.13]).

We use Theorem 2.2.25 throughout the paper to show that various different constructions
give rise to the same 6-functor formalism. We will also repeatedly use the following.

Corollary 2.2.27. Let (C, E, P, I) be a Nagata setup, and let E′ ⊂ E be another set of edges
such that (C, E′) → (C, E) defines a morphism of geometric setups. We let P ′ ⊂ P and I ′ ⊂ I
and suppose that (C, E′, P ′, I ′) is a Nagata setup for (C, E′). Given a functor

D0 : Cop → CAlg(Ĉat)
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we then have a natural equivalence

LZ(C, E, P, I,D0)|Corr(C,E′) ≃ LZ(C, E′, P ′, I ′,D0).

Remark 2.2.28. From now on, if D is a 6-functor formalism on a geometric setup (C, E), we
let D0 denote the functor obtained from precomposing along the map Cop → Corr(C, E).

2.2.4. Extending 6-functor formalisms. For our applications, we need to work with 6-functor
formalisms defined for stacks. When one works with stacks the Nagata compactification theorem
rarely holds. A key insight (and the main motivation for the development of the theory) is that
6-functor formalisms can (and should) be extended using descent.

Suppose that (C, E) is a geometric setup such that C is a site endowed with a Grothendieck
topology τ . Let X be the topos of τ -sheaves of anima on C. We write Erep (or also Erep) for
the set of edges in X that are relatively representable in E. In other words, the set of edges
[f : X → Y ] ∈ X such that, after pulling back to any g : Y ′ → Y with Y ′ ∈ C, it lies in E.
Recall that a 3-functor formalism is sheafy in the sense of [HM24, Definition 3.4.1] if the induced
map D : Cop → Ĉat is a τ -sheaf. The first extension procedure is as follows.

Construction 2.2.29 ([HM24, Proposition 3.4.2]). Let D be a sheafy 3-functor formalism on
a geometric setup (C, E), suppose that τ is a subcanonical Grothendieck topology on C. The
following statements hold.

(1) The natural map (C, E)→ (X , Erep) is a morphism of geometric setups.
(2) There is a unique sheafy 3-functor formalism D′ on (X , Erep) extending D.
(3) The 3-functor formalism D′ is obtained as a right Kan-extension along the map

Corr(C, E)⊗ → Corr(X , Erep)
⊗.

A similar result is true for the topos of hypersheaves if one assumes that C is hyper-subcanonical.

Intuitively, this construction enlarges the set of objects over which the 3-functor formalism is
defined, but one does not obtain truly new !-able edges. It is useful to explicitly describe what
this construction does on objects. We record this with the following statement.

Lemma 2.2.30 ([Man22a, Proposition A.5.16]). In the situation of Theorem 2.2.29, and with
the notational convention of Theorem 2.2.28, the right Kan extension of D0 along the embedding
Cop ↪→ X op is naturally equivalent to D′0.

Remark 2.2.31. We note that the procedure of right Kan extension will preserve the property
of being a presentable 3-functor formalism (see [HM24, Remark 3.4.3]).

The second type of extension procedure goes as follows. Intuitively, these extension procedures
enlarge the set of !-able maps (i.e., CE).

Construction 2.2.32 ([HM24, Proposition 3.4.8.(i)]). Let D be a presentable 3-functor formal-
ism on a geometric setup (C, E). We let E ⊆ E′ be another collection of morphisms so that
(C, E′) is a geometric setup, and such that for every [f : Y → X] ∈ CE′ there is a universal
D∗-cover g : X ′ → X such that the pullback of f along g lies in CE. In this situation, D extends
uniquely (up to contractible choice) along the map Corr(C, E)⊗ → Corr(C, E′)⊗ to a presentable
3-functor formalism D′ on (C, E′).

There is also an extension procedure to access the set of so-called fine maps. We will discuss
in Theorem 2.3.13.
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Construction 2.2.33 ([HM24, Proposition 3.4.8.(ii)]). Let D be a presentable 3-functor for-
malism on a geometric setup (C, E). We let E ⊆ E′ be another collection of morphisms so that
(C, E′) is a geometric setup and such that for every [f : X → Y ] ∈ E′ there is a map g : X ′ → X
such that

a) g and f ◦ g are in E.
b) g is a universal D!-cover.

In this situation, D extends uniquely (up to contractible choice) along the map Corr(C, E)⊗ →
Corr(C, E′)⊗ to a presentable 3-functor formalism D′ on (C, E′).

Finally, one can use Theorem 2.2.29 and iterate uses of Theorem 2.2.32 and Theorem 2.2.33
to obtain the following extension procedure.

Construction 2.2.34 ([HM24, Theorem 3.4.11]). Fix a geometric setup (C, E), a subcanonical
topology τ on C and a sheafy presentable 3-functor formalism D on (C, E). Let X denote the
topos of τ -sheaves on C. Then there is a smallest collection of edges E′ in X with the following
properties:

(1) The inclusion C ↪→ X defines a morphism of geometric setups (C, E) → (X , E′) and D
extends uniquely to a sheafy 6-functor formalism on (X , E′).

(2) E′ is ∗-local on the target: Let f : Y → X be a map in X whose pullback to every object
in C lies in E′; then f lies in E′

(3) E′ is !-local: Let f : Y → X be a map in X that is !-locally on the source or target in E′;
then f ∈ E′

(4) E′ is tame: Every map f : Y → X in E′ with X ∈ C is !-locally on the source in E.
We denote this smallest collection E′ by ED,! and call it the !-able hull of E with respect to D.
If the context is clear, we omit D from the notation. Moreover, by abuse of notation we still
refer to morphisms in ED,! as !-able.

Remark 2.2.35. We warn the reader that one can easily be mislead by Theorem 2.2.32 into
thinking that in order to verify whether a map f : X → Y is !-able (i.e., f ∈ ED,!) or not it
suffices to do so on a universal D∗-cover Y ′ → Y of Y . This is not the case since this is not
what Theorem 2.2.34.(2) is saying. One may also hope that if we let X ′ = X ×Y Y ′ and the
resulting map [f ′ : X ′ → Y ′] ∈ ED,!, then one can at the very least apply Theorem 2.2.32 once
again in order to ensure f becomes !-able. This might not always be possible. Indeed, if we let
E∗ denote all maps that lie on ED,! after pullback by a universal D∗-cover, then it might not be
true that (X , E∗) is a geometric setup. The challenge becomes finding E′ satisfying that

(1) (X , E′) is a geometric setup,
(2) E′ ⊆ E∗, and
(3) f ∈ E′.

The first two condition are in tension against each other.

2.3. Analytification as a 6-Functor Formalism. Throughout this document, we compare
various 3-functor formalisms. Of primary interest will be an algebraic 3-functor formalism Dalg

and an analytic one denoted Dan. Since we work with stacks, it is important to make sure that
analytification is functorial and respects the various higher coherences of the six operations. This
boils down to constructing a natural transformation of 3-functor formalisms Dalg ⇒ Dan. An
efficient solution to construct such natural transformations is to organize them into their own
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3-functor formalism, as we explain below. In this section, we put ourselves in a formal context
which we will later apply in §3.3 to the case of interest.

We start by recalling a very simple situation. Fix a category C admitting finite limits and
endowed with two functors

Dalg
0 ,Dan

0 : Cop → CAlg(Ĉat).

For [f : X → Y ] ∈ C, we write the pullback maps (i.e., D?
0(f)) as

f∗an : Dan
0 (Y )→ Dan

0 (X)

f∗alg : Dalg
0 (Y )→ Dalg

0 (X),

respectively. Suppose that we have a natural transformation η∗ : Dalg
0 → Dan

0 . Observe that this
can be encoded in a single functor D0 : (C×∆1)op → CAlg(Ĉat). Indeed, (C×∆1)op ≃ Cop×∆1.
Let us unravel what D0 does.

Example 2.3.1. Let C∆ = C×∆1 and let πC and π∆ denote the natural projections onto C and
∆1. Let ιi : C × {i} → C∆ for i ∈ {an, alg} denote the natural inclusions. Objects in C ×∆1 are
all of the form (c, an) = ιan(c) or (c, alg) = ιalg(c) for c ∈ C.

We have two wide subcategories C∆H , C∆V ⊆ C∆ (horizontal and vertical) spanned by morphisms
of the form (g, id) and (id, η), respectively. Here η : an → alg is the unique non-identity
morphism in ∆1. Moreover, any morphism h : (c, i)→ (d, j) factors canonically as h = ηh,d ◦ f
and g ◦ ηh,c where ηh,c, ηh,d ∈ CV and f, g ∈ CH .

We can explicitly write f := ιi(πC(h)) and g = ιj(πC(h)). Further, ηh,? = (id?, idi) when i = j
or (id?, η) if i = an and j = alg for ? ∈ {c, d}. We note that since C has finite limits C ×∆1 also
does, and the following identity holds

(d, alg)×(c,alg) (c, an) = (d, an).

For an object c ∈ C, we write ηc := (idc, η) : (c, an)→ (c, alg). Then we have

D0(c, alg) = Dalg
0 (c) and D0(c, an) = Dan

0 (c).

Moreover, D0(ηc) = η∗c : D
alg
0 (c)→ Dan

0 (c) encodes the desired natural transformation.

We move onto the more abstract setting. Since we wish compare several 3-functor formalisms,
it will be convenient to work in slightly more generality than the simplicial set ∆1.

Recall that the category of partially ordered sets (posets) can be regarded as a full subcategory
of Cat. In our convention, if K is a poset, x ≤ y and P denotes the (ordinary) category attached
to K, then there is a unique morphism x ← y. We call any category in the essential image a
posetal category.

Definition 2.3.2. A lex posetal category P is a posetal category that has all finite limits.

If P is a lex posetal category we equip it with its Cartesian monoidal structure. In the language
of posets, the Cartesian monoidal structure simply takes two elements to their supremum. If
K is a small poset and P is the attached posetal category, then we abuse notation and write
{k}k∈K ⊂ P for the wide subcategory that only has the identity morphisms.

Definition 2.3.3. Given a geometric setup (C, E) and a lex posetal category P attached to a
small poset K as in Theorem 2.3.2, we define a new geometric setup that we denote (CP , EP).
We let CP := C × P and we let CEP := CE × {k}k∈K (we note that this gives a well-defined
geometric setup in the sense of Theorem 2.2.1 by our assumption that P has finite limits). More
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generally, given a class of arrows J defining a wide subcategory CJ ⊆ C we let JP be the class
of arrows defining the wide subcategory CJP := CJ × {k}k∈K of CP .

One can check that for any lex posetal category P and any geometric setup (C, E), the pair
(CP , EP) forms a geometric setup. Moreover, if E admits a suitable decomposition into classes of
morphisms I and P, then IP and PP form a suitable decomposition for EP . We have insertion
morphisms of geometric setups for all k ∈ K; namely we have inclusions

ιk : (C, E)→ (CP , EP) (2.2)

c 7→ (c, k),

and, applying the functor Corr(−), we obtain symmetric monoidal functors for k ∈ K

ins
(C,E)
k : Corr(C, E)→ Corr(CP , EP).

Given [f : X → Y ] ∈ C, we write kf := ιk(f). We will omit the superscript (−)(C,E) when the
context is clear.

Given a 3-functor formalism D : Corr(CP , EP)→ Ĉat, by precomposing with insk for k ∈ K,
we can extract 3-functor formalisms

kD : Corr(C × {k}, E)→ Ĉat.

This gives rise to functors kf! :
kD(X) → kD(Y ) for all k ∈ K. Finally, given a map [j ←

i] ∈ P, we can relate the 3-functor formalism attatched to i and j by a natural transformation,
which we denote by η∗i→j :

jD → iD. To capture this, we record the following lemma.

Lemma 2.3.4. For P a lex posetal category, there is a symmetric monoidal equivalence

Corr(C, E)× Pop ≃−→ Corr(CP , EP),

which sends (X, j) to (X, j) and a morphism (X
f←− Z g−→ Y, j ← i = i) to the diagram

(X, j)
(f,j←i)←−−−−− (Z, i)

(g,idj)−−−−→ (Y, i).

Here Pop is given the coCartesian monoidal structure.

Proof. Consider the geometric setup (P, {idk}k∈K). Then Corr((P, {idk}k∈K))⊗ = Pop,
∐

. The
claim now follows from [HM24, Lemma 2.2.11], observing that

(CP , EP) = (C, E)× (P, {idk}k∈K)

in the category of geometric setups. □

A map [j ← i] ∈ P defines a morphism Corr(C, E)× (∆1)op → Corr(C, E)×Pop along which
we can restrict D to obtain Corr(C, E) × (∆1)op → Ĉat, which will define for us a natural
transformation

η∗i→j :
jD → iD (2.3)

of 3-functor formalism, as desired. Further restricting to CE × (∆1)op produces natural trans-
formations jD! → iD!, that compare jf! and if!.
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More precisely, given [f : X → Y ] ∈ CE and [j ← i] ∈ P , we get a map ∆1 × (∆1)op →
CE × (∆1)op which gives rise to the following commuting diagram after applying D

jD(X) iD(X)

jD(Y ) iD(Y ).

jf!

η∗i→j

if!
η∗i→j

In this way, by considering 3-functor formalisms on CP , we can encode natural transformations
between 3-functor formalisms.

The advantage of regarding natural transformations as 3-functor formalisms is that we can
apply the constructions of §2.2 to construct such natural transformations. Let us discuss how
to apply Theorem 2.2.20 to this specific setup.

Lemma 2.3.5. Fix a geometric setup (C, E) and suppose that we are given a suitable decom-
position of E into I and P and a lex posetal category P attached to a poset K. Suppose that
we are given a functor D0 : (CP)op → CAlg(Ĉat) such that I and P satisfy the assumptions in
Theorem 2.2.20 individually with respect to the functors kD0 for all k ∈ K. Fix [f : c→ d] ∈ C
and [j ← i] ∈ P and assume that the following additional compatibilities hold:

(1) If f ∈ I, then η∗i→j
jf♮ ∼= if♮η

∗
i→j via the natural map.

(2) If f ∈ P , then η∗i→j
jf∗ ∼= if∗η

∗
i→j via the natural map.

Then the geometric setup (CP , EP) from Theorem 2.3.3 and the functor D0 satisfies the axioms
of Theorem 2.2.20, and therefore we get a 3-functor formalism

D := LZ(CP , EP , PP , IP ,D0) : Corr(CP , EP)→ CAlg(Ĉat).

Proof. This is straightforward. □

Another advantage of this rephrasing is that the intuition one has for 3-functor formalisms
carries over to natural transformations between them. For example, one can consider how
the η∗i→j interact with the category of kernels. Recall from [HM24, Theorem 4.2.4] that, on
any geometric setup (C, E), the construction of kernel categories upgrades to a lax symmetric
monoidal functor

KD,(−) : Corr(C, E)⊗ → Cat×2 with S 7→ KD,S .

Moreover, on arrows of the form {S f←− T id−→ T} the induced 2-functor

f∗ : KD,S → KD,T
acts on objects as X 7→ X ×S T and on morphism categories as

D(X ×S Y )
f∗X×SY−−−−→ D((X ×S Y )×S T ).

In our category CP , this gives the following.

Lemma 2.3.6. Fix a 3-functor formalism D : Corr(CP , EP) → Ĉat, fix S ∈ C, and fix [j ←
i] ∈ P. We have a 2-functor

η∗i→j : KS,jD → KS,iD
on the 2-categories of kernels. On objects [X → S] ∈ (CE)/S it is the identity and on categories
of morphisms it is given by η∗i→j,X×SY

: jD(X ×S Y )→ iD(X ×S Y ).
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Proof. This follows from applying [HM24, Proposition 4.2.1 (i)] to the natural transform η∗i→j :
jD → iD of (2.3). □

Theorem 2.3.6 gives the following.

Corollary 2.3.7. Fix a 3-functor formalism, D : Corr(CP , EP)→ Ĉat, an object f : [X → S] ∈
CE, and [i← j] ∈ P. The natural transformation map η∗i→j,X induces a functor

η∗i→j,X : Suavejf,jD(X)→ Suaveif,iD(X),

satisfying the property that η∗i→j,XSDjf ≃ SD(if)η
∗
i→j,X . In particular, if jf is jD-suave (resp.

jD-smooth) then if is iD-suave (resp. iD-smooth). A similar statement holds for prim objects
and prim duality.

Proof. This follows from Theorem 2.3.6, as functors between 2-categories preserve adjoints be-
tween 1-morphisms. Smoothness follows from the fact that η∗i→j,X is symmetric monoidal, and
that if the suave dual of 1 is invertible, its image under η∗i→j,X will remain invertible. □

We turn our attention to investigate how the operation (C, E) 7→ (CP , EP) interacts with the
various extension procedures described in the previous section. In particular, we spell out what
happens when we do Theorem 2.2.29. Let (C, E) be a geometric setup, where C is endowed
with a Grothendieck topology τ , and let P be a lex posetal category attached to a partially
ordered set K. Now, CP inherits a topology τP whose associated topos is simply XP . Further,
EPrep = (Erep)

P and we have a morphism of geometric setups

(CP , EP) ↪→ (XP , EPrep)

which is obtained from
(C, E) ↪→ (X , Erep)

by considering the product with (−)× P.

Proposition 2.3.8. Suppose we are given a 3-functor formalism

D : Corr(CP , EP)→ Ĉat

such that, for all k ∈ K, the induced 3-functor formalism kD is sheafy. Let D′ denote the 3-
functor formalism obtained by applying Theorem 2.2.29 to D. Let (kD)′ denote the 3-functor
formalism obtained by applying Theorem 2.2.29 to kD. Finally, let k(D′) denote the restriction
of D′ along ins

(X ,Erep)
k . Then, k(D′) and (kD)′ are canonically equivalent 3-functor formalisms

on (X , Erep). In particular, for all [j ← i] ∈ P we obtain a natural transformation of 3-functor
formalisms on (X , Erep)

η∗i→j : (
jD)′ → (iD)′.

Proof. This follows directly from the uniqueness part of Theorem 2.2.29, since k(D′) and (kD)′
are sheafy and restrict to kD on Corr(C, E) for all k ∈ K. □

Applying Theorem 2.2.34 to Corr(CP , EP) is a little more subtle. The reason is that, given a
3-functor formalism D on (CP , EP), a morphism [f : X → Y ] ∈ C, and k ∈ K, whether the map
ιk(f) : (X, k) → (Y, k) is of universal D!(or ∗)-descent is not in general the same as f being of
universal kD!(or ∗)-descent. Indeed, for insk(f) to be of universal D!(or ∗)-descent, one needs to
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ask that f is of universal jD!(or ∗)-descent for all [k ← j] ∈ P , since the pullback of ιk(f) along
(Y, j)→ (Y, k) is precisely ιj(f).

In what follows, we consider conditions on a map in EkD,! (the !-able hull of EkD,!) that
automatically ensure it will also lie in EjD,!. The point is that, although the !-able hull EkD,!
could contain some morphisms that are !-able for a random reason, there should be a better
behaved subset of maps that are !-able for a good reason. Those maps that are !-able for a good
reason will automatically be !-able for sheafy 6-functor formalisms jD that receives a map from
kD. In practice, the subset of maps in EkD,! that we will be interested in always have a good
reason to be !-able.

We restrict to presentable 3-functor formalisms. This already ensures that D(X) is complete
and cocomplete.

Definition 2.3.9. Let D : Corr(C, E)→ PrL be a sheafy presentable 3-functor formalism for a
Grothendieck topology τ on C. Write X for the category of τ -sheaves in anima on C. Assume
now that we are given a class Ẽ ⊃ Erep of arrows in X for which (X , Ẽ) is a geometric setup.
Suppose that D uniquely extends to a sheafy presentable 3-functor formalism D̃ on (X , Ẽ).

(1) We say that f is a (D̃, Ẽ, τ)-suave cover if it is D̃-suave and surjective in X .
(2) We say that f is a (D̃, Ẽ, τ)-prim cover if it is D̃-prim and f∗1 is descendable.
(3) We say that f is a (D̃, Ẽ, τ)-smooth cover, if it is a (D̃, Ẽ, τ)-suave cover and D̃-smooth.

Lemma 2.3.10. The base change of a (D̃, Ẽ, τ)-suave (resp. smooth, resp. prim) cover is a
(D̃, Ẽ, τ)-suave (resp. smooth, resp. prim) cover.

Proof. By [HM24, Lemma 4.4.8], the base change remains suave (resp. prim). By [HM24,
Remark 4.5.2], and the fact that f∗ preserves invertible objects, the base change of a smooth
map remains smooth. Since τ -surjectivity is stable under base change, the suave and smooth
cases are settled.

Finally, for the prim case, note that given a pullback diagram

X ′ X

Y ′ Y.

f ′

g′

f

g

By [HM24, Lemma 4.5.13.(ii)] we have g∗f∗1 ≃ f ′∗1, and since g∗ is symmetric monoidal, we
deduce that f ′∗1 stays descendable by [Mat16, Corollary 3.21]. □

Definition 2.3.11. Let the setup be as in Theorem 2.3.9. We say that a map g : X → Y
is a standard !-cover if g = g1 ◦ · · · ◦ gm, where each gi is either a (D̃, Ẽ, τ)-prim cover or a
(D̃, Ẽ, τ)-suave cover.

Definition 2.3.12. Let the setup be as in Theorem 2.3.9 and Theorem 2.3.11.
(i) We say that Ẽ is standard !-local on the source if whenever f̃ : X̃ → Ỹ ∈ X and there is a

standard !-cover g̃ : X̃ ′ → X̃ such that g̃, f̃ ◦ g̃ ∈ Ẽ, then f̃ ∈ Ẽ.
(ii) We say that Ẽ is standard !-local on the target if whenever f̃ : X̃ → Ỹ ∈ X and there is a

standard !-cover g̃ : Ỹ ′ → Ỹ such that the base change f̃ ′ : X̃×Ỹ Ỹ ′ → Ỹ ′ ∈ Ẽ, then f̃ ∈ Ẽ.
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Definition 2.3.13. Let the setup be as in Theorem 2.3.9 and Theorem 2.3.11, except that we
also ask that Ẽ = Erep. We let Efine (or Efine) denote the set of maps [f : X → Y ] ∈ X satisfying
that there is a standard !-cover g : U → X of the form g = g1 ◦ · · · ◦ gm such that

(1) Each gi is either a (D, Erep, τ)-prim cover or a (D, Erep, τ)-suave cover.
(2) Each gi ∈ Erep and f ◦ gi ∈ Erep.

We call this set of maps the standard fine maps.

For most practical purposes working with the set of standard fine maps suffices.

Lemma 2.3.14. The pair (X , Efine) is a geometric setup.

Proof. It follows easily from Theorem 2.3.10 that Efine is stable under base change. Let S denote
the set of maps of the form g = g1 ◦· · ·◦gm where each gi is in Erep and it is either a (D, Erep, τ)-
prim cover or a (D, Erep, τ)-suave cover. Fix [g : X → Y ] and [f : Y → Z] both in Efine. Fix
maps X ′ → X and Y ′ → Y in S such that both are an atlas exhibiting that g, f ∈ Efine.
That Efine is stable under composition follows from contemplating the following diagram with
Cartesian squares

X ′′ Y ′X Y ′

X Y Z

X ′.

∈S

∈S ∈S
∈Erep

∈S
∈Erep

Here we note that, by assumption X ′ → Y is representable, since X ′ → X is an atlas for X → Y ,
and therefore X ′′ → Y ′ as the base-change is also representable. Moreover, since Y ′ → Y is an
atlas for Y ′ → Z the map Y ′ → Z is representable by assumption. This in turn implies that
X ′′ → Z is representable as claimed. In particular, the diagram constructs X ′′ → X in S, and,
since X ′′ → Z is representable, the map X ′′ → X exhibits that f ◦ g ∈ Efine. That Efine is right
cancellative similarly follows from contemplating a commutative diagram with Cartesian square
of the form

X ′′ X ′ X

Z

Y ′ Y

∈S ∈S

∈S

Here, Y ′ → Y is an atlas exhibiting that Y ∈ (XEfine
)/Z , and X ′′ → X ′ is an atlas exhibiting

that X ′ ∈ (XEfine
)/Z since it is the composition of two maps in Efine. The cancellative property

of Erep will show that X ′′ → Y ′, and consequently X ′′ → Y , are in Erep. This shows that
X ′′ → X is an atlas exhibiting that X → Y is in Efine. □

Definition 2.3.15. Fix the setup as in Theorem 2.2.34, and fix [f : X → Y ] ∈ XED,!
. We say

f is (D, E, τ)-Artin if there is a representable (D, Erep, τ)-smooth cover [g : U → X] ∈ XErep

such that f ◦ g ∈ CErep . If D, τ and E are clear from the context we simply say that f is Artin,
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and we write EArt for the set of Artin maps. We are mostly interested in objects X ∈ X whose
structure map X → ∗ is in EArt. We let XArt the class of such objects.

Remark 2.3.16. The same proof as in Theorem 2.3.14 shows that (X , EArt) is a geometric
setup.

For us, instead of studying morphisms of universalD!-descent, it will be more useful to consider
prim and suave covers and their composition (see Theorem 2.3.11). The following statement is
a version of Theorem 2.2.34 where we replace the role of the !-covers for the stronger notion
standard !-cover of Theorem 2.3.11.

Proposition 2.3.17. Let the setup be as in Theorem 2.2.34. There exists a set Estd
D,τ,! of maps

[f : X → Y ] ∈ X satisfying the following conditions
(i) The morphism C → X induces a morphism of geometric setups (C, E) ↪→ (X , Estd

D,τ,!) and
D extends uniquely along this morphism to a sheafy 6-functor formalism on (X , Estd

D,τ,!).
(ii) Estd

D,τ,! is ∗-local on the target, i.e, for any map V → Y with in V ∈ C such that the pullback
of f to V lies in Estd

D,τ,!, then f ∈ Estd
D,τ,!.

(iii) Estd
D,τ,! is standard !-local on the source (see Theorem 2.3.12).

(iv) Estd
D,τ,! is standard !-local on the target (see Theorem 2.3.12).

(v) Estd
D,τ,! is tame, i.e, if [f : V → Y ] ∈ Estd

D,τ,! with Y ∈ C, it is !-locally on the source in E.
(vi) Estd

D,τ,! is standard tame, i.e, if [f : V → Y ] ∈ Estd
D,τ,! with Y ∈ C, it is standard !-locally on

the source in E.
(vii) Estd

D,τ,! is minimal among the class of edges that satisfy (i)− (v).

Before proving this proposition we make the following definition and remarks.

Definition 2.3.18. We refer to maps in Estd
D,τ,! as (D, E, τ)-standard !-able maps. If D and τ

are clear from the context then we will simply say that f is E-standard !-able and write Estd
! for

Estd
D,τ,!.

Remark 2.3.19. We note that condition (v) of Theorem 2.3.17 tautologically follows from con-
dition (vi). Nevertheless, condition (v) is useful to formulate the minimality property that we
are interested in. In general, the collection of classes of maps that satisfy (v) and (vi) might
differ. Now, the !-able hull ED,! of Theorem 2.2.34 satisfy the axioms (i)-(v) of Theorem 2.3.17.
In particular, the minimality claim in Theorem 2.3.17 gives us an inclusion Estd

D,τ,! ⊂ ED,! al-
lowing us to see that Theorem 2.3.17 is a controlled refinement of the extension procedure in
Theorem 2.2.34. This is because suave and prim covers are universal !-covers. Indeed, this is the
content of Theorem 2.2.16 in the suave case (using surjectivity of f and the assumed sheafiness
of D to see that f∗ is conservative) and Theorem 2.2.18 in the prim case.

Remark 2.3.20. Using Theorem 2.3.10, one can easily see that a set of edges E′ in X satisfying
condition (i) and (iii) of Theorem 2.3.17 automatically satisfies condition (iv).

Proof of Theorem 2.3.17. We give a construction of Estd
D,τ,! to show its existence. The construc-

tion and proof will follow almost verbatim the construction in [HM24, Theorem 3.4.11], for this
reason we do not give full details and only provide a sketch that highlights the differences. With
notation as in [HM24, Theorem 3.4.11], we let A denote the class of all collections of edges
E′ ⊆ X satisfying (i) and (v) in Theorem 2.3.17, so that D extends uniquely to (X , E′). This
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class is stable under filtered unions and contains Erep. As in [HM24, Theorem 3.4.11], one shows
the following statement

(*) For every E′ ∈ A, there is a minimal way to enlarge it to E′! ∈ A such that E′! satisfies
(iii) of Theorem 2.3.17. In particular, D extends uniquely to (X , E′!) by the assumption
E′! ∈ A and, by Theorem 2.3.20 E′! also automatically satisfies (iv) of Theorem 2.3.17.

To argue, it suffices to replace in the argument for [HM24, Theorem 3.4.11], every application of
!-locality (i.e., the condition in [HM24, Theorem 3.4.11 (iii)]) with our variant notion of standard
!-locality. As in their proof, one uses [HM24, Proposition 3.4.8 (ii)] (or Theorem 2.2.33) to verify
that there is a unique way of extending D to (X , E′!).

As in [HM24, Theorem 3.4.11] the next statement to show is the following.
(**) For every E′ ∈ A that satisfies (iii) of Theorem 2.3.17 (and consequently (iv) using

Theorem 2.3.20), there is a minimal way to enlarge it to E′∗ ∈ A such that E′∗ satisfies
(ii) of Theorem 2.3.17. This extension has the property that D extends uniquely to
(X , E′∗).

This part of the argument follows verbatim. Finally, one defines recursively E0 = Erep, E2n+1 :=

(E2n)! (as in (∗)) for n ≥ 0, E2n+2 := (E2n+1)∗ (as in (∗∗)) and Estd
D,τ,! =

⋃
En. To show

minimality of Estd
D,τ,! it suffices to show that any other E′ contains En for all n, which can be

shown by induction and using the minimality of the closure operations (∗) and (∗∗). □

Remark 2.3.21. The class of edges Estd
D,τ,! is fairly abstract, for practical purposes it suffices to

work with a much smaller class of edges in X . Note that Condition (i) and (ii) ensure that all
edges in Erep are standard !-able. Moreover, condition (iii) will then tell us that all standard
fine maps (Theorem 2.3.13) are standard !-able. In the main body of the article, knowing that
Efine ⊆ Estd

! will suffice, since all the edges we are interested in will lie in (X , Efine).

We record the following variant which will also play a role later on.

Proposition 2.3.22. Let the setup be as in Theorem 2.2.34 and Theorem 2.3.17. Let F be a
set of arrows in X containing Erep and such that (X , F ) is a geometric setup. There exists a set
Estd
D,τ,F,! of maps f : X → Y satisfying the following conditions

(i) The morphism C → X induces a morphism of geometric setups (C, E) ↪→ (X , Estd
D,τ,F,!), and

D extends uniquely along this morphism to a sheafy 6-functor formalism on (X , Estd
D,τ,F,!).

(ii) Estd
D,τ,F,! is F -∗-local on the target, i.e, given [f : X → Y ] ∈ F such that for any map

V → Y with V ∈ C the pullback of f to V lies in Estd
D,τ,F,!, then f ∈ Estd

D,τ,F,!.
(iii) Estd

D,τ,F,! is standard !-local on the source. More precisely, if [f : X → Y ] is an arrow in F

such that we may find a standard !-cover g : U → X with f ◦ g and g in Estd
D,τ,F,!, then f is

also in Estd
D,τ,F,!.

(iv) Estd
D,τ,F,! is both standard !-local local on the target.

(v) Estd
D,τ,F,! is tame, i.e, if [f : V → Y ] ∈ Estd

D,τ,! with Y ∈ C, it is !-locally on the source in E.
(vi) Estd

D,τ,F,! ⊆ F .
(vii) Estd

D,τ,F,! is minimal among the class of edges that satisfy (i)− (vi).

Proof. A variant of the construction and proof as in [HM24, Theorem 3.4.11] (or Theorem 2.3.17)
shows this more general case. Indeed, we let E0 = Erep, E2n+1 := (E2n)!F where (E2n)!F
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is an F -variant of (*), E2n+2 := (E2n+1)∗F where (E2n+1)∗F is an F -variant of (**), finally
Estd
D,τ,F,! = ∪En. The proof of [HM24, Theorem 3.4.11] shows that if E′ is a geometric setup in A

(with notation as in Theorem 2.3.17), then letting E′′ be those maps that are standard !-locally
on the source in E′ gives another geometric setup with E′ ∈ A. Moreover, if E′ also satisfied
condition (vi), then E′′ ∩ F is still in A and satisfies (vi). Replacing the role of E′ by E′′ ∩ F
and passing to unions gives rise to (E′)!F ∈ A which satisfies (vi), (iii) and (iv).

Similarly, the proof of [HM24, Theorem 3.4.11] shows that if E′ is in A and satisfies (iii) and
(iv), then letting E′′ be the set of arrows whose pullback to C is in E′ gives a geometric setup
in A. If E′ also satisfies (vi) then E′′ ∩ F is in A and satisfies (ii) and (vi). □

We now explain why standard !-able maps behave better with respect to analytification. We
have the following lemma on prim and suave covers.

Lemma 2.3.23. Let (C, E) be a geometric setup endowed with a Grothendieck topology τ . Let
P be a lex posetal category with underlying poset K, fix q ∈ P, and fix

DP : Corr(CP , EP)→ PrL

a sheafy presentable 3-functor formalism. We write qD := DP ◦ insq as a presentable 3-functor
formalism on Corr(X , Erep). Let Erep ⊆ E′ ⊆ ins−1q (EDP ,!) be a collection of arrows in X such
that (X , E′) is a geometric setup and qD extends uniquely to (X , E′). Then, [f : X → S] ∈ E′ is a
(qD, E, τ)-suave (resp. smooth, resp. prim) cover if and only if insq(f) ∈ EP is a (DP , EP , τP)-
suave (resp. smooth, resp. prim) cover.

Proof. Observe that for any S ∈ X , the functor insq induces a 2-functor insq : KqD,S → KDP ,insq(S)

using [HM24, Proposition 4.2.1 (ii)]. Using the explicit description of the kernel 2-category (see
[HM24, Definition 4.1.3]), we obtain that this is even a fully faithful functor of 2-categories
whose essential image is precisely insq([XE′ ]/S). In other words, for all X,Y ∈ [XE′ ]/S we have
an equivalence

insq : FunKqD,S
(X,Y ) ≃ FunKDP ,insq(S)

(insq(X), insq(Y )) (2.4)

of mapping categories.
Since being suave (resp. prim) is defined (using adjunction see [HM24, Definition 4.4.1])

in terms of the kernel category, it follows that f ∈ E′ is suave (resp. smooth, resp. prim)
if and only if insq(f) is. Indeed, admitting a left or right adjoint is a property that can be
verified after applying insq as in (2.4). Moreover, whether f !1 is invertible, (resp. whether f∗1
is descendable) only depends on qD(X) ≃ DP(insq(X)) (resp. qD(Y ) ≃ DP(insq(Y ))), so the
two notions agree. This already settles the prim case. To show the suave and smooth cases,
observe that τ surjectivity of f is also equivalent to τP surjectivity of insq(f). □

Proposition 2.3.24. Let P be a lex posetal category with underlying poset K, q ∈ P, and
DP : Corr(CP , EP) → PrL a τP-sheafy presentable 3-functor formalism. We write qD := DP ◦
insq which is a τ -sheafy presentable 3-functor formalism on Corr(C, E). Then

a) ins−1q (EP,stdDP ,τP ,!
) = Estd

qD,τ,!, and

b) EP,stdDP ,τP ,!
=

⋃
q insq(E

std
qD,τ,!).

In particular, insq(Estd
qD,τ,!) ⊆ E

P,std
DP ,τ,!

.
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Proof. This statement is shown by inspecting the proof of Theorem 2.3.17. Indeed, with notation
as in Theorem 2.3.17, we show inductively that

a) ins−1q (EPn ) =
qEn, and that

b) EPn =
⋃
q insq(

qEn).

Here EPn and qEn are defined recursively starting with
• EP0 := EPrep, qE0 := Erep,
• with EP2n+1 := (EP2n)! and qE2n+1 := (qE2n)! (using (∗)) for n ≥ 0,
• with EP2n+2 := (EP2n+1)∗ and qE2n+2 := (qE2n+1)∗ (using (∗∗)) for n ≥ 0.

The inductive argument consists in showing that the closure operations (∗) and (∗∗) are
compatible with insq, and that they do not produce edges of the form (X, i) → (Y, j) with
i ̸= j. That this is the case for (∗), follows from Theorem 2.3.23. The (∗∗) case follows from
the explicit description of (EP2n+1)∗ as the set of edges whose pullback to any element of CP
lies in EP2n (see proof of [HM24, Theorem 3.4.11]). Indeed, it is easy to show that the base
change of (X, q)→ (Y, q) by any element in CP lies in EP2n if and only if the similar statement is
already true when we restrict to objects in C×{q} ⊆ CP . To wit, this follows from the canonical
factorization

(C, j)→ (C, q)→ (Y, q).

Finally, since EP,stdDP ,τP ,!
=

⋃
nE
P
n and Estd

qD,τ,! =
⋃
n
qEn, we can show the identities

a) ins−1q (EP,stdDP ,τP ,!
) = Estd

qD,τ,!, and

b) EP,stdDP ,τP ,!
=

⋃
q insq(E

std
qD,τ,!).

by inspection. □

Summarizing, the previous discussion, we obtain the following.

Proposition 2.3.25. Let (C, E) be a geometric setup, let P be a lex posetal category attached
to a poset K. Suppose that C is endowed with a Grothendieck topology τ . Suppose we are given
a presentable 3-functor formalism

D : Corr(CP , EP)→ PrL

such that, for all k ∈ K, the induced 3-functor formalism kD is sheafy with respect to τ . The
following statements hold.

(1) D is sheafy with respect to τP .
(2) If [f : X → Y ] ∈ X is (kD, E, τ)-standard !-able, then insk(f) is (D, τP , EP)-standard

!-able. In particular, f is (jD, E, τ)-standard !-able for all j ≥ k.
(3) We have a morphism of geometric setups

insk : (X , Estd
kD,τ,!)→ (XP , EP,stdD,τP ,!).

(4) Let D′ denote the 6-functor formalism on (XP , EP,stdD,τP ,!) obtained from D by unique ex-
tension. For k ∈ K, let (kD)′ denote the 6-functor formalism on (X , Estd

kD,τ,!) obtained
from kD by unique extension. Then we have a unique equivalence D′ ◦ insk ≃ (kD)′ that
restricts to the identity on Corr(C, E).
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(5) Given [j ← i] ∈ P the natural map

Corr(X , Estd
jD,τ,!)× (∆1)op → Corr(XP , EP,stdD,τP ,!)

induces a natural transformation of 6-functor formalisms on Corr(X , Estd
jD,τ,!)

η∗i→j : (
jD)′ → (iD)′.

In other words, Theorem 2.3.25 states that given a natural transformation of τ -sheafy 6-
functor formalisms on a geometric setup (C, E), one can always extend this natural transfor-
mation uniquely to the associated topos functorially on all maps that are standard !-able with
respect to E.

3. Analytification for stacks

Soft preamble to the section: In [Sch22, §27], Scholze introduces the functor ♢ from the
category of perfect schemes in characteristic p to the category of small v-sheaves. This functor
is well behaved and supports a functor c∗ of the form

c∗X : Dét(X)→ Dét(X
♢),

that compares étale sheaves on the scheme-theoretic setup, and étale sheaves on the analytic
setup. As shown in [Sch22, Proposition 27.4], c∗ commutes with lower !-functors. The purpose
of this section is to construct c∗ (and the commutativity data for lower !-functors) for more
general scheme-theoretic étale stacks. Although analytification for stacks has been discussed in
the literature before (see [AGLR22, Appendix A]), to the best of our knowledge, this is the first
time that compatibility with lower-!-functors is thoroughly discussed beyond the case of schemes.

Technical preamble to the section:
§3.1 Recalls various versions of 6-functor formalisms considered in the literature that deserve

the name of “étale cohomology” in the scheme-theoretic context. This part is purely
expository, but it serves the purpose of specifying the precise coefficient theory that we
work with.

§3.2 Recalls the theory of étale cohomology of diamonds. We discuss the precise 6-functor
formalism defined by Mann [Man22b], but we also consider a variant which seems to
work better with respect to analytification. The construction of this variant itself is
identical to Mann’s, except that instead of working with the v-topology we work with
the proétale topology.

§3.3 Provides a very general construction of Scholze’s comparison functor c∗ together with
coherent lower !-compatibilities in the context of scheme-theoretic étale stacks. We
formulate two versions (Theorem 3.3.9 and Theorem 3.3.12), one is with respect to the
proétale topology and the other one is with respect to the more traditional v-topology.
The first version has the feature that every relatively representable map of prestacks
analytifies to a !-able map, but it departs from the convention in the literature of treating
small v-stacks as the basic geometric object. The second version has the feature that all
considerations stay within the realm of small v-stacks, but it has the downside that we
must impose restrictions on the type of scheme-theoretic étale stack that we are allowed
to analytify. Indeed, we consider what we call resilient stacks (Theorem 3.3.10) and
justify that in practice, all stacks we need to work with are resilient (Theorem 3.3.13).
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3.1. Algebraic 6-functor formalisms. We discuss four variants of 3-functor formalisms that
deserve the name of étale cohomology of schemes (following [Sch25, Appendix to Lecture VII]).
Let us first fix our geometric setup to be C = Schqcqs the category of qcqs schemes, and let
E = Efin.exp. be the collection of separated maps of “finite expansion” which we recall below.

Definition 3.1.1 ([Ham19, Definitions 1.1, 1.4], [Sch25, Appendix to §VII]). We say that
(1) A map of affine schemes SpecA→ SpecB is of finite expansion if we have a factorization

B → B[x1, . . . , xn]→ A where the map B[x1, . . . xn]→ A is integral.
(2) A map of qcqs schemes f : X → Y is of finite expansion if for every pair of open subsets

SpecA ⊆ X and SpecB ⊆ Y such that f(SpecA) ⊆ SpecB the induced map is of finite
expansion.

The perfection morphism Xperf → X is an important example of a morphism of finite expan-
sion, since it is integral. We let Ifin.exp. denote the open immersions and Pfin.exp. the separated
and universally closed maps (we will refer to these as proper maps10). Since open immersions
are finitely presented, one easily sees that Ifin.exp. ⊆ Efin.exp.. Moreover, it follows from [Ham19,
Corollary 1.9] that Pfin.exp. ⊆ Efin.exp..

Proposition 3.1.2 ([Sch25, Proposition 7.12], [Ham19, Proposition 1.8, Theorem 1.17]). Let
[X → Y ] ∈ CE. Then the following statements hold.

(1) The map f can be written as an integral map [X → X ′] composed with a separated map
of finite presentation [X ′ → Y ].

(2) If f ∈ Pfin.exp., then it can be written as an integral map [X → X ′] composed with a
proper map of finite presentation [X ′ → Y ].

(3) The map f can be written as an open immersion [X → X̄] composed with [X̄ → Y ] ∈
Pfin.exp..

From this, we can deduce the following.

Corollary 3.1.3. The tuple (Schqcqs, Efin.exp., Ifin.exp., Pfin.exp.) is a Nagata setup.

We wish to use Theorem 2.2.20, which requires that we give as input a map

D0 : Sch
qcqs → CAlg(Ĉat).

This map will be provided from the general theory of sites. Fix Λ an ℓ-torsion ring. Recall that
to any ordinary topos X and any ordinary ring Λ, one can attach three versions of the derived
category of sheaves of Λ-modules which come equipped with morphisms of commutative algebra
objects in LinCatΛ,

Shv(X ,Λ)→ D(X ,Λ)→ D̂(X ,Λ). (3.1)
The first, Shv(X ,Λ), is the category of ModΛ-valued sheaves in the sense of Lurie, compare
with [HTT, Definition 6.2.2.6, Notation 6.3.5.16]. The second one D(X ,Λ) ⊆ Shv(X ,Λ) is
the subcategory of those sheaves that are hypercomplete as explained before [HTT, Lemma
6.5.2.9] (this is equivalent to effective descent with respect to hypercovers by [HTT, Theorem
6.5.3.12]), which gives rise to a reflective localization map Shv(X ,Λ) → D(X ,Λ) known as the
hypercompletion, see [HTT, Lemma 6.5.2.10]. For certain X (like the étale site of scheme), this

10Strictly speaking Pfin.exp. contains more maps than the standard literature considers as “proper”. Indeed, any
integral map is in Pfin.exp., but in standard references for algebraic geometry, proper maps are usually required
to be of finite type, which we do not wish to enforce.
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category can also be identified with the ∞-categorical enhancement of the unbounded derived
category of sheaves of Λ-modules on X , (see [GL19, § 2.2, proof of Proposition 2.2.2.6], or [Sch25,
proof of Proposition 7.1]).

Finally, Shv(X ,Λ) and D(X ,Λ) carry compatible standard t-structures (in cohomological
notation: (Shv(X ,Λ)≤0,Shv(X ,Λ)≥0) and (D(X ,Λ)≤0,D(X ,Λ)≥0) respectively), and the third
category of sheaves D̂(X ,Λ) is defined as the left-completion with respect to either of these
t-structures, (see [BS15, §3.3 and §5] and [Sch25, §Lecture VII, §Appendix to Lecture VII]).

Furthermore, whenever we have a geometric morphism of topoi f : Y → X , the pullback
f∗ provides a symmetric monoidal functor for each of the sheaf theories considered above, and
these pullbacks respect the morphisms (3.1). This allow us to consider for each of the rules
D0 ∈ {Shv(−,Λ),D(−,Λ), D̂(−,Λ)} a map

D0 : (Sch
qcqs)op → CAlg(Ĉat) (3.2)

X 7→ D0(Xét,Λ).

Since the natural maps provide identifications (in cohomological notation)

Shv≥n(Xét,Λ) ≃ D≥n(Xét,Λ) ≃ D̂≥n(Xét,Λ), (3.3)

we can unambiguously define D+
ét(X,Λ), the category of bounded below complexes, as the union

over n ∈ Z. Similarly, we can consider Dcons(X,Λ) ⊆ D+
ét(X,Λ) the subcategory of bounded be-

low complexes with constructible cohomology. Alternatively, this category can be characterized
as the smallest Λ-linear idempotent complete stable ∞-subcategory containing j!Λ for all maps
j : U → X that are qcqs and étale. Since f∗ and ⊗ preserves constructibility, Dcons(−,Λ) also
gives rise to a functor of the form described in (3.2).

Convention 3.1.4. When the coefficients are clear from the context, we will often simplify the
notation as follows.

(1) We let Shv(X) := Shv(Xét,Λ).
(2) We let D(Xét) := D(Xét,Λ).
(3) We let Dét(X) := D̂(Xét,Λ).
(4) We let D+

ét(X) := D+
ét(X,Λ).

(5) We let Dcons(X) := Dcons(X,Λ).

Let us recall how these functors upgrade to 3-functor formalisms.

Proposition 3.1.5 ([Sch25, Proposition 2.1, Theorem 7.15]). The following statements hold.

(1) The classes Ifin.exp., Pfin.exp. ⊆ Efin.exp satisfy the hypothesis of Theorem 2.2.20 with
respect to {Shv(−),D(−ét),Dét(−)}.

(2) For [f : X → Y ] ∈ I, we have a commutative diagram

Shv(X) D(Xét) Dét(X)

Shv(Y ) D(Yét) Dét(X).

f♮ f♮ f♮

(3) For [f : X → Y ] ∈ P , we have a commutative diagram
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Shv(X) D(Xét) Dét(X)

Shv(Y ) D(Xét) Dét(X).

f∗ f∗ f∗

(4) Using Theorem 2.3.5, we obtain natural transformations

Shv(−)⇒ D(−ét)⇒ Dét(−)

of 6-functor formalisms on (Schqcqs, Efin.exp) with values in LinCatΛ.

Since we also wish to work with Dcons, and the functor f∗, for f a morphisms of finite
expansion, does not always preserve constructibility, we will restrict the 3-functor formalisms
considered above to a smaller geometric setup.

We consider the category C = PSchqcqs of perfect schemes that are qcqs over Spec k (we recall
that k denotes a fixed algebraically closed field in which ℓ is invertible). Let Epfp denote the set of
separated and perfectly finitely presented morphisms inside PSchqcqs. The pair (PSchqcqs, Epfp)
defines a geometric setup and the natural inclusion

(PSchqcqs, Epfp)→ (Schqcqs, Efin.exp.)

is a map of geometric setups, along which we can precompose to obtain 6-functor formalisms
as in Theorem 3.1.5. Since it is well known (see [Zhu25b, Proposition 10.14]) that, for perfectly
finitely presented maps, the functor f! preserves constructibility, this leads to the following.

Proposition 3.1.6 ([Zhu25b, Theorem 10.15]). The classes I of open immersions and Ppfp of
perfectly finitely presented proper morphisms are a suitable decomposition for Epfp. The functor
Dcons(−) satisfies the assumptions of Theorem 2.2.20 on the geometric setup (PSchqcqs, Epfp),
with respect to I and P . In particular, the functor extends along the embedding

PSchqcqs,op ↪→ Corr(PSchqcqs, Epfp)

to a 3-functor formalism

Dcons(−) : Corr(PSchqcqs, Epfp)→ LinCatsmΛ .

We note that this 3-functor formalism is not presentable nor a 6-functor formalism. Indeed,
the ∗-pullback functor does not always admit a right adjoint, since one rarely expect f∗ to
preserve constructible complexes whenever f is not perfectly finitely presented (see [Zhu25b,
Remark 10.16]).

We summarize what we need in the following theorem.

Theorem 3.1.7. The functors Dcons(−), Shv(−), and Dét(−) upgrade to 3-functor formalisms
on the geometric setup (PSchqcqs, Epfp), where the latter two are presentable 3-functor for-
malisms. We have natural transformations

Dcons(−)⇒ Shv(−)⇒ Dét(−)

of 3-functor formalisms on (PSchqcqs, Epfp). Furthermore, the first functor is fully faithful and
the second functor is a morphism in LinCatΛ.
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3.1.1. Basic properties of algebraic 3-functor formalisms. We now highlight some important
structural properties of the 3-functor formalisms introduced above. Recall that a functor F is
said to be finitary if it preserves filtered colimits. Recall that a prestack F on Sch that satisfies
Zariski descent is completely determined by the covariant functor it induces on CAlg. We say
that a prestack on Sch is a finitary τ -sheaf if it satisfies τ -descent for a topology refining the
Zariski topology, and the induced functor on CAlg is finitary. We have the following.

Theorem 3.1.8 ([HS23, Theorem 2.2]). The functor

Dcons(−) : Schqcqs,op → LinCatsmΛ

is a finitary arc-sheaf. In particular, it is a finitary schematic v-sheaf.

One advantage of working with the left-completed sheaf theory Dét(X) is that it has very
strong descent properties.

Theorem 3.1.9 ([HS23, Theorem 5.7]). Fix X ∈ Schqcqs.
(1) The map of topoi (Xproét)→ (Xét) induces a fully faithful embedding

Dét(X) ⊂ D(Xproét).

(2) The functors Dét(−) and D+
ét(−) are sheaves of symmetric monoidal categories for the

topology of universal submersions. In particular, they are also v-sheaves.

On the other hand, one does not have such nice descent properties when working with Shv.
Indeed, as explained in [Zhu25b, Example 10.24] even étale descent can fail when we work over
general base fields k. This is only one of the reasons where the assumption that k is algebraically
closed and of characteristic p ̸= ℓ becomes important. In this situation, at least étale descent
holds.

Proposition 3.1.10 ([Zhu25b, Proposition 10.25]). The 6-functor formalism Shv(−) is sheafy
for the étale topology on PSch.

The following statement explains that Dcons(X) and Shv(X) can be obtained from the other
by applying a formal procedure.

Proposition 3.1.11. Fix X ∈ PSchqcqs, the following statements hold.
(1) The category Shv(X) is compactly generated.
(2) Dcons(X) ≃ Shv(X)ω, equivalently IndDcons(X) ≃ Shv(X).

Proof. We first assume that X is pfp over ∗; in this case, we have that X has finite cohomological
dimension and the result follows from [BS15, Proposition 6.4.8] and Theorem 3.1.12 below. In
general, we may apply Noetherian approximation [Stacks, Tag 07SU] to obtain a presentation

X := lim
i∈I

Xi,

where each Xi ∈ PSchpfp and the transition morphisms are affine. Using [Sch25, Proposi-
tion 7.14], we now have that

Shv(X) ≃ colimi∈I Shv(Xi) (3.4)
and

Dcons(X) ≃ colimi∈I Dcons(Xi), (3.5)
where the transition maps are given by ∗-pullback.
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Each of the transition morphisms in (3.4) preserves constructible sheaves and commutes with
colimits; therefore, it follows from [DG15, § 1.9.2], that Shv(X) is compactly generated and that
we have an identification

Shv(X)ω ≃ colimi∈I Shv(Xi)
ω

However, the right-hand side, identifies with colimi∈I Dcons(Xi) by the pfp case discussed above,
and therefore the claim follows from (3.5). □

Compact generation is certainly an appealing formal property of a category, since it implies
that it is dualizable. Dualizability can be used to perform higher-algebraic manipulations, like
defining and computing the categorical traces of an endofunctor. This advantage is one of the
main reasons that [Zhu25b] uses Shv(X) and variants thereof as the chosen theory to work with.

Having discussed the main advantages of working with one theory over the other, we record
the following statement which explains that three of the variants give rise to the same category
under some finiteness assumptions.

Theorem 3.1.12 ([BS15, Propositions 3.3.7], [Sch25, Theorem 7.13]). Let X ∈ Schqcqs, suppose
that there exists d ∈ N such that, for every qcqs étale map U → X, the (derived global sections)
functor Γ(U,−) has cohomological dimension bounded by d. Then the natural maps

Shv(X)→ D(Xét)→ Dét(X),

are equivalences. In particular, since the étale site is invariant under universal homeomorphisms
[Stacks, Tag 03SI], for every X of finite expansion over k we have isomorphisms

Shv(X) ≃ D(Xét) ≃ Dét(X).

3.1.2. Extending the algebraic 3-functor formalisms. The category of prestacks on PSchqcqs and
on PSchaff clearly disagree. As we said in §2.1.1, we find it convenient to treat every geometric
object as an object of PreStk due to the presence of many different sheaf theories with slightly
different descent properties. Since the 3-functor formalisms that we consider are sheafy for
the étale topology and in particular the Zariski topology (Theorem 3.1.8, Theorem 3.1.9 and
Theorem 3.1.10), there is no harm in restricting them to PSchaff .

More precisely, consider PSchqcqs as a site endowed with the étale topology. By applying
Theorem 2.2.29 and Theorem 2.3.8, we get natural transformations of 3-functor formalisms on
(SchStkét, E

rep
pfp), where Erep

pfp denotes maps that are relatively representable in schemes perfectly
finitely presented and separated

Dcons ⇒ Shv⇒ Dét. (3.6)
We let Erep

pfp,PreStk denote (−)−1ét (E
rep
pfp) the preimage of Erep

pfp under étale sheafification.
We can restrict the 3-functor formalisms of Theorem 3.1.12 to (PreStk, Erep

pfp,PreStk) along the
morphism of geometric setups

(PreStk, Erep
pfp,PreStk)→ (SchStkét, E

rep
pfp)

that étale sheafification induces. From now on, if the context is clear, we will abuse the notation
and use Erep

pfp to denote what would be more correctly to denote by Erep
pfp,PreStk.

Remark 3.1.13. Although in our setup Dcons (respectively Shv and Dét) takes input val-
ues a general prestack X ∈ PreStk, the functor naturally factors through arc-sheafification
PreStk→ SchStkarc (respectively étale sheafification and v-sheafification), using Theorem 3.1.8
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(respectively Theorem 3.1.10 and Theorem 3.1.9). Indeed, this follows from [SAG, Proposition
1.3.1.7] (see also the proof of Theorem 4.2.16).

Remark 3.1.14. Consider the natural transformations

Dcons,0 ⇒ Shv0 ⇒ Dét,0

obtained by restricting (3.6) along PreStkop ↪→ Corr(PreStk, Erep
pfp). By Theorem 2.2.30, an

alternative way of constructing it is by taking the right Kan-extension along the embedding
(PSchaff)op ↪→ PreStkop of the similar sequence

Dcons,0 ⇒ Shv0 ⇒ Dét,0

of functors defined on (PSchaff)op.

In §3.3, we will work with the analytic version of Dét(−). To avoid confusion, we will give the
3-functor formalism just constructed on PreStk a new name.

Definition 3.1.15. For X ∈ PreStk, we let Dsch
Λ (X) := Dét(X), and we let

Dsch
Λ : Corr(PreStk, Erep

pfp)→ LinCatΛ

denote the 6-functor formalism just constructed.

We make some straightforward observations.

Proposition 3.1.16. For any X ∈ PreStk, the map Dcons(X)→ Dsch
Λ (X) is fully faithful.

Proof. This follows from Theorem 3.1.14, and the fact that limits of fully faithful maps are
always fully faithful. □

Definition 3.1.17. We let Estd
sch denote the class of maps in PreStk whose étale sheafification

belongs to the set of (Shv, ét, E)-standard !-able maps in the sense of Theorem 2.3.18.

We apply Theorem 2.3.25 and Theorem 2.3.17 to get the following 6-functor formalism which
will suffice for our purposes.11

Proposition 3.1.18. The following statement hold.
(1) The 6-functor formalisms Shv and Dsch

Λ defined on (PreStk, Erep
pfp) extend uniquely to an

étale-sheafy 6-functor formalisms defined on (PreStk, Estd
sch) with values in LinCatΛ.

(2) We have a natural transformation of 6-functor formalisms defined on Corr(PreStk, Estd
sch)

Shv⇒ Dsch
Λ .

(3) The morphism Shv(X)→ Dsch
Λ (X) is compatible with the natural embeddings Dcons(X) ⊆

Shv(X) and Dcons(X) ⊆ Dsch
Λ (X).

Remark 3.1.19. For general Shv-!-able maps, it might not be true that f! : Shv(X)→ Shv(Y )
preserves constructibility. For example, we could consider the compactly supported cohomology
of BGperf

m,k := [Spec(k)/Gperf
m,k ], which has infinite amplitude.

11Strictly speaking, we apply Theorem 2.3.25 and Theorem 2.3.17 to (PSchqcqs, Epfp) which gives rise to a 6-
functor formalism on (SchStkét, E

std
Shv,ét,!). But we can always pre-compose with the étale sheafification map

PreStk → SchStkét.
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We introduce the following shorthand for the relevant notion of Artin stack of Theorem 2.3.15
in the Shv formalism.

Definition 3.1.20. We say that X ∈ PreStk is Artin, if the étale sheafification of the structure
map f : X → ∗ is (Shv, Erep

pfp, ét)-Artin in the sense of Theorem 2.3.15. We denote by PreStkArt ⊆
PreStk the subcategory of Artin prestacks.

3.2. Analytic 6-functor formalisms. Before the language of 6-functor formalisms and cor-
respondence categories became widespread, one would talk about 6-functor formalisms in a
non-technical sense, by explicitly constructing the 6-operations and showing various desired
compatibilities at the level of triangulated categories. The main goal of [Sch22] is to construct
and elucidate a version of Theorem 3.2.2 below, without the higher-categorical considerations.
We follow Mann’s higher-categorical incarnation of this work.

3.2.1. Usual étale cohomology of diamonds. Recall that, if X is a locally spatial diamond, then
one can attach a well-behaved small étale site (see [Sch22, Definition 14.1]). As in the algebraic
case, one defines Dét(X) to be the left-completion of D(Xét) := D(Xét,Λ), where Xét denotes
the topos of étale sheaves. Moreover, by [Sch22, Proposition 14.15] the natural map of sites

Xv → Xét

induces a fully faithful embedding
Dét(X) ⊆ D(Xv).

As shown in [Sch22, §14] (or [Man22b, Propositions 3.16, 3.20]), the functor Dét(−) satisfies
v-descent, and in particular extends to a functor on AnStkv.

As in the previous section, we now explain how this functor extends to a 6-functor formalism
on AnStkv. Following [Sch22] and [GHW22], Mann has defined a 6-functor formalism of étale
sheaves on AnStkv (or rather the 1-truncated objects vStk ⊂ AnStkv, but the construction is
the same) with the so-called fdcs maps (which stands for finite dimension, compactifiable and
spatial).

Definition 3.2.1 ([Man22b, Definition 5.4]). We say a map [f : X → Y ] ∈ AnStkv is fdcs if
the following hold.

(1) It is representable in locally spatial diamonds.
(2) It has locally finite transcendence degree in the sense of [Sch22, Definition 21.7].
(3) For every point x ∈ |X|, there is an open immersion U ⊆ X containing x such that

f |U : U → Y is compactifiable in the sense of [Sch22, Definition 22.2].
We write Efdcs for the set of fdcs maps in AnStkv.

Theorem 3.2.2 ([Man22b, Proposition 5.6]). The following statements hold.
(1) The pair (AnStkv, Efdcs) defines a geometric setup.
(2) Dét(−) extends to a sheafy presentable 3-functor formalism on Corr(AnStkv, Efdcs) with

values in LinCatΛ which we will denote by Dan
Λ .

(3) If f is étale, then f! ≃ f♮ is the left-adjoint to f∗.
(4) If f is proper, then f! ≃ f∗ is the right-adjoint to f∗.

As before, one can perform Theorem 2.2.34 or its standard incarnation Theorem 2.3.17. We
let Estd

an denote the set of edges in AnStkv that are (Dan
Λ , v, Efdcs)-standard !-able in the sense of

Theorem 2.3.18.
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Theorem 3.2.3 ([Man22b, Theorem 5.11]). We have morphisms of geometric setups

(AnStkv, Efdcs)→ (AnStkv, E
std
an )→ (AnStkv, EDan,!)

The presentable 3-functor formalism Dan
Λ , originally defined for Corr(AnStkv, Efdcs), extends

uniquely to presentable 3-functor formalisms on Corr(AnStkv, E
std
an ) and Corr(AnStkv, EDan,!),

which we also denote by Dan
Λ .

Remark 3.2.4. As before, we will occasionally precompose Dan
Λ along the natural map of

geometric setups
(AnPreStk, Estd

an )→ (AnStkv, E
std
an ),

where we abuse notation by continuing to denote by Estd
an its preimage under the v-sheafification

functor.

As in Theorem 3.1.20, we consider the notion of Artin stacks.

Definition 3.2.5. We say that a v-stack X ∈ AnStkv (resp. a perfectoid prestack X ∈
AnPreStk) is an Artin v-stack, if the structure map f : X → ∗ is (Dan

Λ , Efdcs, v)-Artin. We
denote by AnStkArt

v ⊆ AnStkv (resp. AnPreStkArt ⊂ AnPreStk) the subcategory of Artin
v-stacks.

3.2.2. A proétale version. For technical reasons, we will need a variant of Theorem 3.2.3 for the
proétale topology, which will interact better with analytification. We start with the following.

Proposition 3.2.6. The following statements hold.
(1) If X is a spatial diamond, then there is a surjective and universally open cover of the

form Spa(R,R+)→ X with Spa(R,R+) a strictly totally disconnected space.
(2) If X → Y is quasiseparated map of v-sheaves, Y and Ỹ are locally spatial diamonds and

Ỹ → Y is a v-surjective quasi-proétale map such that X̃ := X ×Y Ỹ is a locally spatial
diamond, then X is a locally spatial diamond.

(3) If X is a qs v-sheaf and f : Y → X is a qs universally open quasi-proétale surjective map
with Y a locally spatial diamond, then X is locally spatial diamond.

Proof. The first claim is [Sch22, Proposition 11.24]. The second claim follows from [Sch22,
Proposition 13.4.(iv)]. Indeed, any v-surjective quasi-proétale map of locally spatial diamonds
is surjective as a map of proétale stacks.

To show the third claim, first take U ⊆ Y with U a spatial diamond. Then the map U → f(U)
is qcqs universally open quasi-proétale and surjective, and replacing the role of X and Y by f(U)
and U we may reduce to the case in which X is qcqs and Y is a spatial diamond. In this setup,
one readily verifies that X is a spatial v-sheaf as in [Sch22, Definition 12.12]. Indeed, for any
U ⊆ Y quasicompact f(U) ⊆ X is an open subset that is quasicompact over X, and since f is
an open map, the family {f(U)}U⊆Y as we range over the quasicompact open subsets of Y is a
basis of the topology for X. One can then appeal to [Sch22, Theorem 12.18], to show that X is
a spatial diamond. □

The main reason that the proétale topology will be useful for us is the following statement. It
explains that to verify if a map is Efdcss it suffices to do it proétale locally. Recall that AnStkproét
denotes the category of small proétale sheaves on Perfaff with values in anima (2.1).
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Proposition 3.2.7. Let f : X → Y be a map in AnStkproét. Suppose that Y , Ỹ ∈ sLocSptl, and
that there is a v-surjective quasi-proétale map Ỹ → Y such that the base change f̃ : X×Y Ỹ → Ỹ
is in Efdcss. Then X ∈ sLocSptl and f ∈ Efdcss.

Proof. We note that X is already a v-sheaf, indeed one can argue as in Theorem 3.3.13.(2) below,
by noting that surjective quasi-proétale maps are surjective as proétale stacks and recalling that
all diamonds are v-sheaves. We want to show that X → Y is in Efdcss. Being separated
and locally compactifiable can be tested v-locally on the target (see [Sch22, Proposition 10.11],
[Sch22, Proposition 22.3.(iii)]). In particular, we know that X → Y is separated (since f̃
is), and it follows by Theorem 3.2.6 that X ∈ sLocSptl. Being representable in locally spatial
diamonds holds for any morphism of locally spatial diamonds (see [Sch22, Proposition 13.4.(ii)]).
Finally, we must show that it is of locally finite transcendence degree. By definition (see [Sch22,
Definition 21.7]), one has to take a supremum of the transcendence degree C(x)/C(y) along the
set of commutative diagrams

Spa(C(x), C(x)+) Spa(C(y), C(y)+)

X Y,

where the two vertical maps are quasi-proétale morphisms from geometric points. Since geomet-
ric points split every proétale cover, any such commutative diagram lifts to f̃ : X ×Y Ỹ → Ỹ ,
and since f̃ is locally of finite transcendence degree the map f also is. □

We will now have to dig into the precise construction of the 6-functor formalism from Theo-
rem 3.2.2. Recall that the proof of [Man22b, Proposition 5.6] goes through first considering an
auxiliary geometric setup

(C, E) = (sLocSptl, Efdcss).

Here sLocSptl is the category of locally spatial diamonds that are separated over ∗, and Efdcss

is the set of morphisms that are fdcs in the sense of Definition 3.2.1. Note that, by [Sch22,
Proposition 13.4] and the cancellative property of separatedness, any map in (sLocSptl, Efdcss)
is automatically representable in locally spatial diamonds and separated. This justifies fdcss as
an acronym for finite dimensional, compactifiable, spatial and separated.

The proof of [Man22b, Proposition 5.6] considers an auxiliary 6-functor formalism

DsLS : Corr(sLocSptl, Efdcss)→ LinCatΛ.

Using that locally spatial diamonds are v-sheaves [Sch22, Proposition 11.9], one can endow
sLocSptl with the v-topology and the induced topos is still AnStkv. Moreover, DsLS is sheafy
for the v-topology. In this way, Mann applies Theorem 2.2.29 to obtain a 6-functor formalism

Ds : Corr(AnStkv, Erep
fdcss)→ LinCatΛ.

Finally, Mann applies Theorem 2.2.33 to extend from Erep
fdcss to Efdcs. It follows from revisiting

this proof that we have an equality

Estd
an = Estd

DsLS,v,!
,

where the right-hand side is as defined in Theorem 2.3.18.
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We now move on to discuss the proétale version of this theory. We have a sequence of full
subcategories

Std ⊆ Perfaff ⊆ sLocSptl ⊆ AnStkv ⊆ AnStkproét ⊆ AnPreStk.

We can endow sLocSptl with the Grothendieck topology τproét in which X → Y is surjective
if and only if it is a surjection of proétale stacks.

Using Theorem 3.2.6, we see that strictly totally disconnected perfectoid spaces are a basis for
the topology τproét on sLocSptl. In particular, the category of small prestacks on sLocSpt with
values in anima that are sheaves with respect τproét agrees with AnStkproét. Moreover, since

DsLS : Corr(sLocSptl, Efdcss)→ LinCatΛ,

is sheafy for the v-topology, it is also sheafy for the proétale topology on sLocSptl. This allow
us to apply Theorem 2.2.34 and Theorem 2.3.17 to obtain 6-functor formalisms

Dproét
Λ : (AnStkproét, EDsLS,!)→ LinCatΛ

and
Dproét

Λ : (AnStkproét, E
std
DsLS,proét,!

)→ LinCatΛ,

where the former is an extension of the latter (see Theorem 2.3.19).

Remark 3.2.8. We note that each of the 6-functor formalisms Dproét
Λ and Dan

Λ , will have their
own intrinsic notion of Artin stacks as in Theorem 2.3.15. We refer to notion of Artin stacks
attached to the Dproét

Λ formalism as Artin proétale-stacks and to the notion of Artin stacks
attached to the Dan

Λ formalism as Artin v-stacks, as in Theorem 3.2.5. We emphasize that in
the Dproét

Λ case, the atlas is required to be surjective for the proétale topology.

Remark 3.2.9. Similarly to Theorem 3.2.8, the 6-functor formalisms Dproét
Λ and Dan

Λ have their
own intrinsic notion of standard !-covers (see Theorem 2.3.11) and consequently of standard
!-ability (see Theorem 2.3.18).

For notational convenience, we make the following definition.

Definition 3.2.10. We letEstd
proét denote the set of edges in AnStkproét, withEstd

proét := Estd
DsLS,proét,!

.
Similarly, we let EDproét

Λ ,!
:= EDsLS,!.

As we have mentioned, for technical reasons we will naturally be lead to work with Dproét
Λ .

Nevertheless, we care mostly about Dan
Λ . The following two statements shows that these two

constructions can be compared.

Proposition 3.2.11. The following statement holds.
(1) The natural inclusions sLocSptl ⊆ AnStkv ⊆ AnStkproét induce a commutative diagram

of geometric setups

(sLocSptl, Efdcss) (AnStkv, E
std
an )

(AnStkproét, E
std
proét) (AnStkproét, EDproét

Λ ,!
).
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(2) We have a unique equivalences of 6-functor formalisms

(Dproét
Λ )|

Corr(AnStkv,E
std
an )
≃ Dan

Λ ,

extending the equivalence of functors

(Dproét
Λ )|Corr(sLocSptl,Efdcss)

≃ (Dan
Λ )|Corr(sLocSptl,Efdcss)

.

Proof. Since DsLS is sheafy for the v-topology, Dproét
Λ,0 factors through the v-sheafification map

as
AnStkopproét → AnStkopv

Dan
Λ,0−−−→ LinCatΛ.

In particular, we obtain a unique equivalence

(Dproét
Λ,0 )|

AnStk
op
v
≃ Dan

Λ,0. (3.7)

By construction, the classes of edges EDproét
Λ ,!

and Estd
an were obtained by appealing to Theo-

rem 2.2.34 and Theorem 2.3.17 respectively. In particular, we must show that (EDproét
Λ ,!

)|AnStkv

satisfies conditions (i)− (v) of Theorem 2.3.17 with respect to the v-topology, in order to show
the containment Estd

an ⊆ (EDproét
Λ ,!

)|AnStkv
. Verifying conditions (i), (ii) and (v) is straightfor-

ward, and condition (iv) follows from (iii) using Theorem 2.3.20. To show (iii), fix a map
f : Y → Z ∈ AnStkv. Recall that a standard !-cover will have the form g : X → Y ∈ AnStkv
with g = g1 ◦ . . . gn where each gi ∈ (EDproét

Λ ,!
)|AnStkv

and it is either a prim or a suave v-cover.
Condition (iii) posits that if f ◦ g ∈ EDproét

Λ ,!
, then f ∈ EDproét

Λ ,!
must also hold. Our claim is

that if g is a standard !-cover for the v-topology, then it is a universal (Dproét
Λ )!-cover (see Theo-

rem 2.2.14). If this claim holds true, by !-locality of EDproét
Λ ,!

we will conclude that f ∈ EDproét
Λ ,!

,

as required. To see that g is a universal (Dproét
Λ )!-cover we may use induction to reduce to the

case g = g1, so that g is either a prim or a suave v-cover. We note that the notion of prim
v-cover agrees with the notion of prim proétale cover (see Theorem 2.3.9 and note that the
∗-pushforward functors agree by passing to adjoints in (3.7)), in this case the statement follows
from Theorem 2.2.18. If g is a suave v-cover, then g : X → Y is Dproét

Λ -suave map of proétale
stacks that is v-surjective (but not necessarily proétale surjective). Since Dproét

Λ satisfies descent
for the v-topology, then g∗ is conservative, and we may use Theorem 2.2.16 to conclude that g
is a universal (Dproét

Λ )!-cover (but not necessarily a proétale standard !-cover).
Point (2) follows from the uniqueness part of the extension procedure Theorem 2.3.17. □

Let (AnStkv, Estd
proét) denote the geometric setup obtained from restricting (AnStkproét, E

std
proét)

along the inclusion map AnStkv → AnStkproét.

Proposition 3.2.12. We have a maps of geometric setups

(sLocSptl, Efdcss)→ (AnStkv, E
std
proét)→ (AnStkv, E

std
an ),

and there is a unique equivalence

(Dproét
Λ )|

Corr(AnStkv,E
std
proét

)
≃ (Dan

Λ )|
Corr(AnStkv,E

std
proét

)

extending the equivalence of functors

(Dproét
Λ )|Corr(sLocSptl,Efdcss)

≃ (Dan
Λ )|Corr(sLocSptl,Efdcss)

.
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Proof. The key point is that any standard !-cover for the proétale topology is automatically a
standard !-cover for the v-topology. At a technical level, the statement follows from applying
Theorem 2.3.22 with F = Estd

proét. One verifies explicitly that for such a choice of F , Estd
DsLS,v,F,!

=

Estd
proét. □

To summarize the situation we combine Theorem 3.2.11 and Theorem 3.2.12 to obtain a
commutative diagram of geometric setup, on which we have defined a 6-functor formalism that
uniquely extends DsLS.

(sLocSptl, Efdcss)

(AnStkv, E
std
proét) (AnStkv, E

std
an )

(AnStkproét, E
std
proét) (AnStkproét, EDproét

Λ ,!
)

We now turn our attention to studying how the algebraic and analytic 6-functor formalisms
interact under the ♢-functor introduced in §2.1.3.

3.3. The ♢-functor and 6-functors. Recall ([Sch22, § 27]) that, for a perfect scheme X ∈
PSch, there are natural maps of sites cX : (X♢)v → (Xproét) → (Xét), which induce a commu-
tative diagram of fully faithful functors

Dét(X) Dét(X
♢)

D(Xproét) D(X♢v ).

c∗X

c∗X

By [Sch22, Proposition 27.1], this induces a natural transformation

Dsch
Λ (−)⇒ Dan

Λ (−♢)
of functors of the form

D0 : PSch
op → CAlg(LinCatΛ).

Ideally, one would want to upgrade this to a natural transformation of 6-functor formalisms on
a geomeric setup of the form (PreStk, E), where E is a set of edges containing the representable
ones and such that E♢ ⊆ Estd

an .
The first observation is that

(PreStk,♢−1(Estd
an ))

is a geometric setup, since ♢ is compatible with finite limits and composition. Precomposition
gives a 6-functor formalism

Corr(PreStk,♢−1(Estd
an ))→ LinCatΛ (3.8)

X 7→ Dan
Λ (X♢) (3.9)

[X ← Z → Y ] 7→ Dan
Λ ([X♢ ← Z♢ → Y ♢]), (3.10)

which we denote by D♢Λ .
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Proposition 3.3.1. The restriction of D♢Λ along

PreStkop ↪→ Corr(PreStk,♢−1(Ean
fine))

is the right Kan extension of

Dan
Λ,0(−♢) : PSchop → CAlg(LinCatΛ)

along the inclusion PSchop ↪→ PreStkop.

Proof. Recall (see the discussion after Theorem 2.1.5) that the functor ♢ is a left Kan-extension
of the functor

♢ : PSchaff → AnStkv ⊂ AnPreStk

Spec(A) 7→ Spec(A)♢,

along PSchaff ⊂ PreStk, and therefore it commutes with colimits in AnPreStk by [SAG, Propo-
sition 6.2.1.9]. Furthermore, the restriction of Dan

Λ may, in light of Theorem 3.2.2.(2), be viewed
as a right Kan extension of Dét(−) along the embedding (Perfaff)op ↪→ AnStkop. This simi-
larly gives that D♢Λ commutes with limits on PreStkop. These facts (see [HTT, Lemma 5.1.5.5])
identify D♢Λ as the right Kan extension along

CAlgperf ↪→ PreStkop

of the functor
A 7→ Dan

Λ (SpecA♢).

By [HTT, Proposition 4.3.2.8], it suffices to show that

X 7→ Dan
Λ (X♢)

is also the right Kan extension along the inclusion

CAlgperf → PSchop.

From the definition of Kan extensions (see [HTT, Definition 4.3.2.2]) we must show that for
all X ∈ PSch

Dan
Λ (X♢) ≃ lim←−

SpecA→X
Dan

Λ (SpecA♢)

is an equivalence. Since Dan
Λ is v-sheafy and commutes with limits in AnStkopv , it suffices to show

that
lim−→

SpecA→X
SpecA♢ → X♢

is an equivalence in the category of v-sheaves. But this follows from the fact that the ♢-functor
takes Zariski covers to v-covers. Indeed, as will be explained in Theorem 4.2.15 below, something
stronger holds. □

Using Theorem 3.3.1, one can already construct a natural transformation

Dsch
Λ,0 ⇒ D

♢
Λ,0

as functors from PreStkop with values in CAlg(LinCatΛ). To construct Dsch
Λ ⇒ D♢Λ as a natural

transformation of 6-functor formalisms, we will construct an intermediary 6-functor formalism
in the spirit of Section 2.3.
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Lemma 3.3.2. Let [f : X → Y ] ∈ PSch be a separated map of perfect schemes and let f♢ :
X♢ → Y ♢ be the induced map in vShv.

(1) If f is a closed immersion, then f♢ is a closed immersion.
(2) f♢ is separated and partially proper.
(3) If f is étale (resp. an open immersion), then f♢ is étale (resp. an open immersion).

Moreover, the left adjoints to f∗ and f♢,∗ (which we write as f♮ and f♢♮ ) satisfy c∗Y f♮ ≃
f♢♮ c

∗
X .

(4) If f ∈ Epfp, then f♢ ∈ Erep
fdcss.

(5) If f is perfectly proper, then f♢ is proper and the right adjoints to f∗ and f♢,∗ (which
we write as f∗ and f♢∗ ) satisfy c∗Y f∗ ≃ f♢∗ c∗X .

Proof. Note that property 1 readily implies the separatedness part of property 2. That f♢ :
X♢ → Y ♢ is partially proper follows directly from the definition. Verifying that a map of v-
sheaves is a closed immersion (resp. étale, resp. an open immersion) may be done v-locally on
the target by [Sch22, Proposition 10.11]. In particular, it suffices to show that these properties
hold for X♢ ×Y ♢ Spa(R,R+) → Spa(R,R+) as we range over a basis for the v-topology on
(AnStkv)/Y ♢ . Therefore, we may restrict our attention to those maps Spa(R,R+) → Y ♢ with
Spa(R,R+) a product of points as in [GIZ26, Definition 2.14]. We note that, for a product of
points, Y ♢(R,R+) = Y ♢pre(R,R+), and in particular we have a factorization

Spa(R,R+)→ (SpecR)♢ → Y ♢.

Without loss of generality, we may assume Y = SpecR. To prove property 1, we observe that
if X → SpecR is a closed immersion corresponding to an ideal I ⊆ R, then X♢ ×Spec(R)♢

Spa(R,R+)→ Spa(R,R+) is the Zariski closed immersion (as in [Sch22, Definition 5.7]) corre-
sponding to the same ideal.

Property 3 follows from observing that, sinceR is a comb (see [GIZ26, Proposition 2.19]), every
étale map over S → SpecR admits a decomposition of the form S =

⋃
i∈I Si → SpecR where

Si = SpecR[ 1ri ] for some ri ∈ R. Since arbitrary unions of separated étale maps remain separated
étale, it suffices to show that X♢ → Y ♢ is an open immersion in the case Y = SpecA, and
X = SpecA[ 1a ] for some a ∈ A. It follows from the definitions that, for any map Spa(R,R+)→
(SpecA)♢ from a perfectoid space, the base change X♢ ×Y ♢ Spa(R,R+) ⊆ Spa(R,R+) is the
open subsheaf corresponding to the subset given by {x ∈ Spa(R,R+) | |f∗(a)|x ̸= 0}, which
implies the desired claim. The isomorphism on the second part of property 3 can be shown
by passing to geometric points Spa(C,C+)→ Y ♢, as pulling back along such geometric points
defines a conservative family. This reduces the comparison to the case in which Y = SpecC an
algebraically closed field and X =

∐
i∈I SpecC, but here it is an explicit calculation (see also

[Sch22, Proposition 27.4]).
Let us prove property 4, we have already shown that the map is separated by property 2. By

[Man22b, Lemma 5.5 (1)], the property of being fdcs can be checked analytic locally on both
source and target. Therefore, we may assume that X and Y are affine. In this case, we can
factor f as X g−→ An,perfY

πY−−→ Y with g a closed immersion. We note that g♢ is also a closed
immersion from which it follows that it is fdcs. That πY is fdcs is evident since its base change
by any affinoid perfectoid Spa(R,R+)→ Y ♢ is representable by the perfectoid affine space AnR
over Spa(R,R+).
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Let us prove property 5. We have seen that X♢ → Y ♢ is separated and partially proper,
so it suffices to show that the map is quasicompact. Quasicompactness is v-local by [Sch22,
Proposition 10.11], so we may assume Y is affine. Since the map X → Y is pfp we may use
Noetherian approximation to write X → Y as the base change of a pfp map X0 → Y0 with a
pfp structure map Y0 → ∗. By Chow’s lemma [Stacks, Tag 0200, 0201], we may find a perfectly
projective cover Z0 → X0 such that Z0 → Y0 is also a perfectly projective map. In particular, we
are reduced to showing that the maps Z♢0 → X♢0 and Z♢0 → Y ♢0 are quasicompact. Indeed, in
this case Z♢0 → X♢0 is automatically v-surjective (see Theorem 4.2.15 below), which also shows
that X♢0 → Y ♢0 is quasicompact. Finally, dealing with perfectly projective maps splits into
closed immersions and the Pn,perfk → ∗ case: the former is property 1 and the latter follows from
Theorem 4.2.3 and Theorem 4.2.4 which we show below. The commutativity of pushforward
with c∗ is the content of [Sch22, Proposition 27.4]. □

Consider the posetal category P = {{an} → {sch}} containing two objects {sch} and {an},
and consider the geometric setup (PSchP , EPpfp). Since c∗X is defined through a map of sites, we
obtain a functor

Dc∗Λ : (PSchP)op → CAlg(LinCatΛ) (3.11)

Dc∗Λ ((X, an)) := D♢Λ (X) (3.12)

Dc∗Λ ((X, sch)) := Dsch
Λ (X) (3.13)

satisfying Dc∗Λ ◦ insan ≃ D
♢
Λ and Dc∗Λ ◦ inssch ≃ Dsch

Λ . As in Theorem 2.3.1, the functor Dc∗Λ is
simply encoding the natural transformation Dsch

Λ ⇒ D♢Λ .
Recall that we have a suitable decomposition PPpfp ⊆ EPpfp and IPpfp ⊆ EPpfp. Using Theo-

rem 3.3.2, we apply Theorem 2.2.20 in the form of Theorem 2.3.5 to obtain a 6-functor formalism

Dc∗Λ : (PSchP , EPpfp)→ LinCatΛ.

Proposition 3.3.3. The map ♢ : PSch→ vShv induces a morphism of geometric setups

(PSch, Epfp)→ (vShv, Erep
fdcss).

Moreover, we have natural equivalences
(1) Dc∗Λ ◦ insan ≃ D

♢
Λ

(2) Dc∗Λ ◦ inssch ≃ Dsch
Λ

of 6-functor formalisms on (PSch, Epfp). In particular, we obtain a morphism of 6-functor
formalisms

Dsch
Λ ⇒ D♢Λ

on (PSch, Epfp).

Proof. The first statement was shown in Theorem 3.3.2. Let us recall how these 6-functor
formalisms got constructed. Observe that

(1) Dsch
Λ ≃ LZ(PSch, Epfp, Ppfp, I,Dsch

0,Λ) by construction,
(2) Dc∗Λ ≃ LZ(PSch

P , EPpfp, P
P
pfp, I

P ,Dc∗0,Λ) also by construction,
(3) but D♢Λ was not obtained directly by the Liu–Zheng construction.
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Using Theorem 2.2.27, we see that

Dc∗Λ ◦ inssch ≃ LZ(PSchP , EPpfp, PPpfp, IP ,Dc
∗
0,Λ) ◦ inssch

≃ LZ(PSch, Epfp, Ppfp, I,Dc
∗
0,Λ ◦ inssch)

≃ LZ(PSch, Epfp, Ppfp, I,Dsch
0,Λ)

≃ Dsch
Λ

Similarly, Dc∗Λ ◦ insan ≃ LZ(PSch, Epfp, Ppfp, I,D♢0,Λ), and we wish to show that

D♢Λ ≃ LZ(PSch, Epfp, Ppfp, I,D♢0,Λ).

It is not at all obvious to show this by hand, however, the characterization of the Liu–Zheng
construction given in Theorem 2.2.25 shows this. Indeed, the result follows by combining The-
orem 2.2.25 with the following key facts that follow from Theorem 3.2.2 and Theorem 3.3.2.

(1) Both theories take Ppfp to cohomologically proper maps.
(2) Both theories take I to cohomologically étale maps.
(3) By definition Dc∗Λ,0 ◦ insan ≃ D

♢
Λ,0. □

Using Theorem 4.2.16.(5) and Theorem 3.1.9, we apply Theorem 2.2.29 in the form of Theo-
rem 2.3.8 to obtain an extended 6-functor formalism

Dc∗Λ : (SchStkPét, (E
rep
pfp)

P)→ LinCatΛ.

As usual, one can run the descent machinery (Theorem 2.2.34) to obtain a 6-functor formalism
on the !-able hull of Dc∗Λ

Dc∗Λ : Corr(SchStkPét, (E
P
pfp)Dc∗

Λ ,!)→ LinCatΛ.

One is naturally lead to the following question.

Question 3.3.4. How do Dc∗Λ ◦ insan and D♢Λ compare as 6-functor formalisms?

As we have warned the reader throughout §2.3, a key subtlety is that it is not automatic that
♢(EDsch

Λ ,!) ⊆ EDan
Λ ,!. The intersection

E′ = EDsch
Λ ,! ∩ ♢

−1(EDan
Λ ,!),

makes (SchStkét, E
′) into a geometric setup on which both Dc∗Λ ◦ insan and D♢Λ are defined.

Nevertheless, since E′ was not directly constructed by extension procedures, it is not very clear
if the morphism of geometric setups

(PSch, Epfp)→ (SchStkét, E
′)

enjoys a “uniqueness of the extension” property, which makes it very subtle to understand to what
extent Dc∗Λ ◦ insan and D♢Λ agree. This will force us to restrict the E′ that we consider in order
to ensure uniqueness of the extension. This also leads to the observation that ♢ might not be
what we should consider for our purposes. Actually, it is not even clear to us if ♢(Erep

pfp) ⊆ EDan
Λ ,!

holds or not. For this reason, it becomes technically more convenient to make the following two
changes.
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(1) Instead of working with all of EDsch
Λ ,!, we work instead with the standard !-able maps

Estd
sch (as in Theorem 2.3.18 and Theorem 3.1.17). Actually, as we will see, we work with

the variant from Theorem 2.3.22.
(2) Instead of working with AnStkv we work with AnStkproét (see §3.2.2).

We consider the proétale version of ♢,

♢proét : PreStk→ AnStkproét.

It may be constructed by the formula (−)proét ◦♢pre, where (−)proét denotes sheafification for
the proétale topology. We may follow the construction of Dc∗Λ and D♢

Λ , replacing the v-topology
with the proétale topology to obtain a 6-functor formalisms

D
c∗proét
Λ : Corr(SchStkPét, (E

rep
pfp)

P)→ LinCatΛ.

and
D♢proét

Λ : Corr(SchStkét, E
rep
pfp)→ LinCatΛ.

We have the following extension12 of Theorem 3.3.3 to stacks.

Proposition 3.3.5. The map ♢proét : SchStkét → AnStkproét induces a morphism of geometric
setups

(SchStkét, E
rep
pfp)→ (AnStkproét, E

rep
fdcss).

Moreover, we have natural and unique equivalences

(1) D
c∗proét
Λ ◦ insan ≃ D

♢proét

Λ

(2) D
c∗proét
Λ ◦ inssch ≃ Dsch

Λ

of 6-functor formalisms on (SchStkét, E
rep
pfp), extending the 6-functor formalism from Theo-

rem 3.3.3.

Proof. We first note that one has a map of geometric setups

(PSch, Epfp)→ (AnStkproét, E
rep
fdcss).

that factors through the map (vShv, Erep
fdcss)→ (AnStkproét, E

rep
fdcss) of geometric setups, by com-

bining Theorem 3.3.3 with the observation that the analytic sheafification of X♢pre is already
a v-sheaf, as in the discussion after Theorem 2.1.5. In particular, Theorem 3.3.3 gives us the
claim on (PSch, Epfp).

The second step is to show that ♢proét(E
rep
pfp) ⊆ E

rep
fdcss. This part of the argument requires us

to work with AnStkproét instead of AnStkv. Fix X,Y ∈ SchStkét and a map f : X → Y in Erep
pfp.

Let T ∈ sLocSptl be a separated locally spatial diamond with a map T → Y ♢proét and let

S := X♢proét ×
Y

♢proét T.

By construction S is a proétale stack, and we wish to show that it is a separated locally spatial
diamond for which the map S → T is fdcss. Since X♢proét → Y ♢proét is partially proper by
construction, (local) compactifiability and separatedness of S over T is automatic. The condition

12Recall that the analytic sheafification of ♢pre applied to perfect schemes is already a v and hence a proetale
sheaf, as in the discussion after Theorem 2.1.5.
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on the finiteness of transcendence degrees may be tested on geometric points of T . Moreover,
every Spa(C,C+) point of Y ♢proét factors as

Spa(C,C+)→ (SpecC)♢proét → Y ♢proét ,

since every proétale cover of Spa(C,C+) admits a section. In particular, the condition on finite
transcendence degree reduces to the case where f is a pfp map of perfect schemes which was
explained above.

We now show that S is a locally spatial diamond, which, using [Sch22, Proposition 13.4 (ii)],
will tell us that the map S → T is representable in locally spatial diamonds, as desired.

This easily reduces to the case in which T is itself spatial, and by Theorem 3.2.6 we may even
assume that T = Spa(R,R+) for a strictly totally disconnected space. By definition of ♢proét,
there is a proétale cover T ′ → T such that the induced map T ′ → Y ♢proét factors as

T ′ → (SpecA)♢proét → Y ♢proét .

By Theorem 3.2.6, we may show instead that S′ = S ×T T ′ is locally spatial. If we let Z =
X ×Y SpecA, then

S′ = Z♢proét ×
(SpecA)

♢proét T
′.

That S′ is a locally spatial diamond now follows from the pfp case explained above. This finishes
the second step, and finishes showing the first claim.

The second claim can be easily reduced to a pfp map of perfect schemes using the uniqueness
part of Theorem 2.2.32. □

We can run descent again (Theorem 2.2.34) to obtain a 6-functor formalism on the !-able hull
of D

c∗proét
Λ

D
c∗proét
Λ : Corr(SchStkPét, (E

P
pfp)
D

c∗
proét

Λ ,!
)→ LinCatΛ,

but we will still run into a similar question to Theorem 3.3.4.
It works better to use Theorem 2.3.25 to obtain a 6-functor formalism

D
c∗proét
Λ : Corr(SchStkPét, (E

std
sch)
P)→ LinCatΛ.

but even if we do this, it is still not clear if ♢proét(E
std
sch) ⊆ Estd

proét. To resolve this, we define a
class of !-analytifiable maps.

Definition 3.3.6. Let F := ♢−1proét(E
std
proét) denote the set of maps in SchStkét. We let Ean

sch :=

Estd
Dsch

Λ ,ét,F,!
denote the set of edges obtained from Theorem 2.3.22. If f ∈ Ean

sch we call it !-
analytifiable.

By construction, Erep
pfp ⊆ E

an
sch ⊆ Estd

sch, ♢proét(E
an
sch) ⊆ Estd

proét, and (SchStkét, E
an
sch) is a geomet-

ric setup. Crucially, we have the following statement.

Proposition 3.3.7. There is a unique equivalence

D
c∗proét
Λ ◦ insan

α≃ D♢proét

Λ ,

of 6-functor formalisms on Corr(SchStkét, E
an
sch), extending the equivalence of Theorem 3.3.5.

Proof. The uniqueness of the extension is part of the statement in Theorem 2.3.22. □
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Remark 3.3.8. Although Ean
sch is fairly abstractly defined, it contains all the standard fine maps

of Theorem 2.3.13, and consequently all the Artin maps of Theorem 2.3.15. For most practical
purposes, it suffices to consider these.

As usual, we may precompose along the map PreStk → SchStkét and redefine Ean
sch as the

pullback of the previously defined version. Let us summarize our findings. The technical version
of Theorem 3.3.9 is Theorem 3.3.7.

Theorem 3.3.9. Fix X ∈ PreStk and a map [f : X1 → X2] ∈ PreStk. Then we have constructed
an analytification functor

c∗X : Dsch
Λ (X)→ Dproét

Λ (X♢proét) ≃ Dan
Λ (X♢),

and a class of edges Ean
sch with Epfp ⊆ Efine ⊆ Ean

sch ⊆ Estd
sch that satisfy the following.

(1) c∗X : Dsch
Λ (X)→ Dproét

Λ (X♢proét) ≃ Dan
Λ (X♢) is a fully faithful morphism in LinCatΛ.

(2) c∗X1
◦ f∗ ≃ f♢proét,∗ ◦ c∗X2

, satisfying higher coherences.

(3) f∗ ◦ cX1,∗ ≃ cX2,∗ ◦ f
♢proét
∗ , satisfying higher coherences.

(4) If f ∈ Ean
sch, then f and f♢proét are !-able and

f
♢proét

! ◦ c∗X1
≃ c∗X2

◦ f!
satisfying higher coherences.

(5) The functor ♢proét together with the family of functors {c∗Y }Y ∈(PreStk)/X organize into a
morphism of the 2-categories of kernels

KX,Dsch
Λ
→ K

X
♢proét ,Dproét

Λ
.

(6) If f ∈ Ean
sch, then c∗X1

(Suavef,Dsch
Λ

(X1)) ⊆ Suave
f
♢proét ,Dproét

Λ
(X

♢proét

1 ). Moreover, for
A ∈ Suavef,Dsch

Λ
(X1) we have a canonical identification

c∗X1
DX1/X2,Dsch

Λ
(A) ≃ D

X
♢proét
1 /X

♢proét
2 ,Dproét

Λ

c∗X1
A.

(7) If f ∈ Ean
sch, and f is Dsch

Λ -suave (resp. Dsch
Λ -smooth, resp. Dsch

Λ -unipotent), then f♢proét

is Dproét
Λ -suave (resp. Dproét

Λ -smooth, resp. Dproét
Λ -unipotent).

Proof. Everything follows from the above discussion, where we note that we implicitly used
Theorem 2.3.7 for points (5)-(7). □

An annoying feature of our setup is that we have deviated from the usual practices in the
literature of working with AnStkv in order to define analytification. This motivates the following
definition.

Definition 3.3.10. We say that X ∈ SchStkét is resilient if the natural map X♢proét → X♢

is an equivalence. Alternatively, ♢−1proét(AnStkv) ⊆ SchStkét is the full subcategory of resilient
étale stacks. We denote this category by resSchStkét.

Proposition 3.3.11. There is a morphism of 6-functor formalisms

Dsch
Λ ⇒ D♢Λ

on Corr(resSchStkét, E
an
sch), extending the one from Theorem 3.3.3.



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 69

Proof. In Theorem 3.3.7, we have explained that we have a morphism of 6-functor formalisms

Dsch
Λ ⇒ D♢proét

Λ

on Corr(SchStkét, E
an
sch), that uniquely extends the one from Theorem 3.3.3. We may restrict

this along the inclusion (resSchStkét, E
an
sch) ↪→ (SchStkét, E

an
sch) to obtain a morphism of 6-functor

formalisms
Dsch

Λ ⇒ D♢proét

Λ

on Corr(resSchStkét, E
an
sch). It then suffices to construct an equivalence of 6-functor formalisms

D♢proét

Λ ≃ D♢Λ (3.14)

on Corr(resSchStkét, E
an
sch). As we explained in Theorem 3.2.12, we have an equivalence

Dproét
Λ ≃ Dan

Λ (3.15)

of 6-functor formalisms on (AnStkv, E
std
proét). But, by Theorem 3.3.10 and Theorem 3.3.6, we

have a map of geometric setups

♢ : (resSchStk, E
sch
an )→ (AnStkv, E

std
proét).

Moreover, both D♢proét

Λ and D♢Λ are respectively obtained from Dproét
Λ and Dan

Λ by precomposing
with this map of geometric setups. In particular, the equivalence from (3.15) can be used to
construct the equivalence of (3.14). □

We can restate Theorem 3.3.9 in terms of ♢, as long as we restrict to resilient stacks.

Theorem 3.3.12. Fix X ∈ resSchStkét and a map [f : X1 → X2] ∈ resSchStkét. Then we have
constructed an analytification functor

c∗X : Dsch
Λ (X)→ Dan

Λ (X♢),

satisfying the following.
(1) c∗X : Dsch

Λ (X)→ Dan
Λ (X♢) is a fully faithful morphism in LinCatΛ.

(2) c∗X1
◦ f∗ ≃ f♢,∗ ◦ c∗X2

, satisfying higher coherences.
(3) f∗ ◦ cX1,∗ ≃ cX2,∗ ◦ f♢∗ , satisfying higher coherences.
(4) If f ∈ Ean

sch, then f and f♢ are !-able and

f♢! ◦ c
∗
X1
≃ c∗X2

◦ f!
satisfying higher coherences.

(5) The functor ♢ together with the family of functors {c∗Y }Y ∈(resSchStkét)/X organize into a
morphism of the 2-categories of kernels

KX,Dsch
Λ
→ KX♢,Dan

Λ
.

(6) If f ∈ Ean
sch, then c∗X1

(Suavef,Dsch
Λ

(X1)) ⊆ Suavef♢,Dan
Λ
(X♢

1 ). Moreover, for A ∈ Suavef,Dsch
Λ

(X1)

we have a canonical identification

c∗X1
DX1/X2,Dsch

Λ
(A) ≃ DX♢

1 /X
♢
2 ,Dan

Λ
c∗X1

A.

(7) If f ∈ Ean
sch, and f is Dsch

Λ -suave (resp. Dsch
Λ -smooth, resp. Dsch

Λ -unipotent), then f♢ is
Dan

Λ -suave (resp. Dan
Λ -smooth, resp. Dan

Λ -unipotent).
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Proof. This is a reformulation of Theorem 3.3.11, where we have used Theorem 2.3.7 for points
(5)-(7). □

In what follows, we show a lemma stating that many étale stacks that one cares about are
resilient. These examples will suffice for our purposes.

Lemma 3.3.13. The following statements hold.
(1) If X ∈ PSch, then X is resilient.
(2) If [f : Y → X] ∈ SchStkét, is a map such that X ∈ resSchStkét and for every strictly

totally disconnected Spa(R,R+) the base change X♢proét×
Y

♢proét Spa(R,R
+) is a v-sheaf

of anima, then Y ∈ resSchStkét.
(3) If [f : Y → X] ∈ SchStkét, is a map such that X ∈ resSchStkét and for every strictly to-

tally disconnected Spa(R,R+) the base change X♢proét×
Y

♢proét Spa(R,R
+) is a diamond,

then Y ∈ resSchStkét.
(4) If [f : Y → X] ∈ SchStkét such that X ∈ resSchStkét and such that for every SpecA ∈

PSchaff the base change Y ×X SpecA ∈ resSchStkét is resilient, then Y is resilient.
(5) If Y → X is in Erep

pfp and X is resilient, then Y is resilient.
(6) For any linear algebraic group G over k, BétG is resilient.
(7) For K a profinite group, we have that BfpqcK is resilient.

Proof. Point (1) follows from the fact that, for a perfect scheme X, the sheafification of X♢pre

with respect to the analytic topology on Spa(R,R+) is already a v-sheaf, as explained in the
discussion proceeding Theorem 2.1.5. In particular, we have that X♢proét = X♢.

For point (2), we contemplate the map Y ♢proét → Y ♢ and we wish to show it is an equiv-
alence. We may regard both as proétale sheaves. In particular, it suffices to show that
Y ♢proét(R,R+) → Y ♢(R,R+) on a basis for the proétale topology. By Theorem 3.2.6, the
strictly totally disconnected spaces form a basis for the proétale topology. Note that since X is
resilient, we have a commutative diagram of proétale sheaves

Y ♢proét Y ♢

X♢proét

We may instead show that

Y ♢proét ×X♢
proét

Spa(R,R+)→ Y ♢ ×X♢ Spa(R,R+)

is an equivalence on Spa(R,R+)-valued points. But by assumption, Y ♢proét ×X♢
proét

Spa(R,R+)

is a v-sheaf of anima, so the claim follows. Point (3) follows from Point (2) and [Sch22, Propo-
sition 11.9].

For point (4), we want to verify that the hypothesis of point (2) hold. In other words, We
want to show that for any strictly totally disconnected space and a map Spa(R,R+) → X♢,
Y ♢proét ×X♢ Spa(R,R+) is a v-sheaf. The claim is clear if the map Spa(R,R+) → X♢ factors
through a map f♢ : (SpecA)♢ → X♢. But this always holds proétale-locally. More precisely, let
Spa(R0, R

+
0 )→ Spa(R,R+) be a proétale cover for which the induced map Spa(R0, R

+
0 ) factors

through some affine SpecA♢ → X♢, as above. Let Spa(R•, R
+
• ) denote the Čech nerve. We

consider the following commutative diagram in AnStkproét with Cartesian squares
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Y ♢proét ×X♢ Spa(R•, R
+
• ) Y ♢ ×X♢ Spa(R•, R

+
• ) Spa(R•, R

+
• )

Y ♢proét Y ♢ X♢

θ•

From the hypothesis it follows that for all n ∈ ∆

Y ♢proét ×X♢ Spa(Rn, R
+
n )

θn−→ Y ♢ ×X♢ Spa(Rn, R
+
n )

is an equivalence. Since AnStkproét is a topos, colimits are universal and we can conclude that

colimn∈∆op θn : Y ♢proét ×X♢ Spa(R,R+)→ Y ♢ ×X♢ Spa(R,R+)

is also an equivalence as we wanted to show.
Point (5) follows from Point (4) and Point (1).
For Point (6), we choose a closed embedding G→ GLn, which induces a representable map

BétG→ BétGLn,

and, by point (2) this allows us to assume that G = GLn. To check that (BétGLn)
♢proét satisfies

v-descent it suffices to do so on a basis for the proétale topology on Perfaff . In particular, we
may do this on affinoid perfectoid spaces, where it reduces to v-descent for vector bundles on
perfectoid spaces ([SW20, Lemma 17.1.8, Theorem 5.2.8]).

For point (7), we first observe that (BfpqcK)♢proét = [∗/K]proét. Indeed, recall that (BfpqcK) ≃
(BprofétK) where profét denotes the pro-finite étale topology (see [Zhu25b, Remark 10.113]). In
particular, their proétale sheafification will also agree. Now, for any strictly totally disconnected
Spa(R,R+), and any T ∈ (BprofétK)(SpecR), T is isomorphic to the trivial torsor. Indeed, it
suffices to find a section to T → SpecR. This section may be constructed as in the proof of
[GIZ26, Proposition 2.20]. Indeed, for all x ∈ π0(SpecR) the corresponding connected closed
subscheme is of the form SpecRx with Rx a strictly henselian local ring by [KL13, Lemma 2.4.17].
In particular, each SpecRx splits every finite étale map, and by Noetherian approximation this
splitting spreads to an open neighborhood of x ∈ π0(SpecR). Finally, we must show that
[∗/K]proét is already a v-sheaf, or equivalently that, for every Spa(R,R+) ∈ Perfaff , the map of
groupoids

[∗/K]proét(R,R
+)→ [∗/K]v(R,R

+)

is an equivalence. The map is clearly fully-faithful and the essential image consists of the
K-torsors for the v-topology that are proétale locally trivial. Let T ∈ [∗/K]v(R,R

+), we
observe that the map T → Spa(R,R+) is a proétale map that is also surjective. Indeed, since
Spa(R,R+) is strictly totally disconnected, proétale and quasi-proétale are the same (see [Sch22,
Definition 10.1]), and quasi-proétaleness of a map is v-local on the target (see [Sch22, Proposition
10.11.(v)]). Since T → Spa(R,R+) is proétale, and the pullback of any torsor to itself trivializes
the torsor, we see that T ∈ [∗/K]proét(R,R

+), as we wanted to show. □

We finish this section with a statement that explains why the proétale topology and the 6-
functor formalism Dproét

Λ will be a technically convenient tool even if our main interest is studying
Dan

Λ .

Proposition 3.3.14. Let Xproét, Yproét, Zproét ∈ AnStkproét with maps fproét : Xproét → Yproét
and g : Zproét → Yproét such that gproét ∈ Estd

proét is Dproét
Λ -suave. Let X,Y, Z and f, g denote the

respective v-sheafification. Consider a Cartesian diagram
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W Z

X Y

f ′

g′ g

f

Then, for every A ∈ Dan
Λ (X), the natural map is an equivalence

g∗f∗A
≃−→ f ′∗g

′∗A.

Proof. Consider the proétale version

Wproét Zproét

Xproét Yproét.

f ′proét

g′ gproét

fproét

This diagram satisfies base-change against ∗-pushforward, by [HM24, Lemma 4.5.13 (i)]. But
since the two formalisms agree for ∗-pullback (i.e., Dproét

Λ,0 ≃ Dan
Λ,0) the base-change property also

holds for Dan
Λ . Indeed, the ∗-pushfoward can be recovered purely from Dproét

Λ,0 ≃ Dan
Λ,0 by passing

to right adjoints. □

4. Computing analytification

Soft preamble to the section: After a formal but lengthy dévisage, that

⋔⋔⋔

is an equivalence
ultimately boils down to rather concrete computations. Some of this computations are closely
related to the same ideas that placid geometry is founded on. In a sense, this section is the tech-
nical backbone to justifying that one can can still do placid geometry in the analytic context
after finding suitable hypothesis. This section is technically intricate, but it is also a technical
pillar for our argument.

Technical preamble to the section:
§4.1 Reaps the benefits of our work in §3 and §2. Indeed, framing analytification as a 6-functor

formalism gives plenty of commutativities for free, which we record in this section.
§4.2 Recalls the three analytification constructions ⋄, †, ♢, and how they interact with one

another under properness assumptions (see Theorems 4.2.2 and 4.2.3). We also discuss
how each of these functors induce a topology on the category of schemes, and relate these
topologies with more classical ones. For our purposes, the most relevant part is that all
of these functors are compatible with the étale topology (see Theorem 4.2.16).

§4.3 Explains why under finiteness assumptions ⋄proét preserves suave maps. This does not
follow from the 6-functor formalism, instead it is the observation that for a scheme X
perfectly finitely presented over k, the natural map X⋄ ⊆ X♢ is an open immersion,
and that suaveness still passes to the stacky setup. This plays and important role when
attempting to apply the techniques of §4.5.

§4.4 As it was observed in [GIZ26], the stack of analytic shtukas can be obtained from the
schematic one via the †-construction. The †-construction does not preserve smooth or
suave maps, which precludes the possibility of doing placid geometry directly on ShtanG .
In this subsection, we introduce a technique that we call overconvergent replacement,



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 73

which captures at a technical level the observation that X⋄ and X† only differ on higher
rank points. In particular, computations with overconvergent sheaves on each of the
setups should yield the same result. The advantage is that by our work in §4.3, the X⋄
version is more responsive to placid-geometrical techniques.

§4.5 Discusses pro-unipotent base change in the analytic setup. The main point is that, in
the analytic setup, qcqs assumptions are more crucial than in the schematic one. This
section together with §4.3 and §4.4 form the core techniques that play the role of placid
geometry, but in the analytic setup.

4.1. 6-functor formalism computations. Our first observation is that since analytification
can be thought of as a 6-functor formalism, one can use formal properties of general 6-functor
formalisms to perform some computations.

Proposition 4.1.1. Suppose that X ∈ PSchpfp, let [f : X → ∗] denote the structure map, then
any A ∈ Dcons(X) is f -suave. More precisely, the natural fully faithful maps

Dcons(X)
≃←− Suavef,Dcons(X)

≃−→ Suavef,Shv(X)

are equivalences.

Proof. The equivalence
Dcons(X)

≃←− Suavef,Dcons(X)

is the (i) ⇐⇒ (ii) part of [HS23, Theorem 4.4]. The equivalence

Suavef,Dcons(X)
≃−→ Suavef,Shv(X)

is the content of [HS23, Proposition 3.4.(iii)]. Strictly speaking, the reference works with finitely
presented maps, but one can easily resolve this by choosing a finitely presented deperfection
X0 → Spec k, and recalling that Xét ≃ (X0)ét canonically. □

We now want to extend this to a larger class of stacks. Recall our notion of schematic Artin
prestacks from Theorem 3.1.20.

Proposition 4.1.2. Let X ∈ PreStkArt be a schematic Artin pre-stack with structure map
f : X → ∗, and let A ∈ Dcons(X). Then, the image of A in Shv(X) (respectively in Dsch

Λ (X)) is
f -suave. Moreover, DX(A) ∈ Dcons(X).

Proof. By definition of PreStkArt we may find an étale surjective and Shv-suave map [g : U →
X] ∈ Erep

pfp such that U → ∗ ∈ Epfp. Since Shv is a sheaf for the étale topology by Theorem 3.1.10,
g is a universal Shv∗-cover, and by [HM24, Lemma 4.5.8 (i)] it suffices to verify that g∗A is f ◦g-
suave. Since g∗A ∈ Dcons(X), by Theorem 4.1.1, it is already (Shv, f ◦ g)-suave as we wanted to
show.

For the second part, DX(A) is the suave dual of A (see Theorem 2.2.13), so DX(A) is also
f -suave. With notation as above, g∗DX(A) is (f ◦ g)-suave, so by Theorem 4.1.1 g∗DX(A) ∈
Dcons(U). Finally, since constructibility can be checked on étale covers (even arc-covers) by
Theorem 3.1.8, we conclude DX(A) ∈ Dcons(X). □

Proposition 4.1.3. Let X ∈ PreStkArt with structure map f : X → ∗. The following is true.
(1) We have that f ∈ Ean

sch.
(2) For A ∈ Dcons(X) ⊂ Dsch

Λ (X), we have that c∗X(A) is f♢proét-suave.



74 I. GLEASON, L. HAMANN, A. IVANOV, J. LOURENÇO, K. ZOU

Proof. From the definitions it follows that f ∈ Efine
pfp , and by Theorem 3.3.8 all standard fine

maps are !-analytifiable. The second claim follows from combining Theorem 3.3.9.(6) with
Theorem 4.1.2. □

By Theorem 3.3.9, we know that c∗ commutes in a higher-categorical way with ∗-pullback
and !-pushforward, since this is part of what a natural transformation of 6-functor formalisms
provides. On the other hand, from the 6-functor formalism structure and adjunction, one also
gets a lax-comparison with respect to ∗-pushforward and !-pullback. Nevertheless, one should
not expect the maps arising from the lax-structure to be equivalences outside of particular
circumstances. We record some instances where the equivalence holds, and which will be key
for our purposes.

Proposition 4.1.4. Let X and Y be in PreStkArt. Consider f : X → Y a map such that
f ∈ Ean

sch. Then the following is true.
(1) If A ∈ Dcons(Y ), then the natural map

c∗Xf
!A→ f♢proét,!c∗YA

is an equivalence.
(2) If one of the following conditions hold

(a) A ∈ Dcons(X) and f!DX(A) ∈ Dcons(Y ),
(b) or A ∈ Dcons(X) and f ∈ Erep

pfp,
then the map

c∗Y f∗A→ f
♢proét
∗ c∗XA

is an equivalence.

Proof. First, we observe that since A is constructible, then f∗DYA is also constructible (see
Theorem 4.1.2). In particular, by Theorem 4.1.3.(2), we deduce that both objects are suave over
∗. In particular, we may write

f !A ≃ DXf∗DYA ≃ SDXf
∗SDYA

using the suaveness of A and of f∗DYA. This shows that

c∗Xf
!A ≃ c∗XSDXf

∗SDYA

≃ SD
X

♢proét c
∗
Xf
∗SDYA

≃ SD
X

♢proétf
♢proét,∗c∗Y SDYA

≃ D
X

♢proétf
♢proét,∗SD

Y
♢proét c

∗
YA

≃ f♢proét,!D
Y

♢proétSDY
♢proét c

∗
YA

≃ f♢proét,!c∗YA.

Here we have repeatedly used the identification between suave duality and Verdier duality de-
scribed in Theorem 2.2.13. This finishes the proof of the first claim.

Similarly, we note that in (2) condition (b) implies condition (a), since f! preserves con-
structible sheaves when f ∈ Erep

pfp, as in (3.6). Since we assume that A and f!DXA are con-
structible, and by Theorem 4.1.3.(2) suave over ∗, we can write

f∗A ≃ DY f!DXA ≃ SDY f!SDXA.
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We can compute that

c∗Y f∗A ≃ c∗Y SDY f!SDXA

≃ SD
Y

♢proét c
∗
Y f!SDXA

≃ SD
Y

♢proétf
♢proét

! c∗XSDXA

≃ D
Y

♢proétf
♢proét

! SD
X

♢proét c
∗
XA

≃ f♢proét
∗ D♢proét

X D♢proét

X c∗XA

≃ f♢proét
∗ c∗YA. □

4.2. On ⋄, †, and ♢. We now introduce some important variants of analytification, moving
beyond the functors ♢ and ♢pre introduced in §2.1.3. Let X = SpecA be an affine scheme over
Spec k. When considering the analytification of X it is natural to consider the following three
perfectoid presheaves X⋄, X†, X♢ : (Perfaff)op → Sets

X⋄ : (R,R+) 7→ X(SpecR+) = {f | f : A→ R+}

X† : (R,R+) 7→ X(SpecR◦) = {f | f : A→ R◦}

X♢ : (R,R+) 7→ X(SpecR) = {f | f : A→ R},

where R◦ denotes the ring of power bounded elements.
It follows from [Sch22, Theorem 8.7] that all of the above functors are v-sheaves over Spd k. Al-

ternatively, recall that for a Huber pair (A,A+) one can define a perfectoid prestack Spd(A,A+)
via the formula

Spd(A,A+)[(R,R+)] = {f : (A,A+)→ (R,R+) | with f a map of Huber pairs}. (4.1)

Then X⋄ = Spd(A,A) and X♢ = Spd(A, k̃min) where A is endowed with the discrete topology
and k̃min denotes the integral closure of k in A.

The functor X† is not representable by an adic space, but it can be characterized as the
smallest closed subsheaf of X♢ containing X⋄ (see [Gle24, Definition 2.2, Proposition 2.25] and
also [GIZ26, Definition 2.5]). Alternatively, X† is the canonical compactification of the structure
map X⋄ → ∗ in the sense of [Sch22, Proposition 18.6]. We have maps of v-sheaves

X⋄
aX−−→ X†

bX−−→ X♢ (4.2)

induced from the natural inclusions of rings R+ ⊆ R◦ ⊆ R. We let dX : X⋄ → X♢ denote the
composition. For the reader’s convenience, we discuss a key example.

Example 4.2.1. Let X = An,perfk denote the perfection of the n-dimensional affine line over k.
The functors in Equation (4.2) give rise to maps

(An,perfk )⋄
a
An,perf
k−−−−−→ (An,perfk )†

b
An,perf
k−−−−−→ (An,perfk )♢

of v-sheaves. Consider the Huber pair (k[t
1

p∞
1 , . . . , t

1
p∞
n ], k[t

1
p∞
1 , . . . , t

1
p∞
n ]) equipped with the

discrete topology and write Bnk := Spd(k[t
1

p∞
1 , . . . , t

1
p∞
n ], k[t

1
p∞
1 , . . . , t

1
p∞
n ]) for the v-sheaf attached
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to it via (4.1). We see from the definition that

Bnk(R,R+) := {Huber pair maps f : (k[t
1

p∞
1 , . . . , t

1
p∞
n ], k[t

1
p∞
1 , . . . , t

1
p∞
n ])→ (R,R+)}.

The definition of maps of Huber pairs forces each ti to map to R+, and since R+ is a perfect
k-algebra, the whole map is determined by the image of the ti. We see that Bnk represents the
functor

Bnk : (R,R+) 7→ (R+)n,

so in particular we have an identification (An,perfk )⋄ ≃ Bnk . Moreover, we see that Bnk has the prop-
erty that, for any map Spd(R,R+)→ Spd(k), the base-change Bnk ×Spd k Spd(R,R

+) identifies
with

(Bn,perfdR )♢ = Spd(R⟨T
1

p∞
1 , . . . , T

1
p∞
n ⟩, R+⟨T

1
p∞
1 , . . . , T

1
p∞
n ⟩),

which is the diamond attached to the usual n-dimensional perfectoid closed unit ball Bn,perfdR

over Spd(R,R+). Similarly, one can verify that Spd(k[t
1

p∞
1 , . . . , t

1
p∞
n ], k) represents the functor

(An,perfk )♢ : (R,R+) 7→ (R)n,

and that the pullback of (An,perfk )♢ → ∗ to Spd(R,R+) identifies with the diamond attached to
the perfectoid n-dimensional affine space

An,perfdR :=
⋃
m≥0

Spa(R⟨ϖmT
1

p∞
1 , . . . , ϖmT

1
p∞
n ⟩, R+⟨ϖmT

1
p∞
1 , . . . , ϖmT

1
p∞
n ⟩)

over (R,R+), where ϖ ∈ R◦ is a choice of pseudo-uniformizer. In particular, we see that the
natural map

dAn,perf
k

: (An,perfk )⋄ ↪→ (An,perfk )♢

is an open immersion.
Finally, consider the closure Bn,perfdR of Bn,perfdR within An,perfdR . It is represented by the

following Huber pair

Bn,perfdR = Spa(R⟨T
1

p∞
1 , . . . , T

1
p∞
n ⟩, Rmin),

where Rmin ⊆ R⟨T
1

p∞
1 , . . . , T

1
p∞
n ⟩ is the smallest open bounded integrally closed subring contain-

ing R+. We have inclusions (Bn,perfdR )♢ ⊆ (Bn,perfdR )♢ ⊆ (An,perfdR )♢ as diamond over Spd(R,R+).
On points, we have that

(Bn,perfdR )♢ : (A,A+) 7→ (A◦)n,

for all perfectoid Huber pairs (A,A+) over (R,R+). The functor (Ank)† has formula

(R,R+) 7→ (R◦)n,

and therefore we deduce that the base change of (Ank)† → ∗ along Spd(R,R+)→ ∗ agrees with
(Bn,perfdR )♢. For this reason, we also denote (An,perfk )† by Bnk .

Lemma 4.2.2. Let X = SpecA with A ∈ CAlgperf . Then the following is true.
(1) The map dX : X⋄ → X♢ is a qcqs pro-open monomorphism. If X ∈ PSchpfp then dX is

an open immersion.
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(2) The map aX : X⋄ → X† is a qcqs pro-open monomorphism, and induces a bijection on
rank one points. If X ∈ PSchpfp then aX is an open immersion.

(3) The map bX : X† → X♢ is a closed immersion.

Proof. Let X = SpecA. For all a ∈ A, we let Xa ⊆ X♢ be the quasicompact open subsheaf
with Xa(R,R

+) ⊆ X(R,R+) if the image of a in R lies in R+. More precisely, the choice a ∈ A
gives a map X♢ → (A1,perf

k )♢ and Xa, by definition, fits in the following Cartesian diagram

Xa B1
k

X♢ (A1,perf
k )♢,

where B1
k = (A1,perf

k )⋄ is as in Theorem 4.2.1. As seen in this example, the map B1
k → (A1,perf

k )♢

is a qcqs open map, since this is true after any base-change from Spd(k) to Spa(R,R+) ∈ Perfaff .
Therefore, the same is true for Xa → X♢.

Clearly, we have X⋄ = ∩a∈AXa. For a finite set I ⊆ A, we let XI = ∩a∈IXa, then X⋄ =
∩I⊆AXI is a presentation as a pro-open monomorphism. If A is pfp over Spec k and I ⊆ A is
a finite set of generators of A as a perfect k-algebra, then X⋄ = XI and thus X⋄ → X♢ is an
open immersion in this case. This finishes the proof of the first claim.

Since X⋄ = X⋄×X♢ X† the properties of aX follow from those of dX . It follows directly from
the definition that it induces a bijection of rank one points. This finishes the proof of the second
claim.

The map bX : X† → X♢ is clearly a monomorphism, so it is separated. Now, X† → Spd k
is qcqs by [Gle24, Lemma 2.26], and therefore bX is qcqs. Moreover, bX is partially proper by
definition. In summary, we see that bX is a proper monomorphism; in other words, a closed
immersion. This finishes the proof of the third claim. □

One can extend the definition of ⋄, † and ♢ to prestacks X ∈ PreStk by considering functors

X⋄pre : (R,R+) 7→ X(SpecR+)

X†pre : (R,R+) 7→ X(SpecR◦)

X♢pre : (R,R+) 7→ X(SpecR).

These will give rise to perfectoid prestacks X⋄pre , X†pre and X♢pre . Finally, given X ∈ PreStk
we let X⋄, X† and X♢ denote the respective sheafifications. Formally, we simply took the left
Kan extension along the Yoneda embedding of the previously defined functors as in the following
diagram

PSchaff PreStk

AnStkv.

y

⋄,†,♢
⋄,†,♢

We can of course sheafify instead with respect to the proétale topology which gives rise to
spaces X⋄proét , X†proét and X♢proét . This gives a diagram
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PSchaff PreStk

AnStkproét.

y

⋄,†,♢
⋄proét,†proét,♢proét

Most of our reasoning will go through ⋄, † and ♢, but we will occasionally need ⋄proét and
♢proét to argue. Let us record the following useful statement comparing these functors when
applied to proper maps.

Lemma 4.2.3. Let f : X → Y be a proper morphism in (PreStk, Erep
pfp). Then all the squares in

the following commutative diagram

X⋄ X† X♢

Y ⋄ Y † Y ♢

f⋄ f† f♢

are Cartesian.

Proof. As the functors ⋄, †, ♢ take values in v-sheaves, it suffices to replace them by the corre-
sponding presheaf-functors ⋄pre, †pre, ♢pre and show that the diagram of presheaves is Cartesian
on a basis for the v-topology. We can test this on strict products of points S = Spa(R,R+), as
these form a basis for the v-topology, see [GIZ26, Definition 2.14, Remark 2.15]. For the right
hand square, this amounts to showing that any commuting square

SpecR X

SpecR◦ Y

admits a unique commuting section SpecR◦ → X. Without loss of generality Y = SpecR◦, so
we may assume X is a pfp proper scheme over Y , by the assumed representability of f . By
[GIZ26, Proposition 2.19] (and its proof), SpecR◦ is a strict comb and SpecR is an open subset
meeting each connected component. Thus, componentwise, the claim follows from the valuative
criterion of properness. For x ∈ π0(SpecR◦), let R◦x be the local ring of SpecR◦ at the unique
closed point x0 of x. It suffices to show that the unique section sx : SpecR◦x → X extends
to a section on a clopen neighboorhood of x. Replacing Y , and then X, by (any) affine open
containing the image of x0, we may assume that X = SpecB, Y = SpecA are affine. Then sx
corresponds to an A-algebra map B → R◦x = colimx∈V R

◦
V , where the colimit is taken over all

clopen x ∈ V ⊆ π0(SpecR). Moreover, replacing A → B by a deperfection, we may assume
that B is finitely presented over A. It then follow that there is some clopen neighboorhood
x ∈ V ⊆ π0(SpecR

◦), such that B → R◦x factors through B → R◦V , i.e., sx extends to the
preimage of V in SpecR◦, and we are done. The proof for the left square is the same, with
SpecR→ SpecR◦ replaced by SpecR◦ → SpecR+. □

Remark 4.2.4. The particular case of Theorem 4.2.3 when Y = ∗ = Spec k simply says that
X⋄ = X† = X♢, since by definition we are forcing ∗⋄ = ∗† = ∗♢ = Spd(k, k). Indeed, our
functors are only defined on perfectoid spaces over Spd(k, k). In particular, note that in this
case X⋄ → ∗ is also qcqs, by combining Theorem 4.2.3 with Theorem 4.2.15.



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 79

Extracting the formal ingredients from the proof of Theorem 4.2.3, we arrive at the following
generalization.

Lemma 4.2.5. Let f : X → Y be a morphism of prestacks. Suppose that the following conditions
hold.

(1) f is relatively representable in Zariski sheaves of sets.
(2) f satisfies the valuative criterion of properness. In other words, for any valuation ring

V with fraction field K the natural map

X(V )
≃−→ Y (V )×Y (K) X(K)

is an equivalence.
(3) f is a finitely presented map of functors. In other words, for every ring A and every

A-algebra B the natural map

colimX(Bi)×Y (Bi) Y (A)
≃−→ X(B)×Y (B) Y (A),

is an equivalence. Here B = colimBi is a presentation of B as a filtered colimit of
perfectly finitely presented A-algebras.

Then all the squares in the following commutative diagram

X⋄ X† X♢

Y ⋄ Y † Y ♢

f⋄ f† f♢

are Cartesian. In particular, this holds when f is relatively representable by perfectly finitely
presented and proper algebraic spaces.

We now discuss how the three functors interact with analytification.

4.2.1. Three analytification functors. As discussed in Theorem 3.3.9 and Theorem 3.3.12, given
X ∈ PreStk, we get a fully faithful analytification functor

c∗X : Dsch
Λ (X)→ D♢Λ (X) = Dan

Λ (X♢). (4.3)

In what follows, we study the following variants obtained by composition

b∗,anX := b∗X ◦ c∗X : Dsch
Λ (X)→ Dan

Λ (X†) (4.4)

and
d∗,anX := d∗X ◦ c∗X : Dsch

Λ (X)→ Dan
Λ (X⋄). (4.5)

The functor b∗,anX will be key to our construction of the equivalence

⋔⋔⋔

. On the other hand, the
functors d∗,anX will prove to be very useful to perform computations. The idea is roughly that we
can use properties of d∗,anX to deduce properties of b∗,anX using that analytification takes values
in overconvergent sheaves and that difference between b∗,anX and d∗,anX on overconvergent sheaves
is immaterial.

Just as we organized Dét(X
♢) into a functor

D♢Λ : PreStkop → LinCatΛ,

it will be useful to do the same for the † and the ⋄ constructions.
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Definition 4.2.6. We define functors,

D⋄Λ(−),D
†
Λ(−),D

♢
Λ (−) : PSch

aff,op → LinCatΛ

with formula
A 7→ Dan

Λ (Spec(A)⋄), Dan
Λ (Spec(A)†) and Dan

Λ (Spec(A)♢)

respectively. We define

D⋄Λ(−),D
†
Λ(−),D

♢
Λ (−) : PreStk

op → LinCatΛ

as the right Kan extension along the Yoneda embedding of the functors above.

By definition, we have a tautological commutative diagram

(PSchaff)op AnStkopv

LinCatΛ

⋄ †♢

D⋄
ΛD

†
ΛD

♢
Λ

Dan
Λ (−)

The following statement extends this to prestacks.

Proposition 4.2.7. We have a commutative diagram of the following form

PreStkop AnStkopv

LinCatΛ.

⋄,†,♢

D⋄
ΛD

†
ΛD

♢
Λ

Dan
Λ

Proof. For ? ∈ {⋄, †,♢}, we need to show that there exists a natural equivalence of the form

D?
Λ(−) ≃ Dan

Λ ((−)?).

We observe that all of the functors Dan
Λ : AnStkopv → LinCatΛ, D?

Λ : PreStkop → LinCatΛ
and (−)? : PreStkop → AnStkopv preserve limits. Indeed, (−)? and D?

Λ are obtained as a right
Kan extension of the Yoneda embedding (PSchaff)op ⊆ PreStkop, so [HTT, Lemma 5.1.5.5.(1)]
applies. On the other hand, Dan

Λ satisfies v-descent and can be regarded as a right Kan exten-
sion along the Yoneda embedding (Perfaff)op ⊆ AnPreStkop which happens to factor through
v-sheafification AnPreStkop → AnStkopv (see Theorem 3.2.4). In particular, [HTT, Lemma
5.1.5.5.(1)] applies again. Since both D?

Λ(−) and Dan
Λ ((−)?) commute with limits, by [HTT,

Theorem 5.1.5.6], it suffices to construct an equivalence of functors after restricting to PSchaff ,
but on this subcategory the functors agree by definition. □

A consequence of Theorem 4.2.7 is that we get natural transformations of functors on PreStkop

with values in CAlg(LinCatΛ)

Dsch
Λ

c∗
=⇒ D♢Λ

b∗
=⇒ D†Λ

a∗
==⇒ D⋄Λ, (4.6)

where the first natural transformation is as in Theorem 3.3.9, and the other natural transfor-
mations come via pulling back along the natural maps X⋄ aX→ X†

bX→ X♢. As above, we let
b∗,an(−) := b∗(−) ◦ c

∗
(−) and d∗,an(−) = a∗(−) ◦ b

∗
(−) ◦ c

∗
(−).

Proposition 4.2.8. For all X ∈ PreStk, the maps c∗X , b∗,anX and d∗,anX are fully faithful.



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 81

Proof. Since every X ∈ PreStk is a colimit of representables objects and limits of fully faithful
functors are again fully faithful, we may assume that X = SpecA by using Theorem 4.2.7. In
this case, the claim for c∗X is [Sch22, Proposition 27.2]. The claim for d∗,anX is [GL25, Proposition
4.2]. Finally, the claim for b∗,anX follows from [GL25, Lemma 4.1]. □

4.2.2. Descent properties. Recall that Dsch
Λ (−) satisfies schematic v-descent. This is not at all

clear (and might actually fail) for D♢Λ (−). Indeed, as explained in [AGLR22, Example A.3] the
functor (−)♢ does not preserve v-covers. This motivates the following definition.

Definition 4.2.9. Given a family of maps of affine schemes {Xi → Y }i∈I , we say that it is a
♢-cover if the map ∐

i∈I
X♢i → Y ♢

is v-surjective. The ♢-topology is the topology on PSchaff that is generated by ♢-covers.

Remark 4.2.10. Analogously to Theorem 4.2.9, one can define the ⋄-topology and the †-
topology. Nevertheless, by Theorem 4.2.11 and Theorem 4.2.12 we simply recover the schematic
v-topology and the arc-topology respectively.

Proposition 4.2.11. Let f : X → Y be a map of perfect affine schemes. The following are
equivalent.

(1) f : X → Y is a schematic v-cover.
(2) |f⋄| : |X⋄| → |Y ⋄| is surjective.
(3) f⋄ : X⋄ → Y ⋄ is v-surjective.

Proof. This follows from the proof of [Gle24, Proposition 3.7]. □

Proposition 4.2.12. Let f : X → Y be a map of perfect affine schemes. The following are
equivalent.

(1) f : X → Y is an arc-cover.
(2) |f †| : |X†| → |Y †| is surjective.
(3) f † : X† → Y † is v-surjective.

Proof. By [Gle24, Lemma 2.26] and [Sch22, Lemma 12.11], (2) and (3) are equivalent.
We now show the equivalence of (1) and (2). Let X = SpecA and let Y = SpecB. We

note that X → Y is an arc-cover in the sense of [BM21, Definition 1.2] if and only if every
map Spec(V ) → Y from a rank 1 valuation ring lifts to Spec(W ) → X for some choice of
rank 1 valuation ring W over V , such that V → W is an extension of valuation rings (i.e.,
a faithfully flat map V → W ). We may restrict our attention to absolutely integrally closed
valuation rings, which we may further assume to be complete, since the completion V → V̂ is
an integral extension of valuation rings whenever V is of rank 1. Write KV for Frac(V ) and
KW for Frac(W ). Endowing V and W with their adic topologies, we get algebraically closed
perfectoid fields (KV , V ) and (KW ,W ) and we see that we have an identification

Y †(KV , V ) = Y (V ) and X†(KW ,W ) = X(W ).

Let us show the implication (1) =⇒ (2). Since X† → Y † is partially proper, the map is
specializing and it suffices to show surjectivity on rank 1 points. Any rank 1 point y ∈| Y † | is
represented by a map of the form Spa(C1, OC1)→ Y †, which we may interpret as a map of the
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form SpecOC1 → Y . By (1) and our considerations above, we may find an extension of complete
rank 1 valuation ring OC1 → OC2 and a map SpecOC2 → X lifting the map SpecOC1 → Y .
This constructs a map of the form Spa(C2, OC2)→ X† lifting Spa(C1, OC1)→ Y †.

Conversely, if | X† |→| Y † | is surjective, the corresponding map at the level of rank 1 points
is also surjective. A map of the form SpecV → Y with V complete and having algebraically
closed field, produces a geometric point Spa(KV , V ) → Y †. By the assumed surjectivity, we
may find a geometric point Spa(KW ,W ) → X† lifting Spa(KV , V ) → Y †, which produces an
extension of valuation rings V →W and a map SpecW → X lifting SpecV → Y . □

Proposition 4.2.13. If f : X → Y is a map of affine schemes and it is a ♢-cover, then it is
an arc-cover.

Proof. Let X = SpecA and Y = SpecB. Without loss of generality B = V is a rank one
valuation ring with pseudo-uniformizer π ∈ V . Let As and Aη denote the perfection of A/π
and A[ 1π ], respectively. Suppose that X → Y is not an arc-cover, then SpecAη ⊆ SpecA
is a constructible open subset which is also stable under specialization, which implies that
SpecAη ⊆ SpecA is closed in the Zariski topology. This gives SpecAs

∐
SpecAη = SpecA and

f factors through a map X → SpecV [ 1π ]
∐

Spec(V/π)perf . Let Z = SpecV [ 1π ]
∐

Spec(V/π)perf ,
it suffices to show that g : Z → Y is not a ♢-cover. Since g is a monomorphism g♢ is also a
monomorphism, if g was a ♢ cover then g♢ would be an isomorphism, but Z♢ has two connected
components while Y ♢ has one. □

We warn the reader that the ♢-topology is not finitary in contrast to the arc- and v-topologies
on perfect schemes. For this reason, we consider the following variant of Theorem 4.2.9.

Definition 4.2.14. We define the ♢fin-topology on PSchaff to be the finitary topology generated
by maps f : X → Y in PSchaff such that f is a ♢-cover as in Theorem 4.2.9.

As it turns out, there are ♢-covers that are not schematic v-covers (see Section A). This is
intimately related to the failure of the ♢-topology to be finitary. Similarly, there exist maps of
affine schemes which are schematic v-covers (or ⋄-covers) but are not ♢-covers, see [AGLR22,
Example A.3]. To remedy this, we recall that a map X → Y in PSchaff is an h-cover if it is pfp
and a v-cover then we have the following.

Proposition 4.2.15. If X → Y ∈ PSchaff is an h-cover then it is also a ♢-cover. In particular,
étale covers are ♢-covers.

Proof. This is the content of [AGLR22, Lemma A.2] or [Gle24, Proposition 5.4]. □

For each of τ ∈ {♢,♢fin, v, arc, h, ét} we consider the subcategory SchStkτ ⊆ PreStk of
τ -sheaves. We summarize the relationship between the different topologies described above
with the following diagram in which each of the arrows are inclusions that admit a left-adjoint
(sheafification).



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 83

(SchStk)♢ (SchStk)♢fin

(SchStk)arc (SchStk)h (SchStk)ét

(SchStk)v

These considerations and the fact that Dan
Λ satisfies analytic v-descent (Remark 3.2.4) has the

following consequence.

Proposition 4.2.16. Consider D⋄Λ, D†Λ, D♢Λ as functors on PreStk with values in LinCatΛ.
Then the following statements hold.

(1) D⋄Λ is a v-sheaf, so it factors through (SchStk)v.
(2) D†Λ(−) is an arc-sheaf, so it factors through (SchStk)arc.
(3) D♢Λ (−) is a ♢-sheaf so it factors through (SchStk)♢.
(4) The 3 functors considered above are h-sheaves, so they all factor through (SchStk)h.
(5) The 3 functors considered above are étale sheaves, so they all factor through (SchStk)ét.

Proof. For the restriction of the functors to (PSchaff)op ⊂ PreStkop, the desired claim was
discussed above. To deduce the factorization of the map PreStkop → CAlg(LinCatΛ) through
sheafification PreStkop → SchStkop? if suffices to recall [SAG, Proposition 1.3.1.7]. Indeed, by
[HTT, Proposition 5.5.4.20] forming categories of limit preserving functors gives a fully faithful
embedding

FunR((SchStk?)
op,CAlg(LinCatΛ))→ FunR(PreStkop,CAlg(LinCatΛ)).

Moreover, by Yoneda [HTT, Theorem 5.1.5.6] we have an equivalence

FunR(PreStkop,CAlg(LinCatΛ)) ≃ Fun(PSchaff ,CAlg(LinCatΛ)).

This gives overall a fully faithful embedding

FunR((SchStk?)
op,CAlg(LinCatΛ))→ Fun(PSchaff ,CAlg(LinCatΛ)),

and [SAG, Proposition 1.3.1.7] identifies the essential image. □

Remark 4.2.17. At this point we should emphasize that if we are given a presentation of a
quotient stack Y = [X/G] ∈ PreStk, and we wish to compute D♢Λ (Y ), it is cardinal to clarify
if there was a sheafification process involved in the definition of Y . Indeed, if Yv denotes the
schematic v-sheafification of Y , then there is no reason to expect that D♢Λ (Y ) should agree with
D♢Λ (Yv).

4.3. Computing d∗X for Artin stacks. In contrast with ♢ and ♢proét, the analytification
functors ⋄ and † do not behave correctly with respect to f! and do not give rise to morphisms of
6-functor formalisms. In particular, it is no longer automatic that the functors ⋄ and † preserve
suave maps. For example, the open immersion Gperf

m → A1,perf becomes a closed immersion
Gperf,†
m → A1,perf,†, and this latter morphism is certainly not Dan

Λ -suave. In what follows, we will
show that, under finiteness assumptions, the ⋄proét-functor preserves suave maps.
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Lemma 4.3.1. Suppose that we have a map [f : X → Y ] ∈ (PreStk, Erep
pfp) and that it is

Dsch
Λ -suave, then [f⋄proét : X⋄proét → Y ⋄proét ] is Dproét

Λ -suave.

Proof. We have to show that f⋄proét is !-able for Dproét
Λ , and that it is Dproét

Λ -suave, we start
with a reduction step. We claim that we have f⋄proét ∈ Erep

fdcss. Since Efdcss is proétale local
(see Theorem 3.2.7), and proétale locally every locally spatial diamond is a disjoint union of
strictly totally disconnected spaces (see Theorem 3.2.6), we may assume Y = SpecR+ and that
X → SpecR+ is in Epfp. Indeed, proétale locally, any map Spa(R,R+)→ Y ⋄proét factors as

Spa(R,R+)→ (SpecR+)⋄proét → Y ⋄proét .

By [HM24, Lemma 4.5.7], we may check suaveness locally. Applying a similar reasoning as
above, suaveness can also be verified in the case Y = SpecR+ for Spa(R,R+) a strictly totally
disconnected once we have shown it is !-able. This finishes the reduction step which allow us to
assume that Y is affine and that X → Y is in Epfp. In this case, ♢ agrees with ♢proét, and ⋄
agrees with ⋄proét.

The second reduction step goes as follows. Fix an open cover X = ∪i∈IUi by affine schemes,
we obtain an open cover of v-sheaves X⋄ = ∪i∈IU⋄i . Note that suaveness, and !-ability, is suave-
local on the source (see [HM24, Lemma 4.5.8 (i), Remark 4.4.11, Definition 3.1.6] for the precise
statement). In this particular case, it suffices to show that U⋄i → Y ⋄ is Dan

Λ -suave. Replacing X
by Ui, we may now assume that both X and Y are affine.

Finally, consider the following commutative diagram with Cartesian square

X⋄ X♢ ×Y ♢ Y ⋄ Y ⋄

X♢ Y ♢.

By Theorem 3.3.9.(7) applied to f♢ together with [HM24, Lemma 4.5.9 (i)], the map X♢ ×Y ♢

Y ⋄ → Y ⋄ is Dan
Λ -suave. This reduces us to showing that [X⋄ → X♢ ×Y ♢ Y ⋄] is Dan

Λ -suave. By
Theorem 4.2.2 and the fact that pro-open immersions are right cancellative, X⋄ → X♢ ×Y ♢ Y ⋄

is a pro-open monomorphism, and we claim that in this case it is actually open and consequently
Dan

Λ -suave. Indeed, after fixing a closed embedding g : X ↪→ Y × An,perfk , from Theorem 4.2.3
applied to g we get a commutative diagram with Cartesian squares

X⋄ (Y × An,perfk )⋄

X⋄ (Y × An,perfk )⋄

X♢ ×Y ♢ Y ⋄ Y ⋄ × (An,perfk )♢ Y ⋄

X♢ (Y × An,perfk )♢ Y ♢

≃ ≃

from which we can extract a Cartesian square
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X⋄ Y ⋄ × (An,perfk )⋄

X♢ ×Y ♢ Y ⋄ Y ⋄ × (An,perfk )♢.

We finish by observing that (An,perfk )⋄ → (An,perfk )♢ is an open immersion, as in Theorem 4.2.1
and Theorem 4.2.2.(1). □

Proposition 4.3.2. Fix an Artin stack [f : X → ∗] ∈ PreStkArt and a constructible complex
A ∈ Dcons(X). The following statements hold.

(1) The natural map dX : X⋄proét → X♢proét is Dproét
Λ -suave.

(2) c∗XA is f♢proét-suave.
(3) d∗,anX A is f⋄proét-suave.

Proof. For the first claim, choose a Dsch
Λ -suave atlas [U → X] ∈ Erep

pfp, then we have a commuta-
tive (but usually not Cartesian) diagram

U⋄proét X⋄proét

U♢proét X♢proét .

From Theorem 4.3.1, we know that U⋄proét → X⋄proét is a Dproét
Λ -suave cover. Using [HM24,

Lemma 4.5.8.(i)], we reduce to showing that U⋄proét → X♢proét is Dproét
Λ -suave. By Theo-

rem 3.3.9.(7), we know that U♢proét → X♢proét is Dproét
Λ -suave. Since U → ∗ is in Epfp, it

follows from Theorem 4.2.2 (1) that U⋄ → U♢ is an open immersion and Dproét
Λ -suave. The

claim now follows since suave maps are stable under composition ([HM24, Lemma 4.5.9 (i)]).
The second claim is Theorem 4.1.3. The third claim follows from combining the first claim
with the fact that pullback under suave maps preserves suave objects by [HM24, Lemma 4.5.16
(i)]. □

4.4. Overconvergent replacement. The functors D†Λ and D⋄Λ on PreStk are different, but as
we explain below, they agree on overconvergent objects.

Let S ∈ Perfaff be a geometric point i.e., S = Spa(C,C+) with C an algebraically closed
non-Archimedean field and C+ ⊆ C an open and bounded valuation subring. Let π : S → ∗
denote the structure map to the final object. In this setup, the constant sheaf functor

π∗ : ModΛ ≃ Dan
Λ (∗)→ Dan

Λ (S)

is fully faithful using [Sch22, Theorem 1.13], and we say that a sheafA ∈ Dan
Λ (S) is overconvergent

if it lies in the essential image of π∗.

Definition 4.4.1. Fix X ∈ AnStkv and A ∈ Dan
Λ (X).

(1) We say that A is overconvergent if x̄∗A is overconvergent in Dan
Λ (S) for every geometric

point x̄ : S → X with S = Spa(C,C+).
(2) We let Do.c.

Λ (X) ⊆ Dan
Λ (X) denote the subcategory of overconvergent sheaves.
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(3) For X ∈ PreStk and ? ∈ {⋄, †,♢}, we write D?,o.c.
Λ (X) ⊂ D?

Λ(X) for the full subcategory
of D?

Λ(X) ≃ Dan
Λ (X?) (here we have used Theorem 4.2.7) whose objects are overconver-

gent.

Remark 4.4.2. Given [f : X → ∗] ∈ (AnStkv, Efdcs) and a sheaf A ∈ Dan
Λ (X), the condition

that A is overconvergent is necessary for it to be f -suave (or in other words f -ULA in terminology
of [FS24], see [FS24, Definition IV.2.1, IV.2.4]). In other words, for all such f , we have an
inclusion

Suavef,Dan
Λ
(X) ⊆ Do.c.

Λ (X).

Remark 4.4.3. We note that the overconvergent condition is tautologically stable under pull-
back along maps of prestacks. In particular, for X ∈ PreStk, the natural transformations (4.6)
induce natural transformations

D♢,o.c.Λ (X)
b∗
=⇒ D†,o.c.Λ (X)

a∗
==⇒ D⋄,o.c.Λ (X).

Proposition 4.4.4. For all X ∈ AnStkv, the inclusion Do.c.
Λ (X) ⊆ Dan

Λ (X) is stable under
colimits.

Proof. Since pullback commutes with colimits, we may assume X = Spa(C,C+). Let π : X → ∗
denote the structure map. Since π∗ also commutes with colimits, the claim follows. □

Proposition 4.4.5. The following statements hold.
(1) The condition of being overconvergent can be verified v-locally.
(2) The functor Do.c.

Λ is a v-sheaf on Perfaff .
(3) D⋄,o.c.Λ is a schematic v-sheaf on PSchaff .
(4) D†,o.c.Λ is an arc-sheaf on PSchaff .

Proof. By Theorem 4.2.16 (1)-(2), all of the claims reduce formally to the first claim, which we
now justify. Let X = Spa(C1, C

+
1 ), Y = Spa(C2, C

+
2 ), f : Y → X a v-cover and A ∈ Dét(X).

Since overconvergence is a condition on geometric points, one can easily reduce to showing that
f∗A is overconvergent if and only if A is overconvergent. This case follows directly from [Sch22,
Theorem 1.13.(iii)]. □

Proposition 4.4.6. For any X ∈ PreStk, the analytification map c∗X : Dsch
Λ (X) → D♢Λ (X)

factors through D♢,o.c.Λ (X) ⊆ D♢Λ (X). In other words, we have a factorization of fully faithful
maps

Dsch
Λ

c∗
=⇒ D♢,o.c.Λ ⊆ D♢Λ .

Proof. Since the functors Dsch
Λ , Do.c.

Λ and D♢Λ are all v-sheaves by Theorem 4.4.5, it suffices to
show the factorization for affine schemes. Fix X = SpecR and A ∈ Dét(X), we wish to show
that c∗XA ∈ Do.c.

ét (X♢). Observe that analytification and pullback are t-exact and commute with
truncation functors. Moreover, Dsch

Λ (X) and D♢Λ (X) are left-complete. Thus we may assume
A ∈ D+

ét(X). Every object in D+
ét(X) is a colimit of objects in Dcons(X) using Theorem 3.1.11

and the identification (3.3), so by Theorem 4.4.4 we may assume A ∈ Dcons(X). Therefore, we
may assume that A = j!Λ for a qcqs étale map j : U → X. In this case c∗XA ≃ j

♢
! Λ, which one

can easily verify is overconvergent, since the map j♢ : U♢ → X♢ is partially proper. □
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Lemma 4.4.7. If j : X ↪→ Y is a quasicompact monomorphism of v-stacks, such that every
rank 1 geometric points of Y lifts to X (necessarily uniquely), then

j∗ : Do.c.
Λ (Y )→ Do.c.

Λ (X)

is an equivalence with inverse j∗.

Proof. It suffices to show that for A ∈ Do.c.
Λ (Y ), the adjunction map A → j∗j

∗A is an isomor-
phism. This can be checked after pullback to geometric points of Y . Writing A as the limit of
its left truncations and since j∗ commutes with this Postinkov limit (being t-exact), we may as-
sume that A ∈ D+

ét(Y ). By quasicompact base change (see [Sch22, Corollary 16.10] and [HM24,
Proposition 4.5, Corollary 4.6]) and the assumption that the maximal generalizations defined by
rank one points lift, we may assume that Y = Spa(C,C+) and that X = Y ×|Y | |Z| for a pro-
constructible generalizing subset of |Y | [Sch22, Corollary 10.6]. In other words, X = Spa(C,C ′+)

for C+ ⊆ C ′+ ⊆ C. In this case, Do.c.
Λ (Y ) is the essential image of ModΛ under π∗ for π : Y → ∗

the structure map. Since the composition

ModΛ ≃ Dan
Λ (∗) π∗

−→ Dan
Λ (Y )

j∗−→ Dan
Λ (X)

is fully faithful. The functor j∗ is fully faithful on Do.c.
Λ (Y ). Moreover, one can verify by hand,

using [Sch22, Corollary 16.8], that with this setup j∗(Do.c.
Λ (X)) ⊆ Do.c.

Λ (Y ). □

Remark 4.4.8. Combining Theorem 4.4.7 and Theorem 4.2.2 it follows that a∗X : Do.c.
Λ (X†)→

Do.c.
Λ (X⋄) is an equivalence whose inverse is aX,∗ for all affine schemes X. We will need a version

of this for more general prestacks X ∈ PreStk. However, note that in this generality the maps
aX : X⋄ → X† and bX : X† → X♢ are no longer monomorphisms, so one cannot proceed
naively.

Proposition 4.4.9. The map of functors on PreStk with values in LinCatΛ

D†,o.c.Λ
a∗
==⇒ D⋄,o.c.Λ

is an equivalence.

Proof. By Theorem 4.4.5, both functors are schematic v-sheaves, so it suffices to show the
equivalence for affine schemes. This is the content of Theorem 4.4.8. □

We will need a relative version of this statement. For this fix X ∈ PreStk and a map X† → X0

for X0 ∈ AnStkv, and fix a map Y0 → X0. We can construct two functors

D⋄,o.c.Λ,Y0
, D†,o.c.Λ,Y0

: PreStk/X → LinCatΛ

with formula
Z 7→ Dan,o.c.

Λ (Z⋄ ×X0 Y0) and Z 7→ Dan,o.c.
Λ (Z† ×X0 Y0).

Proposition 4.4.10. With notation as above, the map of functors on PreStk/X with values in
LinCatΛ

D†,o.c.Λ,Y0

a∗Y0==⇒ D⋄,o.c.Λ,Y0

is an equivalence.

Proof. The same proof as in Theorem 4.4.9 applies. □
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As established in Proposition 4.4.9, for general X ∈ PreStk we have an equivalence a∗X :

Do.c.
Λ (X†) → Do.c.

Λ (X⋄). This says that for every B ∈ Do.c.
Λ (X⋄) there is a unique (up to

contractible choice) A ∈ Do.c.
Λ (X†) such that a∗XA ≃ B. Nevertheless, it is not at all clear that

A ≃ aX,∗B. Indeed, for this to hold one would have to know that aX,∗B is overconvergent. As
we explain below, in certain circumstances one can directly show that A ≃ aX,∗B.

Lemma 4.4.11. If f : X → Y is a qcqs map of v-stacks and A ∈ D+,o.c.
ét (X), then f∗A ∈

D+,o.c.
ét (Y ). In particular, ((f∗)|D+,o.c.

ét (Y ), (f∗)|D+,o.c.
ét (X)) form an adjoint pair.

Proof. By quasicompact base change (see [Sch22, Corollary 16.10] or [Man22b, Corollary 4.6.(ii)]),
we may assume that Y = Spa(C,C+). Let Y0 = Spa(C,OC) and X0 = Y0 ×Y X. Let
jY : Y0 → Y , jX : X0 → X and f0 : X0 → Y0 denote the evident maps. We wish to show
that

f∗A→ jY,∗j
∗
Y f∗A

is an isomorphism. By Theorem 4.4.7, A ≃ jX,∗j
∗
XA and since f ◦ jX = jY ◦ f0, then f∗A ≃

jY,∗f0,∗j
∗
XA, and f0,∗j

∗
XA ≃ j∗Y f∗A again by quasicompact base change. This finishes showing

the claim. □

Lemma 4.4.12. Let [f : X → Y ] ∈ SchStkét be qcqs, then f⋄ and f † are qcqs.

Proof. Since being qcqs is v-local on the target by [Sch22, Proposition 10.11 (o)], we may assume
that Y = SpecR . The argument for quasiseparatedness follows from that of quasicompactness
applied to the diagonal. Since f is quasicompact there is a v-surjective cover SpecA→ X, so it
suffices to show that (SpecA)† → (SpecR)† and (SpecA)⋄ → (SpecR)⋄ are quasicompact. This
follows from the proof of [Gle24, Lemma 2.26]. □

Corollary 4.4.13. Let X ∈ PreStk such that its v-sheafification is qcqs, then X⋄ → X† is qcqs.
In particular, we have an equivalence of endofunctors on D†,o.c.,+Λ (X)

id ≃ aX,∗a∗X ,

for any such X.

Proof. Recall that in (SchStk)v the final object is quasiseparated. In particular, X ∈ (SchStk)v
is qcqs if and only if X → ∗ is qcqs. Applying Theorem 4.4.12 to the structure map X → ∗, we
obtain that X⋄ and X† are both qcqs over ∗. In particular, any map between them is also qcqs.
The second claim follows from Theorem 4.4.12, Theorem 4.4.11 and Theorem 4.4.9. □

As in Theorem 4.4.10, Theorem 4.4.13 has a relative version.

Corollary 4.4.14. With the setup as in Theorem 4.4.10. Let Z ∈ PreStkX and suppose that
v-sheafification of Z is qcqs, then we have an equivalence of endofunctors on D†,o.c.,+Λ,Y0

(Z)

id ≃ aZ×X0
Y0,∗a

∗
Z×X0

Y0 .

4.5. Pro-unipotent base change. Later on we will work with maps of spaces that are infinite
dimensional, but whose infinite dimensional part is essentially contractible. This is the subject
of placid geometry. In [Zhu25b, Proposition 10.32], we find analogues of smooth base change in
that context. In this section we exploit the techniques discussed in §4.3 and §4.4 to prove an
analogue in the context of v-sheaves and analytification. We first have the following basic result.
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Lemma 4.5.1. Let f : X → Y be a Dan
Λ -smooth map in AnStkv. Then f is unipotent if and

only if it is unipotent after pulling back to every geometric point.

Proof. Since f is Dan
Λ -smooth, it follows that we have a natural transformation

f !(−) ≃ f !(Λ)⊗ f∗(−),

and that f !(Λ) is invertible. This shows that the fully faithfullness of f∗ is equivalent to the
fully faithfulness of f !, which is in turn equivalent to showing that the adjunction map

f!f
!(A)→ A

is an isomorphism for all A ∈ Dan
Λ (Y ). This can be checked after pulling back to any geometric

point x : Spa(C,C+) → Y since this defines a conservative family. Since f is Dan
Λ -smooth, and

in particular Dan
Λ -suave, it follows that f ! commutes with ∗-pullback by [HM24, Lemma 4.5.13

(i)], and similarly f! commutes with ∗-pullback by proper base-change. In other words, f∗ is
fully faithful if and only if fx,!f !xx∗A → x∗A is an isomorphism for every geometric point of
x : Spa(C,C+)→ Y where fx denotes the pullback of f along x, as desired. □

In the algebraic context we have a stronger statement.

Lemma 4.5.2. Let [f : X → Y ] ∈ (PreStk, Erep
pfp) be Dsch

Λ -suave. The following hold.

(1) f is Dsch
Λ -smooth if it is so after pullback to any geometric point of Y .

(2) f is Dsch
Λ -unipotent if it is so after pullback to any geometric point of Y .

Proof. As f is Dsch
Λ -suave, we need to show that the conditions that f !(Λ) is invertible and that

f∗ is fully faithful hold if and only if they hold after pulling back to any geometric point. Since
the condition of being Dsch

Λ -suave is stable under pullback by [HM24, Lemma 4.5.9 (i)], this
can be checked after pulling back to any Y ∈ PSchaff , which using the fact that upper ! and
upper ∗ commute for Dsch

Λ -suave maps by [HM24, Lemma 4.5.13 (i)], reduces us to the case that
[f : X → Y ] ∈ (PSch, Epfp) and Y ∈ PSchaff . More precisely, for S → Y with S ∈ PSchaff we
write fS : X ×S Y → S for the base-change. We have a commutative diagram

Dsch
Λ (X) limS→Y Dsch

Λ (X ×Y S)

Dsch
Λ (Y ) limS→Y Dsch

Λ (S),

f? limS→Y f?S

for ? ∈ {!, ∗}. Here the horizontal arrows and the transition maps in the limit are given by
∗-pullbacks. The commutativity for ? = ! and the well-definedness of limS→Y f

!
S follows from

the Dsch
Λ -suaveness. Moreover, the horizontal arrows are equivalences by definition of Dsch

Λ as a
right Kan extension.

Using the diagram when ? = !, one can show invertibility of f !(Λ) by showing invertibility
of f !S(Λ) for varying S using that the ∗-pullback functors are symmetric monoidal. Using the
diagram when ? = ∗, one can show fully faihtfullness of f∗ by showing fully faithfullness of f∗S
for varying S, since limits of fully faithful maps are fully faithful. Therefore, we may assume
that Y ∈ PSchaff and f : X → Y ∈ Epfp.

Now it follows from [Zhu25b, Lemma 10.44] that the Dsch
Λ -smoothness can be checked after

pulling back to each geometric point. Similarly, if f : X → Y is Dsch
Λ -smooth, and by [Zhu25b,
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Lemma 10.48], the unipotence is equivalent to showing that the map

f!f
!(Λ)→ Λ

is an isomorphism. This can be checked on geometric points, since f! and f ! commute with
∗-pullback, as discussed above. □

Unipotent maps are particular instances of smooth maps. In particular, ∗-pullback com-
mutes with ∗-pushforward [HM24, Lemma 4.5.13 (i)] in this case. We show that, under qcqs
assumptions, pro-unipotent maps still have this property.

Lemma 4.5.3. Let [f : Z → Y ] be a map of analytic prestacks in Erep
fdcss. Suppose that Y is

either an Artin proétale-stack or an Artin v-stack (see Theorem 3.2.8). Let g : X → Y be a
map such that X = lim←−i∈I Xi, where each [gi : Xi → Y ] ∈ Erep

fdcss is Dproét
Λ -unipotent (resp.

Dan
Λ -unipotent, see Theorem 3.2.11) and qcqs. Consider the Cartesian diagram

Z ×Y X X

Z Y,

f ′

g′ g

f

then the natural map g∗f∗ → f ′∗g
′∗ is an isomorphism.

Proof. We must show g∗f∗A → f ′∗g
′∗A for all A ∈ Dproét

Λ (Z) (resp. A ∈ Dan
Λ (Z)). We start

with some reduction steps. Since Y is Artin it admits a fdcss and Dproét
Λ -smooth cover (resp.

Dan
Λ -smooth cover) by a locally spatial diamond. Using smooth base change, we may replace Y

by a disjoint union of spatial diamonds. After this replacement, we may assume that X, Y and
Xi are spatial diamonds, and that Z is a locally spatial diamond. At this point we notice that
all of the geometric objects involved, X, Y , Xi and Z are in sLocSptl, and that when we restrict
to this category Dan

Λ and Dproét
Λ agree (see Theorem 3.2.11).

Using a Postnikov-tower argument, we may assume A is bounded below. For a geometric
point x→ X, we show that the map

(g∗f∗A)x → (f ′∗g
′∗A)x

on stalks is an isomorphism. Both can be rewritten as colimits over qcqs étale neighborhoods
x→ V → X. So it suffices to show Γ(V, g∗f∗A)→ Γ(V, f ′∗g

′∗A) is an isomorphism for all V → X
étale. By [Sch22, Proposition 11.23], we may assume V = X ×Xi Vi for some i and for a qcqs
étale map Vi → Xi.

Since Vi → Y is smooth and satisfies smooth base change we may replace Y by Vi, Z by
Z ×Y Vi, and X by V and the role of Xj by Xj ×Xi Vi. In other words, after reorganizing the
notation we see that it suffices to show that

Γ(X, g∗f∗A)→ Γ(X, f ′∗g
′∗A) (4.7)

is an isomorphism.
Let Zi = Z ×Y Xi and let g′i (resp. f ′i) denote the pullback of gi (resp. f) along f (resp. gi).

Since Y is spatial and the map g is a limit of qcqs maps, we may apply [Sch22, Proposition 14.9]
to the left-hand side of (4.7) to compute:
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Γ(X, g∗f∗A) ≃ lim−→
i∈I

Γ(Xi, g
∗
i f∗A)

≃ lim−→
i∈I

Γ(Xi, f
′
i,∗g
′∗
i A)

≃ lim−→
i∈I

Γ(Zi, g
′∗
i A).

On the other hand, we always have Γ(X, f ′∗g
′∗A) ≃ Γ(Z, g′∗A). So it suffices to show that

lim−→
i∈I

Γ(Zi, g
′∗
i A)→ Γ(Z ×Y X, g′∗A) (4.8)

is an isomorphism. We cannot apply [Sch22, Proposition 14.9] directly to the tower Zi, since
these are only locally spatial diamonds. Notice also that the reasoning above has not used the
unipotence hypothesis which is certainly necessary.

We argue as follows. Note that the unipotence assumption shows that the left-hand side
of (4.8) reduces to Γ(Z,A). In particular, it suffices to see that the natural map Γ(Z,A) →
Γ(Z ×Y X, g′∗A) is an isomorphism. Using smooth base change and hyperdescent for Γ(−,−)
in the analytic topology, this isomorphism can be shown on an open hypercover of the form
Z• → Z. Choosing Zn of the form

∐
i∈In Si with Si spatial, we may reduce to the case in which

Z = Si is a spatial diamond. In this case, [Sch22, Proposition 14.9] already applies. □

5. Placid geometry

Soft preamble to the section: Many of the geometric objects that naturally arise when one
studies the schematic local Langlands category are not finite dimensional, but they often admit
a presentation as a highly organized (co)limit of finite dimensional pieces. Experience with this
type of geometric objects has lead mathematicians working in the geometric Langlands program
to consider placid geometry and co-sheaf theories instead of the standard 6-functor formalisms
of étale sheaves (see [GL19] and [BKV22]). In our case, the schematic local Langlands category
is obtained as the category of co-sheaves on a sind-placid stack [Zhu25b, Definition 10.157] in
Hemo–Zhu’s terminology.

In this section, we recall generalities of étale co-sheaves as discussed by Zhu, as well as the
main class of geometric objects of schematic nature for which we study this co-sheaf theory.
More crucially, we learn one way in which we can analytify in this placid setup.

Technical preamble to the section:

§5.1 This part is mostly expository. Zhu’s work considers the interplay between two sheaf
theories, namely Shv∗ and Shv!. In this section, we run the bureaucracy to show that
Shv∗ (as defined by Zhu) agrees with the 6-functor formalism Shv that we work with
throughout §3. We also explain the paradigm of co-sheaves Shv! and collect some useful
facts from [Zhu25b].

§5.2 This part is purely expository. We recall the formalism of placid stacks, ind-placid stacks
and sind-placid stacks. We also collect useful facts from [Zhu25b].
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§5.3 This subsection underlies the technical pillar to the construction of

⋔⋔⋔

. Indeed, the
sheaf theory that Zhu relies on, i.e., Shv!, is not very compatible with the analytifica-
tion functor constructed in §3. To address this, we introduce the formalism of sind-†-
correspondences (see Theorem 5.3.21). This formalism makes precise the idea that for a
sind-placid stack, like the stack of isocrystals, one should not analytify directly. Instead,
one should use a suitable sind-presentation in order to define analytification, and one
should also justify that the presentation did not play a role. This formalism in particu-
lar allows us to show that our functor

⋔⋔⋔

does not depend on the choice of an auxiliary
parahoric.

§5.4 Although we do not develop a general theory for the functoriality of sind-†-correspondences
or a general theory of placid analytic geometry, in this section we collect several useful
statements along those lines which are enough for our purposes. For example, Theo-
rem 5.4.5 reaps the benefits of §4.3, 4.4, 4.5 and shows a general base change result that
will in particular apply to the stack of analytic shtukas ShtanG . These computations are
key to showing that

⋔⋔⋔

is semi-orthogonal.

5.1. Co-sheaf theory. Recall that in Section 3.1 we defined Dsch
Λ (−) on SchStkv as the only

hypercomplete v-sheaf

Dsch
Λ (−) : (SchStkv)op → LinCatΛ (5.1)

whose value on schemes Z is Dét(Z). Here the transition maps in (5.1) are given by ∗-pullback.
We can say colloquially that Dsch

Λ is “∗-glued”. Moreover, if Z ∈ PSchqcqs then Dét(Z) = Dsch
Λ (Z)

is the left-completion of the ind-completion of Dcons(Z), as explained in §3.1.
The theory of co-sheaves considered in [Zhu25b], similarly to Dsch

Λ , can also be obtained from
Dcons(−) after performing categorical constructions. There are two main differences in Zhu’s
approach.

(1) In contrast to Dsch
Λ , it follows directly from the definition that the value of Zhu’s func-

tor on qcqs schemes is a dualizable category (in fact, compactly generated, cf. Theo-
rem 3.1.11).

(2) The co-sheaf theory of Zhu is, informally speaking, !-glued. This gives it the colloquial
name of co-sheaf theory.

A disadvantage of working with co-sheaves is that one has to construct and study de novo the
six operations. Fortunately for us, Zhu has given a thorough account of the theory (see [Zhu25b,
§10]), some of which we recall below. Following Zhu, we will consider our basic building blocks
to be algebraic spaces instead of schemes when we discuss the co-sheaf theory. For the rest of
the section, in contrast to the previous sections, when we say that a map is representable we
mean that it is representable in algebraic spaces.

Definition 5.1.1. Consider the functors

F : (AlgSppfp)op → CAlg(LinCatΛ)
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on perfectely finitely presented algebraic spaces with F ∈ {Shv∗c , Shv∗, Shv!c, Shv!} given by the
rules

Shv∗c(X) := Dcons(X)

Shv∗(X) := IndDcons(X)

Shv!c(X) := Dop
cons(X)

Shv!(X) := IndDop
cons(X)

with transition maps given by f∗ and Ind(f∗) in the former two theories, respectively, and f∗,op
and Ind(f∗,op) in the latter two theories, respectively. Here the superscript (−)op denotes the
opposite category.

Definition 5.1.2. For F ∈ {Shv∗c , Shv∗, Shv!c, Shv!} we extend along (AlgSppfp)op ⊆ (AlgSpqcqs)op

by taking its left Kan extension. We keep the notation of F for the functors obtained in this
way. We will call the functors F ∈ {Shv∗c , Shv∗} the sheaf setup and we will call the functors
F ∈ {Shv!c, Shv!} the co-sheaf setup.

Our Theorem 5.1.1 and Theorem 5.1.2 were obtained from Zhu’s definition by gathering
[Zhu25b, Remark 10.28, Remark 10.12, Equation (10.6)].

Remark 5.1.3. If [f : X → Y ] ∈ AlgSppfp one can use Verdier duality on X and Y to functo-
rially identify (Shv!c(X), f∗,op) with (Shv∗c(X), f !). As in the following commutative diagram

Shv!c(Y ) Shv∗c(Y )

Shv!c(X) Shv∗c(X)

DY

f∗,op f !

DX

This justifies Theorem 5.1.4 below.

Convention 5.1.4. If [f : X → Y ] ∈ AlgSpqcqs we let f ! := f∗,op denote the transition functors

f ! : Shv!c(Y )→ Shv!c(X)

and
f ! : Shv!(Y )→ Shv!(X).

Since throughout the text we will be forced to mix sheaf and co-sheaf theories, we will underline
all the functors that appear in a co-sheaf setup for clarity. We leave the functors associated with
sheaf setups and the 6-functor formalisms considered in §2 and §3 unadorned.

Definition 5.1.5. We extend the domain of F of Theorem 5.1.1 along AlgSpqcqs ⊆ PreStk by
taking its right Kan extension. This gives us functors

F : PreStkop → CAlg(LinCatsmΛ ) (resp. F : PreStkop → CAlg(LinCatΛ))

in the cases F ∈ {Shv∗c , Shv!c} and F ∈ {Shv∗, Shv!} respectively. For F ∈ {Shv∗c , Shv∗}, the
transition maps are denoted by f∗. In the case of F ∈ {Shv!c, Shv!}, they are denoted f !. For any
X ∈ PreStk we still have fully faithful embeddings Shv!c(X) ⊆ Shv!(X) and Shv∗c(X) ⊆ Shv∗(X).
Any object in the essential image is called constructible.
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Remark 5.1.6. We note that for general prestacks it might not hold that Shv!(X) (resp.
Shv∗(X)) is compactly generated, and even if it is compactly generated it might not be true
that Shv!(X)ω ≃ Shv!c(X) (resp. Shv∗(X)ω ≃ Shv∗c(X)), see [Zhu25b, Example 10.134].

Remark 5.1.7. Since (−)op is an involution in LinCatsmΛ , it commutes with the formation of
limits and colimits. It follows that, for all X ∈ PreStk, there is a functorial identification

Shv!c(X) ≃ Shv∗c(X)op.

We can derive the following formal consequences from Theorem 3.1.8.

Proposition 5.1.8. The following hold.
(1) Dcons(−) ≃ Shv∗c(−) in Fun(PreStkop,CAlg(LinCatsmΛ )).
(2) Dcons(−)op ≃ Shv!c(−) in Fun(PSchqcqs,CAlg(LinCatsmΛ )).
(3) Let F ∈ {Shv∗c(−), Shv!c(−)}, then F satisfies descent for the schematic v-topology on

SchStkv. In particular, F : PreStk → CAlg(LinCatsmΛ ) factors through sheafification
PreStk→ SchStkv composed with the restricted functor F : SchStkv → LinCatsm.

Proof. For the first claim, we observe that Dcons(−) ≃ Shv∗c(−) as presheaves on PSchqcqs with
values in CAlg(LinCatsmΛ ). Indeed, this follows from the definition of Shv∗c(X) as a left Kan ex-
tension and the finitary part of Theorem 3.1.8. The passage to Fun((PreStk)op,CAlg(LinCatsmΛ ))

is formal since both functors are obtained as right Kan extensions from PSchaff . Indeed, in the
case of Dcons this is by definition. In the case of Shv∗c , it follows from the fact that it satisfies
étale descent so the Kan extensions from qcqs perfect algebraic spaces and from qcqs perfect
schemes agree. The second claim follows from the first claim and Theorem 5.1.7. Finally, the
last claim follows from [SAG, Proposition 1.3.1.7] and Theorem 3.1.8, by similar reasoning to
the proof of Theorem 4.2.16. □

Remark 5.1.9. We note that the functor that Zhu considers, Shv∗, can take objects in AlgSpqcqs

as input, while a priori the functor Shv that we consider only takes as input values objects in
PSchqcqs. Since both functors satisfy étale descent it follows formally that Shv∗ is the right Kan
extension of Shv along the embedding (PSchqcqs)op ⊆ (AlgSpqcqs)op. Theorem 5.1.10 shows a
stronger claim.

Proposition 5.1.10. We have identifications Shv∗(−) ≃ Shv(−) as functors on PreStkop with
values in CAlg(LinCatΛ).

Proof. On PSchqcqs both functors are the ind-completion of Shv∗c(−) and Dcons(−) respectively.
So the restrictions to functors on (PSchqcqs)op are equivalent by Theorem 5.1.8. The passage
to Fun((PreStk)op,CAlg(LinCatΛ)) is formal since both functors are obtained as right Kan
extensions from PSchqcqs. □

Before we discuss the co-sheaf setup, we discuss a version of Theorem 5.1.10 for the correspon-
dence category i.e., we compare Shv∗ to the 6-functor formalism Shv constructed in §3.1. We
extracted the following Theorem 5.1.11 from combining [Zhu25b, Remark 10.28, Theorem 10.15,
Equation 10.26, Theorem 10.17, Proposition 10.25]. We set some notation first, our geometric
setup will be C = AlgSpqcqs and E = EAlg

pfp (i.e., separated maps of qcqs perfect algebraic spaces
and perfectly finitely presented maps between them. Note that we don’t impose that the maps
are relatively representable on schemes). We let PAlg

pfp ⊆ EAlg
pfp denote the subclass of proper

perfectly finitely presented maps and let IAlg
pfp ⊆ E

Alg
pfp denote the subclass of étale maps.
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Proposition 5.1.11. The functor F = Shv∗c (resp. F = Shv∗) promotes to a 3-functor formal-
ism

F : Corr(AlgSpqcqs, EAlg
pfp )→ LinCatsmΛ (resp. F : Corr(AlgSpqcqs, EAlg

pfp )→ LinCatΛ)

satisfying

(1) If [f : X → Y ] ∈ EAlg
pfp is étale, then f! ≃ f♮ is left-adjoint to f∗.

(2) If [f : X → Y ] ∈ EAlg
pfp is proper, then f! ≃ f∗ is right-adjoint to f∗.

(3) The restriction of F to Corr(AlgSppfp, EAll) is a 6-functor formalism.
(4) F is sheafy for the étale topology.

Proposition 5.1.12. The following statements hold.

(1) (AlgSpqcqs, EAlg
pfp , P

Alg
pfp , I

Alg
pfp ) is a Nagata setup, and the 6-functor formalism Shv∗ is Na-

gata with respect to this setup, so that, by Theorem 2.2.25, we have an isomorphism

Shv∗ ≃ LZ(AlgSpqcqs, EAlg
pfp , P

Alg
pfp , I

Alg
pfp , Shv

∗
0(−)).

(2) There is a unique equivalence between of Shv and Shv∗ as 6-functor formalisms on
Corr(AlgSpqcqs, EAlg

pfp ), that extends the equivalence from Theorem 5.1.10. Here, Shv
denotes the 6-functor formalism of Theorem 3.1.18 restricted along the inclusion

Corr(AlgSpqcqs, EAlg
pfp )→ Corr(PreStk, Estd

sch).

(3) We have inclusion of classes of morphisms Epfp ⊆ EAlg
pfp ⊆ E

an
sch ⊆ Estd

sch.

In particular, given a map [f : X → Y ] ∈ EAlg
pfp the following statements hold.

• If f ∈ PAlg
pfp (i.e., it is proper pfp), then f is Shv-proper.

• If f ∈ IAlg
pfp (i.e., it is an étale map of algebraic spaces), then f is Shv-étale.

Proof. Part (1) follows from Theorem 5.1.11. Indeed, the only claim that is not clear is that one
can factor every pfp map as an open immersion and a pfp proper map. By writing f : X → Y
as the perfection of a finitely presented map and using that perfection is functorial, we reduce to
showing that any finitely presented map of algebraic spaces factors as an open immersion and a
proper finitely presented map. This follows from [CLO12, Theorem 1.2.1]. The fact that Shv∗

is Nagata with respect to this Nagata setup now follows from Theorem 5.1.11 (1)-(2). For part
(2), we start with the isomorphism

Shv∗ ≃ LZ(AlgSpqcqs, EAlg
pfp , P

Alg
pfp , I

Alg
pfp , Shv

∗(−)), (5.2)

given by part (1), and therefore, by Theorem 2.2.27, it follows that we have an isomorphism

Shv∗|Corr(PSchqcqs,Epfp) ≃ LZ(PSch
qcqs, Epfp, Ipfp, Ppfp, Shv

∗(−)|PSchqcqs,op).

Now, we recall, by definition, we have an identification

Shv|Corr(Schqcqs,Efin.exp.) ≃ LZ(Sch
qcqs, Efin.exp., Ifin.exp., Pfin.exp.,Shv(−)),

where Ifin.exp., Pfin.exp., and Efin.exp. are as in Theorem 3.1.3. We note that we have proper
inclusions Epfp ⊂ Efin.exp., Ppfp ⊂ Pfin.exp., and Ipfp ⊂ Ifin.exp., since perfection is an integral



96 I. GLEASON, L. HAMANN, A. IVANOV, J. LOURENÇO, K. ZOU

map. Therefore, we are again in a situation where we can apply Theorem 2.2.27, and this tells
us that we have an isomorphism

Shv|Corr(PSchqcqs,Epfp) ≃ LZ(PSch
qcqs, Epfp, Ipfp, Ppfp,Shv(−)). (5.3)

Since we have an equivalence Shv(−) ≃ Shv∗(−) of functors on PSchqcqs,op in light of Theo-
rem 3.1.11, by combining equations 5.2 and 5.3, we can appeal to Theorem 2.2.25 to see that
we have a unique equivalence

Shv∗|Corr(PSchqcqs,Epfp) ≃ Shv|Corr(PSchqcqs,Epfp).

We now claim that this upgrades to a unique equivalence

Shv∗ ≃ Shv|
Corr(AlgSpqcqs,EAlg

pfp )
.

This follows from applying Theorem 2.2.29 and Theorem 2.2.32 once to obtain an equivalence

Shv∗|Corr(AlgSpqcqs,Erep
pfp)
≃ Shv|Corr(AlgSpqcqs,Erep

pfp)
,

and then applying Theorem 2.2.33. Indeed, every map of algebraic spaces in EAlg
pfp has the

property that étale locally on the source it lies in Epfp (i.e., it is relatively representable in
pfp schemes). This étale local presentation also shows that EAlg

pfp ⊆ Efine
pfp , and consequently

EAlg
pfp ⊆ E

an
sch (see Theorem 3.3.8). □

Proposition 5.1.13. The following statements hold.
(1) If Y ∈ AlgSpqcqs, then Y is resilient.
(2) If f : Y → X is a map of étale stacks such that the base change Y ×X SpecA→ SpecA

is in EAlg
pfp for any Spec(A)→ X and X is resilient, then Y is resilient.

(3) If Y,X ∈ AlgSpqcqs and Y → X is a map in EAlg
pfp , then f♢ : Y ♢ → X♢ is in Erep

fdcss.

Proof. For the first one, it suffices to see that Y ♢ and Y ♢proét agree on strictly totally dis-
connected spaces since these are simultaneously a basis for the proétale and v topologies. Let
W → Y be an étale map in Erep

pfp, such that W ∈ PSchqcqs. Then,

Y ♢proét = co. eq.(W♢proét ×
Y

♢proét W
♢proét ⇒W♢proét),

and
Y ♢ = co. eq.(W♢ ×Y ♢ W♢ ⇒W♢),

where the colimits are taken in the category of proétale-sheaves and v-sheaves respectively. We
claim that if Spa(R,R+) is a strictly totally disconnected space and Spa(R,R+)→ Y ♢proét (resp.
Spa(R,R+)→ Y ♢) is any point, it lifts to a point Spa(R,R+)→W♢proét (resp. Spa(R,R+)→
W♢). Since W♢ ≃ W♢proét and W♢ ×Y ♢ W♢ ≃ W♢proét ×

Y
♢proét W

♢proét , this will show
that Y ♢ and Y ♢proét have the same (R,R+)-points, as desired. We prove the claim for the
♢proét case, with the other one being analogous. Whenever Spa(R,R+) → Y ♢proét factors
through a map f♢proét : (SpecR)♢proét → Y ♢proét , the claim follows from Theorem 3.3.2 since
(W ×Y SpecR) → SpecR is an étale map in Epfp, and Spa(R,R+) splits every étale map (see
[Sch22, Definition 7.15]). From the nature of sheafification, every map Spa(R,R+) → Y ♢proét

factors proétale locally through SpecR. Then our claim follows from v (or proétale) descent of
étale maps (see [Sch22, Proposition 10.11]).

The second point follows from the first one and from Theorem 3.3.13.(4).
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For the third point, we fix a map S → X♢ where S is a locally spatial diamond, we must
show that Y ♢ ×X♢ S is a locally spatial diamond, and that Y ♢ ×X♢ S → S is fdcss. We may
use the identity f♢proét = f♢ given by Point (1), Theorem 3.2.6 and Theorem 3.2.7 to reduce to
the case that S = Spa(R,R+) for Spa(R,R+) a strictly totally disconnected space, X = SpecR,
Y is an algebraic space perfectly finitely presented over SpecR.

It is not hard to see that Y ♢ is separated over X♢, since ♢ preserves closed immersions.
We fix an étale atlas W → Y with W → X in Epfp, as above. Since the map W → X is
in Epfp, then by Theorem 3.3.2 W♢ → X♢ is in Erep

fdcss. In particular, W♢ ×X♢ Spa(R,R+)

is a locally spatial diamond. Using Theorem 3.2.6 and the étale map W♢ → Y ♢ we can
deduce that Y ♢ ×X♢ Spa(R,R+) is also a locally spatial diamond. From the ♢ construction,
the map Y ♢ → X♢ is automatically partially proper, hence compactifiable. The finiteness in
transcendence degree of Y ♢×X♢ Spa(R,R+)→ Spa(R,R+) can be deduced from the analogous
statement for W♢ ×X♢ Spa(R,R+)→ Spa(R,R+) since the map W♢ → Y ♢ lifts all geometric
points. □

5.1.1. Six operations on the co-sheaf setup. At a technical level, the co-sheaf setup is a 6-functor
formalism, but one has to be careful since this can potentially lead to confusion (see Theo-
rem 5.1.16). Indeed, as we will see, in Zhu’s setup the “usual” 6-operations do not coincide with
the 6-operations that a 6-functor formalism naturally provides. We will clarify this point below.

The way Zhu upgrades Shv!c and Shv! to 3-functor formalisms on Corr(AlgSpqcqs, EAlg
pfp ) is by

recalling that Shv!c = D
op
cons and that, for a map [f : X → Y ] ∈ (AlgSpqcqs, EAlg

pfp ), the functor
f! preserves constructibility. In this way Zhu defines f∗ := fop! in Shv!c(X) → Shv!c(Y ) and
f∗ : Shv

!(X)→ Shv!(Y ) is defined as the ind-extension. Formally,

Shv! : Corr(AlgSpqcqs, EAlg
pfp )→ LinCatΛ

is defined as Shv! := ι ◦ (−)∨ ◦ Shv∗ where (−)∨ denotes the self-equivalence

(−)∨ : LinCatdualΛ → LinCatdualΛ (5.4)

discussed in [Zhu25b, Remark 7.24] given by taking the dual categories, and ι denotes the (non-
full) inclusion

ι : LinCatdualΛ → LinCatΛ

of the dualizable Λ-linear categories.
One can of course apply Theorem 2.2.29 to obtain 3-functor formalisms

Shv!c : Corr(PreStk, E
Alg,rep
pfp )→ LinCatsmΛ and Shv! : Corr(PreStk, EAlg,rep

pfp )→ LinCatΛ,

(5.5)
where again EAlg,rep

pfp denotes the maps of prestacks that are relatively representable in algebraic
spaces, and in EAlg

pfp .

Convention 5.1.14. As in Theorem 2.2.3, we give names to the 3 basic operations furnished
by the 3-functor formalism (5.5).

(1) For f : X → Y ∈ EAlg,rep
pfp we denote by f∗ : Shv

!(X) → Shv!(Y ), the image of {X id←

X
f→ Y }.
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(2) For f : X → Y ∈ PreStk we denote by f ! : Shv!(X) → Shv!(Y ), the image of {X f←
Y

id→ Y }.
(3) We denote by −⊠! − : Shv!(X)⊗LinCatΛ Shv!(Y )→ Shv!(X × Y ) the map coming from

lax-monoidality.
(4) We denote by −⊗!− : Shv!(X)⊗LinCatΛ Shv

!(X)→ Shv!(X) the composition of ∆! with
⊠!.

Remark 5.1.15. LetX → Y be a map in (PreStk, EAlg,rep
pfp ). Under the identificationDcons(X)op ≃

Shv!c(X) the operation f∗ corresponds to fop! : Dcons(X)op → Dcons(Y )op. This justifies the no-
tation used in Theorem 5.1.14.

Remark 5.1.16. We warn the reader that although Shv! automatically encodes 6-operations
(see Theorem 2.2.6), some of these operations should be treated as exotic operations. Indeed,
in this setup f ! and f∗ always admit a right-adjoint when customarily one would expect the
functors to admit a left-adjoint.

Definition 5.1.17. For any map f : X → Y in PreStk we let f♭ : Shv!(Y ) → Shv!(X) denote
the right adjoint of f !.

Although it is technically helpful to study f♭ and the question of when this functor preserves
constructibility as in [Zhu25b, §10.4.3], we are ultimately interested in defining and understand-
ing the more familiar functors f! and f∗, which will be our notation for the left adjoints of f !
and f∗. However, these latter functors might not always exist in the co-sheaf setup. Recall the
following statement that isolates some situations where they do.

Proposition 5.1.18 ([Zhu25b, Proposition 10.87]). Let [f : X → Y ] ∈ (PreStk, EAlg,rep
pfp ) be a

morphism of prestacks.
(1) If f is étale, then f∗ is a right adjoint to f ! (i.e., f∗ := f !).
(2) If f is pfp proper, then f∗ is a left adjoint to f ! (i.e., f! := f∗).
(3) If f is Shv-suave, then f∗ admits a left adjoint f∗, which preserves constructibility. In

addition, for a pullback square of prestacks

XW W

X Y

f ′

g′ g

f

(5.6)

the natural map (f ′)∗ ◦ g! ∼= (g′)! ◦ f∗ is an isomorphism.

Remark 5.1.19. Let [f : X → Y ] ∈ (AlgSpqcqs, EAlg
pfp ) be a representable morphism that

is Shv-suave. Under the identification Dcons(X)op ≃ Shv!c(X), the operation f∗ induced on
constructible sheaves by Theorem 5.1.18 (3) corresponds to f !,op : Dcons(Y )op → Dcons(X)op.
Moreover, since f∗ is a left-adjoint to f∗ it commutes with colimits, and in this case Shv!(X)

is the ind-extension of Shv!c(X), by the same reasoning as in the proof of Theorem 3.1.11. In
particular, f∗ is determined by its value on constructible sheaves. For more general prestacks X
and Y , the functor f∗ might not admit such a concrete description and its existence is instead
deduced from [Zhu25b, Lemma 8.46].
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Remark 5.1.20. We emphasize that, when formulating the notion of suave in Theorem 5.1.18
(3), we really do mean that it is suave with respect to the 6-functor formalism Shv or equivalently
Shv∗ in light of Theorem 5.1.12 (which we implicitly used when citing [Zhu25b]). Throughout
this document we formulate notions of suaveness, unipotence, and smoothness with respect to
the ∗-glued theory as in [Zhu25b], and use it to deduce consequences for the !-glued theory.

The following statement says that Shv!(X) satisfies excision with respect to well-behaved
closed immersions. Here one implicitly uses Theorem 5.1.18 to know that all of the functors in
the statement below are defined.

Proposition 5.1.21 ([Zhu25b, Lemma 10.90]). Let j : U → X be a quasicompact open embed-
ding of prestacks with a pfp closed complement i : Z → X. Then:

(1) i! ◦ j∗ ≃ 0 and j! ◦ i∗ ≃ 0.
(2) The functors i∗ (resp. j∗) are fully faithful, with essential image consisting of F ∈

Shv!(X) with j!F ≃ 0 (resp. i!F ≃ 0).
(3) For F ∈ Shv!(X) we have a functorial fiber sequence

i∗ ◦ i!F → F → j∗ ◦ j!F .

where the morphisms are the unit and co-unit of the corresponding adjunctions.

5.2. Placid geometry.

5.2.1. Placid stacks. We can think of the category PreStkArt of Theorem 3.1.20 as those geo-
metric objects that are finite dimensional over Spec k. For our considerations, we will need to
enlarge this category. The category of very placid stacks of Theorem 5.2.6 (also [Zhu25b, Def-
inition 10.114]) is an appropriate enlargement and it plays a crucial role in this article for the
following reasons.

(1) Very placid stacks have well-behaved co-sheaf theory.
(2) The moduli spaces of shtukas are very placid.

Definition 5.2.1 ([Zhu25b, Definition 10.49]). Let f : X → Y be a map in AlgSpqcqs.
(1) We say that f is cohomologically pro-smooth (or coh. pro-smooth) if X = lim←−i∈I Xi with

Xi ∈ AlgSpqcqs such that:
• each map [fi : Xi → Y ] is Shv-smooth and in EAlg

pfp ,
• each of the transition maps Xi → Xj is in Erep

pfp, affine and Shv-smooth,
• and the limit is taken over a cofiltered diagram I.

(2) We say that a coh. pro-smooth map is strongly cohomologically pro-smooth if the affine
transition maps Xi → Xj in a presentation as above are all surjective.

(3) We say X → Y is essentially cohomologically pro-smooth (resp. essentially pro-étale) if
there is a factorization X → Z → Y where X → Z is coh. pro-smooth (resp. pro-étale)
and Z → Y is in EAlg

pfp .

Recall the definition of a unipotent map Theorem 2.2.11, specifically we will consider Shv-
unipotent maps and their implications to the Shv!-theory.

Definition 5.2.2 ([Zhu25b, Definition 10.59]). Let f : X → Y be a map in AlgSpqcqs.
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(1) We say that f is pro-unipotent if we have a cofiltered presentation X = lim←−i∈I Xi with
Xi ∈ AlgSpqcqs such that each map fi : Xi → Y is Shv-unipotent, and such that each
transition map Xi → Xj is in Erep

pfp, affine and Shv-unipotent.
(2) We say X → Y is essentially pro-unipotent if there is a factorization X → Z → Y where

X → Z is pro-unipotent and Z → Y is in EAlg
pfp .

We recall the definition of placid stacks in Zhu’s context (which is a variant of the concept
introduced in [BKV22]). Roughly speaking, placid stacks are infinite dimensional spaces which
exhibit cohomological behavior that is similar to finite dimensional spaces. Our basic building
block is as follows.

Definition 5.2.3 ([Zhu25b, Definition 10.61]). We say an algebraic space X ∈ AlgSpqcqs is
standard placid if the structure morphism X → Spec k is essentially cohomologically pro-smooth
in the sense of Theorem 5.2.1. We let AlgSpspl ⊂ AlgSpqcqs denote the full subcategory of
standard placid spaces.

Definition 5.2.4 ([Zhu25b, Definition 10.104]). A morphism of perfect prestacks f : X → Y is
said to be of homological descent if the canonical map

Shv!(Y )→ lim←−
n∈∆

Shv!(Xn)

induced by (−)! is an equivalence. Here Xn is the nth term of the Čech nerve of X → Y and
∆ denotes the simplex category. Similarly, we say it is of universal homological descent if this is
true after any base-change Y ′ → Y .

Remark 5.2.5. We note that being of (universal) homological descent is simply saying that
f : X → Y is a (universal) D∗-cover in the sense of Theorem 2.2.14 for D = Shv!.

We extend Theorem 5.2.3 to stacks as follows.

Definition 5.2.6 ([Zhu25b, Definition 10.114]). Let X ∈ SchStkét be a quasicompact étale
stack.

(1) We say X is a quasicompact quasi-placid étale stack if there exists a surjective repre-
sentable coh. pro-smooth morphism U → X with U ∈ AlgSpspl. We refer to the map
U → X as a quasi-placid atlas for X. We denote by SchStkqc,qplét ⊆ PreStk the full
subcategory of quasicompact quasi-placid étale stacks.

(2) We say X is a quasicompact placid étale stack if X ∈ SchStkqc,qplét and there is a quasi-
placid atlas that is a) strongly coh. pro-smooth in the sense of Theorem 5.2.1 (3), and is
b) of universal homological descent in the sense of Theorem 5.2.4. We call such quasi-
placid atlas a placid atlas. We denote by SchStkqc,plét ⊆ PreStk the full subcategory of
quasicompact placid étale stacks.

(3) We say X is a quasicompact very placid étale stack if X ∈ SchStkqc,qplét and there is a
quasi-placid atlas which is also essentially cohomologically pro-unipotent in the sense
of Theorem 5.2.2. We call such a placid atlas a very placid atlas. We denote by
SchStkqc,vplét ⊆ PreStk the full subcategory of very placid stacks.

Remark 5.2.7. To simplify the exposition, we only give Theorem 5.2.6 for quasicompact quasi-
placid (resp. quasicompact placid, resp. quasicompact very placid) stacks. Zhu gives a more



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 101

general definition ([Zhu25b, Definition 10.114]). In our work, we will only consider quasi-placid
étale stacks that are quasicompact and, if the context is clear, we will drop the word “quasicom-
pact” from the terminology.

Proposition 5.2.8 ([Zhu25b, Proposition 10.108]). Let f : U → X be a map of prestacks. If
f is representable and essentially pro-unipotent, then f is of universal homological descent. In
particular, if X ∈ SchStkqc,vpl and U → X is a very placid atlas, then

Shv!(X) ≃ lim←−
n∈∆

Shv!(Un),

where Un denotes the n-fold fiber product of U over X.

All of the operations discussed in Theorem 5.1.18 are with respect to maps f : X → Y that
are representable and pfp (i.e., in EAlg,rep

pfp ). For our purposes we will need to discuss f! (the
left-adjoint of f !) when the map f is not necessarily pfp. For example, the atlas map f : U → X
for X a very placid stack. We have the following.

Proposition 5.2.9 ([Zhu25b, Proposition 10.124.(1)]). Let f : X → Y be a morphism of quasi-
compact quasi-placid stacks. If f is representable, essentially pro-unipotent, then f ! : Shv!c(Y )→
Shv!c(X) admits a left adjoint when restricted to constructible subcategories f! : Shv!c(X) →
Shv!c(Y ).

We also have the following.

Proposition 5.2.10 ([Zhu25b, Proposition 10.145]). Let f : X → Y be a morphism of quasicom-
pact placid stacks. If f is representable, essentially pro-unipotent, then f ! : Shv!(Y )→ Shv!(X)
admits a left adjoint.

Proof. [Zhu25b, Proposition 10.145] only states the existence of the adjoint when X and Y are
very placid, but the paragraph below it clarifies that the existence of the adjoint only requires
X and Y to be placid. □

Almost by definition (see the discussion preceding Equation (5.4)), when X ∈ AlgSpqcqs the
inclusion map Shv!c(X) ↪→ Shv!(X) induces an identification Shv!c(X) ≃ Shv!(X)ω. For general
prestacks this is far from true; nevertheless, we still have the following.

Lemma 5.2.11 ([Zhu25b, Lemma 10.127, Proposition 10.144]). Let X be a quasicompact quasi-
placid stack. The following is true.

(1) The essential image of the natural inclusion Shv!(X)ω ↪→ Shv!(X) lies in Shv!c(X).
(2) Let X be quasicompact very placid with corresponding very placid atlas f : U → X. Then

the category Shv!(X) is compactly generated. The functor f! preserves compact objects
and a family of compact generators is given by f!(F) for F ∈ Shv!c(U).

(3) In the situation of (2), if f is cohomologically pro-unipotent (not just essentially pro-
unipotent), then we have that Shv!c(X) ≃ Shv!(X)ω.

We also need the following statement on the existence of f∗ (the left-adjoint of f∗).

Lemma 5.2.12. Let f : X → Y ∈ SchStkqc,plét be a morphism of quasicompact placid stacks.
Suppose that f is in EAlg,rep

pfp , then f∗ has a left-adjoint f∗.
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Proof. This follows from the proof of [Zhu25b, Proposition 10.145] and the paragraph above
it. □

A useful consequence of this is the following.

Corollary 5.2.13. Let f : X → Y be a pfp closed immersion of quasicompact placid stacks. If
Shv!(Y ) is compactly generated, then Shv!(X) is also compactly generated.

Proof. If {ai}i∈I is a family of compact generators for Shv!(Y ), then {f∗ai}i∈I ⊆ Shv!(X) is a
family of compact generators for Shv!(X). Indeed, f∗ preserves compact objects since f∗ admits
a further right adjoint, and since f∗ is conservative (even fully faithful by Theorem 5.1.21 (2))
the family {f∗ai}i∈I generates. □

5.2.2. Ind-placid and sind-placid stacks. In this section we discuss ind-placid and sind-placid
stacks. Intuitively speaking, these categories are obtained from the categories of quasi-placid
stacks by formally adding filtered and sifted colimits along proper maps. As mentioned before,
the schematic local Langlands category is the category of co-sheaves on the Kottwitz stack
which is a sind-very placid stack. In this sense, sind-placid stacks also play a key role in our
considerations.

The following statement, which can be deduced from applying the universal property of the
category of presheaves and [HTT, Theorem 5.1.5.6], is the main reason one can control the
category of co-sheaves for sind-placid stacks.

Lemma 5.2.14. Let X = colimi∈I Xi be a colimit in PreStk then we have an identification

Shv!(X) ≃ lim←−
i∈Iop
f !

Shv!(Xi)

of categories where the transition maps on the right-hand side are formed with respect to !-pullback
internal to the Shv!(−)-theory.

Combining Theorem 5.2.14 above with [HTT, Theorem 5.5.3.18, Corollary 5.5.3.4], we deduce
the following.

Proposition 5.2.15. Let X = colimi∈I Xi be a colimit of prestacks with transition maps repre-
sentable in pfp proper algebraic spaces, then we have an equivalence

Shv!(X) ≃ lim−→
i∈I
f∗

Shv!(Xi)

in LinCatΛ, where the transition maps on the right-hand side are formed with respect to ∗-
pushforward internal to the Shv!(−)-theory.

This motivates the following definition.

Definition 5.2.16 ([Zhu25b, Definition 10.93]). A morphism of prestacks f : X → Y is called
ind-pfp proper if, for all S ∈ AlgSpqcqs, with a map S → Y the pullback fS : XS → S admits a
presentation as a colimit colimi∈I Xi with transition maps Xi → Xj being pfp closed immersions
of algebraic spaces such that Xi → S is pfp proper (i.e., [Xi → S] ∈ PAlg

pfp ).

The left adjoint to f !, for an ind-pfp proper map f , behaves as expected.



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 103

Lemma 5.2.17 ([Zhu25b, Lemma 10.100]). Let f : X → Y be an ind-pfp proper morphism of
prestacks. Then f∗ is the left adjoint to f !.

We thus obtain an analogue of Theorem 5.2.15, by the exact same line of reasoning.

Lemma 5.2.18. Let X = colimi∈I Xi be a colimit of prestacks with ind-pfp proper transition
maps, then we have an equivalence

Shv!(X) ≃ lim−→
i∈I
f∗

Shv!(Xi).

Ind-proper surjective maps satisfy descent. More precisely, we have the following.

Proposition 5.2.19 ([Zhu25b, Proposition 10.106]). Let f : X → Y be a ind-pfp proper and
surjective morphism of prestacks. Then f is of universal homological descent in the sense of
Theorem 5.2.4.

Remark 5.2.20. In Theorem 5.2.19, the precise meaning of the representable map f being
surjective is that, for any map S → Y for any qcqs scheme S, the base-change morphism
fS : X ×Y S → S is surjective as a map of algebraic spaces (i.e a surjection at the level of
topological spaces). The argument of [Zhu25b, Proposition 10.106] shows that such a surjective
ind-pfp proper has the property that the base-change fS : X ×Y S → S is surjective for the
h-topology (See [Zhu25b, Remark 10.107]).

Definition 5.2.21 ([Zhu25b, Definition 10.153, 10.157]). Let X ∈ SchStkét.
(1) We say X is quasicompact Ind-quasi-placid (resp. quasicompact Ind-placid, quasicompact

Ind-very-placid) if X = colimi∈I Xi is a filtered colimit of quasicompact quasi-placid
(resp. quasicompact placid, quasicompact very placid) stacks Xi along representable pfp
closed immersions. We let

IndStkqc,vplét ⊂ IndStkqc,plét ⊂ IndStkqc,qplét ⊂ PreStk

denote the corresponding full subcategories of objects in SchStkét.
(2) We say X ∈ SchStkét is a quasicompact sind-placid stack (resp. quasicompact sind-

very placid) if it admits an étale-surjective ind-pfp proper morphism in the sense of
Theorem 5.2.16 from a quasicompact Ind-placid stack (resp. quasicompact Ind-very-
placid stack) V → X. We call such a V → X a sind-placid (resp. sind-very placid)
atlas. We let sIndStkqc,vplét ⊂ sIndStkqc,plét ⊆ SchStkét denote the categories of qc sind-
very placid and qc sind-placid stacks.

Remark 5.2.22. We warn the reader that, despite the terminology, quasicompact Ind-quasi-
placid and quasicompact sind-quasi-placid stacks are not quasicompact as étale stacks. Since
we only work with quasicompact Ind-quasi-placid and quasicompact sind-quasi-placid stacks, we
will often drop the word “quasicompact” from the terminology.

Let X ∈ IndStkqc,qplét be an Ind-quasi-placid stack X with presentation lim−→i∈I Xi, where
each Xi ∈ SchStkqc,qpl and each transition map Xi → Xj is a pfp closed immersion. By
Theorem 5.2.15, we obtain a natural equivalence

Shv!(X) ≃ lim−→
i∈I
f∗

Shv!(Xi).
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Similarly, by Theorem 5.2.19 for X ∈ sIndStkqc,pl and V → X a sind-placid atlas we have

Shv!(X) ≃ lim←−
n∈∆
f !

Shv!(V n) ≃ lim−→
n∈∆op

f∗

Shv!(V n),

where V n denotes the n-fold product of V over X.
We have the following analogue of Theorem 5.2.12 for ind-placid stacks.

Proposition 5.2.23. Let X ∈ IndStkqc,plét with ind-presentation X ≃ lim−→i∈I Xi with Xi ∈
SchStkqc,plét . Let fi : Xi → X denote the pfp closed immersion. Then, fi,∗ has a left-adjoint f∗i .
Moreover, Shv!(X) is compactly generated if and only if every Shv!(Xi) is compactly generated.

Proof. The existence of the left-adjoint follows from Theorem 5.2.12 and from [BKV22, Propo-
sition 5.1.8.(c)]. If each Shv!(Xi) is compactly generated, it follows from Theorem 5.3.14 below
that Shv!(X) is also compactly generated. Conversely, if Shv!(X) is compactly generated we
may argue as in Theorem 5.2.13 to show that each Shv!(Xi) is also compactly generated. □

We also have the following more refined result on excision for these particular types of stacks.

Proposition 5.2.24 ([Zhu25b, Proposition 10.177]). Let Y be a sind-very placid stack and let
j : U → Y be a qcqs open embedding with a closed complement i : Z → Y . Then U and Z are
sind- very placid and i is pfp. In particular, by Theorem 5.1.21, we have that.

(1) i! = i∗, j
! ◦ i∗ ≃ 0, i! ◦ j∗ ≃ 0, and i∗ ◦ j! ≃ 0.

(2) The functor i∗ (resp. j∗, resp. j!) is fully faithful, with essential image consisting of
those F ∈ Shv!(X) satisfying j!F = 0 (resp. i!F = 0, resp. i∗F = 0).

(3) For every F ∈ Shv(Y ), we have the following canonical fiber sequences:

i∗ ◦ i!F → F → j∗ ◦ j∗F ,
and

j! ◦ j∗F → F → i∗ ◦ i∗F .

5.3. Cosheaves and analytification. We start this subsection, by offering some informal
explanations and perspectives of the difficulties related to reconciling the cosheaf formalism of
Zhu introduced in the previous sections and Scholze’s analytification functor c∗ introduced in
§2. We do this to guide the reader in the discussion that follows.

The first observation is that Scholze’s functor is more directly related to Shv∗(X) and that
unfortunately, for a general prestacks X ∈ PreStk it is hard to understand the relation between
Shv∗(X) and Shv!(X). When X ∈ AlgSpqcqs, the categories are canonically equivalent through
ind-extending Verdier duality on constructible sheaves. When X is quasi-placid the categories
Shv∗c(X) and Shv!c(X) are still equivalent, but the equivalence will usually rely on additional
data ([Zhu25b, Lemma 10.129, Proposition 10.130]). For more general prestacks, it is hard to
understand if there is a relation at all.

Question 5.3.1. Does there exist an equivalence between Shv∗(B(G)) and Shv!(B(G))? Or
equivalently, are Shv∗(B(G)) and Shv!(B(G)) dual to each other?

Since the analytification functors c∗ are naturally defined for the Shv∗-theory, two possibilities
come to mind:
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• Develop a cosheaf theory in the analytic setup over which an analytification functor c!
is naturally defined.
• Study the precise relation between Shv!(X) and Shv∗(X) for enough geometric objects.

The first option would take us too far afield, and would require us to overcome substantial
technical problems. However, it would be interesting if such a theory became available. We will
take the second approach. Let us recall the following statement.

Proposition 5.3.2 ([Zhu25b, Proposition 10.148]). Suppose that X = U/H where U is a stan-
dard placid algebraic space and H is an affine group scheme over k fitting in an exact sequence
of the form

e→ H0 → H → H ′ → e

such that H0 is coh. pro-unipotent over k and H ′ is pfp over k. The following statements hold.
(1) X is very placid.
(2) The canonical identification Shv!c(X) ≃ (Shv∗c(X))op induces an identification

(Shv!(X))ω ≃ (Shv∗(X)ω)op.

(3) There exist an identification

idη : Shv!(X) ≃ Shv∗(X),

relying on the choice of a generalized constant sheaf ΛηX ∈ Shv!c(X) (see [Zhu25b, Defi-
nition 10.63, Definition 10.128]) and the discussion on [Zhu25b, §10.4.2]).

Using Theorem 5.3.2, one can easily define an analytification functor

c!η : Shv
!(X)→ D♢proét

Λ (X) ≃ Dan
Λ (X♢)

by composing idη : Shv!(X)→ Shv∗(X) with the natural maps

Shv∗(X)→ Dsch
Λ (X)→ D♢Λ (X)

from Theorem 3.3.9, Theorem 3.1.18, and Theorem 5.1.10.
As the reader might have noticed, the analytification functor proposed c!η will bring hell and

tempest to the poor soul that attempts to make it functorial, since it clearly depends on the
choice of ΛηX .

An alternative approach, is to combine Theorem 5.3.2 with Theorem 5.2.11 to observe that,
whenever X = U/H is very placid, then Shv!(X) and Shv∗(X) are canonically dual. In other
words,

Shv∗(X) ≃ Shv!(X)∨. (5.7)
We will take a version of this approach that will work for more general stacks. This will require
us to study deeper the work of Zhu. More precisely, we recall the ind-finitely generated sheaves
of Zhu. We begin by recalling the following definition.

Definition 5.3.3. [Zhu25b, §10.5.4] A map f : X → Y ∈ SchStkqc,qplét is in V!
c if the following

conditions hold:
• f is !-able for the 3-functor formalism Shv! (i.e., f∗ is well-defined) in the sense of the

extension procedure of Theorem 2.2.34 applied to (5.5).
• For all Y ′ → Y ∈ SchStkqc,qplét the pullback X×Y Y ′ ∈ SchStkqc,qplét , and if f ′ : X×Y Y ′ →
Y ′ denotes the base change, then f ′∗ preserves constructible sheaves.
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Analogously, a map f : X → Y ∈ SchStkqc,qplét is in V∗c if the following conditions hold:
• f is !-able for the 3-functor formalism Shv∗ (i.e., f! is well-defined).
• For all Y ′ → Y ∈ SchStkqc,qplét the pullback X×Y Y ′ ∈ SchStkqc,qplét , and if f ′ : X×Y Y ′ →
Y ′ denotes the base change, then f ′! preserves constructible sheaves.

Remark 5.3.4. We note that (SchStkqc,qplét ,V!
c) (resp. (SchStkqc,qplét ,V∗c)) is a geometric setup

that might not have finite limits, since fiber products of quasi-placid stacks might not remain
quasi-placid. This is an instance where the notion of geometric setup discussed in Theorem 2.2.1
does not suffice and one really needs the more general notion defined in [HM24, Definition 2.1.1].
We also note that EAlg,rep

pfp ⊆ V!
c ∩V∗c , and that (SchStkét, E

Alg,rep
pfp ) is already a geometric setup

in the stricter sense of Theorem 2.2.1. Working with this geometric setup will suffice for our
purposes.

Almost by definition, the co-sheaf 3-functor formalism on PreStk and Shv!-!-able maps re-
stricts to a 3-functor formalism

Shv!c : Corr(SchStk
qc,qpl
ét ,V!

c)→ LinCatsmΛ ,

we can ind-extend it to obtain a presentable 3-functor formalism

IndShv!f.g. : Corr(SchStk
qc,qpl
ét ,V!

c)→ LinCatcgΛ ↪→ LinCatΛ. (5.8)

These are so-called ind-finitely generated sheaves (see [Zhu25b, Equation (10.55)]).
Analogously, we get

IndShv∗f.g. : Corr(SchStk
qc,qpl
ét ,V∗c)→ LinCatΛ. (5.9)

For X ∈ SchStkqc,qplét , the natural inclusion Shv!c(X) ⊆ Shv!(X) gives rise to a natural trans-
formation of 6-functor formalisms on Corr(SchStkqc,qplét ,Vc) (see [Zhu25b, Equation (10.56)])

Ψ : IndShv!f.g. ⇒ Shv!

given by formally taking the colimit. Similarly, we have a natural transformation

IndShv∗f.g. ⇒ Shv∗ (5.10)

given by the natural inclusion Shvc(X) ⊆ Shv∗(X) for X ∈ SchStkqc,qplét and formally taking
colimits.

Assume now that Shv!(X) is compactly generated (e.g if X is very placid, by Theorem 5.2.11).
Then it follows that Ψ admits a fully faithful left-adjoint

ΨL : Shv!(X)→ IndShv!f.g.(X), (5.11)

which can be obtained by Ind-extending the inclusion Shv!(X)ω ⊆ Shv!c(X) granted by Theo-
rem 5.2.11 (1).

Construction 5.3.5. Assume that X ∈ SchStkqc,qplét and Shv!(X) is compactly generated. The
map ΨL above admits a conjugate map

(ΨL)o : Shv!(X)∨ → IndShv!f.g.(X)∨,
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which can be obtained by ind-extending the inclusion (Shv!(X)ω)op ⊆ (Shv!c(X))op. Note that, by
Ind-extending the identification in Theorem 5.1.7 for X ∈ SchStkqc,qplét , we have an equivalence

IndShv!f.g.(X)∨ ≃ IndShv∗f.g.(X),

and that IndShv∗f.g.(−) ≃ Ind(Shv∗c)(−) as functors over (SchStkqc,qplét )op. In particular, this
allows us to define the composition

Shv!(X)∨
(ΨL)o→ IndShv!f.g.(X)∨ ≃ IndShv∗f.g.(X)→ Shv∗(X),

where the last map is as in (5.10).

The map from Theorem 5.3.5 can now be composed with the natural transformation of The-
orem 3.1.18 (2) and the analytification map of Theorem 3.3.9. We summarize the situation as
follows.

Proposition 5.3.6. If X ∈ SchStkqc,qplét then there is a well-defined analytification map

c∗,∨f.g. : IndShv
!
f.g.(X)∨ → D♢Λ (X).

Furthermore, if Shv!(X) is compactly generated, then the composition of (ΨL)o with c∗,∨f.g. gives a
well-defined analytification map

c∗,∨ : Shv!(X)∨ → D♢Λ (X).

Remark 5.3.7. Evidently, whenever Shv!c(X) = Shv!(X)ω and Shv∗c(X) = Shv∗(X)ω hold,
then Shv!(X)∨ ≃ Shv∗(X) and under this identification c∗,∨ and c∗ agree.

In particular, we see that even when Shv∗(X) does not necessarily agree with Shv!(X)∨, one
can still define an analytification functor for objects in Shv!(X)∨, whenever X ∈ SchStkqc,qplét

and Shv!(X) is compactly generated. We set some notation.

Definition 5.3.8. We let SchStkqc,qpl,cgét ⊆ SchStkqc,qplét denote the subcategory of quasicompact
quasi-placid étale stacks X for which Shv!(X) is compactly generated.

Remark 5.3.9. We warn the reader that the naturality of the analytification functor

c∗,∨ : Shv!(X)∨ → D♢Λ (X),

is subtle. Indeed, given a map of stacks f : X → Y ∈ SchStkqc,qpl,cgét it is not clear if f ! will
preserve compact objects. If it does, one obtains a commutative diagram

Shv!(Y )∨ IndShv∗f.g.(Y )∨

Shv!(X)∨ IndShv∗f.g.(X)∨.

(ΨL)o

(f !)o Ind(f∗)

(ΨL)o

As we pointed out in Theorem 5.3.9, it is better to analytify ind-finitely generated cosheaves.
Indeed, for those we can formulate a version of Theorem 5.3.6 that is functorial in the category
of correspondences. Recall that we have an involution

(−)∨ : LinCatcgΛ → LinCatcgΛ ,
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given by taking the dual category, which may be identified with C∨ = Ind(Cω,op), as in [DG15,
Section 1.5.3]. Moreover, given any 3-functor formalism we can consider the result of composing
it with (−)∨. This allow us to define a 3-functor formalism

(IndShv!f.g.)
∨ : Corr(SchStkqc,qplét ,V!

c)→ LinCatcgΛ .

Remark 5.3.10. Given a map f : X → Y ∈ (SchStkét)
qc,qpl

V!
c

we obtain a functor

(IndShv!f.g.)
∨([X = X → Y ]) : (IndShv!f.g.)

∨(X)→ (IndShv!f.g.)
∨(Y ),

which we denote by TX→Y . The functor TX→Y is the ind-extension of

(f∗)
op : Shv!c(X)op → Shv!c(Y )op.

One could hope that if f ∈ V !
c ∩ V ∗c , then one would be able to rewrite TX→Y simply as the

ind-extension of
f! : Shv

∗
c(X)→ Shv∗c(Y )

via the natural equivalence IndShv!f.g.(−)∨ ≃ Ind(Shv!c(−)op). When

[f : X → Y ] ∈ (SchStkét, E
Alg,rep
pfp )

this holds, since in this case by definition f∗ := (f!)
op on constructible categories. Nevertheless,

outside of this case, the identification becomes much more subtle and it is not at all clear in
which generality this should hold. Indeed, although for f ∈ V !

c ∩V ∗c the functor f∗ is defined and
preserves constructible categories, it is defined through extensions procedures and, in general,
its behavior might be hard to control.

For us, the following will suffice, which follows from the above discussion.

Proposition 5.3.11. The following statements hold.
(1) We have an equivalence of 6-functor formalisms on Corr(SchStkqc,qplét , EAlg,rep

pfp ) with val-
ues in LinCatcgΛ

IndShv∗f.g.(−) ≃ IndShv!f.g.(−)∨.
(2) The functors c∗,∨f.g. fit in a natural transformation of 6-functor formalisms defined over

Corr(SchStkqc,qplét , EAlg,rep
pfp )

c∗,∨f.g. : IndShv
!
f.g.(−)∨ ⇒ D

♢proét

Λ (−).

(3) The functors c∗,∨ fit in a natural transformation of functors

(SchStkqc,qpl,cgét )
PAlg,rep
pfp

→ LinCatcgΛ

c∗,∨ : Shv!(−)∨ ⇒ D♢proét

Λ (−).
Proof. The first two items were dealt with in the discussion preceding this statement, so we only
provide the argument for the third. Note that we have a natural transformation of 6-functor
formalisms on (SchStkét, E

Alg,rep
pfp ), of the form

Ψ : IndShv!f.g. ⇒ Shv!.

When we restrict this to the subcategory (SchStkqc,qpl,cgét )
PAlg,rep
pfp

↪→ Corr(SchStkét, E
Alg,rep
pfp ), this

natural transformation takes the form
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IndShv!f.g.(X) Shv!(X)

IndShv!f.g.(Y ) Shv!(Y )

ΨX

Ind(f∗) f∗

ΨY

on an arrow f : X → Y ∈ (SchStkqc,qpl,cgét )
PAlg,rep
pfp

, and this square is adjointable. Indeed, as

discussed above, the hypothesis X,Y ∈ (SchStkqc,qpl,cgét ) ensure that each ΨX , and ΨY admit
fully faithful left-adjoint functors ΨL

X , and ΨL
Y respectively, and the hypothesis f ∈ PAlg,rep

pfp

ensures that f∗ preserves constructibility. Since passing to adjoints along adjointable squares is
functorial, we get a natural transformation

ΨL : Shv! ⇒ IndShv!f.g.

of functors on (SchStkqc,qpl,cgét )
PAlg,rep
pfp

. Passing to conjugate functors and composing with c∗,∨f.g.
we obtain the desired natural transformation. □

5.3.1. Finitely generated sheaves for sind stacks. We now extend the discussion of analytification
in the previous context to the context of ind-finitely generated sheaves on ind-placid and sind-
placid stacks. This will in particular give rise to the desired analytification operation in the
relevant context of B(G). We have the following which essentially follows directly from the
construciton of IndShv!f.g..

Definition 5.3.12 ([Zhu25b, Definition 10.160]). Let X be a quasicompact ind-quasi-placid
stack. An object A ∈ Shv!(X) is called finitely generated if it is of the form i∗B for some
pfp closed immersion i : Z → X such that Z ∈ SchStkqc,qplét and B ∈ Shv!c(Z). We de-
note Shv!f.g.(X) ⊆ Shv!(X) the full subcategory of finitely generated sheaves. We denote by
IndShv!f.g.(X) its ind-completion, and we let

Ψ : IndShv!f.g.(X)→ Shv!(X)

be the ind-extension of the natural inclusion.

Proposition 5.3.13 ([Zhu25b, Lemma 10.161]). Let X be a quasicompact ind-quasi-placid stack
with presentation X ≃ colimi∈I Xi, then the ∗-pushforward defines an equivalence in LinCatsmΛ

lim−→
i∈I
f∗

Shv!c(Xi) ≃ Shv!f.g.(X).

In other words, we have an equivalence in LinCatcgΛ

lim−→
i∈I

Ind(f∗)

IndShv!f.g.(Xi) ≃ IndShv!f.g.(X).

We wish to have control of IndShv!f.g.(X)∨ for X ∈ IndStkqc,qplét . Recall the following state-
ment.
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Proposition 5.3.14. If we have a filtered colimit C = lim−→i∈I Ci of compactly generated cate-
gories for which the transition maps preserve compact objects, then C is compactly generated
and C∨ ≃ lim−→i∈I C

∨
i , where the transition morphisms F oij : C

∨
i → C∨j are given by the conjugate

functors to the transition functors Fij : Ci → Cj.
Proof. This follows from [HTT, Proposition 5.5.7.10, 5.5.7.11] and [GR17, Proposition 7.3.2]. □

Proposition 5.3.15. If X ∈ IndStkqc,qplét and we have a presentation X = lim−→i∈I Xi with each
Xi quasicompact quasi-placid and transition morphisms being pfp closed immersions, then the
following is true

(1) We have an identification

IndShv!f.g.(X)∨ ≃ lim−→
i∈I

Ind(f!)

IndShv∗f.g.(Xi).

(2) If each Shv!(Xi) is compactly generated, then Shv!(X) is compactly generated, the tran-
sition morphisms f∗ preserve compact objects and therefore gives rise to a conjugate
map

(ΨL)o : Shv!(X)∨ → IndShv!f.g.(X)∨.

Proof. This follows from Theorem 5.3.13, Theorem 5.3.14, Theorem 5.3.11(1) and the fact that
in this setup the transition maps f∗ admit a colimit-preserving right-adjoint (i.e., f !). Indeed,
the transition maps are pfp closed immersions. □

For sind-placid stacks there is also a theory of finitely generated sheaves together with its
ind-extension [Zhu25b, §10.6.5].
Definition 5.3.16 ([Zhu25b, Equation (10.63) and the paragraph below]). For a sind-placid
stack X, we let

IndShv!f.g.(X) := lim−→
Ind(f∗)
V→X

IndShv!f.g.(V )

as V → X ranges over the ind-pfp morphisms with V placid.

By [Zhu25b, Equation (10.64)], for all X ∈ sIndStkqc,plét , we still have a functor

Ψ : IndShv!f.g.(X)→ Shv!(X).

A difficulty of working with finitely generated sheaves on general sind-placid stacks is that one
might not be able to access all finitely generated sheaves of X via a single atlas V → X. Indeed,
in general we only have a fully faithful embedding (see [Zhu25b, Proposition 10.181, Remark
10.182])

| IndShv!f.g.(V •)| ↪→ IndShv!f.g.(X).

For this reason, it is hard to construct analytification of ind-finitely generated cosheaves for
general sind-placid stacks. In contrast, the actual category of sheaves can still be accessed by
an atlas. Indeed we have formulas (see [Zhu25b, Equation (10.61)])

Shv!(X) ≃ Tot(Shv(V •)) ≃ |Shv(V •)|.
Since we have only defined analytification for Shv!(X)∨ (and quasicompact quasi-placid stacks)
when this category is compactly generated (i.e., when X ∈ SchStkqc,qpl,cgét ), this restriction will
naturally carry to the sind-placid stacks that we will be able to consider.
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5.3.2. Sind-†-correspondences. The sheaf theory that Zhu works with in [Zhu25b] is designed
to interact nicely with respect to ind and sind constructions. This is not the case for the
analytic sheaf theory of [Sch22]. For this reason, to discuss analytification in the ind-placid and
sind-placid context, it will work better to consider functors that one should think of as being
the composition of an analytification with a correspondence. The subtlety is that we want to
consider correspondences that might not be !-able for all analytic sheaves, but become !-able
once we restrict to sheaves that come from analytification.

Definition 5.3.17. (1) A †-correspondence consists of a tuple (X,Y, α) with Y ∈ AnStkv,
X ∈ resSchStk

qc,qpl
ét and α : X† → Y a Dan

Λ -!-able map.
(2) We let Corrqc,qpl† denote the category of †-correspondences, which we can formally define

as the pullback

Corrqc,qpl† Fun(∆1, (AnStkv)EDan,!
)

(resSchStk
qc,qpl
ét )

EAlg,rep
pfp

AnStkv,

s∗

(−)†

where s∗ is induced by the inclusion {0} → ∆1. Informally, a map of †-correspondences
Θ : (X1, Y1, α1)→ (X2, Y2, α2) consists of maps f : X1 → X2, g : Y1 → Y2 together with
commutation data for the following diagram

X♢1 X†1 Y1

X♢2 X†2 Y2.

f♢

α1

bX1

f† g

bX2

α2

(5.12)

Note that the left hand square automatically commutes (i.e., comes with canonical com-
mutation data), where as for the right hand square one needs to provide additional
data.

(3) With the notation as above, we say that a map of †-correspondences Θ is in P †, if
the map f : X1 → X2 is in PAlg,rep

pfp . We will write Corrqc,qpl,cg
P † ⊂ Corrqc,qpl† for the

(non-full) subcategory of †-correspondences (X,Y, α) such that Shv!(X) is compactly
generated, and whose morphisms lie in P †. Note that in this case the left hand square
of the commutative diagram (5.12) will be Cartesian in light of Theorem 4.2.3 and
Theorem 4.2.5.

(4) Given (X,Y, α) ∈ Corrqc,qpl† we define the functor

c∗,αf.g. : IndShv
!
f.g.(X)∨ → Dan

Λ (Y )

as the composition α! ◦ b∗X ◦ c
∗,∨
f.g.. If Shv!(X) is compactly generated, then we define

c∗,α : Shv!(X)∨ → Dan
Λ (Y )

as the composition c∗,α := c∗,αf.g. ◦ (Ψ
L)o.
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(5) We note that these constructions are natural on P † and give rise to functors

c∗,αf.g. : Corr
qc,qpl,cg
P † → Fun(∆1,LinCatΛ).

and
c∗,α : Corrqc,qpl,cg

P † → Fun(∆1,LinCatΛ).

Indeed, this follows from proper base-change applied to the left hand square of (5.12)
(which is cartesian since Θ ∈ P †) together with Theorem 4.2.3, Theorem 4.2.5 and
Theorem 5.3.11.

Remark 5.3.18. Informally, Theorem 5.3.17.(5) says that for any map α : X† → Y we get a
functor

Shv!(X)∨
c∗,α−−→ Dan

Λ (Y ),

and for every commutative diagram

X†1 Y1

X†2 Y2

α1

f† g

α2

with f ∈ PAlg,rep
pfp and α1, α2, g ∈ Ean

Dan
Λ ,! we also get a commutative diagram

Shv!(X1)
∨ Dan

Λ (Y1)

Shv!(X2)
∨ Dan

Λ (Y2).

c∗,α1

(f∗)o g!

c∗,α2

An important special case of this is when Y1 = Y2

Before we define analytification for sind-placid stacks, we need the following definition.

Definition 5.3.19. Let X ∈ sIndStkqc,plét . By a bounded piece of X we mean a map g : V → X

that is ind-pfp proper with V ∈ SchStkqc,plét .

We wish to define analytification functors on X by descending analytification functors defined
on its bounded pieces. The following statement will help us achieve this.

Lemma 5.3.20. Suppose that X ∈ sIndStkqc,plét and that we have a commutative diagram

V2

V1 X

g2
f

g1

where each g1 and g2 are bounded pieces of X. The following statements hold.
(1) The formula V †i ≃ V

♢
i ×X♢ X† holds.

(2) f ∈ PAlg,rep
pfp .

(3) If Shv!(V1) and Shv!(V2) are compactly generated and V2 ∈ resSchStkét, then V1 ∈
resSchStkét and there is a natural commutative diagram
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Shv!(V1)
∨ D♢Λ (V1) D†Λ(V1)

Shv!(V2)
∨ D♢Λ (V2) D†Λ(V2).

c∗,∨

(f∗)o f♢!

b∗V1

f†!

c∗,∨
b∗V2

Proof. For the first point, consider a totally disconnected perfectoid Huber pair (R,R+). It
suffices to show that Vi(SpecR◦) ∼= Vi(SpecR)×X(R)X(SpecR◦) since this will show the formula
we want when we pass to the v-sheafification. If Vi → X is pfp proper on the nose (i.e., in
PAlg,rep
pfp ), the claim follows from Theorem 4.2.3 and Theorem 4.2.5. In general, one can write
Vi ×X SpecR◦ = colimWj where each Wj → SpecR◦ is pfp proper. Any map SpecR →
Vi ×X SpecR◦ factors through a Wj for some j by [Zhu25b, Lemma 10.154], so the existence of
the unique lift SpecR◦ → Vi ×X SpecR◦ extending SpecR → Vi ×X SpecR◦ follows from the
pfp proper case.

For the second point, consider W = V1 ×X V2. The first projection map exhibits W as
ind-pfp proper over V1. By [Zhu25b, Lemma 10.155], we may write W = lim−→j

Wj,1 as filtered
colimit along closed immersions where each Wj,1 → V1 is pfp proper. In particular, each Wj,1 ∈
SchStkqc,plét . We have a similar presentation, W = lim−→k

Wk,2 as a filtered colimit along closed
immersions where each Wk,2 → V2 is pfp proper and Wk,2 ∈ SchStkqc,plét . By [Zhu25b, Lemma
10.154], these families are cofinal, from which we deduce that for either family the two projection
maps to V1 and to V2 are both pfp proper. By assumption, there is a section V1 → W which
factors through Wk,2 for some k. This exhibits V1 as a closed substack of Wk,2 which is pfp
proper over V2. Consequently, the map f : V1 → V2 is also pfp proper.

For the last point, the first part follows from Theorem 5.1.13 (2). Also, note that the map
(ΨL)o : Shv!(X)∨ → IndShv!f.g.(X)∨ is natural in those X such that Shv!(X) is compactly
generated and those morphisms g : X → Y ∈ V !

c for which g∗ preserve compact objects. In our
case, since f is proper, f∗ preserves compact objects, by Theorem 5.2.17. Indeed, it is left-adjoint
to f ! which is colimit-preserving. To prove our claim, it suffices to show that the diagrams

IndShv!f.g.(V1)
∨ D♢Λ (V1) D♢Λ (V1) D†Λ(V1)

IndShv!f.g.(V2)
∨ D♢Λ (V2) D♢Λ (V2) D†Λ(V2).

c∗,∨f.g.

Ind(f∗)o f♢!

b∗V1

f♢! f†!

c∗,∨f.g.
b∗V2

commute, but these follow from Theorem 5.3.11 and Theorem 4.2.5, respectively, as in Theo-
rem 5.3.18. Here we have implicitly used Theorem 3.3.12 and the assumed resilience of V1 and
V2 to identify the arrows with their Dan

Λ -versions as opposed to their Dproét
Λ -versions. □

Definition 5.3.21. (1) A sind -†-diagram is a triple (X,Y, α) where
• X ∈ sIndStkqc,plét .
• Y ∈ AnStkv
• α : X† → Y is a map in AnStkv.

(2) Given a sind-†-diagram and a bounded piece g : V → X, we let αV : V † → Y be the
map induced by α. In other, words αV = α ◦ g† (see also Theorem 5.3.20).
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(3) We say that a bounded piece g : V → X is α-compatible if all of the following statements
hold.
(a) V ∈ resSchStkét (i.e., V is resilient).
(b) V ∈ SchStkqc,qpl,cgét (i.e., Shv!(V ) is compactly generated)
(c) αV is Dan

Λ -!-able.
For a sind-†-diagram (X,Y, α), we let Cα ⊆ (SchStkét)/X denote the full subcategory
spanned by maps V → X that are α-compatible bounded pieces of X.

(4) We say that a sind-†-diagram (X,Y, α) is a sind-†-correspondence if the following natural
map

colim[V→X]∈Cα V → X

is an equivalence of étale stacks.

In what follows, we will define an analytification map

c∗,α : Shv!(X)∨ → Dan
Λ (Y )

whenever (X,Y, α) is a sind-†-correspondence.
Fix (X,Y, α) to be a sind-†-correspondence. By the previous constructions, for any α-

compatible piece V → X there is a analytification functor

c∗,αV
V→X : Shv!(V )∨ → Dan

Λ (Y ), (5.13)

that has formula c∗,αV
V→X := αV,! ◦ b∗V ◦ c∗,∨. We want to extend this construction to X. To

make things functorial, we will define such an analytification functor for all étale stacks over X,
although for most objects the result of this construction will be of no interest to us.

By definition, Cα is the full subcategory of (SchStkét)/X spanned by α-compatible pieces. By
Theorem 5.3.20, we have a functor

Cα → Corrqc,qpl,cg
P †

described informally as
V 7→ [V ♢ ← V †

αV−−→ Y ].

We can compose this functor with the map Corrqc,qpl,cg
P † → Fun(∆1,LinCatΛ) of Theorem 5.3.17.(5).

This construction gives a functor c∗,α(−) : Cα → (LinCatΛ)/Dan
Λ (Y ). We define

c∗,α(−) : (SchStkét)/X → (LinCatΛ)/Dan
Λ (Y )

as the left Kan extension of this functor along the inclusion Cα ⊆ (SchStkét)/X .

Lemma 5.3.22. If (X,Y, α) is a sind-†-correspondence, then the evaluation

c∗,α(X→X) ∈ (LinCatΛ)/Dan
Λ (Y )

is an arrow of the form Shv!(X)→ Dan
Λ (Y ).

Proof. A priori, c∗,α(X→X) takes the form A → Dan
Λ (Y ) and the content is in showing that A ≃

Shv!(X). Recall the general fact that for a slice category C/c the forgetful functor C/c → C
reflects and preserves colimits. In particular, it suffices to compute lim−→V ∈Cα

Shv!(V ) ∈ LinCatΛ.
By definition of sind-†-correspondence, lim−→V ∈Cα

V ≃ X in SchStkét. The claim now follows from
Theorem 5.2.14, Theorem 5.2.15 and the fact that Shv! is a sheaf for the étale topology (see
[Zhu25b, Proposition 10.74.(2)]). □
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If the context is clear, we abbreviate the terminology and write

c∗,α : Shv!(X)∨ → Dan
Λ (Y ) (5.14)

for the map attached to the sind-†-correspondence (X,Y, α) that we just constructed. It can
explicitly be described as the colimit of maps

lim−→
(f∗)o

V→X

[Shv!(V )∨
c∗,αV−−−→ Dan

Λ (Y )],

where V → X ranges over a cofinal subset of the α-compatible bounded pieces and the maps
are defined as in Equation (5.13).

Remark 5.3.23. If V1 → X and V2 → X are α-compatible bounded pieces, then any map
V1 → V2 is proper by Theorem 5.3.20(2). In particular, f∗ preserves compact objects, and its
right adjoint is f !. It follows from [HTT, Lemma 5.5.7.6] that Shv!(X) is compactly generated
whenever X forms part of a sind-†-correspondence (X,Y, α). Indeed, by assumption, Shv!(V1)
is compactly generated whenever V1 is α-compatible, and as [HTT, Lemma 5.5.7.6] explains,
limits of compactly generated categories along right adjoint functors still gives rise to compactly
generated categories.

By construction, analytification for a sind-†-correspondence is computed as a colimit over all
α-compatible bounded pieces. Often, this colimit can be simplified.

Proposition 5.3.24. If X ∈ resSchStk
qc,qpl,cg
ét and (X,Y, α) is a †-correspondence, then it is a

sind-†-correspondence and the two functors c∗,α defined in (5.14) and Theorem 5.3.17 agree.

Proof. Under the assumptions, id : X → X is an α-bounded piece, and the colimit computing
(5.14) is taken over a diagram with a final object. □

Remark 5.3.25. For a given sind-†-correspondence (X,Y, α), morally,

“c∗,α = α! ◦ b∗X ◦ c∗,∨”

and this is indeed true in the setup of Theorem 5.3.24. Nevertheless, we are defining c∗,α even
in situations where α! might not exist.

Notice that even if X ∈ resSchStk
qc,qpl,cg
ét a sind-†-correspondence (X,Y, α) might not come

from †-correspondence (i.e., α! might not exist). This could happen in circumstances where
V → X is an α-compatible bounded piece which is a surjection for the étale topology, but
V † → X† is not a Dan-!-cover. However, this type of example will not really show up for us in
practice.

Proposition 5.3.26. Let X ∈ IndStkqc,plét , with an ind-presentation X ≃ lim−→Xi, and let
(X,Y, α) be a sind-†-diagram. Suppose that each Xi is α-compatible and αi := αXi , then the
triple (X,Y, α) is a sind-†-correspondence and in this case, we have the following formula for
analytification

c∗,α ≃ lim−→
i∈I

c∗,αi .
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Proof. By construction, the functor c∗,α(−) : (SchStkét)/X → (LinCatΛ)/Dan
Λ (Y ) is a colimit over the

α-bounded pieces V ∈ Cα. By [Zhu25b, Lemma 10.154], the family {Xi}i∈I is cofinal in Cα. In
particular,

colimV ∈Cα V ≃ colimi∈I Xi ≃ X,
this shows that (X,Y, α) is a sind-†-correspondence and that the analytification formula holds.

□

Proposition 5.3.27. Let (X,Y, α) be sind-†-diagram. Let f : V → X be a ind-pfp proper
atlas with V ∈ IndStkqc,plét . Suppose that V admits an ind-presentation V ≃ lim−→i∈I Vi such that
each Vi is α-compatible. Suppose that for every α-compatible bounded piece W ∈ Cα we have
that Shv!(V ×X W ) is compactly generated. Then (X,Y, α) is a sind-†-correspondence, each
(V n, Y, αV n) is a sind-†-correspondence and we have a colimit formula

c∗,α ≃ lim−→
n∈∆op

c∗,αV n .

Here, V n denotes the n-fold fiber product of V over X, and the colimit is taken in (LinCatΛ)/Dan
Λ (Y ).

Proof. By Theorem 5.3.26, (V, Y, αV ) is a sind-†-correspondence, let us check that (V n, Y, αV n) is
also sind-†-correspondences for all n. Note that every V n admits an ind-presentation of the form
V n = lim−→j∈Jn

Wn
j where each Wn

j → V factors through a pfp proper map Wn
j → Vi for some

i (see [Zhu25b, Lemma 10.155]). In particular, by Theorem 5.1.13.(2), Wn
j ∈ resSchStkét. We

show, inductively, that each Shv!(Wn
j ) and Shv!(V n) are compactly generated for all n ∈ N, and

that the Wn
j are α-compatible bounded pieces. Indeed, for n = 1 this is part of the hypothesis.

For the inductive step, we see that V n+1 = colimj∈Jn W
n
j ×X V . The inductive hypothesis states

that each Wn
j is α-compatible and by our assumptions it then follows that Shv!(Wn

j ×X V ) is
compactly generated. By Theorem 5.3.14, Shv!(V n+1) is compactly generated and applying
Theorem 5.2.23, we see that the categories Shv!(Wn+1

j ) are all compactly generated.
Since Wn

j → Vi is pfp, it follows from [Zhu25b, Lemma 10.119] that Wn
j ∈ SchStkqc,pl

which shows that each Wn
j is a bounded piece of X. By Theorem 3.3.12, Theorem 4.2.3, and

Theorem 4.2.5, the map (Wn
j )
† → V †i is !-able. This, combined with the hypothesis that Vi is

α-compatible, shows that Wn
j is αV n-compatible (or equivalently, α-compatible). In particular,

each V n is the colimit over its αV n-compatible pieces. Consequently, we can conclude that each
(V n, Y, αV n) is a sind-†-correspondence.

Finally, let us show that (X,Y, α) is a sind-†-correspondence. Note that since SchStkét is a
topos and since V → X is, by definition, a surjection for the étale topology, we have the identity
in SchStkét

colimn∈∆op V n ≃ X. (5.15)

This is not enough, we should also show that the identity

colimW∈Cα W ≃ X, (5.16)

holds. Let C+α denote the category obtained from Cα by formally adding a final object which we
denote with ∗. There is a tautological functor C+α → (SchStkét)X with

W 7→W and ∗ 7→ X.
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To show that (5.16) holds is equivalent to showing that the above functor is the left Kan extension
of its restriction to Cα, which is what we will show. Let UVX the sieve (in C+α ) over ∗ generated
by V . For all W ∈ Cα, we let UVW be the sieve over W obtained from UVX by pulling it back along
W → X. Notice that, since Cα does not necessarily have fiber products, it is not necessarily true
that UVW is generated by V ×XW . Nevertheless, we claim that V ×XW has an ind-presentation
V ×X W ≃ lim−→i∈IWV,i such that WV,i ∈ Cα. Indeed, using [Zhu25b, Lemma 10.155] we may
write V ×X W ≃ lim−→i∈IWV,i where WV,i → W is pfp proper. Arguing as in the above, we see
that each WV,i ∈ Cα since by assumption Shv!(V ×X W ) is compactly generated. Another use
of [Zhu25b, Lemma 10.155] allows us to conclude that the sieve UVW is generated by the WV,i.
Since SchStkét is a topos, colimits in this category are universal. It follows from (5.15) that, for
all W ∈ Cα, we have

X ×X W ≃ colimn∈∆op V n ×X W ≃ colimn∈∆,(i1,...,in)∈In WV,i0 ×W · · · ×W WV,in . (5.17)

We also have that

colimU∈UV
W
U ≃ colimn∈∆,(i1,...,in)∈In WV,i0 ×X · · · ×X WV,in . (5.18)

Indeed, as in the proof of [HM24, Lemma A.4.6], one shows that the index category on the right
is cofinal within the index category on the left. Overall, this gives

W ≃ colimU∈UV
W
U.

This shows that the tautological functor Cα → SchStkét is the left Kan extension of its restriction
to UVX ⊆ Cα. We claim that the tautological functor on C+α is the left Kan extension of its
restriction UVX , which would show our original claim since Kan extensions compose. The only
thing left to prove is the formula

X ≃ colimU∈UV
X
U.

By cofinality, this reduces to (5.15) which we know holds. This finishes the proof that (X,Y, α)
is a sind-†-correspondence.

To show the colimit formula, recall that c∗,α(−) was defined as a left Kan extension. In particular,

c∗,α(X→X) ≃ colimn∈∆op c∗,α(V n→X).

Now, each term c∗,α(V n→X) is of the form

c∗,α(V n→X) ≃ lim−→
j∈Jn

c∗,α(Wn
j →X) ≃ lim−→

j∈Jn
αWn

j ,!
◦ b∗Wn

j
◦ c∗,∨

which we may regroup as

lim−→
j∈Jn

αWn
j ,!
◦ b∗Wn

j
◦ c∗,∨ ≃ lim−→

j∈Jn
c∗,αV n

(Wn
j →V n) ≃ c

∗,αV n

by Theorem 5.3.26. □

In the very placid case, our assumptions can be simplified.

Lemma 5.3.28. Let (X,Y, α) a sind-†-diagram, suppose that X ∈ sIndStkqc,vplét and that V → X

is a sind-very placid atlas with V ∈ IndStkqc,vplét . If W → X is ind-pfp proper, then Shv!(W×XV )

is compactly generated. Consequently, for all W ∈ Cα we have that Shv!(V ×X W ) is compactly
generated.
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Proof. Write V ≃ lim−→i∈I Vi with each Vi ∈ SchStkqc,vplét . By Theorem 5.3.15(2), it suffices
to show that Shv!(Vi ×X W ) is compactly generated. By [Zhu25b, Lemma 10.155], we have
an ind-presentation Vi ×X W ≃ lim−→k∈KWi,k where each Wi,k is pfp proper over Vi. Again,
by Theorem 5.3.15(2) it suffices to show that the Shv!(Wi,k) are compactly generated. But by
[Zhu25b, Lemma 10.119], the Wi,k are quasicompact very placid stacks (i.e. Wi,k ∈ SchStkqc,vpl),
so the claim follows by Theorem 5.2.11 (2). □

Corollary 5.3.29. Let (X,Y, α) be sind-†-diagram. Let f : V → X be a ind-pfp proper atlas
with V ∈ IndStkqc,vplét . Suppose that V admits an ind-presentation V ≃ lim−→i∈I Vi with each Vi
α-compatible. Then each (X,Y, α) is a sind-†-correspondence, each (V n, Y, αV n) is a sind-†-
correspondence and we have a colimit formula

c∗,α ≃ lim−→
n∈∆op

c∗,αVn

in (LinCatΛ)/Dan
Λ (Y ).

Proof. This follows from Theorem 5.3.28 and Theorem 5.3.27. □

Unfortunately, the classifying stacks BK of locally profinite groups K are not always sind-
very placid and only sind placid [Zhu25b, Lemma 3.50]. This will force us to consider cases of
Theorem 5.3.27 that are not covered by Theorem 5.3.29. Fortunately, BK still has good enough
ind-atlas to apply Theorem 5.3.27.

Lemma 5.3.30. Let (X,Y, α) a sind-†-diagram. Suppose that f : V → X is an ind-pfp proper
atlas and that f∗ is universally conservative. Then, for all W ∈ Cα, we still have that Shv!(V ×X
W ) is compactly generated. In particular, if V additionally admits an ind-presentation V ≃
lim−→i∈I Vi such that each Vi ∈ Cα, then (X,Y, α) is a sind-†-correspondence, each (V n, Y, αV n) is
a sind-†-correspondence and we have a colimit formula

c∗,α ≃ lim−→
n∈∆op

c∗,αV n ,

in (LinCatΛ)/Dan
Λ (Y ).

Proof. The second part follows from the first part and Theorem 5.3.27. For the first part we
argue as above. Namely, we use [Zhu25b, Lemma 10.155] to write V ×XW as lim−→i∈IW

V
i where

each fi : W V
i → W is pfp proper. To show that Shv!(V ×X W ) is compactly generated, it

suffices to show that Shv!(W V
i ) is compactly generated (Theorem 5.3.15(2)). By assumption,

fi,∗ is conservative, and by Theorem 5.2.12, this functor admits a left adjoint f∗i . If {Ok}k∈K is
a family of compact generators for Shv!(W ), then {f∗i Ok}k∈K is a family of compact generators
for Shv!(W V

i ). □

5.3.3. An important special case. There is an important class of sind-placid stacks for which the
definition of analytification simplifies significantly.

We fix the setup. Suppose that X is a sind-very-placid stack, that V → X is an ind-pfp-
proper atlas and that V = U/H with U an ind-standard-placid algebraic space and H an affine
algebraic group as in Theorem 5.3.2.
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Proposition 5.3.31. Let the setup be as above. Then Shv!(X) is compactly generated and there
is a natural equivalence

Shv!(X)∨ ≃ lim−→
W→X
f!

Shv∗(W )

as W → X ranges over the bounded pieces of X that factor as the composition of a closed
immersion W → V n and the natural map V n → X, and f : W1 → W2 denotes a transition
map.

Proof. We have that
Shv!(X) ≃ lim←−

W→X
(f !)

Shv!(W ),

by Theorem 5.2.14 so it follows from [DG15, Proposition 1.8.3] and Theorem 5.2.11 (2) that
Shv!(X) is dualizable and that

Shv!(X)∨ ≃ lim−→
W→X
(f !)∨

(Shv!(W ))∨ ≃ lim−→
W→X
(f∗)o

(Shv!(W )∨). (5.19)

Here, the last identity follows from the identification (f !)∨ ≃ (f∗)
o which follows from the

adjunction f∗ ⊣ f ! guaranteed by the properness of the transition maps. The hypothesis and
Theorem 5.3.2 give rise to the commutative diagram

Shv!(W )∨ Shv∗(W )

IndShv!f.g.(W )∨ IndShv∗f.g.(W ).

≃

(ΨL)o

≃

“ colim ”7→colim

This diagram is functorial in f as long as f∗ preserves compact objects (which is the case for
proper morphisms). More precisely, if we have maps W1 →W2 over X, then we get commutative
diagrams

Shv!(W1)
∨ Shv!(W2)

∨

IndShv∗f.g.(W1) IndShv∗f.g.(W2)

Shv∗(W1) Shv∗(W2).

(f∗)o

Ind f!

“ colim ”7→colim “ colim ”7→colim

f!

Indeed, this follows from the definition of the maps involved, Theorem 5.3.11 and the fact that
f∗ preserves compact objects. This allows us to rewrite (5.19) as

lim−→
W→X
(f∗)o

(Shv!(W )∨) ≃ lim−→
W→X
f!

(Shv∗(W ))

as we wanted to show. □
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Remark 5.3.32. For a sind-†-correspondence (X,Y, α) where X is as in Theorem 5.3.31, the
formula for c∗,α simplifies to be

lim−→
W→X
f!

αW,! ◦ ban,∗W .

5.4. Some computations. Carefully developing the functoriality of sind-†-correspondences
would also take us too far afield. Nevertheless, we will still need some basic functoriality to per-
form our computations. Indeed, this will be particularly useful to study how the semi-orthogonal
decomposition of B(G) interacts with our functor.

Lemma 5.4.1. Let (X,Y, α) be a sind-†-correspondence. Suppose that V → X is a sind-very
placid atlas with V ∈ IndStkqc,vpl and such that V admits an ind-presentation of the form
V = lim−→Vi with Vi ∈ Cα. Suppose that i : Z → X (resp. j : U → X) is a pfp closed
immersion (resp. a pfp open immersion), then (Z, Y, α ◦ i†) (resp. (U, Y, α ◦ j†)) is also a
sind-†-correspondence.

Proof. We use the criterion Theorem 5.3.29 for a triple to be a sind-†-correspondence to deduce
the claim. The proofs for Z and U are analogous, so we only provide the details for one of the
arguments. Let αU := α◦j†. Then V ×XU → U is a sind-very placid atlas with ind-presentation
V ×X U = lim−→Vi ×X U . It suffices to show that Vi ×X U ∈ CαU . The hypothesis imply that
Vi ×X U ∈ resSchStk

qc,vpl and consequently Shv!(Vi ×X U) is compactly generated, by Lemma
5.2.11 (2). Let fi : Vi ×X U → U denote the evident map. We must show that the morphism

αU ◦ f †i : (Vi ×X U)† → Y

is !-able. This map fits in the following commutative diagram in AnStkv

(Vi ×X U)† V †i Y

U † X†

with Cartesian square. This reduces us to showing that U † → X† is !-able. However, one now
observes that this is a proper monomorphism and consequently it is a closed immersion. Indeed,
it is clearly a monomorphism, it is partially proper by definition of (−)† and it is qcqs in light of
Theorem 4.4.12, so proper by [Sch22, Proposition 18.3]. Since closed immersions are in Erep

fdcss,
they are !-able with respect to Dan

Λ . □

Lemma 5.4.2. Let (X,Y, α) be a sind-†-correspondence. Let h : V → X be an α-compatible
bounded piece. Let f :W → V be a pfp map and let g = h◦f . Suppose that Shv!(W ) is compactly
generated and that f∗ preserves compact objects, then g∗ also preserves compact objects and we
have a commutative diagram

Shv!(W )∨ D♢Λ (W ) Dan
Λ (W♢ ×X♢ X†)

Shv!(X)∨ Dan
Λ (Y ).

c∗,∨

(g∗)o

b∗
W/X

αW,!

c∗,α

(5.20)

Here bW/X :W♢ ×X♢ X† →W♢ is the natural projection.
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Proof. Since g∗ = h∗ ◦ f∗, to show that g∗ preserves compact objects, it suffices to show that h∗
and f∗ do. This holds for f∗ by hypothesis, that this holds for h∗ follows from Theorem 5.2.17.
Indeed, by assumption h is ind-pfp proper, and any functor that admits a colimit-preserving
right-adjoint necessarily preserves compact objects.

Now we construct the diagram (5.20). Note that, by Theorem 5.1.13, the map W♢ → V ♢

is in Erep
fdcss and any pullback of it is !-able. Consequently, αW is !-able. Also, since the map

f : W → V is in EAlg
pfp , f∗ is well defined and preserves constructible objects. This gives rise to

the following commutative diagram

IndShv!f.g.(W )∨ D♢Λ (W ) Dan
Λ (W♢ ×X♢ X†)

IndShv!f.g.(V )∨ D♢Λ (V ) Dan
Λ (V ♢ ×X♢ X†),

c∗,∨f.g.

(Ind f∗)o

b∗
W/X

f♢!
c∗,∨f.g.

b∗
V/X

(5.21)

as in the discussion in Theorem 5.3.18. From our assumption on Shv!(W ) and f , we also have
the following commutative diagram

Shv!(W )∨ IndShv!f.g.(W )∨

Shv!(V )∨ IndShv!f.g.(V )∨.

ΨL

(f∗)o Ind(fop∗ )

ΨL

(5.22)

The definition of α-compatible piece, and of c∗,α provides the following commutative diagram

Shv!(V )∨ IndShv!f.g.(V )∨ D♢Λ (V ) Dan
Λ (V ♢ ×X♢ X†)

Shv!(X)∨ Dan
Λ (Y )

(h∗)o

ΨL c∗,∨f.g.
b∗
V/X

αV,!

c∗,α

(5.23)

The diagram of (5.20) is obtained by combining the diagrams in (5.21), (5.22) and (5.23). □

The following two statements will be crucial to compute the analytification of sheaves on the
stacks of shtukas, and it is one of the key inputs in the proof of Theorem 11.3.1.

Definition 5.4.3. We say that a map of étale stacks Z → Y is strongly essentially pro-unipotent
if there is a factorization Z → Y ′ → Y such that Y ′ → Y is Shv-suave and Z → Y ′ has a
presentation Z ≃ lim←−Zi where each Zi → Y is Shv-unipotent and each transition map Zi → Zj
is in Erep

pfp, affine and Shv-unipotent.

Lemma 5.4.4. Let g : Y → Y0 be a map SchStkét such that there exists surjective map f : Z →
Y of étale stacks satisfying that both h = g ◦ f and f are strongly essentially pro-unipotent as in
Theorem 5.4.3. Then g⋄ : Y ⋄ → Y ⋄0 satisfies base-change with respect to ∗-pushforward.

Proof. Fix m : X → Y ⋄0 a map in AnStkv and we form the commutative diagram with Cartesian
squares
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WZ Z⋄

W Y ⋄

X Y ⋄0 ,

m′′

f ′ f⋄

m′

g′ g⋄

m

and set h′ = g′ ◦ f ′. We wish to show that, for all A ∈ Dan
Λ (X), the base-change map

g⋄,∗m∗A
≃−→ m′∗g

′∗A

is an isomorphism. Since the map Z⋄ → Y ⋄ is v-surjective by Theorem 4.2.11, f⋄,∗ is conserva-
tive. So it suffices to show the analogous base-change formulas

h⋄,∗m∗A
≃−→ m′′∗h

′∗A and f⋄,∗m′∗A
≃−→ m′′∗f

′∗A.

In other words, we are reduced to show base-change formulas for arbitrary strongly essentially
pro-unipotent maps Z → Y0. Choose a factorization Z → Y ′ → Y0 into a Shv-suave part and
a pro-unipotent part as in Theorem 5.4.3. The Dproét

Λ -version of these base change formulas
follow from Theorem 4.3.1 for the smooth part (i.e., Y ′ → Y0), and from Theorem 4.4.12 and
Theorem 4.5.3 for the pro-unipotent part (i.e., Z → Y ′). Arguing as in Theorem 3.3.14, we may
use the Dproét

Λ -version to conclude the Dan
Λ -version. □

Proposition 5.4.5. Let f : X → Y be a map in resSchStk
qc,vpl
ét . Suppose that f comes via base

change from a map f0 : X0 → Y0 in (PreStkArt, Erep
pfp), and that the projection map gY : Y → Y0

satisfies the hypothesis of Theorem 5.4.4. Let gX : X → X0 denote the base change map.
Suppose that A = g∗XA0 for some A0 ∈ Shv∗c(X0). Let V = X♢×Y ♢ Y † and let φ : V → Y † and
η : V → X♢ denote the projection maps. Then

ban,∗Y f∗A ≃ φ∗η∗c∗XA and ban,∗Y f!A ≃ φ!η
∗c∗XA

Proof. Consider the following commutative diagram with Cartesian squares

X♢ ×Y ♢ Y ⋄ V X♢ X♢0

Y ⋄ Y † Y ♢ Y ♢0 .

ϵ

δ

ϕ

η

φ f♢
g♢X

f♢0

aY

E

bY g♢Y

One of the equations follows from proper base change and the fact that the analytification
functor c∗ is a natural transformation of 6-functor formalisms. Indeed,

ban,∗Y f!A ≃ b∗Y c∗Y f!A (5.24)

≃ b∗Y f
♢
! c
∗
XA (5.25)

≃ φ!η
∗c∗XA. (5.26)
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For the other, we argue as follows

ban,∗Y f∗A ≃ b∗Y c∗Y f∗A (1)
≃ b∗Y c∗Y f∗g∗XA0 (2)
≃ b∗Y c∗Y g∗Y f0,∗A0 (3)

≃ b∗Y g
♢,∗
Y c∗Y0f0,∗A0 (4)

≃ b∗Y g
♢,∗
Y f♢0,∗c

∗
X0
A0 (5)

≃ aY,∗a∗Y b∗Y g
♢,∗
Y f♢0,∗c

∗
X0
A0 (6)

≃ aY,∗ϕ∗ϵ∗c∗X0
A0 (7)

≃ φ∗δ∗ϵ∗c∗X0
A0 (8)

≃ φ∗δ∗(δ∗η∗g♢,∗X )c∗X0
A0 (9)

≃ φ∗η∗g♢,∗X c∗X0
A0 (10)

≃ φ∗η∗c∗Xg∗XA0 (11)
≃ φ∗η∗c∗XA (12)

The steps (1), (2), (4), (8), (9), (11), (12) are completely formal. Step (3) follows from schematic
pro-unipotent base change [Zhu25b, Proposition 10.124(1)]. Strictly speaking, [Zhu25b, Propo-
sition 10.124(1)] is formulated for Shv!c and functors of the form t! and t!. Nevertheless, a similar
(dual) statement with identical proof holds for Shv∗c and functors of the form t∗ and t∗. To show
step (3) we apply [Zhu25b, Proposition 10.124(1)] twice, one time for the map Z → Y and
another time for the map Z → Y0 where Z → Y is an auxiliary map as in Theorem 5.4.4.

Step (5) follows from Theorem 4.1.4. Since X ∈ resSchStk
qc,vpl it is in particular qcqs.

Then step (6) and (10) follow from overconvergent replacement (i.e., Theorem 4.4.13 and The-
orem 4.4.14). Finally, step (7) follows from pro-unipotent base change. More precisely, we have
a commutative diagram

Y ⋄ Y ⋄0

Y ♢ Y ♢0 ,

g⋄Y

dY
E

dY0

and the pullback of E along f♢0 is precisely ϵ. By Theorem 4.3.2.(1) dY0 is Dproét
Λ -suave and

d∗Y0 satisfies base-change against ∗-pushforward, by Theorem 3.3.14. By Theorem 5.4.4, g⋄Y also
satisfies base change against ∗-pushforward. □

6. Semi-orthogonal decompositions

Soft preamble to the section: In this section, we formulate and prove an inductive criterion
to detect when a functor between two categories that are endowed with a semi-orthogonal de-
composition is an equivalence. We also show that any such equivalence automatically upgrades
to a semi-orthogonal equivalence. Later in §11, we will verify this criterion for the functor

⋔⋔⋔

constructed in §7 using the theory of kimberlites (see §10). Our discussion is lean, and relatively
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self-contained once [HA, Appendix A.8] is taken as a given. Nevertheless, we refer the interested
reader to [AMR23] where a more thorough treatment, with a different goal than ours, is given.

Technical preamble to the section:
§6.1 Recalls recollement as discussed by Lurie in [HA, Appendix A.8].
§6.2 Defines our working notion of semi-orthogonal decomposition as particular instances of

2-functor formalisms (as in [DK24, Definition 2.15]). We find this language convenient
since our semi-orthgonal decompositions all come from either a 6-functor formalism, or
by passing to adjoints. We also find it convenient to appeal to the Nagata perspective,
discussed in [DK24], to obtain uniqueness statements with minimal effort.

§6.3 Provides the main examples of semi-orthogonal decomposition that we use in the body
of the article.

§6.4 Provides the inductive criterion that shows when a functor is an equivalence by exploiting
the semi-orthogonal decomposition structure. It is an easy inductive argument taking
[HA, Proposition A.8.14] as the base case.

§6.5 In this section we benefit from the Nagata perspective in order to show that an equiva-
lence respecting the semi-orthogonal decomposition in a weak sense automatically pro-
motes to a morphism in the category of semi-orthogonal decompositions. This part is
purely formal, and it is a more sophisticated version of the fact that for any category C
and any object X ∈ C, the full subcategory Cf.f./X of C/X whose objects consist of those
fully faithful maps Y → X is a posetal category.

6.1. Recollement. In this subsection, we review the theory of recollements on a presentable
stable category, following mostly [HA, Appendix A.8]. Before defining recollements, we introduce
the following notation. We recall that, since the category Ĉat admits all small limits by [HTT,
Corollary 4.2.4.8], we may form Ker(f) for any exact functor f : C → D of stable categories as
the pullback of f along 0→ D, the inclusion of the 0 object inside D.

Definition 6.1.1. Let X ∈ Ĉat be a stable category. We say that a recollement of X is a pair
of stable categories (U ,Z) together with fully faithful functors j∗ : U ↪→ X and i∗ : Z ↪→ X such
that j∗ and i∗ admit left adjoints j∗ and i∗, and Ker(j∗) = Im(i∗). When the context is clear,
we say that (Z,U) is a recollement of X , and omit i∗ and j∗ from the notation.

Remark 6.1.2. The equality Ker(j∗) = Im(i∗) is to be interpreted as asking that the natural
map Ker(j∗)→ X factors through the full subcategory Im(i∗) via an equivalence.

Remark 6.1.3. Recall that the Verdier quotient of a fully faithful functor f : D → C of small
stable categories is defined as the Dwyer–Kan localization of C along the class of arrows whose
cone lies in D, compare with [NS18, Theorem I.3.3]. In the presentable case, the Verdier quotient
is the defined as the cofiber in category of presentable stable categories, see [BGT13, Definition
5.4] and [NS18, Theorem I.3.5]. In particular, j∗ realizes U as the Verdier quotient of X by the
full subcategory Z embedded along i∗, compare with [BGT13, Proposition 5.6].

Remark 6.1.4. We note that X ∈ Ĉat being a recollement in the above sense implies that it is
a recollement in the sense of Lurie [HA, Definition A.8.1]. In fact, since all categories are stable,
the categories X , U , and Z have all finite limits, and the left adjoints j∗ and i∗ automatically
commute with them, which implies assumptions [HA, Definition A.8.1 (a)-(c)]. Moreover, the
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assumption Ker(j∗) = Im(i∗) clearly implies [HA, Definition A.8.1 (d)-(e)]. In light of this, we
will freely cite results from [HA, Appendix A.8] throughout this section.

Remark 6.1.5. Given a recollement (Z,U) of a stable X , it follows by [HA, Remark A.8.5] that
the functor i∗ automatically admits a right adjoint denoted i!. Similarly, [HA, Corollary A.8.13]
states that the functor j∗ has a fully faithful colimit-preserving left adjoint denoted j!. By
Yoneda, we note that the identity Ker(j∗) = Im(i∗) implies that Im(j!) = Ker(i∗) by passing to
adjoints. In particular, the map i∗ identifies Z with the Verdier quotient X/Im(j!). Moreover,
for all M ∈ X , the recollement gives rise to a fiber sequence

j!j
∗M →M → i∗i

∗M.

Indeed if F denotes the fiber of M → i∗i
∗M , then F ≃ j!A for some A, from the identity

Im(j!) = Ker(i∗). Then it follows that j∗F ≃ j∗j!A ≃ A, but also j∗F ≃ j∗M since Ker(j∗) =
Im(i∗).

In particular, the previous remark yields a diagram of adjoints

Z X Ui∗ j∗

i∗

i! j∗

j!

in Ĉat, where (Z,U) is a recollement of a stable X .
Next, we will show how the datum of a recollement on X can be reconstructed from the datum

of the subcategory i∗ : Z ↪→ X subject to certain axioms. To this end, we need to define left
and right orthogonals.

Definition 6.1.6. Let i∗ : Z ↪→ X be a fully faithful embedding of stable categories. The left
orthogonal ⊥XZ is the full subcategory whose objects A ∈ X satisfy Hom(A, i∗(B)) = 0 for
all B ∈ Z. Similarly, the right orthogonal Z⊥X is the full subcategory whose objects A ∈ X
satisfies Hom(i∗(B), A) = 0 for all B ∈ Z, respectively.

When it is clear from the context, we will often omit the subscript X . The fully faithful
embeddings j! and j∗ of U into Z can be reinterpreted via orthogonality as follows.

Lemma 6.1.7. Let X be a stable category with a recollement (Z,U). Then the maps j∗ and j!
define natural equivalences U ≃−→ Z⊥ and U ≃−→ ⊥Z, respectively.

Proof. Note that, for all AU ∈ U and AZ ∈ Z, we have

Hom(i∗(AZ), j∗(AU )) = Hom(j∗i∗AZ , AU ) = 0,

so in particular j∗ : U → X has essential image equal to Z⊥ thanks to the identity Ker(j∗) =
Im(i∗). Similarly, the embedding j! : U → X has essential image equal to ⊥Z due to the identity
Im(j!) = Ker(i∗) described in Theorem 6.1.5. □

From this point forward, our categories will lie in LinCat, i.e., they will be presentable and
stable, but we will still consider diagrams in Ĉat, i.e., not every functor that we consider be-
tween them is necessarily colimit-preserving and exact. We now isolate our definition of closed
subcategory.
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Definition 6.1.8. For X ∈ LinCat, we say that a full subcategory i∗ : Z → X (with i∗ a
morphism in LinCat) is closed if i∗ admits a left adjoint i∗.

Lemma 6.1.9. Let i∗ : Z → X be a closed subcategory. Then, the functor i∗ : Z → X fits in
a recollement (Z,U) of X . Moreover, we have natural identifications U ≃ Z⊥ and U ≃ X/Z
where X/Z denotes the Verdier quotient.

Proof. The existence of U (and j∗) and its identification with Z⊥ follows directly from [HTT,
Proposition A.8.20]. Indeed, by hypothesis i∗ admits a left adjoint since i∗ is closed, and also
i∗ admits a right adjoint by the adjoint functor theorem (see [HTT, Corollary 5.5.2.9]). We
consider the natural fully faithful functor j∗ : Z⊥ → X (which is often not colimit-preserving).
There is a natural Verdier quotient map j∗ : X → X/Z with kernel given by Z. Now, [BGT13,
Proposition 5.6] implies that the composition j∗j∗ : Z⊥ → X/Z is an equivalence, i.e., the
Verdier quotient admits a description via a Bousfield localization on Z-local morphisms (i.e.,
morphism with whose cofiber lies in Z). This is precisely the identification we were looking
for. □

In summary, given a closed subcategory Z ↪→ X of a presentable stable X , we obtain a
recollement (Z,X/Z) of X by identifying the right and left orthogonals of Z with X/Z.

6.2. Semi-orthogonal decompositions as 2-functor formalisms. The way we want to gen-
eralize recollements to more general posets is via Nagata 2-functor formalisms in the sense of
[DK24]. Recall that a 2-functor formalism is another name for a functor Corr(C, E) → Ĉat,
where (C, E) is a geometric setup: they send a correspondence [X ← Z → Y ] to f!g∗ and en-
code base change formulas. However, in contrast to 3-functor formalisms (see Theorem 2.2.2),
a 2-functor formalism does not provide a lax symmetric monoidal structure. In particular,
this means that there is no projection formula, and concepts like cohomologically proper and
cohomologically étale become more subtle since the stability of these properties is no longer
automatically guaranteed.

Recall the notions of a suitable decomposition and a Nagata setup, that we discussed in Theo-
rem 2.2.19 and Theorem 2.2.24. Just as one can define what it meant for a 3-functor formalism
to be Nagata with respect to a Nagata setup, one has a similar concept in the 2-functor formal-
ism context (see [DK24, Definition 2.15]).

Before we define semi-orthogonal decompositions, we set some notation related to posets.
Throughout this section we will assume that our posets are finite. Given a poset K, we endow it
with the natural order topology with basis given by the open subsets Ux := {y ∈ P |y ≥ x}. We
use Kop to denote the poset with its order reversed. We write ClosedK for the category of closed
subsets of K with morphisms given by inclusion of closed subsets. We say that a subset V ⊂ K
is convex if it can be written as the difference V = Z1 \ Z2 of two closed subsets Z1, Z2 ⊂ K.
Note that if K is finite then, for each k ∈ K, the subset {k} ⊂ K is convex. Again, the collection
of convex subsets V ⊂ P forms a category ConvexK with morphisms given by inclusion. Note
that this carries a natural suitable decomposition (P, I) (in the sense of Definition 2.2.19) with P
(resp. I) being closed (resp. open) embeddings V1 → V2 for the subspace topologies. Moreover,
(ConvexP ,All, P, I) is a Nagata setup (in the sense of Theorem 2.2.24.(1)).
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Definition 6.2.1. Let K be a poset. A semi-orthogonal decomposition of X ∈ LinCat with
respect to K is a presentable 2-functor formalism

D : Corr(ConvexK ,All)→ LinCat

such that
(1) D(K) = X .
(2) It is Nagata (in the sense of [DK24, Definition 2.15]) with respect to the suitable decom-

position (P, I) defined above.
(3) For any i : Z → V in P , let j : U := V \ Z → V be the complementary open immersion

in I, then we have excision with respect to the pair (j, i). More precisely, for any object
M ∈ D(V ), the adjunction maps give rise to a fiber sequence

j!j
∗M →M → i∗i

∗M.

Given such a semi-orthogonal K-decomposition D on X , we write XV := D(V ).

Remark 6.2.2. A convex subset V ⊂ K is also a poset, and the corresponding topology agrees
with the subspace topology on V . We note that we obtain a natural morphism of geomet-
ric setups (ConvexV ,All) → (ConvexK ,All) such that pulling back D along the induced map
Corr(ConvexV ,All) → Corr(ConvexK ,All) gives rise to a semi-orthogonal decomposition DV
with respect to the poset V on XV , by design.

As a first sanity check, we have the following observation.

Lemma 6.2.3. A semi-orthogonal decomposition D of X with respect to {0 ≤ 1} is equivalent
to the data of a recollement on X . More precisely, the closed subcategory pinning down the
recollement attached to D via Lemma 6.1.9 is given by Z = D({0}) with embedding i∗ :=

D({0} id←− {0} → {0, 1}) : Z → X .

Proof. Let (Z,U) be a recollement for X . We claim that this upgrades to a semi-orthogonal
decomposition with respect to the poset K := {0 ≤ 1}. Note that ConvexK = {∅, 0, 1, {0, 1}}.
First, we define D0 : ConvexK → LinCat via D0(∅) = 0, D0(0) = Z, D0({0, 1}) = X , and
D0(1) = U with maps between them given by j∗ and i∗. This is Nagata with respect to
the open-closed suitable decomposition because i and j are monomorphisms such that i! = i∗
and j! = j∗ such that we have an identity Im(j!) = Ker(i∗) guaranteeing excision, as already
explained in Remark 6.1.5.

Conversely, such a 2-functor formalism allows us to recover the categories Z and U by reversing
the previous steps, together with the triple (by the Nagata condition) adjoint functors (j!, j∗, j∗)
and (i∗, i∗, i

!). Excision implies that Ker(j∗) = Im(i∗). □

In particular, we deduce the following consequence of this.

Corollary 6.2.4. Let X ∈ LinCat be a category equipped with a semi-orthogonal decomposition
D with respect to K. For a convex subset V , we set XV := D(V ). For i : Z → V a closed
embedding with complementary open U , the category XV admits a recollement into (XZ ,XU )
where D(Z id←− Z i−→ V ) defines the embedding XZ ↪→ XV of the closed subcategory characterizing
the recollement via Lemma 6.1.9.
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Proof. We consider the obvious functor Convex{0≤1} → ConvexK sending {0} to Z, {1} to U ,
{0, 1} to V , and ∅ to ∅. This defines a map of geometric setups

(Convex{0≤1},All)→ (ConvexK ,All)

and precomposing D with the induced map Corr(Convex{0≤1},All) → Corr(ConvexK ,All) im-
plies the desired claim, by combining with Lemma 6.2.3. □

Remark 6.2.5. If we drop the first axiom from Theorem 6.2.1, one can form the category
of semi-orthogonal decompositions with respect to K as a full subcategory of the category of
presentable 2-functor formalisms, that we will denote by SemiK . When the poset is clear from
the context, we will omit it from the notation. We will write evK : SemiK → LinCat for the
forgetful functor given by evaluating on K ∈ ConvexK .

6.3. An example. Let’s exhibit some examples of how semi-orthogonal decompositions will
arise for us. Fix X ∈ AnStkv, a poset K, and a continuous map

f : |X| → K.

Given k ∈ K, we let Tk = f−1(k). We say that X is weakly-stratified13 by K if for all k ∈ K,
Tk is a weakly generalizing subset of X (as in [AGLR22, Definition 2.3]). In this circumstance,
Tk ≃ |Xk| for a unique (see [AGLR22, Lemma 2.7]) locally closed immersion Xk → X, which
can be defined by the formula

Xk := X ×|X| Tk.

We set XV := X ×|X| f−1(V ), where V ⊂ K is an arbitrary convex subset. Below, we discuss
how to promote this to a semi-orthogonal decomposition.

Proposition 6.3.1. Let X ∈ AnStkv be weakly-stratified by a poset K. The following hold:
(1) There is a semi-orthogonal K-decomposition mapping V to Dan

Λ (XV ) and [U ← V →W ]
to iVW ! ◦ i∗UV .

(2) Assume that for all convex subsets V ⊂W ⊂ K, the map iVW ! (resp. i∗VW ) has an addi-
tional left adjoint i♭V W (resp. iVW♯). Then there is a semi-orthogonal Kop-decomposition
mapping V to Dan

Λ (XV ) and [U ← V →W ] to iVW♯ ◦ i♭UV .

Proof. The preimage of any set along |X| → K is weakly generalizing in the sense of [AGLR22].
In particular, it follows that XV1 → XV2 can be written as the composition of an open and a
closed immersion. These classes of maps are both in Erep

fdcss and consequently !-shriekable for the
6-functor formalism Dan

Λ .
It’s not hard to construct a functor

Corr(ConvexK ,All)→ Corr(AnStkv, E
rep
fdcss)

with the rules
V 7→ XV

and
[U ← V →W ] 7→ [XU ← XV → XW ].

Indeed, this follows from functoriality of fiber products and of the construction (−) 7→ (−) that
takes topological space to a (not-necessarily small) v-sheaf. Composing with Dan

Λ gives us a

13We do not ask that the closure relationships among the Tk agree with K.
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presentable 2-functor formalism on Corr(ConvexK). To show that it is Nagata, we observe that
closed immersions are Dan

Λ -proper and open immersions are Dan
Λ -étale. In order to prove excision,

we follow [HM24, Proposition 4.8.6]: it is enough to show that, for a pair of complementary
immersions (i, j), the family of functors (i∗, j∗) is conservative. But this is clear, as they cover
the underlying topological space.

For the second part, we use part (1) and pass to left adjoint functors to obtain a presentable
2-functor formalism Dex : Corr(ConvexK)→ LinCat sending V to Dan

Λ (XV ) and the correspon-
dence [U ← V →W ] to iVW♯ ◦ i♭UV , passing to adjoints via the equivalence LinCat ≃ LinCatR,
see [HTT, Corollary 5.5.3.4].

We still need to verify that this is a semi-orthogonal decomposition with respect to the opposite
category. We identify ConvexK with ConvexKop , which exchanges closed and open immersions.
If V → W is an open immersion in K, then i!VW = i∗VW , so passing to left adjoints yields
iVW♯ = iVW !, which shows that elements in I are Dex-proper, as desired (because the semi-
orthogonal decomposition is now indexed by Kop). Similarly, if V → W is a closed immersion
in ConvexK , then iVW ! = iVW∗ yields i∗VW = i♭V W by passing to left adjoints. This shows
that closed immersons in ConvexK are Dex-étale, as desired. Finally, the excision sequence can
be deduced as well by part (1) and by passing to left adjoints. Indeed, as above it suffices
to show that (i♭V W , j

♭
W\V,W ) is conservative, where V → W is a closed immersion in ConvexK

with complementary open W \ V . If i♭V WA ≃ i∗VWA ≃ 0 then A ≃ jW\V,W !B, for some B and
j♭W\V,WA ≃ B, since jW\V,W ! is fully-faithful. □

The second semi-orthogonal decomposition obtained by passing to left-adjoints will be very
useful for our purposes.

6.4. An inductive criterion. In what follows, we provide an inductive criterion showing that
if a functor F : X → Y between two categories that admit a semi-orthogonal K-decomposition
respects enough of the structure, then the equivalence can be tested on filtered pieces. We start
by recalling the case of recollement. If (X0,X1) is a recollement of X , we let (X1)! ⊆ X and
(X1)∗ ⊆ X denote the images of j! and j∗ respectively. For notational coherence, we also let
(X0)∗ = (X0)! denote the essential image of i∗ : X0 → X .

Lemma 6.4.1. Let X and Y be presentable stable categories equipped with recollements (X0,X1)
and (Y0,Y1). Suppose that we have a functor F : X → Y and a commutative diagram

X0 Y0

X Y.

F0

i∗ i∗

F

Then there is a unique (up to contractible choice) functor F̄ : X1 → Y1 fitting in a commutative
diagram

X Y

X1 Y1.

F

j∗ j∗

F̄

In particular, if F (X1!) ⊂ Y1!, then we can construct a commutative square
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X1! Y1!

X1 Y1

F

≃,j∗ ≃,j∗

F̄

Similarly, if F (X1∗) ⊆ Y1∗, then we can construct a commutative square

X1∗ Y1∗

X1 Y1

F

≃,j∗ ≃,j∗

F̄

Remark 6.4.2. As we will discuss in §6.5, the F0 in Theorem 6.4.1, if it exists, it is unique up
to contractible choice.

Proof. The first statement follows directly from the universal property of Verdier quotients (see
[BGT13, Definition 5.4]), and the fact that the pair (X1, j

∗) is a model for the Verdier quotient
(see Theorem 6.1.3). Indeed, our assumptions imply that the essential image of j∗ ◦ F applied
to X0 is 0 ∈ Y.

The second and third statement follows from concatenating the commutative diagram just
obtained with

X1 Y1

X Y

F

j? j?

F

with ? ∈ {!, ∗}.
□

Proposition 6.4.3 ([HA, Proposition A.8.14]). Let X and Y be presentable stable categories
equipped with recollements (X0,X1) and (Y0,Y1). Suppose F : X → Y is an exact functor such
that

(1) F (Xi!) ⊂ Yi! for i = 0, 1 and the restricted functors are equivalences.
(2) F (Xi∗) ⊂ Yi∗ for i = 0, 1.

Then F is an equivalence.

Proof. Condition (1) and (3) in [HA, Proposition A.8.14] hold by hypothesis. As for condition
(2) in [HA, Proposition A.8.14], we have assumed that F maps Xi∗ to Yi∗ for i = 0, 1 and we
just need to verify that this happens via an equivalence. For i = 0, this is already given, since
X0! = X0∗, and in the i = 1 case, we just remark that the restricted functor on !-embedded
categories agrees with the one on ∗-embedded ones by Theorem 6.4.1. In particular, since we
are assuming one of them is an equivalence, the other one is also an equivalence.

Finally, we must show condition (4) in [HA, Proposition A.8.14]. This amounts to showing
that the adjunction map

F (A)→ F (iX∗ i
∗
XA)

is isomorphic to the adjunction map

F (A)→ iY∗ i
∗
YF (A),
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for all A of the form A = jX∗ B and B ∈ X1. But this is clear since, by hypothesis, F (jX! B) ≃ jY! D
for some D, and we have a fiber sequence

jY! D → F (A)→ F (iX∗ i
∗
XA).

In particular, maps of the form F (A) → iY∗ T factor uniquely through F (iX∗ i
∗
XA), which is

precisely the universal property of iY∗ i∗YF (A). □

Now, we generalize Theorem 6.4.3 for a finite poset K. Suppose that X is a category in
LinCat endowed with a semi-orthogonal K-decomposition. Given two convex subsets V ⊆ K
and W ⊆ K with V ⊂ W , we let XVW ! ⊆ XW (resp. XVW∗ ⊆ XW ) denote the essential image
of the functor iVW ! (resp. iVW∗) provided by the 2-functor formalism. If W = K we simply
write, XV ! ⊆ X and XV ∗ ⊆ X .

Proposition 6.4.4. Let K be a finite poset. Let X and Y be presentable stable categories
equipped with semi-orthogonal K-decompositions. Suppose F : X → Y is a functor in LinCat
such that the following holds.

(1) F (XV !) ⊂ YV ! for all convex subsets V ⊂ K.
(2) For any open subset U ⊆ K and any k ∈ K that is a closed point of U , the map

FU : XU → YU (furnished by Theorem 6.4.1) satisfies FU (XU\{k}U∗) ⊆ YU\{k}U∗.
(3) The functor F maps Xk! to Yk! via an equivalence for all k ∈ K.

Then F is an equivalence.

Proof. By (1), Theorem 6.4.1, and Theorem 6.2.4, we may consider for every open U ⊆ K with
complement Z = K \ U a functor

FU : XU → YU .
We prove by induction on the cardinality of U ⊆ K that FU is an equivalence. We note
that it is a functor between categories with semi-orthogonal decompositions with respect to the
poset U , by Remark 6.2.2. We first show that the first and third conditions on F pass to FU .
That FU (XV U !) ⊆ YV U ! whenever V ⊆ U follows easily from the commutative diagram from
Theorem 6.4.1

X Y

XU YU .

F

j∗U j∗U

FU

Indeed, the 2-functor formalisms on X and Y give commutative diagrams

XV X YV Y

XV XU YV YU .

iV K!

= j∗U

iV K!

= j∗U

iV U ! iV U !

Similarly, from Theorem 6.4.1, we have a commutative diagram

(Xk)! (XU )! XU

(Yk)! (YU )! YU ,

F,≃ F

≃

FU

≃
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which shows that the restriction of FU to XkU ! induces an equivalence

FU : XkU ! → YkU !.

In the case where kmax ∈ K is the maximal element, by hypothesis (3) (and Theorem 6.4.1
and Theorem 6.2.4) we have an equivalence

Fkmax : Xkmax

≃−→ Ykmax .

If U ⊆ K is a general open and k ∈ U is closed, then we have two recollement (Xk,XU\k) and
(Yk,YU\k). By the inductive hypothesis, FU\k is an equivalence, by (3) Fk is an equivalence,
and by (2) the functor FU satisfies the hypothesis of Theorem 6.4.3. This shows that FU is an
equivalence. □

Proposition 6.4.5. In the context of Theorem 6.4.4, it suffices to show that for k ∈ K F (Xk!) ⊆
Yk! to conclude that F (XV !) ⊆ YV ! for every convex subset V ⊆ K.

Proof. Observe that XV ! is generated under colimits by the Xk! for k ∈ V . The claim follows
since YV ! is stable under colimits for every convex subset V and F commutes with colimits
(being a functor in LinCat). □

We can give a final reformulation of the inductive criterion. For any k ∈ K, we let Uk denote
the open subset of elements greater or equal than k.

Proposition 6.4.6. Let K be a finite poset. Let X and Y be presentable stable categories
equipped with semi-orthogonal K-decompositions. Suppose F : X → Y is a functor such that the
following holds.

(1) The functor F maps Xk! to Yk! via an equivalence for all k ∈ K.
(2) For all k1 ≤ k2 the functor

(iYk1Uk1
)! ◦ FUk1

◦ iXk2Uk1
∗ ≃ 0,

(i.e., (iYk1Uk1
)! ◦ FUk1

◦ iXk2Uk1
∗ identically vanishes).

Then F is an equivalence.

Proof. This follows from Theorem 6.4.4 and Theorem 6.4.5. Indeed, the condition

(iYk1Uk1
)! ◦ FUk1

◦ iXk2Uk1
∗ ≃ 0

is, up to simple combinatorics, a rephrasing of condition (2) in Theorem 6.4.4. □

6.5. From plain functors to semi-orthogonal maps. In this subsection we explain why
equivalences of semi-orthogonal K-decomposed categories that respect the K-structure in a
weak sense automatically promote uniquely (up to contractible choice) to an equivalence in the
category of semi-orthogonal K-decompositions. For this, we will need to understand evaluations
from functor categories, since the forgetful functor SemiK → LinCatR is essentially an evaluation
functor.

Lemma 6.5.1. Let I be a category with terminal object ∗, let C be any category admitting finite
limits. Then

ev∗ : Fun(I, C)→ C
is a Cartesian fibration.
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Proof. To show it is a Cartesian fibration we must provide ev∗-Cartesian lifts for every edge
x→ y in C, and every functor F : I → C with F (∗) = y. Evaluation at the terminal object has
a right adjoint given by the constant functor. More precisely, we have that

Map(ev∗(F ), z) ≃ Map(F, constz).

By adjunction, for every F ∈ Fun(I, C) we have a map

F → constF (∗) .

If we are given a morphism x→ F (∗), then we can form the Cartesian diagram in Fun(I, C)

Fx→F (∗) F

constx constF (∗)

It is not hard to verify from its construction that Fx→F (∗) → F is a ev∗-Cartesian lift of
x→ F (∗). □

Let K be a finite poset. Let X be a category in LinCat endowed with a semi-orthogonal
K-decompositions X(−). Let

DX ,∗ : ConvexK → LinCatR

be the functor described by the rule

DX ,∗(V ) := XV

and
DX ,∗(V →W ) := [f∗ : XV → XW ].

Formally, this functor is obtained by restricting X(−) along the inclusion ConvexopK ↪→ Corr(ConvexK ,All),
and passing to right-adjoint functors.

Proposition 6.5.2. Let K be a finite poset. Let X and Y be two categories in LinCat endowed
with a semi-orthogonal K-decompositions. Let F : X → Y be a functor in LinCatR. The
following statements are equivalent.

(1) For all V ∈ ConvexK , we have F (XV ∗) ⊆ YV ∗.
(2) There exists a natural transformation F̂(−) : DX ,∗(−)⇒ DY,∗(−) with F̂K ≃ F .

Moreover, whenever these statements hold, F̂ is unique (up to contractible choice).

Proof. Suppose that we have such a natural transformation F̂ . Then, for all V ∈ ConvexK , we
have a commutative square

XV YV

X Y,

F̂V

iV ∗ iV ∗

F
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which readily shows that F (XV ∗) ⊆ YV ∗. Conversely, assume that F (XV ∗) ⊆ YV ∗ holds for all
V . We want to find a lift of F : X → Y along the map

evK : Fun(ConvexK ,LinCat
R)→ LinCatR,

and also show that it is unique. By Theorem 6.5.1, and the universal property of Cartesian
edges, the anima of lifts of F agrees with the anima of maps

Fun(DX ,∗, [DY,∗ ×constY constX ])
≃.

After this replacement, we may assume that X = Y, and we can now interpret both DX ,∗ and
DY,∗ as taking values in LinCatR/X . Moreover, since DX ,∗ and DY,∗ come from a semi-orthogonal
decomposition, they take values in the full subcategory (LinCatR)f.f./X , where the superscript
specifies that these are the objects whose structure map Z → X is fully faithful. Since the
category (LinCatR)f.f./X is a poset, maps from DX ,∗ to DY,∗ are unique when they exist, and they
exist if and only if for all V ∈ ConvexK , the map

iV ∗ : XV → X
factors through the map

i∗ : YV ×Y X → X .
Moreover, this happens if and only if F ◦ iXV ∗ factors through iYV ∗ which is precisely the condition
F (XV ∗) ⊆ YV ∗. □

Lemma 6.5.3. Let K be a finite poset. Let X and Y be two categories in LinCat endowed with
a semi-orthogonal K-decompositions. Let F : X → Y be an equivalence in LinCat. Suppose
that, for all V ∈ ConvexK , we have that F (XV !) ⊆ YV !, then for all V ∈ ConvexK we also have
that F (XV ∗) = YV ∗ (i.e., the essential image of F restricted to XV ∗ is YV ∗).

Proof. It suffices to show this when Z ∈ ConvexK is closed, and when U ∈ ConvexK is open.
Indeed, the hypothesis will pass to the Verdier quotient functors. If Z is closed, then by hy-
pothesis F (XZ∗) ⊆ YZ∗. Let A ∈ YZ∗, and B ∈ X with F (B) ≃ A. We claim that B ∈ XZ∗.
Indeed, if U is the open complement of Z in K, and we denote by i : Z ⊆ K and j : U ⊆ K the
inclusions, then we have a fiber sequence

j!j
∗B → B → i∗i

∗B, (6.1)

from which we deduce a fiber sequence

j!T → F (B)→ i∗S

for some S and T by applying F to Eq. (6.1) and observing that it preserves !-included subcat-
egories. Since F (B) ∈ YZ∗ it follows that j!T ∈ YZ∗ or in other words j!T ≃ 0. Since F is an
equivalence we must have j!j∗B ≃ 0 from which we deduce that B ∈ XZ∗.

Similarly, if i : U → K is open, then one can verify that F (XU∗) ⊆ YU∗, by observing that

Map(F (i∗B), F (j∗A)) ≃ 0.

for all B ∈ XK\U∗. That F restricted to XU∗ essentially surjects onto YU∗ follows a similar proof
to the one for closed immersions, using the sequence

i∗i
!B → B → j∗j

∗B

instead. □
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Proposition 6.5.4. Let K be a finite poset. Let X and Y be presentable stable categories
equipped with semi-orthogonal K-decompositions. Suppose F : X → Y is an equivalence in
LinCat such that the F (XV !) ⊂ YV ! for all convex subsets V ⊂ K. Then it lifts uniquely
(up to contractible choice) to an equivalence of semi-orthogonal K-decompositions.

Proof. Since F (XV !) ⊆ YV !, we may use Theorem 6.5.3 and Theorem 6.5.2 to construct an
equivalence (with inverse F−1) of functors

F−1 : DY,∗ ⇒ DX ,∗,
with notation as in Theorem 6.5.2. Passing to left-adjoints, gives rise to an equivalence of
functors

F : X ⇒ Y
of functors defined on ConvexopK with values in LinCat. But, since both X and Y are Nagata, by
[DK24, Theorem 3.3], this functor promotes uniquely to an equivalence of 2-functor formalisms
as we wanted to show. □

Part II. The argument

7. Constructing the functor

In this section we explain the construction of the functor, but before doing this we carefully
explain the key simpler example of classifying stacks.

For a group object G over k, and a topology τ on PSchaff (resp. Perfaff), we write BτG ∈
SchStkτ (resp. [∗/G]τ ∈ AnStkτ ) for the classifying τ -stack of G. We omit τ from notation if it
is clear from the context.

7.1. Sheaves on classifying stacks. Let H be a locally profinite group. We write H for the
scheme (resp. adic space) representing the functor S 7→ C0(|S|,H) on PSchop (resp. on Perfop)
sending S to the set of continuous functions on the underlying topological space of the scheme
(resp. adic space) S. In this subsection, we only use the fpqc-topology on PSch and the v-
topology on the analytic side. By abuse of notation, we write BH for BfpqcH, the fpqc quotient
by H in the category of perfect fpqc-stacks, and [∗/H] for [∗/H]v, the v-stack quotient by H
in the category of perfectoid v-stacks. We apply the above (co)sheaf formalisms to the stacks
BH and [∗/H] and show that the analytification maps constructed in §5 are equivalences in this
situation. We assume that [Zhu25b, Assumption 3.48] holds for H throughout §7.1. I.e., we
assume that

• H admits a Λ-valued left Haar measure dh, that is, an H-equivariant map

f 7→
∫
H
fdh : C∞c (H,Λ)→ Λ, (7.1)

such that there exists a compact open subgroup K ⊆ H with vol(K) :=
∫
K dh ∈ Λ×.

We call an open compact subgroup K ⊆ H good, if
∫
K 1dh ∈ Λ× for one (equivalently, any) left

Haar measure on H. Thus, our assumption on H guarantees that H contains a good subgroup
K ⊆ H. Moreover, note that if p ∈ Λ× and H contains an open compact pro-p-subgroup, then
H satisfies the above assumption.

We denote by Rep(H) the derived (∞-)category of the abelian category of smoothH-representations
on Λ-modules. It is shown in [Zhu25b, Lemma 9.14, Example 3.47] that, under our assump-
tions, the category Rep(H) is left-complete and compactly generated. If H is profinite, let
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Repc(H) ⊆ Rep(H) denote the full subcategory of those objects, whose underlying complex of
Λ-modules is perfect.

For profinite groups we have the following.

Proposition 7.1.1 ([Zhu25b, Prop. 10.110, Cor. 10.111, Exmpl. 10.123, and p.95]). Assume
that H = K is profinite and good, then the following statements hold.

(1) BK is a placid in the sense of Theorem 5.2.6 (2). (i.e., BK ∈ SchStkqc,plét ).
(2) There is a canonical t-exact, symmetric monoidal equivalence

Shv!(c)(BK) ≃ Rep(c)(K)

such that !-pullback along the natural map Spec k → BK identifies with the forgetful
functor from Rep(c)(K) to Λ-modules.

(3) Shv!(BK) is compactly generated and Shv!(BK)ω = Shv!c(BK).
(4) There is a canonical t-exact, symmetric monoidal equivalence

Shv∗(c)(BK) ≃ Rep(c)(K)

such that ∗-pullback along the natural map Spec k → BK identifies with the forgetful
functor from Rep(c)(K) to Λ-modules.

(5) Shv∗(BK) is compactly generated and Shv∗(BK)ω = Shv∗c(BK).

Remark 7.1.2. We note that, even though Shv!(BK) is compactly generated whenK is profinite
and good as in Theorem 5.2.11 (2), often BK is in general placid and not very placid.

Remark 7.1.3 (Very placid case). Suppose that H = G(E) for a connected linear algebraic
group G over E, and K = G(OE) for a smooth OE-model G of G with connected special fiber.
Then BK is very placid, BH is sind-very-placid and BK → BH is an (ind-)very placid atlas.
Indeed, L+G is connected and hence BK ∼= L+G/AdφL+G by the Lang–Steinberg theorem.
As ker(L+G → L+

1 G) (the first congruence subgroup) is coh. pro-unipotent, it follows from
Proposition 5.3.2 that BK is very placid. Here our loop group notation is described in §7.2
below.

Remark 7.1.4. Although the references provided in Theorem 7.1.1 only deal with the case
of Shv!(BK) (i.e., (2) and (3)) the analogous statements for Shv∗(BK) (i.e., (4) and (5)) have
identical proofs. Indeed, one first shows that the map Spec k → BK satisfies descent for the
Shv∗ functor as in [Zhu25b, Proposition 10.110]14, then one uses the explicit descent data to
compare Shv∗(BK) to QCoh(BKΛ) as in [Zhu25b, Corollary 10.111 and Example 10.123], and
one can use this description to identify the compact objects with the constructible ones.

Now let H be arbitrary with a good compact open subgroup K ⊆ H. The fibers H/K of the
projection BK → BH are discrete and in Zhu’s formalism we may treat this map as an ind-pfp
finite morphism. In particular, it is ind-pfp proper.

Proposition 7.1.5 ([Zhu25b, Lemma 3.50, Proposition 3.51]). Let K ⊆ H be a good compact
open subgroup. Then the following statements hold.

14One should use here that f : Spec k → BK is cohomologically proper for the Shv∗ functor as discussed in
[HM24, Remark 5.3.1], and descendability of f!Λ is done following the same argument as in [Zhu25b, Proposition
10.110].
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(1) The morphism BK → BH is ind-pfp finite. In particular, BH is sind-placid with sind-
placid atlas BK → BH.

(2) Let Hk•(BK) denote the Čech nerve of BK → BH. Then Hkn(BK) is ind-placid for
each n ≥ 0, and

Shv!(BH) = lim−→
n∈∆op

f∗

Shv!(Hkn(BK)).

(3) The category Shv!(BH) is compactly generated and there is a t-exact symmetric monoidal
equivalence

Shv!(BH) ∼= Rep(H).

(4) Under the equivalence of (3), f ! and f∗ along f : BK → BH identify with the forgetful
functor and with c-IndHK compact induction from K to H, respectively.

Recall from Theorem 5.3.5 that, for a placid stack X, we have natural functors

Shv!(X)∨
(ΨL)o−→ IndShv!f.g.(X)∨ ≃ IndShv∗f.g.(X)→ Shv∗(X).

Proposition 7.1.6. Let K be a good subgroup of the locally profinite group H. Then, for
X ∈ {BK,BH}, we have a sequence of equivalences

Shv!(X)∨
≃−→ Shv∗(X)

≃−→ Dsch
Λ (X).

Proof. We first consider the case X = BK with K good. By Theorem 7.1.1.(3) and Theo-
rem 7.1.1.(5) (see also Theorem 7.1.4) we have identifications

Shv!(BK)
≃←− IndShv!f.g.(BK) and IndShv∗f.g.(BK)

≃−→ Shv∗(BK).

Overall, this gives an identification

Shv!(BK)∨
≃−→ Shv∗(BK).

The identification Shv∗(BK)
≃−→ Dét(BK) follows from descent. More precisely, consider the

Čech nerve (Xn)n≥0 of the map Spec k → BK. Then each Xn is a profinite set, and in particular,
a qcqs scheme. By inspection, one can see that the natural maps Shv∗(Xn) → Dét(Xn) =
Dsch

Λ (Xn) are isomorphisms. Indeed, one can use Theorem 3.1.12 and Theorem 5.1.10 and that
each Xn is of finite expansion over Spec k. Since Spec k → BK satisfies descent with respect
to Shv∗ by Theorem 7.1.4 and descent with respect to Dsch

Λ by Theorem 3.1.9, we also get the
desired identification

Shv∗(BK)
≃−→ Dsch

Λ (BK).

Let us deal with the case X = BH where H is a locally profinite group containing an open
subgroup K ⊆ H that is good. In this case, we have to first construct a functor

Shv!(BH)∨ → Shv∗(BH).

Indeed, BH is only sind-placid, so its category IndShv!f.g.(BH) is more intricately defined, we
will not rely on this category.

We consider the map f : BK → BH which is ind-finite. Let {Yn}n∈∆ denote the Čech nerve
of f . We have an identification

Shv!(BH) ≃ lim−→
n∈∆op

f∗

Shv!(Yn). (7.2)
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Applying [DG15, Proposition 1.8.3] to (7.2) we get an identification

Shv!(BH)∨ ≃ lim−→
n∈∆op

(f•,∗)o

Shv!(Yn)
∨, (7.3)

where we have implicitly used the identification (f•,∗)
o ≃ (f !•)

∨. In particular, there is a unique
map Shv!(BH)∨ → Shv∗(BH) that lies over the following commutative square

lim−→n∈∆op

(f•,∗)o
Shv!(Yn)

∨ lim−→n∈∆op

f!

Shv∗(Yn)

Shv!(BH)∨ Shv∗(BH).

≃

(f∗)o,≃ f•,!

To show the map
Shv!(BH)∨ → Shv∗(BH) (7.4)

that we just constructed is an equivalence, it suffices to show that

lim−→
n∈∆op

f•,!

Shv∗(Yn)→ Shv∗(BH)

is an equivalence, since the vertical left hand arrow is an equivalence by (5.19). Equivalently,
using [HTT, Corollary 5.5.3.4], it suffices to show that

Shv∗(BH)→ lim←−
n∈∆
f !•

Shv∗(Yn) (7.5)

is an equivalence. Since f is cohomologically étale for the Shv∗ formalism, we may replace (7.5)
for

Shv∗(BH)→ lim←−
n∈∆
f∗•

Shv∗(Yn). (7.6)

But this is an equivalence since Shv∗ is an étale sheaf and BK → BH is surjective for the étale
topology. This finishes the proof that (7.4) is an equivalence.

To show the equivalence
Shv∗(BK)→ Dsch

Λ (BK) (7.7)

we may argue by descent as above. Indeed, each of the Yn are (disjoint unions of) classifying
stacks of good compact open subgroups (note that a open subgroup of a good subgroup is again
good). This reduces (7.7) to the case H is profinite good, which we have dealt with above.
Alternatively, we can appeal to [HM24, Proposition 5.3.10]. □

7.1.1. Bernstein–Zelevinsky duality. Now we discuss duality following [Zhu25b, §3.3.2]. Let H
be a locally profinite group satisfying assumption (7.1). Then Bernstein–Zelevinsky duality on
H, which we will call cohomological duality

Dcoh,H : Rep(H)op → Rep(H)
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is induced by a Frobenius structure on Rep(H) over ModΛ in the sense of [HA, Definition 4.6.5.1],
which is given by the evaluation map

coh: Rep(H)→ ModΛ, V 7→ (V ⊗∆−1H )H , (7.8)

where (·)H is the functor of derived H-coinvariants and ∆H is the modulus character, given
by ∆H(h) = vol(hKh−1)

vol(K) for a (any) good subgroup K ⊆ H, see [Zhu25b, Remark 3.49]. More
precisely, this means that the composition

Rep(H)⊗ModΛ Rep(H)
−⊗−−−−→ Rep(H)

coh−−→ ModΛ

is a perfect pairing that defines for us an equivalence

Dcoh,H : Rep(H)∨
≃−→ Rep(H). (7.9)

Or in other words, a self-duality on Rep(H).
Since Rep(H) is compactly generated, this means that given a compact object A ∈ Rep(H)ω

then, we may describe Dcoh,H(A) as the unique compact object for which the formula

HomRep(H)(Dcoh,H(A), B) = (A⊗B ⊗∆−1H )H ,

holds for all B ∈ Rep(H) (see the discussion in [Zhu25b, Remark 7.55] to see why this identity
comes from the Frobenius algebra structure). We emphasize here that Hom is the external Hom
(i.e., the usual bifunctor Rep(H)op × Rep(H) → ModΛ). If we substitute in B = H(H) :=
C∞c (H,Λ) to be the compactly supported smooth Hecke algebra then this degenerates into the
relationship

HomRep(H)(Dcoh,H(A),H(H)) = (A⊗H(H)⊗∆−1H )H ≃ A, (7.10)

where the last map is the isomorphism in [Zhu25a, Proof of Proposition 3.53, Equation 3.40].
Using that Dcoh,H is involutive, we obtain an identification

Dcoh,H(A) ≃ HomRep(H)(A,H(H)) (7.11)

for all A ∈ Rep(H)ω. A priori, (7.10) and (7.11) are identities that only hold in ModΛ, but we
note that we can regard H(H) as a bi-module. After taking external Hom with respect to the
left action, the complex still carries a remaining right action. This gives rise to the involutive
equivalence considered first by Bernstein

HomRep(H)(−,H(H)) : Rep(H)ω,op
≃−→ Rep(H)ω, (7.12)

see [Mie14, §2] and [Far06, §2]. The duality (7.9) can then be more concretely realized as the
Ind-extension of the equivalence in (7.12), via the identification Rep(H)∨ ≃ Ind(Rep(H)ω,op) of
the dual category.

We now discuss how the equivalence Dcoh is incarnated in the geometry of classifying stacks.
Let K ⊆ H be a good subgroup. Under the equivalence Shv!(BK) ≃ Rep(K) from Theo-
rem 7.1.1, the tensor unit ωK matches ∆K . Moreover, ωK is a generalized constant sheaf on
BK in the sense of [Zhu25b, Definition 10.128], which we will denote Λcoh

K . As in [Zhu25b, Page
98], this choice of generalized constant sheaf induces a duality

idKcoh : Shv
!(BK)

∼→ Shv!(BK)∨,
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which upon restricting to Shv!c(BK) and identifying Shv!c(BK) with RepcK, becomes the usual
duality sending a K-representation on a perfect Λ-module V to its linear dual V ∗. If K is a
good subgroup of the locally profinite group H we may descend to a duality

idHcoh : Shv
!(BH)

∼→ Shv!(BH)∨, (7.13)

by applying these considerations to the Čech nerve of BK → BH as in [Zhu25b, Proposition
3.56]. As explained in [Zhu25b, Proposition 3.56] the duality of (7.13) corresponds to the duality
of (7.9) under the identification of Theorem 7.1.5.

7.1.2.

⋔⋔⋔

for classifying stacks. Let H be as above and let K be a good subgroup. Recall from
[GIZ26, Proposition 2.20] that the natural maps give identifications

(BH)⋄ ≃ (BH)† ≃ (BH)♢ ≃ [∗/H].

Moreover, recall that when H admits an embedding into GLn(E) for some n and some non-
Archimedean local field E of residue characteristic p, then [∗/H] is an Artin v-stack by [FS24,
Example IV.1.9]. From Theorem 4.2.7 and the above isomorphisms of stacks, we deduce canon-
ical equivalences

D♢Λ (BH) ≃ Dan
Λ ((BH)♢) ≃ Dan

Λ ([∗/H]). (7.14)

Whenever K is profinite and good, BK ∈ SchStkqc,plét (see Theorem 7.1.1) and Shv!(BK) is
compactly generated. In particular, we have an analytification functor

c∗,∨BK : Shv!(BK)∨ → D♢Λ (BK) ≃ Dan
Λ ([∗/K]),

as defined in Theorem 5.3.6.

Lemma 7.1.7. Let K be profinite and good. The analytification functor

c∗,∨BK : Shv!(BK)∨ → D♢Λ (BK) ≃ Dan
Λ ([∗/K]),

is an equivalence. Moreover, we have the commutative diagram of equivalences

Rep(K)

Shv!(BK) Shv!(BK)∨ Dan
Λ ([∗/K])

Zhu FS

idKcoh
c∨,∗
BK

where the left diagonal map is the equivalence of Theorem 7.1.1 and the right diagonal map is
the equivalence constructed in [FS24, Theorem V.1.1].

Proof. We have a sequence of maps

Shv!(BK)
idKcoh−−−→ Shv!(BK)∨ → Shv∗(BK)→ Dsch

Λ (BK)
c∗−→ D♢Λ (BK) = Dan

Λ ([∗/K]) (7.15)

and all but c∗ have been shown to be equivalences (see Theorem 7.1.6). Note that c∗,∨BK is the
composition of these maps. Consider the fpqc-cover (resp. v-cover) f : SpecFq → BK (resp.
f : ∗ → [∗/K]) and let {Xn}n∈∆ be the Čech nerve. The maps in (7.15) fit into a diagram
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Shv!(BK) Shv!(BK)∨ Shv∗(BK) Dsch
Λ (BK) D♢Λ (BK)

lim
n∈∆
f !•

Shv!(Xn) lim
n∈∆
(f !•)

o

Shv!(Xn)
∨ lim

n∈∆
f∗•

Shv∗(Xn) lim
n∈∆
f∗•

Dsch
Λ (Xn) lim

n∈∆
f∗•

D♢Λ (Xn),

where here the vertical maps are all equivalences, as in the proof of Theorem 7.1.6, where
for D♢

Λ(−) this follows from the fact that Dan
Λ (−) satisfies v-descent. One easily verifies that

Dsch
Λ (Xn) → Dan

Λ (Xn) is an equivalence, since Xn is a profinite set, which shows that c∗ is an
equivalence giving the first part of the claim.

For the second part, if we write Rep(K) = limn∈∆
f∗•

QCoh(Xn,Λ), then the identifications

Rep(K) → Shv!(BK) and Rep(K) → Dan
Λ ([∗/K]) of Zhu and Fargues-Scholze respectively, are

induced by taking limits of diagrams of the form

QCoh(Xn,Λ)

Shv!(Xn) D♢Λ (Xn)

for all n, and it suffices to show that these diagrams commute.
We claim that this is true for any space of the form S = Spec F̄p × T where T is a profinite

set. Writing S = lim←−Si with each Si = Spec F̄p × Ti with Ti finite we have formulas

QCoh(SΛ) = lim−→QCoh(SpecΛTi)

Shv!(S) = lim−→ Shv!(Si) D♢Λ (S) = lim−→D
♢
Λ (Si)

which can be further rewritten as

lim−→QCoh(SpecΛ)⊕|Ti|

lim−→ Shv!(Spec F̄p)⊕|Ti| lim−→D
♢
Λ (∗)⊕|Ti|.

The whole computation reduces to the commutativity of the diagram

QCoh(SpecΛ)

Shv!(SpecFp)) D♢Λ (∗).

Since the maps are ModΛ-linear, it suffices to show that each of the maps preserves the tensor
unit, but this can be done by a direct computation. □
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We move on to study the case where H is a locally profinite group admitting a compact open
subgroup K ⊆ H that is good.

Lemma 7.1.8. The triple (BH, [∗/H], αH := id[∗/H]) is a sind-†-correspondence in the sense of
Theorem 5.3.21.(4).

Proof. Indeed, let αH = id[∗/H], this is indeed a map

id[∗/H] : (BH)†
≃−→ [∗/H],

that gives rise to a sind-†-diagram. Let K ⊆ H be an open compact good subgroup of H. Then
f : BK → BH is a sind-placid atlas (see Theorem 7.1.5 (1)), with BK ∈ resSchStk

qc,pl (see
Theorem 3.3.13). Note that (BK)† ×(BH)♢ (BH)† ≃ [∗/K]. Moreover,

[∗/K]→ [∗/H]

is étale and in particular Dan
Λ -!-able. This shows that BK → BH is an αH -compatible bounded

piece as in Theorem 5.3.21.(3). By Theorem 5.3.30, it suffices to show that

f∗ : Shv
!(BK)→ Shv!(BH)

is universally conservative to conclude that (BH, [∗/H], αH := id[∗/H]) is a sind-†-correspondence.
Let X → BH be a map, let Y = X ×BH BK, and let fX : Y → X be the base change map. We
wish to show that fX,∗ is conservative. We may easily reduce to the case in which X ∈ PSchqcqs,
so that Y ∈ PSch and Y → X is ind-finite. If A ∈ Shv!(Y ) and A ̸= 0, then there exists a
geometric point y : SpecC → Y with y!A ̸= 0 in Shv!(SpecC) ≃ ModΛ. Let x : SpecC → X be
the induced geometric point. Then x! ◦fX,∗A ̸= 0 since one can show, using proper base change,
that y!A is a direct summand of x! ◦ fX,∗A. In particular, fX,∗A ̸= 0. □

As one should expect, the analytification functor constructed in Theorem 7.1.8 using a sind-
†-correspondence admits an easier description.

Theorem 7.1.9. Consider the sind-†-correspondence (BH, [∗/H], αH := id[∗/H]) as above. The
following statements hold.

(1) The analytification functor

c∗,αH : Shv!(BH)∨ → D♢Λ (BH)

factors as Shv!(BH)∨ → Shv∗(BH)
c∗−→ D♢Λ (BH) and in particular it is an equivalence.

Here, the map Shv!(BH)∨ → Shv∗(BH) is the equivalence constructed in Theorem 7.1.6.
(2) If K ⊆ H is compact and good, then we have a commutative diagram

Shv!(BK)∨ Dan
Λ ([∗/K])

Shv!(BH)∨ Dan
Λ ([∗/H]).

c∗,αK

(f∗)o f!

c∗,αH

(3) After precomposing with the identification idKBZ and idHBZ that come from duality, we get
a commutative diagram
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Rep(K) Shv!(BK) Dan
Λ ([∗/K])

Rep(H) Shv!(BH) Dan
Λ ([∗/H]).

≃

c-IndHK

≃

(f∗) f!

≃ ≃

(4) Finally, we have a commutative diagram of equivalences

Rep(H)

Shv!(BH) Shv!(BH)∨ Dan
Λ ([∗/H]).

Zhu FS

idHcoh c∗,αH

Proof. Let us explicate the Čech nerve appearing in Theorem 7.1.5. As in [Zhu25b, Page 95] we
have

Hkn(BK) = [K\H ×K H ×H · · · ×K H/K]schfpqc
∼= [K\(H/K)n]schfpqc =

∐
h∈K\(H/K)n

B(Hh), (7.16)

where K acts diagonally on (H/K)n via left multiplication, and where the stabilizer is Hh =
Hh1 ∩ · · · ∩ Hhn for h = (h1, . . . , hn) ∈ (H/K)n. Note that Hh is good since it is a subgroup
of h1Kh−11 , and K is good. To make the notation compatible with Theorem 7.1.6, we let
Yn = Hkn(BK), and we let αn : Y †n → [∗/H], be the map induced by αH and the map Y †n →
(BH)†. On the analytic side the Čech nerve Hk•([∗/K]) of the v-cover [∗/K] → [∗/H] admits
a completely analogous explicit description, and we have Y ♢n = Y †n = Hkn([∗/K]), by [GIZ26,
Proposition 2.20].

By the second part of Theorem 5.3.30, justified by Theorem 7.1.8 and its proof, each triple
(Yn, [∗/H], αn) is a sind-†-correspondence and

c∗,αH = colimn∈∆op c∗,αn .

Since Shv!(BH)∨ = colimn∈∆op

(f∗)o
Shv!(Yn)

∨ and Shv∗(BH) = colimn∈∆op

f!

Shv∗(Yn) (see Theo-

rem 7.1.6), it suffices to factor each c∗,αn through the natural map Shv!(Yn)
∨ → Shv∗(Yn). In

other words, we want to show that the following diagram

Shv!(Yn)
∨ Shv∗(Yn)

Dan
Λ ([∗/H]) Dan

Λ (Hkn([∗/K]))

c∗,αn c∗

f!

is commutative. To this end, we unfold c∗,αn using Theorem 5.3.26. Let

In = {µ : µ ⊆ H\(H/K)n+1 finite subset}

For each µ ∈ In we have the closed substack

Hkn(BK)≤µ =
∐
h∈µ

BHh ⊆ Hkn(BK)
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defined in terms of the right hand side of (7.16). This gives an ind-presentation (resp. a colimit
formula)

Yn = colimµ∈In Hkn(BK)≤µ (resp. Shv!(Yn)∨ ≃ colimµ∈In Shv
!(Hkn(BK)≤µ)

∨).

By Theorem 5.3.26, to produce the factorization of c∗,αn it suffices to show that for all µ ∈ In
the map

Shv!(Hkn(BK)≤µ)
∨ → Dan

Λ ([∗/H])

factors through Shv∗(Yn). But this is the case, since we have the commutative diagram

Shv!(Hkn(BK)≤µ)
∨ Shv∗(Yn)

∨

Shv∗(Hkn(BK)≤µ) Shv∗(Yn)

Dan
Λ (Hkn([∗/K])≤µ) Dan

Λ (Hkn([∗/K]))

Dan
Λ ([∗/H])

α(n,µ),!

αn,!

Now (2) follows from the defintion of c∗,αH and the functoriality in Theorem 5.3.18 and (3)
follows from (2) and Theorem 7.1.5(4). Finally, (4) follows from (3) and Theorem 7.1.7 as we
range over deeper good subgroups K ⊆ H which produce compact generators for Rep(H). □

7.2. Loop groups and Grassmannians. For R ∈ CAlgperf let W (R) be the ring of p-typical
Witt vectors of R. We put W(R) =W (R)⊗ZpOE if char(E) = 0, resp. W(R) = R[[π]] otherwise.
We let φ : W(R)→W(R) denote the automorphism of W(R) induced from Frob.

Let G be a reductive group over E and let G be a smooth affine model of G over OE . We
define the jet group (or positive loop group) of G resp. the truncated jet group of G, resp. the
loop group of G as prestacks with formula

L+G : SpecR 7→ G(W(R))

L+
nG : SpecR 7→ G(W(R)/πnW(R))

LG : SpecR 7→ G(W(R)[
1

π
])

For n ≥ 1, L+
nG is a pfp perfect affine group scheme over k. For 1 ≤ m ≤ n the transition maps

L+
nG → L+

mG are unipotent and L+G = limn L
+
nG is a perfect affine group scheme. For n ≥ 1 let

L+G(n) = ker(L+G → L+
nG).

Assume that G is a parahoric model of G. The quotient GrschG = LG/L+G is the affine
Grassmannian of G and the stack quotient HkschG := L+G\LG/L+G is the local Hecke stack. If
I is an Iwahori model of G with I(OE) contained in G(OE), and W̃ denotes the Iwahori-Weyl
group of G with respect to I, then the L+I-orbits in GrschI are parametized by W̃ . Similarly,
the L+G-orbits in GrschG are parametrized by WG\W̃/WG . In geometric terms, this gives rise to
an identification

|HkschG | =WG\W̃/WG .
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There is an evident quotient map GrschG → HkschG . For each w ∈WG\W̃/WG , we have a stratum
HkschG,w and its pullback gives rise to an orbit GrschG,w which is the perfection of a smooth affine
scheme. We let HkschG,≤w and GrschG,≤w denote the closures. We thus have the inclusions

HkschG,w ⊆ HkschG,≤w ⊆ HkschG and GrschG,w ⊆ GrschG,≤w ⊆ GrschG .

Let LGw, LG≤w denote the preimages of GrschG,w, GrschG,≤w in LG. Then one has the presentations
LG≤w = limnGr

sch,(n)
G,≤w and LGw = limnGr

sch,(n)
G,w , where

Gr
sch,(n)
G,≤w = LG≤w/L

+G(n) (resp. Gr
sch,(n)
G,w = LGw/L

+G(n))

are again perfections of normal projective schemes (resp. affine schemes), and transition maps
are unipotent for n ≥ 1. From these presentations we have the following.

Lemma 7.2.1 ([Zhu25b, §3.1.3]). LG≤w, LGw are standard placid over k. The loop group LG
is an ind-placid scheme. The Hecke stack HkschG is ind-very-placid.

7.3. Isocrystals and shtukas. Let G be a parahoric model of G. We consider

B(G) = [LG/AdφLG]ét

ShtschG = [LG/AdφL
+G]ét,

where by the quotient we mean the étale sheafification of the prestack quotients. The first is
called the stack of isocrystals and the second is the stack of schematic shtukas. Note that for
R ∈ CAlgperf , B(G)(R) is the groupoid of pairs (E , φ) where E is a G-torsor on W(R), trivial
étale locally on SpecR, and φ is an isomorphism of E with its Frobenius pullback.

The natural map
Nt = NtG : ShtschG → B(G). (7.17)

is called the Newton map.

Lemma 7.3.1 ([Zhu25b, Lemma 3.28]). The map Nt is ind-pfp proper (as in Theorem 5.2.16)
and all of its geometric fibers are isomorphic to GrG.

Remark 7.3.2. We emphasize that Theorem 7.3.1 only claims ind-representability of Nt in
EAlg,rep

pfp , and that it doesn’t claim its ind-representability in Erep
pfp.

There is also an evident map ShtG → HkschG which allow us to pullback the stratification on
HkschG . Let w ∈WG\W̃/WG = |HkschG |. We have the substacks

ShtschG,w = LGw/AdφL
+G

ShtschG,≤w = LG≤w/AdφL
+G

of ShtschG .
Recall from [Zhu25b, §3.1.4-3.1.5], that the Čech nerve of the Newton map gives rise to

the simplicial stack {Hkn(ShtschG )}n≥0, that B(G) = colimn∈∆op Hkn(ShtschG ), and that each
Hkn(ShtschG ) is ind-very placid. We summarize what we need in the following theorem.

Theorem 7.3.3 ([Zhu25b, Example 3.13, Lemma 3.28]). The following statements hold.
(1) The stacks ShtschG,≤w and ShtschG,w are very placid with very placid atlas LG≤w → ShtschG,≤w

and LGw → ShtschG,w respectively. In other words, ShtschG,≤w, Sht
sch
G,w ∈ SchStkqc,vpl.
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(2) The stack ShtschG is ind-very-placid with ind-presentation

ShtschG = colim
w∈WG\W̃/WG

ShtschG,≤w .

In other words, ShtschG ∈ IndStkqc,vpl.
(3) The stack B(G) is sind-very-placid with sind-very-placid atlas

Nt = NtG : ShtschG → B(G).

In other words, B(G) ∈ sIndStkqc,vpl.

7.4. Analytic stacks of local shtukas. Let us recall the perfectoid v-stack of local shtukas.
Given S = Spa(R,R+), we can form a space YS := SpaW(R+) \ V ([ϖ]) as in [FS24, §II.1.1].

Definition 7.4.1. We let ShtanG ∈ AnStkv denote the moduli stack with formula

ShtanG (R,R+) := {(E ,Φ)}

where E is a G-bundle on YS and
Φ : φ∗E 99K E

is an isomorphism defined over YS \ V (π) that is meromorphic along V (π) ⊆ YS (see [SW20,
Definition 5.3.5]).

Recall that S = V (π) ⊆ YS and that completion along this closed immersion gives rise to a
map of locally ringed spaces

(S,W(OS))→ (YS ,OYS ).
Restriction along this map gives rise to morphism

ShtanG → (ShtschG )♢ → (HkschG )♢,

which on points (and before sheafification), can be described as

(E ,Φ) 7→ (E1 = φ∗E|W(R), E2 = E|W(R),Φ).

We may pull back along the closed immersion (HkschG,≤w)
♢ ⊆ (HkschG )♢ to obtain closed substacks

ShtanG,≤w ⊆ ShtanG .
It is natural to wonder what the actual relationship is between these stacks of analytic shtukas

and the previously introduced scheme-theoretic ones. In fact, there is an isomorphism

(ShtschG )† ≃ ShtanG (7.18)

preserving the corresponding closed substacks given as the union of those Bruhat strata that are
bounded by w (see [GIZ26, Theorem 7.13]).

7.5. Construction of the functor. Recall that in §5.3.2 we constructed analytification func-
tors for sind-†-correspondences. In this subsection, we explain how to fit B(G) and BunG in a
sind-†-correspondence. In other words, we need to provide a well-behaved map

σ : B(G)† → BunG. (7.19)

In rough terms, this map is obtained, before sheafification, by pulling back φ-G-torsors along
the map of locally ringed spaces

Y(0,∞),S → SpecW(O◦S)[1/π],
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where the left-hand side is the usual Frobenius cover of the adic Fargues-Fontaine curve attached
to S. There is an alternative way of thinking about this map. In [GIZ26] two of us, together
with Zillinger, introduced a stack Bunmer

G fitting in a correspondence of the form (see [GIZ26,
Theorem 1.1])

Bunmer
G BunG

B(G)♢.

σ

γ (7.20)

Moreover, the following identifications were constructed in loc. cit. (see [GIZ26, Theorems 1.4,
7.13])

B(G)† ≃ Bunmer
G (7.21)

together with a Cartesian diagram (see [GIZ26, Theorem 6.6])

ShtanG ≃ (ShtschG )† B(G)† ≃ Bunmer
G

(ShtschG )♢ B(G)♢.

Nt†

b
ShtschG

γ=bB(G)

Nt♢

(7.22)

Remark 7.5.1. For the purpose of this article one can take the identities of (7.18), resp. (7.21)
as the definition of ShtanG and of Bunmer

G , but we want to point out that there are more natural
presentations of these objects.

We want to use Theorem 5.3.27 (or more precisely Theorem 5.3.29) to show that the sind-†-
diagram (B(G),BunG, σ) is a sind-†-correspondence. Since ShtschG → B(G) is a sind-very-placid
atlas (see Theorem 7.3.3), it suffices to show, by Theorem 5.3.29, that the bounded pieces ShtschG,≤w
of the ind-presentation ShtschG ≃ lim−→ ShtschG,≤w are σ-compatible in the sense of Theorem 5.3.21.(3).
That Shv!(ShtschG,≤w) is compactly generated follows from Theorem 5.2.11 (2), since ShtschG,≤w is
quasi-compact very placid. We have to check that if σ≤w denotes the following composition

σ≤w : (ShtschG,≤w)
† → (ShtschG )†

Nt†−−→ B(G)†
σ−→ BunG,

then, the map σ≤w is Dan
Λ -!-able. This was proved by one of us (G.). Indeed, the following

statement is a variant of the main theorem of [Gle26, Theorem 1.1].

Theorem 7.5.2. [Gle26, Theorem 1.1] The map

σ≤w : (ShtschG,≤w)
† → BunG

is fdcss. In particular, it is Dan
Λ -!-able.

To show that ShtschG,≤w is σ-compatible, all that remains to show is the following.

Lemma 7.5.3. For all w ∈ W̃ , ShtschG,≤w is resilient.

Proof. By [SW20, Corollary 17.1.9], (ShtschG,≤w)
♢pre is already a v-sheaf, and consequently the

map
(ShtschG,≤w)

♢proét
≃−→ (ShtschG,≤w)

♢

is already an equivalence. □
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We can summarize the above discussion as follows.

Corollary 7.5.4. (B(G),BunG, σ) is a sind-†-correspondence.

We are finally able to define the comparison functor. Its definition involves the canonical
self-duality idBZ : Shv

!(B(G)) → Shv!(B(G))∨ of Shv!(B(G)) constructed by Zhu in [Zhu25b,
Theorem 1.3]. We will review idBZ in detail later on (see Theorem 8.3.6).

Definition 7.5.5. We let

⋔⋔⋔∨ := c∗,σ denote the comparison functor

⋔⋔⋔∨ : Shv!(B(G))∨ → Dan
Λ (BunG)

defined by the sind-†-correspondence (B(G),BunG, σ). We let

⋔⋔⋔

: Shv!(B(G))→ Dan
Λ (BunG)

denote the composition of Zhu’s duality identification

idBZ : Shv!(B(G))→ Shv!(B(G))∨

followed by

⋔⋔⋔∨.

Remark 7.5.6. In summer of 2023, one of us (G.) gave a talk in Bonn predicting the exis-
tence of the equivalence

⋔⋔⋔

satisfying some key compatibilities, and explaining the evidence for
the existence of this functor that the work [GIZ26] provided. Partially inspired by these key
compatibilities discussed, Hansen constructed (independently of the existence of

⋔⋔⋔

) an excep-
tional t-structure on Dan

Λ (BunG) which would match the perverse t-structure defined by Zhu on
Shv!(B(G)). Hansen calls it the hadal15 t-structure (see Remark 12.5.5 and Theorem 12.6.1, for
the precise realization of this vision in terms of our functor). Although the first author’s original
intention was to write Ψ on the blackboard (due to a vague connection to nearby-cycles), Hansen
commented privately that it ended up looking like a trident16 (

⋔⋔⋔

). To not overload the usage
of Ψ, and to allude to the hadal t-structure of Hansen, we have opted to use

⋔⋔⋔

to denote our
functor.

8. Local Langlands categories

In order to show that the functor

⋔⋔⋔

constructed in Theorem 7.5.5 is an equivalence, one
first studies the the local Langlands categories Shv!(B(G)) and Dan

Λ (BunG) individually. In
this section, we recall the theory of sheaves on the stack B(G) of G-isocrystals and on the stack
BunG of G-bundles on the Fargues–Fontaine curve, as well as their formal properties. Both these
objects are geometrizations of a certain explicit combinatorial object known as the Kottwitz set
of G. Before discussing the Kottwitz set, we recall our group theoretic notation.

Recall that, for us, G is a quasi-split reductive group over E and that we have fixed a rationally
defined maximal torus and Borel subgroups T ⊂ B ⊂ G as in the introduction. We let A ⊆ T
be the maximal split subtorus. Recall that we have fixed an Iwahori model I of G defined over
OE . Moreover, we will assume that T (OĔ) (the Nerón model) is contained in I(OĔ). In terms
of the building, I corresponds to a φ-invariant alcove in the apartment defined by A (or T ).

15The etymology of this adjective stems from Hades (the underworld), and was first coined by marine biologists
to describe the deepest oceanic trenches.
16We note however that Hades carries a bident, and it is Neptune who carries a trident. Though, despite our
best efforts, the symbol

⋔⋔⋔

really resembles more a pitchfork than a trident, so perhaps we cannot escape the
satanic nature of its construction.
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8.1. The Kottwitz set. In this subsection, we discuss the combinatorial properties of the set
B(G) := G(Ĕ)/Adφ(G(Ĕ)) of φ-conjugacy classes in G(Ĕ), originally introduced by Kottwitz
[Kot85a]. The first main invariant of elements in the set B(G) is its Newton point νG(b) ∈
X∗(TE)

+,ΓE
Q , see [Kot85a, §4], where ΓE denotes the absolute Galois group of E acting on

rationalized dominant geometric coweights X∗(TE)
+
Q.

The second crucial combinatorial invariant of B(G) is the Kottwitz point κG(b) ∈ π1(G)ΓE
.

Indeed, following Kottwitz, one defines a group homomorphism G(Ĕ)→ π1(G)IE towards inertia
coinvariants17, and one can pass to a φ-conjugacy classes to obtain the map (see [Kot97, §7]
and [PR08, ¶2.a.2]). Alternatively, one has an isomorphism π1(G)ΓE

≃ X∗(Z(Ĝ)ΓE ), where
Z(Ĝ) is the center of the Langlands dual group of G, and one can view κG as a map B(G) →
X∗(Z(Ĝ)ΓE ), as in [Kot85a, § 5].

Following [RR96], one can use νG and κG to define a partial order ≤ on B(G) as follows: we
say that b1 ≤ b2 if and only if νG(b1) ≤ νG(b2) for the usual rational Bruhat order (i.e., the
difference νG(b2)−νG(b1) is a non-negative rational linear combination of positive simple coroots
of G) and κG(b1) = κG(b2). This is clearly transitive and its anti-symmetry is a consequence
of the injectivity of (νG, κG), see [Kot97, ¶4.13]. A key finiteness property of this order is the
following:

Lemma 8.1.1. The poset (B(G),≤) is down-finite, i.e., for all b ∈ B(G) the set {b′ ∈ B(G) |
b′ ≤ b} is finite.

Proof. This is [RR96, Proposition 2.4.(iii)]. □

The partial order on B(G) allow us to define a natural topology on the set B(G). At the same
time, there is also the opposite partial order to which we will also attach a topological space.
For later reference, we record our conventions concerning B(G) regarded as a topological space.

Definition 8.1.2. We endow B(G) with the topology in which open subsets are up-closed for the
partial order ≤, i.e., they are arbitrary unions of the sets of the form Ub := {x ∈ B(G) : b ≤ x}
where b ∈ B(G). Moreover, we denote by B(G)op the topological space whose underlying set is
the Kottwitz set of G, but whose open subsets are down-closed, i.e., they are arbitrary unions of
sets that have the form {x ∈ B(G) : b ≥ x} for b ∈ B(G). We recall that the minimal elements in
this partial ordering are denoted by B(G)basic ⊂ B(G) and are referred to as the basic elements.

We have the following reductive groups attached to elements b ∈ B(G).

Definition 8.1.3 ([Kot97], §3.3 and Appendix A; [RZ96], 1.12). Let b ∈ B(G), and fix a
representative ḃ ∈ G(Ĕ). We define the smooth affine connected E-group Gḃ as representing the
functor:

Gḃ(R) := {g ∈ G(Ĕ ⊗E R) : g
−1ḃφ(g) = ḃ} (8.1)

for any E-algebra R.

Note that if ḃ1 = γ−1ḃ2φ(γ), then Gḃ1 ≃ Gḃ2 via γ-conjugation. For this reason, we will
at times abuse notation and denote Gb a representative of this isomorphism class of reductive
groups. Also recall, from [RZ96, Cororllary 1.14] (or [FS24, Proposition III.4.2]), that Gb is
always an inner form of a Levi subgroup of the quasi-split inner form of G. The locally pro-finite

17Note that π1(G)IE can be shown to identify with the geometric connected components of LG.
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groups Gb(E) naturally arise as the automorphism of the G-isocrystals associated with b.

We now recall an alternative way of understanding the set B(G) coming from the combina-
torics of affine Weyl groups through the so-called σ-straight σ-conjugacy classes in the Iwahori-
Weyl group W̃ = NG(T )(Ĕ)/T (OĔ) of G (see [He14]). Recall that W̃ fits into a short exact
sequence

1→ X∗(TE)IF → W̃ →W0 → 1, (8.2)

where W0 := NG(T )(Ĕ)/T (Ĕ) denotes the relative Weyl group of GĔ (see [Zhu25b, § 3.1.1]).
Recall that W̃ is a quasi-Coxeter group, equipped with a length function ℓ : W̃ → Z≥0, see
[HR08] and (for example) [HN14, §4.4]. Since we have fixed an alcove in the reduced Bruhat–
Tits building of G over E (the one corresponding to I), the stabilizer in W̃ of that alcove is
naturally identified with the set of length zero elements. Let σ denote the automorphism of W̃
induced by φ. More precisely, An element w ∈ W̃ is called σ-straight if, for all n ≥ 0, one has
ℓ(wσ(w) . . . σn−1(w)) = nℓ(w), see [He14, §2.4]. A σ-conjugacy class in W̃ is called σ-straight
if it contains a σ-straight element. Let B(W̃ ) denote the set of σ-conjugacy classes in W̃ and
let B(W̃ )str be the subset of straight classes. The inclusion NG(T )(Ĕ) ⊆ G(Ĕ) induces a map
B(W̃ )→ B(G) and the composition

B(W̃ )str ↪→ B(W̃ )→ B(G)

is a bijection, by [He14, Theorem 3.7]. This gives rise to a combinatorial parametrization

B(W̃ )str
≃−→ B(G), (8.3)

which allows us to define the following.

Definition 8.1.4. For each b ∈ B(G) we define the following.

(1) We let wb ∈ B(W̃ )str denote the preimage of b ∈ B(G) under the isomorphism (8.3).
(2) For any fixed lift ẇb ∈ NG(T )(Ĕ) of wb, we consider

Iẇb
:= {g ∈ L+I(Fp) = I(OĔ) : g

−1ẇbφ(g) = ẇb}.
As it turns out, this group is an Iwahori subgroup of Gẇb

(E) ≃ Gḃ(E), where Gb is
the algebraic group considered in Theorem 8.1.3 (see [Zhu25b, Remark 3.19]). We will
occasionally abuse notation and denote this simply by Ib.

8.2. The analytic LLC category. In this section, we review the geometric structure of the
perfectoid v-stack BunG, and the structure of the category Dan

Λ (BunG).
Let BunG be the v-stack of G-bundles on XT , the relative Fargues-Fontaine curve over T (see

[FS24, Definition III.0.1]). We have the following basic facts on its geometric structure.

Theorem 8.2.1. The following is true.
(1) The v-stack BunG is an ℓ-cohomologically smooth Artin v-stack of pure ℓ-dimension 0.
(2) There is a natural homeomorphism

|BunG| ≃ B(G)op,

where |BunG| denotes the underlying topological space of BunG and the right-hand side
is the topology described in Definition 8.1.2.
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(3) For all b ∈ B(G), the locally closed substacks jb : BunbG ↪→ BunG (referred to as the
Harder-Narasimhan (abbv. HN) stratification) furnished by point (2) are isomorphic to
[∗/G̃b]. Here G̃b is a group v-sheaf admitting a split surjection

G̃b → Gb(E).

Moreover, the kernel of this surjection is a spatial kimberlite which is an iterated fibration
of absolute positive Banach-Colmez spaces. Here Gb denotes the φ-centralizer of the
element b ∈ B(G), as in Theorem 8.1.3.

(4) The map pb : [∗/G̃b]→ [∗/Gb(E)] admits a section sb : [∗/Gb(E)]→ [∗/G̃b] whose fibers
are, again, iterated fibrations of positive Banach-Colmez spaces.

Proof. The first point is precisely [FS24, Theorem IV.1.19]. The second point is the main result
of [Vie23], the third and fourth points follows from [FS24, Proposition III.5.1, Proposition III.5.3]
(see also [Gle26, Theorem 5.4]). □

For any subset S ⊂ B(G), we write jS : BunSG ↪→ BunG for the substack parametrizing
G-bundles whose pullback to each geometric point has isomorphism class lying in the subset
S ⊂ B(G) via the isomorphism of sets in Theorem 8.2.1 (2). Given a pair of subsets S1 ⊆ S2 ⊆
B(G), we get a map of stacks that we denote by

jS1,S2 : BunS1
G → BunS2

G .

If S2 = B(G) we omit it from the notation. Moreover, for b ∈ B(G), we use the notation

jb : Bun
b
G → BunG j≤b : Bun

≤b
G → BunG, j<b : Bun

<b
G → BunG

to abbreviate S1 = {b} resp. S1 = {b′ | b′ ≤ b}, resp. S1 = {b′ | b′ < b}. The category of sheaves
on these strata is built from the following categories of smooth representations.

Proposition 8.2.2. For all b ∈ B(G), we have equivalences of categories

Dan
Λ (BunbG) ≃ Dan

Λ ([∗/Gb(E)]) ≃ Rep(Gb(E)).

The first equivalence is induced by the pullback p∗b along the natural map pb : BunbG ≃ [∗/G̃b]→
[∗/Gb(E)], and the second equivalence is the one appearing in Theorem 7.1.9.(4) (see [FS24,
Theorem V.1.1]).

Proof. This is precisely [FS24, Proposition VII.7.1] and [FS24, Theorem V.1.1]. □

Remark 8.2.3. The notation G̃b and the identification BunbG ≃ [∗/G̃b] described above is a
slight abuse, as both G̃b and the identification BunbG ≃ [∗/G̃b] really depend on a choice of
representative ḃ of the φ-conjugacy class b ∈ B(G), as mentioned in Definition 8.1.3.

More precisely, if we fix a representative ḃ ∈ G(Ĕ) of b ∈ B(G), then this determines for us
an isocrystal with G-structure and a map Spd F̄p → BunG whose isomorphism class is uniquely
determined by b ∈ B(G). While we will want to suppress the choice of representative from
our notation in what follows, there will be indeed certain ambiguities that will be introduced
if one completely ignores that a choice is implicitly involved. Therefore, for certain arguments,
it works better to fix once and for all a choice of representative ḃ ∈ G(Ĕ) of b ∈ B(G). For
most abstract purposes, any representative works equally well, but for concrete computations
it becomes important to choose ḃ wisely. In §8.5, we discuss some conventions that makes the
choice of ḃ convenient for computational purposes.
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Once ḃ is fixed, the identification

Dan
Λ ([∗/Gḃ(E)]) ≃ηFS Rep(Gḃ(E))

is canonical. For this reason, we will often omit it from the notation, although implicitly it plays
a role in our considerations.

We now turn our attention to describing Dan
Λ (BunG)

ω (i.e., the subcategory of compact objects
inside Dan

Λ (BunG)). For any b ∈ B(G) and a pro-p compact open subgroup K ⊆ Gb(E), we
consider

RBunG
b,K := jb!p

∗
b c-Ind

Gb(E)
K (Λ). (8.4)

Recall the following statement.

Theorem 8.2.4 ([FS24, Proposition VII.7.4]). The category Dan
Λ (BunG) is compactly generated.

An object A ∈ Dan
Λ (BunG) lies in Dan

Λ (BunG)
ω if and only if the following is true.

(1) The object A is supported on only finitely many Harder-Narasimhan strata (i.e., j∗bA ̸= 0
for finitely many b ∈ B(G)).

(2) For all b ∈ B(G), the restriction j∗b (A) ∈ Dan
Λ (BunbG)

ω.

Remark 8.2.5. Recall that if H is a locally profinite group containing a good compact open
subgroup K ⊆ H, then Rep(H) is compactly generated by 7.1.5 (3). Moreover, recall that
{c-IndHK(Λ)}K⊆H is a family of compact generators when we range K ⊆ H along the compact
open good subgroups of H (see Theorem 7.1.5 and Theorem 7.1.1). For the p-adic reductive
group H over E (for example H = Gb), any pro-p subgroup K ⊆ H(E) is good. It follows
from Theorem 8.2.2 that {j∗bR

BunG
(b,K) }K⊆Gb(E), as we range over K ⊆ Gb(E) open compact pro-p

subgroups, is a family of compact generators for Dan
Λ (BunbG).

Combining Theorem 8.2.5 with Theorem 8.2.4, one obtains the following statement thanks to
excision.

Proposition 8.2.6. The family {RBunG
(b,K) }

b∈B(G)
K⊆Gb(E) ranging over b ∈ B(G) and K ⊆ Gb(E)

open compact pro-p subgroups, is a family of compact generators for Dan
Λ (BunG). Similarly, the

family {RBunG
(b,K) }

b∈V
K⊆Gb(E) is a set of compact generators for Dan

Λ (BunVG) and any convex subset
V ⊂ B(G)op.

We now describe how these compact generators behave under duality. To do this, we recall
that, for each b ∈ B(G), there is an ℓ-cohomologically smooth chart

σb :Mb → BunG.

It comes with a canonical map γb : Mb → B(G)♢b . Moreover, after fixing a choice of rep-
resentative as in Convention 8.5.1, we may rewrite it as γb : Mb → [∗/Gb(E)] (see [FS24,
Proposition V.3.5, Theorem V.3.7]).18 Recall from [FS24, Proposition V.3.5, Proposition V.2.1]
that the map γb is unipotent, it follows that

γ!bΛ ≃ γ∗bωMb

for a unique line bundle ωMb
∈ Dan

Λ ([∗/Gb(E)]) with formula

ωMb
≃ γb∗γ!bΛ.

18Note that in the reference provided σb is denoted by πb and γb by qb.
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After fixing a representative ḃ of b (see Theorem 8.2.3), we may abuse the notation to obtain
functors

s∗b : Dan
Λ (BunbG)→ Rep(Gb(E))

and
γ∗b : Rep(Gb(E))→ Dan

Λ (Mb).

We have the following fact.

Proposition 8.2.7 ([FS24, Proposition VII.7.2]). The functor

s∗bj
∗
b : Dan

Λ (BunG)→ Rep(Gb(E))

admits a left adjoint functor with formula

σb♮γ
∗
b : Rep(Gb(E))→ Dan

Λ (BunG),

where σb♮ is the left adjoint to σ∗b . We can rewrite this as

σb♮γ
∗
b ≃ σb!γ∗b (−⊗ ωMb

).

Moreover, after fixing ḃ as in Theorem 8.5.1, we may further write it as

σb♮γ
∗
b ≃ σb!γ∗b (−⊗ δb)[2⟨2ρG, νb⟩]

where δb is the character Gb(E) → Λ× of [HI25, Definition 3.14] defined with respect to the
datum fixed in Theorem 8.5.1.

Proof. The first statement is [FS24, Proposition VII.7.2]. For the second statement, recall the
formula for ℓ-cohomologically smooth maps

σ♮(−) ≃ σ!(−⊗ σ!Λ).
We need to show that we have an identification

σ!b(Λ) ≃ γ∗b (ωMb
) ≃ γ∗b (δb)[2⟨2ρG, νb⟩].

However, by [HI25, Proposition 1.1] the dualizing complex on BunG is the constant sheaf, from
this it follows that

σ!bΛ ≃ γ!bΛ ≃ γ∗bωMb
.

That we can write the dualizing complex on Mb explicitly as γ∗b (δb)[2⟨2ρG, νb⟩] follows from
[HI25, Corollary 1.6]. □

Remark 8.2.8. Using Theorem 8.2.7, we can define a functor jb♯ : Dan
Λ (BunbG) → Dan

Λ (BunG)
that is left adjoint to j∗b and has formula

jb♯ = σb♮γ
∗
b s
∗
b

or equivalently, it satisfies
jb♯p

∗
b ≃ σb♮γ∗b .

From the above description of jb♯, it follows that this functor naturally factors through the fully
faithful functor

j≤b! : Dan
Λ (Bun≤bG ) ↪→ Dan

Λ (BunG).

Indeed, we note that the image of the map σb lies inside Bun≤bG , as easily follows from simple
Harder–Narasimhan polygon considerations (see [FS24, Theorem V.3.7] and [Ham25, Lemma 8.3]).
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Similarly to (8.4), we define

LBunG
b,K := jb♯p

∗
b c-Ind

Gb(E)
K (Λ) ≃ σb♮γ∗b c-Ind

Gb(E)
K (Λ). (8.5)

The existence of the left adjoint jb♯ naturally leads to a dual description of the compact
generators described in Theorem 8.2.6. We have the following statement.

Proposition 8.2.9. The family {LBunG
(b,K) }

b∈B(G)
K⊆Gb(E), as we range over b ∈ B(G) and K ⊆ Gb(E)

open compact pro-p subgroups, is a family of compact generators for Dan
Λ (BunG).

Proof. This is simply a reformulation of the second part of [FS24, Proposition VII.7.4]. □

Let us recall Fargues–Scholze’s Bernstein-Zelevinsky duality functor ([FS24, § V.5])

DBZ : Dan
Λ (BunG)

≃−→ Dan
Λ (BunG)

∨.

Recall that, for A ∈ Dan
Λ (BunG)

ω, by [FS24, Proposition VII.7.6], there exists a unique compact
object DBZ(A) ∈ Dan

Λ (BunG)
ω characterized by the property that

Hom(DBZ(A), B) ≃ π♮(A⊗B) ≃ π!(A⊗B),

for all B ∈ Dan
Λ (BunG), where π : BunG → ∗ is the natural projection and π♮ ≃ π! is the left

adjoint of π∗ (equivalently π!).

Theorem 8.2.10. The mapping A 7→ DBZ(A) described above restricts to an equivalence

DBZ : Dan
Λ (BunG)

ω → Dan
Λ (BunG)

ω,op,

which satisfies the following.
(1) The equivalence DBZ is involutive (i.e., Dop

BZ ◦ DBZ ≃ id).
(2) If A is supported on a quasicompact open subset U ⊂ BunG then so is DBZA (cf. Theo-

rem 8.2.8). In particular, there is a unique equivalence

DBZ,U : Dan
Λ (BunUG)

ω → Dan
Λ (BunUG)

ω,op,

fitting in a commutative diagram

Dan
Λ (BunUG)

ω Dan
Λ (BunUG)

ω,op

Dan
Λ (BunG)

ω Dan
Λ (BunG)

ω,op.

DBZ,U

jU ! jopU !

DBZ

Proof. This is [FS24, Proposition VII.7.6]. □

In §9, we will interpret Theorem 8.2.10.(2) as saying that DBZ promotes to an equivalence
in the category of semi-orthogonal decompositions as in Theorem 6.2.1 and Theorem 6.2.5.
Formally from the theory of semi-orthogonal decompositions, we obtain for all b ∈ B(G) a
natural equivalence

DBZ,b : Dan
Λ (BunbG)

≃−→ Dan
Λ (BunbG)

∨,
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sitting in a natural commutative diagram

Dan
Λ (BunbG)

ω Dan
Λ (BunbG)

ω,op

Dan
Λ (BunG)

ω Dan
Λ (BunG)

ω,op

jb!

DBZ,b

jopb♯

DBZ

(8.6)

(see Theorem 9.0.8 for details).
The functor DBZ,b is intimately related to the cohomological duality functor

Dcoh,Gb(E) : Rep(Gb(E))→ Rep(Gb(E))∨

A 7→ HomGb(E)(A,H(Gb))
described in Section 7.1.1. Indeed, the duality DBZ on BunG comes from the Frobenius algebra
structure ([HA, Definition 4.6.5.1]) given by

π! = π♮ : Dan
Λ (BunG)→ ModΛ,

together with the standard symmetric monoidal structure on Dan
Λ (BunG) (i.e., ⊗). Similarly,

DBZ,b is induced from ⊗ and
πb! : Dan

Λ (BunbG)→ ModΛ.

Where πb = π ◦ jb is the structure map BunbG → ∗.
For basic strata, and under the standard identification

Rep(Gb(E)) ≃ Dan
Λ ([∗/Gb(E)]),

the Frobenius algebra induced by (πb!,⊗) naturally identifies with the one discussed in §7.1.1.
In contrast, when b is not basic, when we compare DBZ,b and Dcoh,Gb(E) under a choice of
identification Dan

Λ (BunbG) ≃ Rep(Gb(E)), these functor differ by a line bundle twist. We explain
this line bundle now.

Proposition 8.2.11. Let πb : BunbG → ∗ denote the structure morphism. We have an identifi-
cation

pb∗π
!
bΛ ≃ s∗bπ!bΛ ≃ ω−1Mb

or equivalently
π!bΛ ≃ p∗b(ω−1Mb

).

Moreover, after fixing ḃ as in Theorem 8.5.1, we may further write it as

π!bΛ ≃ p∗b(δ−1b )[−2db],

where db := ⟨2ρG, νb⟩, and δb : Gb(E)→ Λ× is the character described in [HI25, Definition 3.14]
defined with respect to the datum fixed in Theorem 8.5.1.

Proof. This is [HI25, Corollary 1.7]19. For the convenience of the reader we recall a sketch of the
argument. Recall that from the Harder-Narasimhan formalism we have a Cartesian diagram

19Compare Theorem 8.5.2 with [HI25, Definition 3.14] and [HI25, Theorem 1.6]).
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[∗/Gb(E)] BunbG

Mb BunG.

sb

ib jb

σb

By [HI25, Proposition 1.1], the dualizing complex on BunG is the constant sheaf. Since the
map Mb → BunG is Dan

Λ -smooth, it follows from smooth base change that s∗bπ
!
bΛ ≃ i!bΛ. By

definition of ωMb
, the formula

γ!b(ω
−1
Mb

) ≃ γ∗bω−1Mb
⊗ γ!bΛ ≃ γ∗bω−1Mb

⊗ γ∗bωMb
≃ Λ

holds. Since, ib is a section to γb :Mb → [∗/Gb(E)], we obtain the desired formula

s∗bπ
!
bΛ ≃ i!bΛ ≃ ω−1Mb

.

For the second part, we can appeal to the formula for ωMb
in terms of δb appearing in Theo-

rem 8.2.7. □

Under the identification Rep(Gb(E)) ≃ Dan
Λ ([∗/Gb(E)]), the Frobenius structure correspond-

ing to Dcoh,Gb(E) is
Γc([∗/Gb(E)],−) : Dan

Λ ([∗/Gb(E)])→ ModΛ.

In contrast, after transfer of structure via s∗b , the Frobenius structure inducing DBZ,b is

Γc(Bun
b
G, p

∗
b(−)) ≃ Γc([∗/Gb(E)], pb!p

∗
b−).

In other words, the two structures differ by precomposing the following automorphism

(−)⊗ pb!Λ : Dan
Λ ([∗/Gb(E)])→ Dan

Λ ([∗/Gb(E)]).

This formally leads to the formula

pb∗DBZ,bp
∗
b ≃ Dcoh,Gb(E)(−)⊗ (pb!Λ)

−1.

Moreover, the identities
Λ ≃ p!bpb!Λ ≃ p∗bpb!Λ⊗ p!bΛ,

together with Theorem 8.2.11 give the formula

pb!Λ ≃ ωMb
.

And if ḃ is chosen as in Theorem 8.5.3, then we also have

pb!Λ ≃ δb[2db].
Let us summarize this discussion.

Proposition 8.2.12. We have equivalences

pb∗DBZ,bp
∗
b ≃ Dcoh,Gb(E)(−)⊗ ω−1Mb

and
DBZ,bp

∗
b ≃ p∗bDcoh,Gb(E)(−)⊗ p!bΛ ≃ p∗bDcoh,Gb(E)(−)⊗ π!bΛ.

Moreover, after fixing ḃ as in Theorem 8.5.1, we may further write it as

pb∗DBZ,bp
∗
b ≃ Dcoh,Gb(E)(−)⊗ δ−1b [−2db].
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8.3. The schematic LLC category. In this subsection we recall the geometric properties
of B(G) and the structure of Zhu’s local Langlands category Shv!(B(G)). First, recall that
isomorphism classes of G-isocrystals over an algebraically closed extension of Fq are parametrized
by the Kottwitz set B(G), see [Kot85a, §3].

We set some notation. Given a subset S ⊆ B(G), we let B(G)S denote the substacks
parametrizing those pairs (E , φ), whose restriction to any geometric point corresponds to b ∈ S.
As in the previous section, given a pair of subsets S1 ⊆ S2 ⊆ B(G), we get a map of stacks that
we denote by

iS1,S2 : B(G)S1
→ B(G)S2

.

If S2 = B(G) we omit it from the notation. Moreover, for b ∈ B(G), we use the notation

ib : B(G)b → B(G), i≤b : B(G)≤b → B(G), i<b : B(G)<b → B(G)

to abbreviate S1 = {b} resp. S1 = {b′ | b′ ≤ b}, resp. S1 = {b′ | b′ < b}. We have the natural
inclusion ib,≤b : B(G)b → B(G)≤b with ib = i≤b ◦ ib,≤b. The following theorem has a very
rich history, Zhu obtains it by combining several references (see the discussion after [Zhu25b,
Theorem 3.31] and Footnote 3 above [FS24, Theorem I.2.1] for brief historical remarks).

Theorem 8.3.1. Fix an element b ∈ B(G), then the following hold
(1) i≤b is a pfp closed embedding.
(2) ib,≤b is an affine open embedding.
(3) The closure of B(G)b in B(G) is B(G)≤b.
(4) We have B(G)b

∼= BproétGb(E).
(5) The natural map is a homeomorphism

B(G) ≃ |B(G)|.

Here |B(G)| denotes the underlying topological space of B(G), and B(G) is the topological
space described in Definition 8.1.2.

Remark 8.3.2. As in §8.2, the identification BproétGb(E) ∼= B(G)b of Theorem 8.3.1(4) depends
on a choice of representative ḃ ∈ G(Ĕ) of the element b ∈ B(G), as it is really the element ḃ
that gives rise to an isocrystal whose isomorphism class is determined by b and in turn a map
∗ → B(G) factoring through B(G)b ↪→ B(G). As in the previous section, for most abstract
purposes any choice ḃ of b would be equally useful, but as we already remarked, for computational
purposes it works better to choose ḃ wisely as in §8.5.

Once a representative ḃ for b ∈ B(G) has been fixed we obtain an equivalence B(G)b
∼=

BproétGb(E). Moreover, using Theorem 7.1.5 (3), we get identifications

Rep(Gb(E)) ≃ Shv!(BproétGb(E)) ≃ Shv!(B(G)b).

We will often omit these identifications from the notation. In situations where it is important
to emphasize the precise equivalence we denote them by

ηZhu : Rep(Gb(E))
≃−→ Shv!(B(G)b) or ηZhu : Shv!(BGb(E))

≃−→ Shv!(B(G)b).

Now we consider the category of sheaves on B(G).
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Theorem 8.3.3. (1) The functor ib∗ (resp. ib!) preserves compact objects and identifies
Shv!(B(G)b) with the full subcategory of Shv!(B(G)) of all objects F for which i!b′F ≃ 0

(resp. i∗b′F ≃ 0) for all b′ ̸= b in B(G).
(2) The category Shv!(B(G)) is compactly generated and an object F ∈ Shv!(B(G)) is com-

pact if and only if i!bF ∈ Shv!(B(G)b)
∼= Rep(Gb(E)) is compact and zero for almost all

b.

Proof. This follows from [Zhu25b, Propositions 3.66, 3.68, 3.69, 3.70]. □

As in §8.2, we see using Theorem 8.3.3 that a natural set of compact generators of the
category Shv!(B(G)) is given by ib!ηZhu(c-Ind

Gb(E)
K (Λ)) for K ⊂ G(E) a varying pro-p compact

open subgroup. Similarly, we have a set of compact generators ib∗ηZhu(c-Ind
Gb(E)
K (Λ)), and these

two set of generators are related to each other under duality.
In §11, we will need a better way of computing ib∗ and ib!. Recall that we have the category

Shv!(ShtschG ) of sheaves on the stack of shtukas for a parahoric G/OE , as introduced in §7.3. It
is also compactly generated and the Newton map Nt : ShtschG → B(G) induces adjoint functors

Nt∗ : Shv
!(ShtschG ) ⇌ Shv!(B(G)) : Nt!,

by [Zhu25b, Lemma 10.100], since the map Nt is ind-pfp proper [Zhu25b, Lemma 3.39]. For
b ∈ B(G), we denote by wb ∈ B(W̃ )str its unique σ-straight representative, as in Definition 8.1.4
(1). Recall that we have fixed an Iwahori group scheme of I of G, we let G = I. Then, as in
Definition 8.1.4 (2), for any lift ẇb ∈ G(Ĕ) of wb we obtain an Iwahori subgroup Iẇb

⊂ Gb(E).
The choice of ẇb gives rise to a map ẇb : Spec F̄p → ShtschG,wb

, which induces an isomorphism
BprofétIẇb

∼= ShtschG,wb
. Moreover, by [Zhu25b, Lemma 3.39], the restriction of Nt: ShtschG → B(G)

to ShtschG,wb
induces an ind-finite surjective morphism

BprofétIẇb
∼= ShtschG,wb

→ B(G)b
∼= BproétGb(E).

Similarly, we may consider ShtschG,≤wb
which is closed inside ShtschG . It follows from [Zhu25b,

Lemma 3.38] that the induced map Nt≤wb
: ShtschG,≤wb

→ ShtschG factors through the inclusion
i≤b : B(G)≤b ↪→ B(G). We record this discussion for future use.

Lemma 8.3.4. For b ∈ B(G) with associated σ-straight element wb, we have the following
commutative diagram

ShtschG,wb
ShtG,≤wb

ShtschG

B(G)b B(G)≤b B(G)

Ntwb

iwb,≤wb
i≤wb

Nt≤wb Nt

ib,≤b i≤b

(A) (8.7)

of perfect stacks, in which the square (A) is Cartesian. This satisfies the following properties.

(1) If we fix a choice of representative ẇb of wb in G(Ĕ) then the natural map ẇb → ShtschG,wb

induces an isomorphism
BprofétIẇb

≃ ShtschG,wb
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such that, under the natural identification B(G)b ≃ BproétGb(E) induced by Theorem 8.3.1
(4), the left vertical arrow of (8.7) identifies with the map of classifying stacks BprofétIẇb

→
BproétGb(E) induced by the inclusion Iẇb

⊂ Gb(E).
(2) The map Ntwb

is ind-pfp finite and surjective. More precisely, under the identifications
of (1) and the identifications of Theorem 7.1.1, the Cartesian square in diagram (8.7)
induces commutative diagrams

Rep(Iẇb
) Shv!(ShtschG )

Rep(Gb(E)) Shv(B(G))

iwb∗

c-Ind
Gb(E)

Iẇb
Nt∗

ib∗

(8.8)

and

Rep(Iẇb
) Shv!(ShtschG )

Rep(Gb(E)) Shv(B(G))

iwb!

c-Ind
Gb(E)

Iẇb
Nt∗

ib!

(8.9)

after applying Shv!(−).

Proof. Let us deal with the first statement. Most of it was explained in the paragraph above, that
the square (A) is Cartesian follows from [Zhu25b, Proposition 3.29]. For the second statement,
the claim that Ntwb

is ind-pfp finite and surjective in Part (2) follows from [Zhu25b, Lemma 3.39],
as explained above. To see that the induced commutative square (8.8) holds, we pass to the
lower-∗ functors on (8.7) and apply Theorem 7.1.5 (4). To see that (8.9) holds, we observe that
iw,≤w,∗ ≃ iw,≤w,! and that Ntwb,∗ ≃ Ntwb,!. Indeed, these observations follow from [Zhu25b,
Proposition 10.73 (1)], [Zhu25b, Lemma 10.100] and [Zhu25b, Lemma 3.8]. □

To formulate Theorem 8.3.4 a choice of ẇb was involved. For many purposes, any choice works
equally well, we spell our preferred choice of ẇb in Theorem 8.5.3 below.

Just as we have seen in the analytic context and in the case of the classifying stack in §7.1.1,
Shv!(B(G)) carries a Frobenius structure inducing a self-duality which is an involutive anti-
equivalence on the subcategory of compact objects. Zhu constructs the duality on Shv!(B(G))
by bootstrapping Verdier duality on pfp schemes along a sind-presentation of B(G). To explain
this, we let G = I be our chosen Iwahori model for G and we may form the simplicial resolution
along the Newton map from (7.17)

B(G) = colimn∈∆op Hkn(ShtschG ). (8.10)

Here all the Hkn(ShtschG ) are ind-very-placid stacks, and the colimit formula holds in SchStkét.
Moreover, these admit ind-presentations of the form

Hkn(ShtschG ) := colimw•(Sht
sch
≤w•,G),

where each (Shtsch≤w•,G) ⊆ Hkn(ShtschG ) is a very placid stack, and the transition maps are closed
immersions. Here w• ranges over appropriate tuples w• = (w0, . . . , wn) such that each of the
entries is an element in the affine Weyl group i.e., wi ∈ W̃ (see [Zhu25b, §3.4.2] for details).
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Using this presentation of Hkn(ShtschG ), Zhu defines a compatible system of generalized constant
sheaves Λη, in the sense of [Zhu25b, Definition 10.165], which is denoted as

Λη = Λcan
Sht≤w•

.

We refer the reader to [Zhu25b, §3.4.2, Page 107-109] for the precise definition of the family Λη.
After fixing Λη, the η-global sections functor defines a Frobenius structure

RΓη,f.g(Hk
n(ShtschG ),−) : IndShv!f.g.(Hkn(ShtschG ))→ ModΛ

from the Ind-completion of finitely generated sheaves to the category of Λ-modules (as in The-
orem 5.3.12). Moreover, precomposing with the functor

ΨL : Shv!(Hkn(ShtschG ))→ IndShv!f.g.(Hk
n(ShtschG ))

of (5.11) defines a Frobenius structure

RΓη(Hk
n(ShtschG ),−) : Shv!(Hkn(ShtschG ))→ ModΛ.

The compatibilities of this family of generalized constant sheaves gives rise to a simplicial functor,
which overall give rise to a Frobenius structure in Shv!(B(G)),

RΓcan(B(G),−) : Shv!(B(G))→ ModΛ (8.11)

via the presentation Shv!(B(G)G) ≃ colimn∈∆op Shv!(Hkn(ShtschG ) induced by (8.10) and Theo-
rem 5.2.15.

Definition 8.3.5. We let

idBZ : Shv!(B(G)) ≃ Shv!(B(G))∨

denote the duality that the Frobenius structure RΓcan(B(G),−) defines.

As in §8.2, this is intimately related with the cohomological duality functor Dcoh,Gb(E) :

Rep(Gb(E))
≃−→ Rep(Gb(E))∨ discussed in Section 7.1.1 under an identification Rep(Gb(E)) ≃

Shv!(B(G)b), as in 8.3.2. Now we have the following.

Proposition 8.3.6. The duality

idBZ : Shv!(B(G))
≃−→ Shv!(B(G))∨

enjoys the following properties:
(1) The functor restricts to an involutive equivalence

idωBZ : Shv!(B(G))ω
≃−→ Shv!(B(G))ω,op

on subcategories of compact objects.
(2) For any parahoric group scheme G of G we have a commutative diagram

Shv!(ShtG)
ω Shv!(B(G))ω

Shv!(ShtG)
ω,op Shv!(B(G))ω,op.

Nt∗

idωShtG idωBZ

(Nt∗)op

(3) If A is supported on a finite closed subset Z ⊂ B(G) (i.e., i!bA = 0 if b /∈ Z), then so is
idBZ(A).
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Proof. The first part is formal, and the second part is precisely [Zhu25b, Proposition 3.82]. The
third part follows the proof of [Zhu25b, Proposition 3.84], which we sketch in what follows. The
full subcategory

iZ∗ : Shv
!(B(G)Z)→ Shv!(B(G))

has compact generators of the form Nt∗F , with F ∈ Shv!(ShtschG )ω of the form F ≃ iwb∗A where

iwb
: ShtschG,wb

→ ShtschG

denotes the immersion, and b ∈ Z. Then

idωBZ(Nt∗F) ≃ Nt∗iwb!B

for some B ∈ Shv!(ShtschG,wb
)ω. Since the image of ShtschG,≤wb

under Nt is B(G)≤b, and by assump-
tion Z is closed, the claim follows. □

As in §8.2, we will interpret Theorem 8.3.6.(3) as saying that Zhu’s canonical duality idBZ is
an equivalence in the category of semi-orthogonal decompositions (in the sense of Theorem 6.2.1
and Theorem 6.2.5). As a consequence of this interpretation, we obtain a natural duality

idBZ,b : Shv
!(B(G)b)

≃−→ Shv!(B(G)b)
∨,

fitting in a commutative diagram analogous to (8.6),

Shv!(B(G)b)
ω Shv!(B(G)b)

ω,op

Shv!(B(G))ω Shv!(B(G))ω,op

ib∗

idBZ,b

(ib!)
op

idBZ

(8.12)

(see Corollary 9.0.3, for details). It follows that idBZ,b comes from a Frobenius structure on the
symmetric monoidal category

(Shv!(B(G)b),⊗
!) ≃ (Rep(Gb(E)),⊗),

for all b ∈ B(G). In particular, by the relationship between the cohomological duality Dcoh,Gb(E)

and Frobenius structure on Shv!(BGb(E)) explained in §7.1.1, we have an identification

idBZ,bη
Zhu(−) ≃ (ηZhuDcoh,Gb(E)(−))⊗ Λcan

b ,

of functors
Rep(Gb(E))ω → Shv!(B(G))ω,op,

where the first identification is as in Theorem 8.3.2, and Λcan
b ∈ Shv!(B(G)b) an invertible sheaf.

Moreover, from the proof of [Zhu25b, Proposition 3.84] one knows that Λcan
b is concentrated in

degrees in 2db, where db := ⟨2ρG, νb⟩. Under the identification Shv!(B(G)b) ≃η
Zhu

Rep(Gb(E))

discussed in 8.3.2, it follows that Λcan
b ≃ ηZhuδ−1b,Zhu[−2db] for some character

δb,Zhu : Gb(E)→ Λ×.

Unfortunately, the precise form of this character has not been computed in the current version
of [Zhu25b]. However, after private communication with Zhu, the following assumption seems
justified.
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Assumption/Conjecture 8.3.7. After fixing ḃ as in Theorem 8.5.1, we have an equality

δb,Zhu = δb,

of characters Gb(E) → Λ×, where δb is the character in [HI25, Definition 3.14] defined with
respect to the datum fixed in 8.5.1.

For our purposes, we will need the following weaker version of Theorem 8.3.7.

Proposition 8.3.8. The character δb,Zhu is weakly unramified in the sense of [Hai14b, § 3.3.1],
that is, it factors through the Kottwitz map κGb

: Gb(E)→ π1(Gb)ΓE
.

Proof. We first claim that it suffices to show that the character δb,Zhu has trivial restriction to
an Iwahori Iwb

⊂ Gb(E). Indeed, by [KP21, Proposition 11.5.4], ker(κGb
) = Gb(E)0, where

Gb(E)0 is as in [KP21, Definition 2.6.23]. However, by [KP21, Theorem 7.5.3] and the fact that
parabolic subgroups in a Tits system generate the ambient group, it follows that the parahoric
subgroups of Gb(E) generate Gb(E)0. Moreover, any parahoric is clearly generated by all Iwahori
subgroups contained in it. Thus the claim follows from the fact that all Iwahori subgroups of
Gb(E) are conjugate.

Let G = I be an Iwahori model of G. Let wb denote the σ-straight element lifting b. Recall
that ShtschG,≤wb

has BIwb
≃ ShtschG,wb

as an open substack, and that Iwb
⊆ Gb(E) is an Iwahori

subgroup. To show that δb,Zhu has trivial restriction to the Iwahori Iwb
, in turn translates to

finding an isomorphism

c-Ind
Gb(E)
Iwb

(−)⊗ δb,Zhu ≃ c-Ind
Gb(E)
Iwb

(−⊗ δb,Zhu|Iwb
) ≃ c-Ind

Gb(E)
Iwb

(−).

Indeed,
c-Ind

Gb(E)
Iwb

(1) ≃ c-Ind
Gb(E)
Iwb

(δb,Zhu|Iwb
)

already implies that δb,Zhu|Iwb
≃ 1 by adjunction, and since we always have a non-zero map

c-Ind
Gb(E)
Iwb

(1)→ 1.

Using Theorem 8.3.4 (2), we reduce to constructing a natural equivalence

Ntwb,∗(−)⊗
! Λcan

b ≃ Ntwb,∗(−⊗
! Nt!wb

(Λcan
b )) ≃ Ntwb,∗(−)[−2db].

By the projection formula, it suffices to find an identification of line bundles

Nt!wb
(Λb) ≃ ωwb

[−2db],

where ωwb
denotes the tensor unit on BIwb

≃ ShtschG,wb
.

From formal yoga on Frobenius algebras, and since the Frobenius algebra on B(G) is by
definition compatible with the Frobenius algebra on ShtG , the line bundle Nt!wb

(Λcan
b ) identifies

with the sheaf i!wb,≤wb
Λcan
ShtschG,≤wb

where iwb,≤wb
is the open immersion ShtschG,wb

↪→ ShtschG,≤wb
. The

precise description of the sheaf Λcan
ShtschG,≤wb

is given in [Zhu25b, §3.4.2, Page 107-109] and we recall

this now. We set Fℓwb
G := [LGwb

/L+G] and Fℓ≤wb
G := [LG≤wb

/L+G] to be Schubert cell (resp.
Schubert variety) attached to wb in the affine flag variety, where notation is as in §7.2.

Then Λcan
ShtschG,wb

is obtained as p!Λ
[LmG\Fℓ≤wb

G ]
for the map

ShtschG,≤wb

p−→ [LmG\Fℓ≤wb
G ]
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for a suitably truncated version of the loop group LmG with m sufficiently large with respect
to wb so that the kernel of L+G → LmG acts trivially on Fℓ≤wb

G . We claim that, on the open
substack [L+

mG\Fℓ
wb
G ], we have an identification

ω[L+
mG\Fℓ

wb
G ] ≃ Λ[L+

mG\Fℓ
wb
G ][2ℓ(wb)],

and we recall that by [He14, §2.4] ℓ(wb) = db. This claim implies our desired statement. In-
deed, the identification of Λ[L+

mG\Fℓ
wb
G ][2ℓ(wb)] with the ⊗!-tensor unit produces, after applying

(p ◦ iw,≤w)!, an identification of Nt!wb
(Λb)[2db] with the ⊗!-tensor unit as we wanted to construct.

Finally, to prove our claim we note that [L+
mG\Fℓ

wb
G ] is a perfect Artin stack with pfp atlas

Fℓwb
G → [L+

mG\Fℓ
wb
G ] given by quotienting out by a connected group scheme. Thus, by [Zhu17,

Lemma A.1.2.], the category of local systems on [L+
mG\Fℓ

wb
G ] is a full subcategory of the category

of local systems on Fℓwb
G via ∗-pullback. In particular, the claim is reduced to showing that Fℓwb

G
is perfeclty finitely presented smooth of dimension ℓ(wb) over k which follows from [Zhu17,
Remark 2.1.22]. □

8.4. Renormalized functors. For computational purposes, it is useful to renormalize the func-
tors jb! and jb♯ in the analytic setup, or ib∗ and ib! in the schematic setup. In the analytic setup,
this is done as follows. Recall that πb : BunbG → ∗ denotes the structure morphism. We can then

consider a sheaf ICBunbG
:=

√
π!bΛ ∈ D

an
Λ (BunbG), if it exists. It follows from Theorem 8.2.11

and the explicit formula for δb computed in [HI25], that ICBunbG
exists if and only if Λ contains

a square root of q. After fixing √q ∈ Λ, which we do for the rest of the section, any choice of
ICBunbG

is necessarily given by the formula

ICBunbG
:= p∗b(δ

− 1
2

b )[−db].

By construction, IC⊗2
BunbG

≃ π!bΛ and this sheaf is Verdier self-dual in Dan
Λ (BunbG). This motivates

the following.

Definition 8.4.1. For b ∈ B(G) and ? ∈ {!, ♯}, we consider the functor

jrenb? : Dan
Λ (BunbG)→ Dan

Λ (BunG)

with the formula jrenb? (−) := jb?(−⊗ ICBunbG
).

Theorem 8.4.2. (1) For all b ∈ B(G) and B ∈ Dan
Λ (BunbG)

ω, we have natural identifica-
tions

DBZjb!B ≃ jb♯DBZ,bB

and
DBZjb♯B ≃ jb!DBZ,bB.

(2) For all b ∈ B(G) and A ∈ Rep(Gb(E))ω, we have natural identifications

DBZj
ren
b! p

∗
bA ≃ jrenb♯ p∗bDcoh,Gb(E)A

and
DBZj

ren
b♯ p

∗
bA ≃ jrenb! p∗bDcoh,Gb(E)A.
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(3) For all b ∈ B(G) and K ⊆ Gb(E) compact open pro-p-group, there exists (non-natural)
identifications

DBZLBunG
(b,K) [−db] ≃ R

BunG
(b,K) [−db]

and
DBZRBunG

(b,K) [−db] ≃ L
BunG
(b,K) [−db].

Proof. The first claim follows from diagram (8.6). The second claim follows from the first and
from Theorem 8.2.12. Indeed,

DBZj
ren
b♯ p

∗
bA ≃ DBZjb♯(p

∗
bA⊗ ICBunbG

)

≃ jb!DBZ,b(p
∗
bA⊗ ICBunbG

)

≃ jb!(DBZ,b(p
∗
bA)⊗ IC−1

BunbG
)

≃ jb!((p∗bDcoh,Gb(E)(A)⊗ π!bΛ)⊗ IC−1
BunbG

)

≃ jb!(p∗bDcoh,Gb(E)(A)⊗ ICBunbG
)

≃ jrenb! (p∗bDcoh,Gb(E)A).

The third claim follows from the first and the from the (non-canonical) formulas

LBunG
(b,K) [−db] ≃ j

ren
b♯ p

∗
b c-Ind

G
K(Λ) and RBunG

(b,K) [−db] ≃ j
ren
b! p

∗
b c-Ind

G
K(Λ).

which are a consequence of (δb)|K being the trivial character, since δb is weakly-unramified. □

We now discuss renormalization in the schematic setup. We now make the following definition.

Definition 8.4.3. Suppose that Λ contains all square roots of δb,Zhu(Gb(E)) ⊆ Λ×.20 We fix a

square root δ
1
2
b,Zhu = δ

1
2
b . This allows us to define the following.

(1) We define ICB(G)b
∈ Shv!(B(G)b) to be ηZhuδ−1/2b,Zhu[−db] where ηZhu is the identification

from Theorem 8.3.2.
(2) For ? ∈ {!, ∗}, we consider

irenb? (−) : Shv!(B(G)b)→ Shv!(B(G)),

via the formula ib?(−⊗ ICB(G)b
).

As in Theorem 8.4.2, this formally leads to the following commutative diagram deduced from
(8.12),

Rep(Gb(E)) Rep(Gb(E))∨

Shv!(B(G)) Shv!(B(G))∨.

Dcoh,Gb(E)

irenb! η
Zhu iren,ob∗ ηZhu,o

idBZ

(8.13)

20Under assumption 8.3.7, it suffices that Λ contains a square root of q.
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8.5. Conventions on ḃ. In order to make the character

δb : Gb(E)→ Λ×

explicit, we use the following convention for the representatives ḃ of an element b ∈ B(G).

Convention 8.5.1. [HI25] We recall that we are assuming the group G is quasi-split. In the
introduction, we recall that we have fixed the following data.

• A Borel pair (T,B) of G.
Consider an element b ∈ B(G), we consider the standard Levi factorMb with respect to the Borel
pair given by the centralizer of νb. We recall that there is a (unique) reduction bM ∈ B(Mb)basic
of b ∈ B(G) along the map B(Mb) → B(G) such that the slope homomorphism applied to bM
is G-dominant. In particular, we may arrange that ḃ lies in Mb(Ĕ), after conjugating by an
appropriate element of the Weyl group NG(T )(Ĕ)/T (Ĕ). We fix such a representative of ḃ with
respect to the data fixed above.

Remark 8.5.2. The identification [∗/G̃ḃ] ≃ BunbG fixed by such a representative ḃ will by
construction satisfy the following compatibilities. We write Pb for the standard parabolic with
respect to the fixed Borel B with Levi factor given by Mb and let P−b denote its opposite. The
natural maps Mb ← P−b → G induce a diagram

BunP−
b

BunG

BunMb

p
P−
b

q
P−
b

of v-stacks. We let ḃM ∈ Mb(Ĕ) be the associated element representing bM for a choice of ḃ as
in Convention 8.5.1. This determines an isomorphism

[∗/Gḃ(E)] ≃ BunbMMb
.

We write BunbM
P−
b

↪→ BunP−
b

for the open substack given by the pullback of the open immer-

sion BunbMMb
↪→ BunMb

. The splitting of the Harder-Narasimhan filtration then determines an
isomorphism

BunbM
P−
b

≃ [∗/G̃ḃ],

which in turn induces an identification

[∗/G̃ḃ] ≃ BunbM
P−
b

≃−→ BunbG, (8.14)

via the morphism pP−
b

. This in turn gives the isomorphism determined by the representative ḃ
of b, as in [FS24, Example V.3.4]. We note that the appearance of the opposite parabolic comes
from the fact that the HN-slopes of the G-bundle Eb attached to b are normalized to be the
negatives of the associated isocrystal slopes.

Now we specify our convention for our choice of representative for the sigma straight element.
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Convention 8.5.3. For each b ∈ B(G) and a choice of Iwahori I ⊂ G with associated σ-
straight representative wb ∈ B(W̃ )str, we note that, after replacing ẇb, by a conjugate by an
element in the relative Weyl group of GĔ as in the short exact sequence (8.2), we may arrange
that the representative ẇb ∈ NG(T )(Ĕ) ⊂ G(Ĕ) of wb is of the form described in Convention
8.5.1. We will fix such a choice and normalize the isomorphisms ShtG,wb

≃ BprofétIẇb
and

B(G)b ≃ BproétGb(E) in Theorem 8.3.4 (1) with respect to this choice.

9. Semi-orthogonal decompositions in practice

We now want to describe a semi-orthogonal decomposition, on Shv!(B(G)) and Dan
Λ (BunG),

with respect to the partially ordered set B(G). Recall that we write simply B(G) for the set
equipped with the topology generated by the opens Ub := {x ∈ B(G)|x ≥ b} for b ∈ B(G),
and we write B(G)op for the set B(G) equipped with the natural topology given by the opens
{x ∈ B(G)|b ≥ x} for b ∈ B(G) (see Theorem 8.1.2). We recall that we have homeomorphisms

|B(G)| ≃ B(G) (9.1)

and
|BunG| ≃ B(G)op, (9.2)

by Theorem 8.2.1 (2) and Theorem 8.3.1 (5). Recall that, for any subset S ⊂ B(G), we have
substacks iS : B(G)S ↪→ B(G) and jS : BunSG ↪→ BunG, and that if we have inclusion of subsets
S ⊂ S′ ⊆ B(G), we obtain monomorphisms iSS′ : B(G)S → B(G)S′ and jSS′ : BunSG → BunS

′
G .

In particular, by (9.1), whenever we have an inclusion V ′ ⊂ V ⊂ B(G) of convex subsets, we
obtain a natural locally closed immersion iV ′V : B(G)V ′ → B(G)V . This is an open (resp. closed)
immersion if and only if V ′ ⊂ V is an open (resp. closed) subset. Similarly, by (9.2), for
the same inclusion of convex subsets V ′ ⊂ V ⊂ B(G) we obtain an locally closed immersion
jV ′V : BunV

′
G ↪→ BunVG. On the other hand jV ′V is an open (resp. closed) immersion if and

only if iV ′V is a closed (resp. open) immersion. Indeed, V ′ ⊂ V ⊂ B(G)op carries the opposite
topology.

9.0.1. Semi-orthogonal decompositions on Shv!(B(G)). We want to construct a semi-orthogonal
decomposition on the category Shv!(B(G)) with respect to the partially ordered set B(G). To
avoid technicalities, we only consider a semi-orthogonal decomposition of the category Shv!(B(G)X)
with respect to the partially ordered set B(G)X when X ⊆ B(G) is a finite convex subset.

Consider the map

Corr(ConvexB(G)X ,All)→ Corr(PreStk, Epfp).

with formula
V 7→ B(G)V ,

and
[V ←W → U ] 7→ [B(G)V ← B(G)W → B(G)U ],

which is well-defined by Theorem 8.3.1 and Theorem 8.1.1. We may compose it with

Shv! : Corr(PreStk, Epfp)→ LinCatΛ

to obtain a functor
SexB(G)X

: Corr(ConvexB(G)X ,All)→ LinCatΛ. (9.3)
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This functor encodes on a correspondence V iWV←−−−W iWU−−−→ U the functor iWU,∗ ◦ i!WV .

Remark 9.0.1. We observe that Sex is a semi-orthogonal decomposition on Shv!(B(G)X) with
respect to Xop ⊆ B(G)op. We call this the exceptional semi-orthogonal decomposition for this
reason, as the natural topology on B(G) is given by B(G). Observe that the right adjoint
functors of i∗ and i! are i♯ and i♭ respectively. In particular, if iU : U → B(G)X and iZ : Z →
B(G)X are complementary open and closed immersions in SchStkét the natural triangles arising
from this semi-orthogonal decomposition are

iZ∗ i
Z,!A→ A→ iU∗ i

U,∗A

and
iU∗ i

U,♯A→ A→ iZ♭ i
Z,!A.

We will find it more convenient to work with the semi-orthogonal decomposition with respect
toX ⊆ B(G), which is the natural topology |B(G)|. For this, we may pass to left adjoints (which
exist by Theorem 5.2.24). Using that Corr(ConvexB(G)X ,All)

op ≃ Corr(ConvexB(G)X ,All) we
obtain a functor

SB(G)X
: Corr(ConvexB(G)X ,All)→ LinCatΛ,

which encodes the rule that on a correspondence V iWV←−−−W iWU−−−→ U produces the functor iWU,!◦
i∗WV . By Theorem 5.2.24, this functor is a semi-orthogonal decompositions of Shv!(B(G)X).

Remark 9.0.2. As we mentioned SB(G)X
is Nagata with respect to X ⊆ B(G). In particular,

if iU : U → B(G)X and iZ : Z → B(G)X are complementary open and closed immersions in
SchStkét the natural triangles are the standard ones

iZ∗ i
Z,!A→ A→ iU∗ i

U,∗A

and
iU! i

U,∗A→ A→ iZ∗ i
Z,∗A.

Informally, SB(G)X
captures the following data. For every finite convex set V ⊆ X we obtain

a category Shv!(B(G)V ). Moreover, every inclusion of finite convex subsets V ⊆ V ′ we obtain
pairs of adjoint functors

iV V ′! ⊣ i!V V ′ and i∗V V ′ ⊣ iV V ′∗,

that satisfy the usual base change formulas and the usual identifications i!V V ′ ≃ i∗V V ′ in the case
of open immersions, and iV V ′∗ ≃ iV V ′! in the case of closed immersions.

From Theorem 8.3.3, it follows that iV V ′∗ and i!V V ′ preserve compact objects, and we may
pass to conjugate functors to define a semi-orthogonal B(G)X -decomposition on Shv!(B(G)X)

∨

of the form
S∨B(G)X

: Corr(ConvexB(G)X ,All)→ LinCatΛ.

This functor encodes on a correspondence V j←−W i−→ U the functor (i∗)
o ◦ (j!)o.

It follows from Theorem 8.3.6 and Theorem 6.5.4 that the duality operation promotes uniquely
to an equivalence of presentable 2-functor formalisms

idBZ,X : SB(G)X

≃−→ S∨B(G)X
.

We summarize the above discussion with the following.
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Corollary 9.0.3. Fix X ⊆ B(G) a finite convex subset. The following statements hold.
(1) The category Shv!(B(G)X) is compactly generated with compact generators as in Theo-

rem 8.3.3 (2). Moreover, the duality idBZ induces a duality

idBZ,X : Shv!(B(G)X)
≃−→ Shv!(B(G)X)

∨

which is an involutive contravariant equivalence on the subcategory of compact objects.
(2) For any inclusion of finite convex subsets V ⊆ V ′ of B(G), we then have a natural

equivalence
idBZ,V ′iV V ′! ≃ (iV V ′∗)

oidBZ,V

and
idBZ,V i

∗
V V ′ ≃ (i!V V ′)oidBZ,V ′ .

9.0.2. Semi-orthogonal decompositions on Dan
Λ (BunG). We first turn to the classical semi-orthogonal

decomposition on Dan
Λ (BunG). As in the previous section, we restrict to study Dan

Λ (BunXG ) for a
fixed convex subset X ⊆ B(G).

The natural topology of BunXG endows through Theorem 6.3.1.(1) with a semi-orthogonal
Xop-decomposition (i.e., Nagata with respect to Xop), which we denote

SBunXG
: Corr(ConvexXop ,All)→ LinCatΛ.

This functor encodes the rule
V 7→ Dan

Λ (BunVG)

and
[V

jWV←−−−W jWU−−−→ U ] 7→ jWU ! ◦ j∗WV .

Remark 9.0.4. If jZ : Z → BunXG and jU : U → BunXG denote complementary closed an open
immersions in AnStkv, then the excision triangles with respect to SBunXG

are

jZ∗ j
Z,!A→ A→ jU∗ j

U,∗A

and
jU! j

U,∗A→ A→ jZ∗ j
Z,∗A.

Now we wish to apply Theorem 6.3.1.(2) to the above setup, in order to obtain a semi-
orthogonal decomposition with respect to X. For this, we justify that jWU ! and j♯WV admit left
adjoint functors.

Proposition 9.0.5. Let W ⊆ V ⊆ B(G) denote two finite convex subsets then jWV ! admits a
left adjoint j♭WV and j∗WV admits a left adjoint jWV ♯.

Proof. We only argue that j∗WV admits a left adjoint since the argument for the other functor
is analogous. We divide our analysis to the cases in which W ⊆ V is closed or open. In the
first case, the map of stacks jWV : BunWG → BunVG is open (by the reversal of topologies) and
in particular jWV ♯ := jWV ! is already a left adjoint to j∗WV . In the second case, jWV is a closed
immersion and we construct jWV ♯ as the ind-extension of the functor which on compacts takes
the form

jWV ♯(A) := DBZ,V ◦ jopWV ! ◦ DBZ,W (A).
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We compute on compacts

HomDan
Λ (BunVG)ω(DBZ,V j

op
WV !DBZ,WA,B) ≃HomDan

Λ (BunVG)ω,op(j
op
WV !DBZ,WA,DBZ,VB)

≃HomDan
Λ (BunWG )ω,op(j

op
WV ∗DBZ,WA,DBZ,VB)

≃HomDan
Λ (BunWG )ω,op(DBZ,WA, j

∗,op
WV DBZ,VB)

≃HomDan
Λ (BunWG )(A,DBZ,W j

∗,op
WV DBZ,VB)

≃HomDan
Λ (BunWG )(A, j

∗
WVB),

The identification DBZ,W j
∗,op
WV DBZ,VB ≃ j∗WVB follows from Yoneda, the Frobenius algebra

interpretation of DBZ,V and DBZ,W , and from the projection formula. This upgrade to arbitrary
objects by Ind-extending. □

Remark 9.0.6. The formation of j♭WV and jWV ♯ is compatible with varying V , thus we also
obtain a left adjoint j♭W for jW ! and a left adjoint jW♯ for j∗W .

As we have discussed, using Theorem 6.3.1.(2) and Theorem 9.0.5 we obtain an exceptional
semi-orthogonal decomposition of Dan

Λ (BunXG ) of the form

Sex
BunXG

: Corr(ConvexX ,All)→ LinCatΛ.

This encodes, for a correspondence V jWV←−−− W
jWU−−−→ U the functor jWU♯ ◦ j♭WV . As before, for

every pair of finite convex subsets V ⊆ V ′ ⊆ X we automatically get pairs of adjoint functors

jV V ′♯ ⊣ j∗V V ′ and j♭V V ′ ⊣ jV V ′!,

such that if V → W is closed, resp. open, with the subspace topology of B(G) (i.e., open,
resp. closed, with respect to the subspace topology of B(G)op), then jV V ′♯ ≃ jV V ′!, resp. j∗V V ′ ≃
j♭V V ′ .

Remark 9.0.7. If jZX : BunZG → BunXG and jUX : BunUG → BunXG denote complementary
closed and open immersions in AnStkv, then the excision triangles with respect to Sex

BunXG
are

jZX♯j
∗
ZXA→ A→ jUX!j

♭
UXA

and
jUX!j

∗
UXA→ A→ jUZ♯j

∗
UZA.

Reasoning as in the previous subsection (using Theorem 8.2.4), we can obtain from SBunXG
a

semi-orthogonal X-decomposition on the dual category Dan
Λ (BunXG )

∨

S∨
BunXG

: Corr(ConvexX ,All)→ LinCatΛ.

This encodes, for a correspondence V jWV←−−− W
jWU−−−→ U the functor joWU ! ◦ j

∗,o
WV . Using Theo-

rem 8.2.10 and Theorem 6.5.4, we get a duality identification of presentable 2-functor formalisms

DBZ,Z : Sex
BunXG

≃−→ S∨
BunXG

.

We summarize this with the following statement

Corollary 9.0.8. Let X ⊆ B(G) denote a finite convex subset. The following statements hold.
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(1) The categories Dan
Λ (BunXG ) is compactly generated with compact generators as in Theo-

rem 8.2.4. Moreover, the duality DBZ induces a duality

DBZ,X : Dan
Λ (BunXG )

≃−→ Dan
Λ (BunXG )

∨

which is an involutive contravariant equivalence on the subcategory of compact objects.
(2) For any inclusion of finite convex subsets V ⊆ V ′ we have identities

DBZ,V ′jV V ′♯ ≃ (jV V ′!)
oDBZ,V

and
DBZ,V j

♭
V V ′ ≃ (j∗V V ′)oDBZ,V ′ .

For the convenience of the reader, we explain in more detail a specific part of this semi-
orthogonal decomposition.

Example 9.0.9. If we consider the open immersion j<b : Bun<bG ↪→ Bun≤bG with its closed
complement jb : BunbG ↪→ Bun≤bG we see that the functor j∗b : Dan

Λ (Bun≤bG )→ Dan
Λ (BunbG) admits

an exceptional left adjoint. This is precisely the functor jb♯ described in Theorem 8.2.7, which
will satisfy the identity that DBZ,≤bj

o
b!DBZ,b ≃ jb♯ (Theorem 8.2.10). Analogously, we have the

identity j♭<b ≃ DBZ,<bj
∗
<bDBZ,≤b for the left adjoint of j<b!. In particular, in general we note that,

for an inclusion of closed subsets Z ′ ⊂ Z ⊂ B(G) with Z finite and U = Z \Z ′, the full diagram
of adjoints attached to the recollement given by the closed subcategory jZ′Z! : Dan

Λ (BunZ
′

G ) →
Dan

Λ (BunZG) is given by

Dan
Λ (BunZ

′
G ) Dan

Λ (BunZG) Dan
Λ (BunUG),jZ′Z!

j!
Z′Z

j♭
Z′Z

j∗UZ

jUZ♯

jUZ!

which will match up, under our desired equivalence

⋔⋔⋔

: Shv!(B(G))
≃−→ Dan

Λ (BunG), with the
standard recollement

Shv!(B(G)Z′) Shv!(B(G)Z) Shv!(B(G)U )
iZZ′∗ i∗UZ

i∗
ZZ′

i!
ZZ′ iUZ∗

iUZ!

coming from the semi-orthogonal decomposition described in §9.0.1.

9.0.3. B(G)-semi-orthogonal functors. We can now specialize Theorem 6.5.4 and Theorem 6.4.4
to the context we will be interested in. For any finite convex subset V ⊆ B(G), we consider the
functors

iV ! : Shv
!(B(G)V )→ Shv!(B(G)).



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 171

and
iV ∗ : Shv

!(B(G)V )→ Shv!(B(G)).

We let (B(G)V )! and (B(G)V )∗ denote respectively the essential image of these functors. If
V ⊆W for another finite convex subset of B(G), we denote by (B(G)VW )! and (B(G)VW )∗ the
essential images of the functors iVW ! and iVW∗. We employ the same notational conventions for
(BunVG)♯ and (BunVG)! and (BunVWG )♯ and (BunVWG )!.

Proposition 9.0.10. Let F : Shv!(B(G))→ Dan
Λ (BunG) be a functor in LinCatΛ satisfying the

following:
(1) For any finite convex subset V ⊆ B(G), we have that

F ((B(G)V )!) ⊆ (BunVG)♯

as subcategories of Dan
Λ (BunG).

(2) For any finite convex subset V , fix a presentation V = Z \ Z ′ as the difference of two
finite closed subsets Z ′ ⊂ Z. If b ∈ V is a closed point and W = V \ {b} its open
complement, we have that FV ((B(G)WV )∗) ⊆ (BunWV

G )!. Here, FV denotes the functor
induced by F through the Verdier quotient identification as in Theorem 6.4.1.

(3) For any b ∈ B(G), the induced map

Fb : (B(G)b)! → (BunbG)♯

is an equivalence.
Then F is an equivalence. Moreover, for every finite closed Z ⊆ B(G), the functor F promotes
uniquely to an equivalence of presentable 2-functor formalisms

FZ : SB(G)Z

≃−→ Sex
BunZG

.

Writing FZ for the restriction of F to Z, we have F = colimZ⊂B(G) FZ , equivalently F =
limZ⊂B(G) FZ and it promotes to an equivalence of presentable 2-functor formalisms

F : SB(G)
≃−→ SexBunG

.

Proof. Write B(G) = ∪Z⊂B(G)Z, where Z ranges over finite closed subsets of B(G) using The-
orem 8.1.1 as before. This allows us to write

B(G) = colimZ⊂B(G)B(G)Z ,

where the transition maps are given by closed immersions, and

BunG = colimZ⊂B(G)Bun
Z
G,

where the transition maps are given by open immersions.
We see that by Theorem 5.2.15

Shv!(B(G)) ≃ colimZ⊂B(G) Shv
!(B(G)Z),

where the transition maps are given by iZZ′∗ along the closed immersions B(G)Z → B(G)Z′ .
Similarly,

Dan
Λ (BunG) ≃ colimZ⊂B(G)Dan

Λ (BunZG),
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where the transition maps are given by jZZ′! along the open immersions BunZG → BunZ
′

G . Indeed,
by construction of Dan

Λ (BunG), we have an isomorphism

Dan
Λ (BunG) ≃ lim

Z⊆B(G)
Dan

Λ (BunZG),

where the limit is given by j∗ZZ′ : Dan
Λ (BunZ

′
G )→ Dan

Λ (BunZG) for the open immersions BunZG →
BunZ

′
G . By [Sch25, Lemma 7.17 (i)], we can rewrite this as a colimit over the left adjoint functors

colimZ⊂B(G)Dan
Λ (BunZG)

given by !-pushforward.
The above considerations and the first hypothesis allow us to write

F ≃ colimZ⊆B(G) FZ .

In particular, it suffices to show FZ is an equivalence. But this follows directly from Theo-
rem 6.4.4, then Theorem 6.5.4 shows that FZ is an equivalence of presentable 2-functor for-
malisms.

For the last point, the colimit presentation is true by construction. By the formula for
colimits in LinCatΛ, we also obtain that F = limZ⊂B(G) FZ . This presentation allows us to
show that F is even an equivalence of presentable 2-functor formalisms. To wit, observe that
Fun(Corr(ConvexB(G),All),LinCatΛ) is identified with the limit

lim
Z⊂B(G)

Fun(Corr(ConvexB(G)Z ,All),LinCatΛ)

as colimZ⊂B(G)Corr(ConvexB(G)Z ,All) = Corr(ConvexB(G),All), using that this is just exhaust-
ing Corr(ConvexB(G),All) by full subcategories. The collection of FZ for Z ⊂ B(G) defines an
arrow in this limit and thus we see that F promotes to an equivalence of presentable 2-functor
formalisms. □

In practice, the inclusions in the first condition of Theorem 9.0.10 will be checked on individual
strata, as follows:

Lemma 9.0.11. In the context of Theorem 9.0.10, if F : Shv!(B(G))→ Dan
Λ (BunG) is a functor

in LinCatΛ such that inclusion

F ((B(G)V )!) ⊆ (BunVG)♯ (9.4)

holds when V = {b} is a singleton, then it also holds more generally when V is an arbitrary
convex subset of B(G).

Proof. For any convex V ⊆ B(G), the category (B(G)V )! is generated under colimits by objects
in the full subcategories {(B(G)b)!}b∈V . In particular, if F ((B(G)b)!) ⊆ (BunbG)♯ for all b ∈ V ,
it follows that F (B(G)V )! ⊆ (BunVG)♯, since (BunVG)♯ contains the stratawise ♯-included category
(BunbG)♯. This finishes the proof that the first condition holds. □

10. Kimberlites and henselianity

The purpose of this section is to recall the theory of kimberlites as developed in [Gle24; Gle26].
This theory is an attempt to answer the question: What is the analogue of a formal scheme in the
context of v-sheaves? The upshot is that spatial kimberlites (just like formal schemes) satisfy a
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henselian property along their non-analytic locus. This will play a key role in our computations.
We approach the question in steps,

{Small v-sheaves} ⊇ {Specializing v-sheaves}
⊇ {Prekimberlites}
⊇ {ValuativePrekimberlites}
⊇ {Kimberlites}
⊇ {Locally SpatialKimberlites}.

Each of these categories is a full subcategory of the category of small v-sheaves [Sch22, Definition
12.1] obtained by adding axioms at each stage.

We recall some of the terminology following [Gle24]. Note that the analytification functor ⋄
described in §4.2 admits a right adjoint functor

red : AnStkv → SchStkv, (10.1)

compare with [Gle24, Definition 3.12]. We write XRed = (Xred)⋄ for simplicity, which carries
a canonical counit map XRed → X. A map Y → X is formally adic in the sense of [Gle24,
Definition 3.20] if it preserves reductions under pullback, i.e., the diagram

Y Red Y

XRed X

(10.2)

is Cartesian. This allows us to define formally separated v-sheaves as in [Gle24, Definition 3.27]
by requiring their diagonal to be a formally adic closed immersion. Since kimberlites are meant
to be formal integral models of diamonds, their building blocks should be Spd(R+) instead of
Spa(R,R+). Following [Gle24, Definition 4.6], we say that a map f : Spa(R,R+) → X of v-
sheaves is formalizable (equiv., X formalizes f) if there exists a dashed arrow completing the
commutative diagram below

Spa(R,R+) X

SpdR+.

f

(10.3)

Any such arrow is called a formalization of f and it is unique if X is formally separated by
[Gle24, Proposition 4.9]. We say X is v-formalizing if, for any f as above, there is a v-cover
g : Spa(S, S+)→ Spa(R,R+) such that X formalizes g ◦ f . If X is moreover formally separated
then it is called specializing, compare with [Gle24, Definition 4.11]. Specializing v-sheaves carry
a topological specialization map [Gle24, Proposition 4.14]

sp : |X| → |Xred|

and a v-sheaf theoretic specialization map (or Heuer specialization map) [Gle24, §4.4]

Sp : X → XH.
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Here XH := (Xred)⋄/◦, where, for X ∈ SchStkv, we let X⋄/◦ denote the v-sheafification of the
functor

X(⋄/◦)pre(R,R+) = {Spec(R+/R◦◦)→ X}.
We may finally introduce the notion of a kimberlite, as in [Gle24, Definitions 4.15, 4.30 and

4.35].

Definition 10.0.1. A specializing v-sheafX is a prekimberlite ifXred ∈ SchStkv is representable
by a scheme, and XRed → X is a closed immersion. We set Xan := X \ XRed and call it the
analytic locus of X. A prekimberlite X is valuative if Sp : X → XH is partially proper. Finally,
a valuative prekimberlite X is called a kimberlite if, for all affine open subsets SpecA ⊆ Xred,
the open U := sp−1(SpecA) ∩Xan is a spatial diamond.

We have the following key concepts [Gle24, Definition 4.18, 4.38].

Definition 10.0.2. Given a prekimberlite X and a locally closed immersion U ↪→ Xred, we let
the formal neighborhood of X along U denote the v-sheaf

X̂/U := X ×XH U⋄/◦.

With the setup as above, we let the tubular neighborhood of X along U denote the v-sheaf

X⊚
/U := X̂/U ∩Xan.

Remark 10.0.3. Reinterpreting Theorem 10.0.1 in terms of Theorem 10.0.2, a valuative prekim-
berlite X is a kimberlite if and only if X⊚

/U is a spatial diamond for all U ⊆ Xred open affine
subsets.

The specialization map for kimberlites is particularly nice [Gle24, Theorem 4.40]. Unfortu-
nately, it is not clear if the property of being a kimberlite is stable under some natural construc-
tions like passage to formal neighborhoods under closed immersions (i.e., X̂/Z for Z ⊆ Xred a
closed immersion). For this reason, it is better to work with the stronger notion of locally spatial
kimberlites introduced in [Gle26].

Definition 10.0.4. We say that an affine kimberlite X is spatial if the following conditions
hold.

(1) X formalizes geometric points.
(2) There is a qcqs formally adic v-cover f : Y → X, for Y = Spd(B,B) where B is an

I-adic ring for I ⊆ B a finitely generated ideal.
We say that a kimberlite is locally spatial, if X̂/U is spatial for all U ⊆ Xred open affine subsets.

Example 10.0.5. It is not hard to see that, for any I-adic ring B with I ⊆ B a finitely generated
ideal, the v-sheaf Spd(B,B) is an affine spatial kimberlite. Moreover, the category of spatial
kimberlites is stable under finite limits (see [Gle26, Proposition 4.16]). In particular, (SpdZp)n
is an example of a spatial kimberlite.

Besides Theorem 10.0.5 there are plenty of examples (see [Gle26, §5]) of locally spatial kim-
berlites that do not come directly from a formal scheme. Important instances of this are the
local models MG,µ studied in [AGLR22] (see [Gle26, Theorem 5.7]), and, as we will discuss
later, the integral models of moduli spaces of local shtukas are also locally spatial kimberlites
(see [Gle26, Theorem 7.1.(3)]).
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For our purposes, the most important property of locally spatial kimberlites is that they are
henselian along their non-analytic locus. Let us make this precise.

Let X be a spatial kimberlite let Y = Xan, Z = XRed and denote by j : Y → X and
i : Z → X the complementary open and closed immersions. We let πX : X → ∗ denote the
structure morphism to ∗, similarly for πY and πZ . One of us (G.) proved the following statement
that shows that X satisfies two henselianity properties along Z → X.

Theorem 10.0.6 ([Gle26, Theorem 1.4]). Let the notation be as above, and assume that the
following hold

(1) [πredX : Xred → ∗] ∈ PSchPpfp
(i.e., it is locally of perfectly finite presentation over Spec k

and proper).
(2) dim. trg πY <∞ (see [Sch22, Definition 21.7]).

Then, for all F ∈ Dét(Y ) the following vanishing statements hold:

(1) Γ(X, j!F) = 0.
(2) Γc(X, j∗F) = 0.

We wish to apply a version of Theorem 10.0.6 to the map

ShtanG,≤w,b := ShtanG,≤w×BunGBun
b
G → BunbG.

For this, we will need the following version whose proof is almost identical, but with the
additional complexity of carrying a K-action.

Theorem 10.0.7. Let X be a spatial kimberlite, let Y = Xan and Z = XRed, with immersions
j : Y → X and i : Z → X respectively. Let K be a profinite group of pro-order coprime to ℓ
acting on X such that the action on Y is free. Let πX,K : X/K → [∗/K] denote the structure
map and denote the natural immersions jK : Y/K → X/K and iK : Z/K → X/K respectively.
Suppose the following hold.

(1) The reduced special fiber Xred is pfp proper over ∗.
(2) One can find a free action of K on a spatial diamond D such that the structure map

D→ ∗ is fdcs and Dan
Λ -smooth.

Then, for all A ∈ Dét(Y/K), we have the following vanishing statement

πX,K,!jK,∗A ≃ 0.

Remark 10.0.8. Let K be a profinite group that admits a closed embedding into GLn(E) for
some n. Without loss of generality, we may assume that if factors through GLn(OE) by fixing
a lattice stabilized by K. We consider a space that we denote GL⋄n,E , which is given by sending
a perfectoid Huber pair (R,R+) ∈ Perfaff to the isomorphism classes of pairs ((R♯, R♯+), i) of
untilts of (R,R+) over E together with a R♯+-point of GLn,OE

. It is not hard to verify that
GL⋄n,E is a spatial diamond and that its structure map to SpdE is fdcss and Dan

Λ -smooth.
Moreover, the action of GLn(OE) (and consequently of K) on GL⋄n,E is free. In particular, we
see that assumption (2) of Theorem 10.0.7 is satisfied in this case (see [FS24, Example IV.1.9
(iv)]).

Remark 10.0.9. Consider the following Cartesian diagram.
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X ∗

X/K [∗/K]

If the map ∗ → [∗/K] was smooth Theorem 10.0.7 could easily be reduced to Theorem 10.0.6
using smooth and proper base change. Since this map is not smooth, we have to work around
this issue.

Proof. Let XK , YK and ZK denote the quotients of X, Y and Z by K respectively. We wish to
show that πX,K,!jK,∗ : Dan

Λ (Y )→ Dan
Λ ([∗/K]) is the 0-functor.

Let S = D/K and s : S → [∗/K] be the structure map. Observe that S is a locally spatial
diamond Dan

Λ -smooth over ∗ by [Sch22, Proposition 24.2]. As D is qcqs, S = D/K is also qcqs.
Being qcqs and locally spatial, S is spatial.

Furthermore, s is also Dan
Λ -smooth and s∗ is conservative. It suffices to show that s∗πX,K,!jK,∗

is the 0-functor. Let pYK : YK ×[∗/K] S → YK denote the base change of s along YK → [∗/K].
By smooth and proper base change, it suffices to show that πs,K,! ◦ js,K,∗p∗YK

∼= 0 for the natural
maps js,K : YK ×[∗/K] S ⊆ XK ×[∗/K] S and πs,K : X ×[∗/K] S → S. We also consider the maps
js : Y ×D → X ×D and πs : X ×D → D. Note that, by Theorem 10.0.6, we also have that
πs,! ◦ js,∗p∗YK ≃ 0.

By hypothesis, Y is a spatial diamond since X is a spatial kimberlite, and since the action of
K on Y is free, YK is also a spatial diamond by the same reasoning as for S above. Also, Y ×D
is a locally spatial diamond and, since YK ×[∗/K] S is a quotient of Y ×D by K, we also get that
YK ×[∗/K] S is a locally spatial diamond. Note that Y ×D→ YK ×[∗/K] S is universally open.

Let T → Y and Q → D be universally open quasi-proétale covers with T = Spa(R,R+)
and Q = Spa(L,L+) totally disconnected perfectoid spaces. Being spatial diamonds Y , D,
they are qcqs; also T and Q are qcqs. As any map between qcqs objects is qcqs, the maps
T → Y and Q → D are automatically qcqs. Fix a ϖR ∈ R and ϖL ∈ L pseudo-uniformizers.
There is a continuous map κ : |(SpdR+ × SpdL+)an| → [0,∞] meassuring the relative value
of ϖL against ϖR and for every interval I ⊆ [0,∞] we let UT,Q,I denote the open subspace of
(SpdR+ × SpdL+)an, associated with the interior of κ−1(I). For example,

T × SpdL+ = UT,Q,[0,∞) = (SpdR+ × SpdL+)ϖR ̸=0.

Now, for all I ⊆ (0,∞), we let UKI ⊆ YK ×[∗/K] S denote the image of UT,Q,I → YK ×[∗/K] S.
We let UI ⊆ Y ×D denote the preimage of UKI in Y ×D. We note that if I ⊆ (0,∞) is compact
then UI and UKI are spatial diamonds.

We claim that |UK[a,∞)| ∪ |Z ×[∗/K] S| ⊆ |X ×[∗/K] S| defines a quasicompact open subset and
in particular it gives rise to a spatial diamond that we denote UK[a,∞] ⊆ X×[∗/K]S with preimage
a spatial diamond U[a,∞] ⊆ Y ×D. We argue as follows, we have a map of spatial diamonds

UT,Q,[0,∞] = (SpdR+ × SpdL+)an → (X × SpdL+)an

coming from the formally adic map of spatial kimberlites SpdR+× SpdL+ → X × SpdL+. We
restrict this map to obtain a sequence of qcqs maps of locally spatial diamonds

UT,Q,(0,∞] = (SpdR+ ×Q)→ X ×Q→ X ×D→ XK ×[∗/K] S
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Let f denote this composition. In general, f : |UT,Q,(0,∞]| → |XK×[∗/K]S| is not necessarily an
open map, but it is still a quotient map since it is qcqs surjective. The locus |UK[a,∞)|∪|ZK×[∗/K]S|
corresponds precisely to the image of UT,Q,[a,∞] which is quasicompact. Moreover, we have
that f−1(f(UT,Q,[a,∞])) = |UT,Q,[a,∞]| ∪ f−1(f(UT,Q,[a,∞)) which is open. This implies that
UK[a,∞] ⊆ XK ×[∗/K] S is open quasicompact. Since U[a,∞] ⊆ X × D is simply the preimage of
UK[a,∞] it is also open quasicompact.

In what follows we show that πs,K,! ◦ js,K,∗ can be expressed in terms of the UK[a,∞] and U[a,∞]

to ease notation we only do one case the other one being analogous. Let UK[a,∞] denote the
closure of UK[a,∞] inside of UK(0,∞] = XK ×[∗/K] S. We define several maps.

Let ka,∞ : UK[a,∞] → U
K
[a,∞] and ka,∞ : U

K
[a,∞] → UK(0,∞] denote the open and closed immersions

respectively. We let ka : UK[a,∞) → U
K
[a,∞) and ka : U

K
[a,∞) → UK(0,∞) denote the open and closed

immersions respectively obtained by restriction along UK(0,∞) ⊆ U
K
(0,∞]. We also let ja : UK[a,∞) →

UK[a,∞] and ja : U
K
[a,∞) → U

K
[a,∞] denote the open immersion. For the convenience of the reader

we organize it in a commutative diagrams.

UK[a,∞] U
K
[a,∞] UK(0,∞] = XK ×[∗/K] S S

UK[a,∞) U
K
[a,∞) UK(0,∞) = YK ×[∗/K] S

ka,∞ ka,∞ πs,K

ka

ja

ka

ja js,K

For any A ∈ Dan
Λ (XK ×[∗/K] S), we may compute πs,K,!A ∈ Dan

Λ (S) as

lim−→
a→0

πs,K,∗ka,∞,∗ka,∞,!A|
UK
[a,∞]

. (10.4)

Indeed, this follows from the fact that XK ×[∗/K] S → S is a map of locally spatial diamond,
from the fact that the map πs,K ◦ka,∞ : U [a,∞] → S is proper, and from the fact that the family
UK[a,∞] is cofinal among quasicompact open subset of UK(0,∞] = XK ×[∗/K] S [Sch22, Definition
22.13, Definition 22.4].

When A = js,K,∗B we may rewrite this as

lim−→
a→0

πs,K,∗ka,∞,∗ka,∞,!A|
UK
[a,∞]

∼= lim−→
a→0

πs,K,∗ka,∞,∗ka,∞,!ja,∗B|
UK
[a,∞)

(10.5)

∼= lim−→
a→0

πs,K,∗ka,∞,∗ja,∗ka,!B|
UK
[a,∞)

(10.6)

∼= lim−→
a→0

πs,K,∗js,K,∗ka,∗ka,!B|
UK
[a,∞)

(10.7)

Here the only subtle step of the computation is to justify

ka,∞,!ja,∗B|
UK
[a,∞)

∼= ja,∗ka,!B|
UK
[a,∞)

.
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We argue as follows. Note that i!a,ska,∞,!ja,∗B|UK
[a,∞)

∼= 0 for the inclusion ia,s : ZK ×[∗/K] S →

U
K
[a,∞]. Indeed, we have a factorization ia,s : ZK ×[∗/K] S → UK[a,∞] → U

K
[a,∞]. Applying excision

to ka,∞,!ja,∗B|U[a,∞)
, we obtain the desired isomorphism.

We let βK = πs,Kjs,K and tKa = ka ◦ ka
βKa : UK(0,∞) = YK ×[∗/K] S → S

tKa : UK[a,∞) → YK ×[∗/K] S

and define a functor
βK!,+ : Dan

Λ (YK ×[∗/K] S)→ Dan
Λ (S)

with formula
βK!,+B = lim−→

a

βK∗ t
K
a,!B

in analogy to the functors of constructed in [FS24, Definition IV.5.2]. Note that our setup
is slightly different so βK!,+ is not literally one of the functors considered in loc. cit. The
computation (10.5)-(10.7) and Equation (10.4) show that, for all B ∈ Dan

Λ (YK×[∗/K]S), we have
an isomorphism

πs,K,!js,K,∗B ≃ βK!,+B.
Let us go back to studying πs : X ×D→ D. We define maps

β : Y ×D→ D

and maps
ta : U[a,∞) → Y ×D

by pulling back βK and tKa along D→ S. We consider the functor

β!,+ : Dan
Λ (Y ×D)→ Dan

Λ (D)

with formula
β!,+B = lim−→

a

β∗ta,!B.

This agrees with the functor constructed in [FS24, Definition IV.5.2]. In a completely analogous
way with identical proof we obtain a formula

πs,!js,∗B ≃ β!,+B.
Moreover, since Y is a spatial diamond that is fdcs and partially proper over ∗ by [FS24,
Theorem IV.5.3] β!,+B vanishes whenever B = p∗YA for pY : Y ×D → Y the projection map.
In other words, πs,!js,∗p∗YA ≃ 0 for any A ∈ Dan

Λ (Y ). In contrast, our goal is to show that
πs,K,!js,K,∗p

∗
YK
A ≃ 0 for and any A ∈ Dan

Λ (YK).
We consider the pair of Cartesian diagrams

Y ×D YK ×[∗/K] S

Y YK

γY

pY pYK

qY

and
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U[a,∞) Y ×D D

UK[a,∞) YK ×[∗/K] S S

ta

γa

β

γY γ

tKa βK

By quasicompact and proper base change it follows that

γ∗βK+,! ≃ β+,!γ∗Y .

Moreover, the functor γ∗ is conservative. We can finish the proof by computing

γ∗πs,K,!js,K,∗p
∗
YK
A ≃ γ∗βK!,+p∗YKA
≃ β!,+γ∗Y p∗YKA
≃ β!,+p∗Y q∗YA
≃ 0

□

In the next section, we will exploit the fact that ShtG,≤w(b) := ShtanG,≤w,b×BunbG
∗ is a locally

spatial kimberlite to study

⋔⋔⋔

. Here we recall that the map

ShtanG,≤w → BunG

is given as the composition of the map Nt† from (7.22) and from σ from (7.20). As we discussed
above, locally spatial kimberlites are special instances of prekimberlites (Definition 10.0.2), and
in particular we can define a reduced locus

(ShtG,≤w(b))
Red ⊆ ShtG,≤w(b),

which is a closed immersion

(ShtG,≤w(b))
Red ≃ [(ShtG,≤w(b))

red]⋄.

Now, (ShtG,≤w(b))
red has a more familiar expression. Indeed, recall from [Gle21, Proposition

2.61] that the following holds.

Proposition 10.0.10. There is a canonical identification

(ShtG,≤w(b))
red ≃ X≤w(b)

where X≤w(b) denotes the affine Deligne–Lusztig variety (i.e X≤w(b) := ShtG,≤w×B(G)∗, where
∗ → B(G) is given by b). In particular, (ShtG,≤w(b))red is a locally perfectly finitely presented
scheme over Spec k, and each of its irreducible components are pfp proper over Spec k (see
[HV20, Theorem 1.2] and [Gle21, Proposition 2.61]).

Remark 10.0.11. Strictly speaking the reference [Gle21, Proposition 2.61] has a different setup
and only shows the formula (ShtG,≤µ(b))

red ≃ X≤µ(b) where the bound ranges over dominant
cocharacters. Nevertheless, the argument goes through in our setup with only superficial modi-
fications.
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Recall the generic Newton polygon map γ of (7.20) and (7.22). As it turns out, one can use
γ to understand the closed subsheaf

(ShtG,≤w(b))
Red ⊆ ShtG,≤w(b).

Indeed, we have the following.

Proposition 10.0.12. The reduced locus

(ShtG,≤w(b))
Red

is always contained in the pullback of

(γ ◦Nt†)−1(B(G)♢b )

along ∗ → BunbG, as closed subsheaves of ShtG,≤w(b).

Proof. Recall that (R,R+) points of ShtG,≤w(b) are equivalence classes of data (E ,Φ, ρ). Here
Φ : φ∗E → E is a shtuka defined over YR[0,∞) with leg at π = 0 and meromorphy bounded by w,
and ρ is a φ-equivariant isomorphism E ≃ Eb defined over YR(0,∞) (see [Gle21, Definition 2.45]).
The proof of [Gle21, Proposition 2.61] shows that (ShtG,≤w(b))

Red is the locus in which ρ is
meromorphic along π = 0. Since ρ is meromorphic, one can consider the restriction of ρ to a
formal neighborhood of π = 0 which gives an isomorphism

(EW(R),ΦW(R)[ 1
π
]) ≃ρ (Eb,W(R),Φb,W(R)[

1

π
]).

In other words, ρW(R)[ 1
π
] exhibits that γ ◦Nt†(E ,Φ) is isomorphic to (Eb,Φb) in B(G)♢(R,R+),

or equivalently, γ ◦Nt†(E ,Φ) ∈ B(G)♢b (R,R
+) as we wanted to see. □

For β ∈ B(G), we let
Shtγ=βG,≤w ⊆ ShtG,≤w

denote the locus of the form (γ ◦Nt†)−1(B(G)♢β ), and after pullback along ∗ → BunbG we denote
it as

Shtγ=βG,≤w(b) ⊆ ShtG,≤w(b).

Here the maps are as in (7.22). The following consequence will be crucial for our study of

⋔⋔⋔

in
the next section.

Corollary 10.0.13. Let b, β ∈ B(G) with b ̸= β. Then Shtγ=βG,≤w(b) is contained in the analytic
locus of ShtG,≤w(b). In other words,

Shtγ=βG,≤w(b) ⊆ (ShtG,≤w(b))
an.

Proof. This follows from Theorem 10.0.12. Indeed, it suffices to show that

Shtγ=βG,≤w(b) ∩ ShtG,≤w(b)
Red

is empty. But since b ̸= β, Shtγ=βG,≤w(b) ∩ Shtγ=bG,≤w(b) is already empty. □

Since ShtG,≤w(b) is only a locally spatial kimberlite and not a spatial kimberlite, one cannot
use Theorem 10.0.7 directly. To address this, we formulate the following statement.
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Proposition 10.0.14. Let K ⊆ Gb(E), be a pro-p open compact subgroup. Then ShtG,≤w(b)
admits a colimit presentation of the form

ShtG,≤w(b) ≃ colimi∈I Xi

such that the following statements hold:
(1) The index category is cofiltered.
(2) Each Xi is a spatial kimberlite with proper reduced special fiber.
(3) The maps Xi → ShtG,≤w(b) and the transitions maps Xi → Xj are open immersions.
(4) Each Xi is K-stable.

Proof. By Theorem 10.0.10, ShtG,≤w(b)red is the affine Deligne–Lusztig variety X≤w(b). Let C
denote the set of K-orbits of irreducible components of X≤w(b). Our index set I is simply the
set of finite subsets of C, and for every i ∈ I of the form i = {c1, . . . , cn} we form the closed
subset

Zi = ∪nj=1ci ⊆ X≤w(b).

This is a perfectly finitely presented proper scheme over Spec k. We let Xi := ̂ShtG,≤w(b)/Zi
. We

now verify all of our claims. The indexing category is cofiltered by construction. That each Xi is
a spatial kimberlite follows from [Gle26, Proposition 4.12], the definition [Gle26, Definition 4.4]
and the fact that Zi is qcqs since it is a pfp proper scheme over Spec k. That Xi → ShtG,≤w(b)
is an open immersion follows from [Gle24, Proposition 4.22]. That each Xi is K-stable follows
from the functoriality of the specialization map [Gle24, Proposition 4.14]. □

11. Proof of the equivalence

We are finally ready to show that the functor

⋔⋔⋔

of §7 is an equivalence. We will do this by
verifying F =

⋔⋔⋔

satisfies the assumptions of Theorem 9.0.10 with respect to the semi-orthogonal
decomposition SB(G) on Shv!(B(G)) and SexBunG

on Dan
Λ (BunG) defined in §9.0.1 and §9.0.2,

respectively.
The first step of the proof is to show that condition Theorem 9.0.10 (1) holds for the functor⋔⋔⋔

, see Theorems 9.0.11 and 11.1.2. The calculation itself relies on the behavior of the Fargues–
Scholze charts Mb and the locally closed substack ShtI,wb

of the shtuka stack for σ-straight
elements wb. The calculation is also key to show that

⋔⋔⋔

restricts to an equivalence strata by
strata, see Theorems 11.2.4 and 11.2.5.

The next step will be to consider analogues

⋔⋔⋔

V : Shv!(B(G)V )→ D
an
Λ (BunVG),

of our functor

⋔⋔⋔

that range over finite convex subsets V ⊆ B(G). We use the geometry of
Bunmer

G to study the behavior of these functors. Moreover, if V = Z1 \ Z2 with Z1, Z2 ⊆ B(G)
for two finite closed subsets, then the functor

⋔⋔⋔

V will give a computable expression for the
Verdier quotient map

Shv!(B(G)Z1
)!/Shv

!(B(G)Z2
)! → Dan

Λ (BunZ1
G )♯/Dan

Λ (BunZ1
G )♯.

Using our criterion Theorem 9.0.10, we are left to show that condition Theorem 9.0.10 (2) holds
for V \ {b} in V for a closed point b ∈ V and an arbitrary finite convex V ⊆ B(G). This last
orthogonality, is obtained using the henselianity for the locally spatial kimberlite ShtG,≤wb

(b) to
control the removed locus, see Theorem 11.3.1.
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11.1. Left semi-orthogonality and Bunmer
G . By construction

⋔⋔⋔

(or more precisely

⋔⋔⋔∨) arises
from the sind-†-correspondence of the form

B(G)† ≃ Bunmer
G BunG

B(G)♢,

σ

γ

described in Theorem 7.5.4.
A key geometric input is the following result that two of us proved with Zillinger. Let M

denote the moduli of filtered bundles with G-structure introduced in [FS24, Definition V.3.2].
We colloquially refer to it as the Fargues–Scholze chart of BunG, since there is a fdcs smooth
surjective map [FS24, Theorem V.3.7]

π :M→ BunG.

Recall that M admits a decomposition into connected components indexed by b ∈ B(G), and
that we have a map ⊔

b∈B(G)

γb :
⊔

b∈B(G)

Mb →
⊔

b∈B(G)

[∗/Gb(E)]

that sends a filtered bundle with G-structure to the corresponding semi-stable graded bundle
with Gb-structure (see discussion below [FS24, Definition V.3.2]). The corresponding diagram

Mb BunG

[ ∗ /Gb(E)]

σb

γb

is precisely the diagram described in §8.2. One has an isomorphism B(G)♢b ≃ [∗/Gb(E)], by
[GIZ26, Proposition 2.20] and Theorem 8.3.1. This allows us to make sense of the following.

Theorem 11.1.1 ([GIZ26, Theorem 1.1]). We have a commutative diagram

M Bunmer
G BunG .

⊔
b∈B(G)B(G)♢b B(G)♢,

q

π

γ

σ

where the square is Cartesian.

This has the following consequence for our functor.

Proposition 11.1.2. The following statements hold.
(1) For all b ∈ B(G)

⋔⋔⋔

((B(G)b)!) ⊆ (BunbG)♯.

(2) For all Z ⊆ B(G), a finite closed subset,

⋔⋔⋔

(Shv!(B(G)Z)∗) ⊆ D
an
Λ (BunZG)!
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holds.
(3)

⋔⋔⋔

satisfies condition (1) of Theorem 9.0.10 with respect to the semi-orthogonal decom-
positions SB(G) and SexBunG

.

Proof. The second and third claim follow from Theorem 9.0.11 and from the first claim. In
turn, the first claim ultimately follows from the definitions, from Theorem 11.1.1 and from
the Cartesian square (7.22), we expand the argument below. For the rest of the proof, we fix
b ∈ B(G), we put ourselves in the situation of Theorem 8.3.4. In particular, we recall there is a
σ-straight element wb attached to b ∈ B(G) and we have open and closed immersions

ShtschG,wb
→ ShtschG,≤wb

→ ShtschG ,

together with the Newton map
Nt : ShtschG → B(G).

By Theorem 8.3.4, the map
ShtschG,wb

→ B(G)

factors through B(G)b and we have an identification ShtschG,wb
≃ BprofétIwb

over BproétGb(E),
where we recall Iwb

⊆ Gb(E) is the Iwahori subgroup attached to some lift ẇb of wb, as in
Theorem 8.1.4. In particular, the category Shv!(B(G)b) is generated under colimits by objects
of the form Ntwb,∗A with A ∈ Shv!(ShtschG,wb

). For our purposes, it suffices to show that for all
A ∈ Shv!(ShtschG,wb

)

⋔⋔⋔
(ib,!Ntwb,∗A) ∈ (BunbG)♯.

Indeed,

⋔⋔⋔

◦ ib,! commutes with colimits, and (BunbG)♯ is stable under colimits.
Recall that

⋔⋔⋔

=

⋔⋔⋔∨ ◦ idBZ. We first observe that

idBZ(ib,!Ntwb,∗A) ≃ (ib,∗)
o(Ntwb,∗)

oB (11.1)

for some B ∈ Shv!(ShtschG,wb
)∨. Indeed, this follows from the commutative diagram

Shv!(ShtschG,wb
) Shv!(B(G)b) Shv!(B(G))

Shv!(ShtschG,wb
)∨ Shv!(B(G)b)

∨ Shv!(B(G))∨.

Ntwb,∗

idBZ,wb

ib!

idBZ,b idBZ

(Ntwb,∗)
o (ib,∗)

o

Here we recall that the commutativity of the left square follows from Theorem 8.3.4 (cf. The-
orem 8.3.6 (2)), and the commutativity of the right most square follows from (8.12). We note
that ShtschG,wb

is a placid stack, and that the map

ShtschG,wb

ib◦Ntwb−−−−−→ B(G)

factors through ShtschG,≤wb
which is a σ-compatible bounded piece of B(G) (see Theorem 5.3.21

and §7.5). Indeed, that ShtschG,≤wb
is σ-compatible is the content of Theorem 7.5.2 and Theo-

rem 7.5.3. From this, and since ShtschG,wb
→ ShtschG,≤wb

is pfp representable (see Theorem 8.3.1 and
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Theorem 8.3.4), we may use Theorem 5.4.2 to write

⋔⋔⋔

(ib,!Ntwb,∗A) := c∗,σidBZ(ib,!Ntwb,∗A) ≃
(11.1) c∗,σ(ib ◦Ntwb

)o
∗
B

≃ (σ ◦Nt†≤wb
)! ◦ kb,! ◦ b∗ShtschG,wb

/B(G)
c∗,∨(B).

Here c∗,∨ is the analytification functor from Theorem 5.3.6, and the rest of the maps fit in the
commutative diagram with Cartesian squares

[M̃b/Iwb
] ShtanG,≤wb

Bunmer
G BunG

(ShtschG,wb
)♢ (ShtschG,≤wb

)♢ B(G)♢,

kb

b
ShtschG,wb

/B(G)

σ≤wb

Nt†≤wb

b
Shtsch≤wb

γ

σ

(11.2)

obtained from Theorem 11.1.1 and (7.22). The map [M̃b/Iwb
]→ BunG factors through Mb →

BunG and this factorization fits in the following commutative diagram with Cartesian squares

[M̃b/Iwb
] Mb Bunmer

G BunG

(ShtschG,wb
)♢ B(G)♢b B(G)♢.

σb

γb γ

σ

Nt♢wb i♢b

By proper base change, and since σb is Dan
Λ -!-able, we may rewrite

(σ ◦Nt†≤wb
)! ◦ kb,! ◦ b∗ShtschG,wb

/B(G)
c∗,∨B ≃ σb!γ∗b Nt

♢
wb,!

c∗,∨B.

If we let D = Nt♢wb,!
c∗,∨B, then we have

σb!γ
∗
bD ∈ (BunbG)♯.

by Theorem 8.2.7 (see also Theorem 8.2.8). □

11.2. Understanding

⋔⋔⋔

U and

⋔⋔⋔

b. Since we wish to apply Theorem 9.0.10 to

⋔⋔⋔

, we will need
to be able to describe, for any finite convex subsets V ⊆ B(G) (including, in particular, single
points b ∈ B(G)), all of the functors

⋔⋔⋔

V : Shv!(B(G)V )→ D
an
Λ (BunVG)

that a map of semi-orthogonal decompositions specify. Here we note that these functors can be
defined through Theorem 6.4.1. More precisely, one can use the Verdier quotient presentation

Shv!(B(G)V ) ≃ Shv!(B(G)Z)/Shv
!(B(G)Z′)

to construct the maps, where Z and Z ′ are any two finite closed subsets Z ′ ⊂ Z ⊂ B(G)
with V = Z \ Z ′. In this subsection, we study a different presentation of the

⋔⋔⋔

V via sind-†-
correspondences. This other presentation will allow us to exploit the geometry of kimberlites to
finish showing that

⋔⋔⋔

satisfies the hypothesis in Theorem 9.0.10.
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In what follows, we fix Z ⊆ B(G) a closed subset and U ⊆ Z an open subset. We get maps

B(G)U → B(G)Z → B(G)

which are an open and pfp closed immersion respectively by Theorem 8.3.1. It follows from
Theorem 5.4.1 and Theorem 7.5.4, that the triples

(B(G)U ,BunG, σ ◦ i
†
U ) and (B(G)Z ,BunG, σ ◦ i

†
Z)

are sind-†-correspondences.

Lemma 11.2.1. With the setup as above, let X ∈ {Z,U}, and consider the map

σ ◦ i†X : B(G)†X → BunG.

Then there is a factorization of the form

B(G)†X BunXG

Bunmer
G BunG.

σX

i†X jX

σ

Proof. It suffices to argue on topological spaces, i.e., we wish to show that |σ ◦ i†X |(|B(G)†X |) ⊆
|BunXG |. This in turn can be done at the level of geometric points. Fix a map x : Spa(C,C+)→
B(G)†. Let k = OC/C

◦◦. By [GIZ26, Proposition 7.4(4)], this corresponds to a map

x̃ : SpecOC → B(G).

Indeed, B(G)†pre(Spa(C,C+)) is by definition B(G)(SpecOC). Moreover, x̃ lifts to B(G)†X if
and only if the map SpecOC → B(G) lifts to B(G)X , and this happens if and only if the image
of SpecC and of Spec k in B(G) lie in X, but σ(x) ∈ |BunG| matches the image of Spec k in
|B(G)| under the (non-continuous) bijection

|BunG| ≃ |B(G)|. □

Lemma 11.2.2. With the setup as above, we have a Cartesian diagram

B(G)†U BunUG

B(G)†Z BunZG.

of v-stacks.

Proof. As in the proof of Theorem 11.2.1, we may argue on geometric points. In this case, it suf-
fices to know that if we have a factorization SpecOC → B(G)Z ⊆ B(G) and the induced closed
point Spec k factors through B(G)U , then all of SpecOC factors through B(G)U . However, this
is clear, since U is open in Z. □

The above considerations give rise to maps of sind-†-correspondences
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B(G)♢U B(G)†U BunUG

B(G)♢Z B(G)†Z BunZG

B(G)♢ Bunmer
G BunG

σU

(A)

(B)

σZ

γ
σ

in which the squares (A) and (B) are Cartesian. Indeed, the fact that (A) is Cartesian is
Theorem 11.2.2. That (B) is a Cartesian follows from Theorem 4.2.3.21

Recall that we have an identification idBZ : Shv!(B(G)) ≃ Shv!(B(G))∨ respecting the semi-
orthogonal decomposition on both categories, and that we have commutative diagrams

Shv!(B(G)U ) Shv!(B(G)U )
∨ Shv!(B(G)U ) Shv!(B(G)U )

∨

Shv!(B(G)) Shv!(B(G))∨ Shv!(B(G)) Shv!(B(G))∨,

idBZ,U

iU ! (iU∗)
o

idBZ,U

iU∗ (iU !)
o

idBZ idBZ

as discussed in Theorem 9.0.3.

Proposition 11.2.3. For all Z ⊆ B(G) a finite closed subset, and, all U ⊆ Z open, we have
an identification of functors

⋔⋔⋔
U ≃ c∗,σU ◦ (idBZ,U ),

where the right-hand side is the analytification map (5.14) attached to the sind-†- correspondence
(B(G)U ,Bun

U
G, σU ) described above.

Proof. By Theorem 6.4.1, we may use the Verdier quotient presentation of

⋔⋔⋔

U to write

⋔⋔⋔

U ≃ j∗U

⋔⋔⋔

iU !.

From this presentation, we see that

⋔⋔⋔

U = j∗Uc
∗,σ(iU∗)

o(idBZ,U ). The σ-compatible bounded
piece ShtschG,≤w• → B(G) defines a σU -compatible bounded piece

Nt≤w•,U : ShtschG,≤w•,U → B(G)U .

Fix B = Nt≤w•,U,∗A for A ∈ Shv!(ShtschG,≤w•,U ). We also let DA denote the unique object in
Shv!(ShtschG,≤w•,U ) such that (idBZ,U )B ≃ (Nt≤w•,U,∗)

oDA. The construction of DA is functorial
in A since its the dual in Shv!(ShtschG,≤w•,U ) is induced by the natural Frobenius algebra structure
on Shv!(ShtschG,≤w•,U ) which is compatible with idBZ,U . We write i≤w•,U for the inclusion

i≤w•,U : ShtschG,≤w•,U → ShtschG,≤w• .

Now, we may compute

⋔⋔⋔

U (B) as follows

21Note that the other squares are typically never Cartesian: indeed, the map Y † → Y ♢ does not pullback under
open immersions, since an OC-point of B(G) with induced k-point in Z might induce a C-point that misses Z.
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⋔⋔⋔

U (B) ≃ j∗Uc∗,σ(iU∗)o(idBZ,U )B

≃ j∗Uc∗,σ(iU∗)o(Nt≤w•,U,∗)
oDA

≃ j∗Uc∗,σ(Nt≤w•,∗)
o(i≤w•,U∗)

oDA

≃ j∗Uσ≤w•,!b
∗
ShtschG,≤w•

c∗,∨(i≤w•,U∗)
oDA

≃ j∗U (σ≤w•,!)b
∗
ShtschG,≤w•

(i♢≤w•,U !)c
∗,∨DA

We get a diagram

(ShtschG,≤w•,U )
♢ (ShtschG,≤w•,U )

† BunUG

(ShtschG,≤w•,Z)
♢ (ShtschG,≤w•,Z)

† BunZG

(ShtschG,≤w•)
♢ (ShtanG,≤w•) BunG

i♢≤w•,U

(A)

b∗
ShtschG,≤w•,U

σ≤w•,U

jUZ

jU

(B)

σ≤w•,Z

jZ

b∗
ShtschG,≤w•

σ≤w•

where the square (A) and the square (B) are Cartesian, as in (11.2). An elementary, but lengthy,
diagram chase using that all vertical arrows are locally closed immersions gives the formula

j∗U (σ≤w•,!)b
∗
ShtschG,≤w•

i♢≤w•,U,!
≃ σ≤w•,U,!b

∗
ShtschG,≤w•,U

We continue computing

⋔⋔⋔

U (Nt≤w•,U,∗A) ≃ j∗U (σ≤w•,!)b
∗
ShtschG,≤w•

(i♢≤w•,U !)c
∗,∨DA

≃ σ≤w•,U,!b
∗
ShtschG,≤w•,U

c∗,∨DA

≃ c∗,σU (Nt≤w•,U,∗)
oDA

This gives the following commutative diagram

Shv!(ShtschG,≤w•,U ) Shv!(ShtschG,≤w•,U )
∨

Shv!(B(G)U ) Shv!(B(G)U )
∨

Dan
Λ (BunUG)

⋔⋔⋔

U◦Nt≤w•,U,∗

A7→DA

Nt≤w•,U,∗ (Nt≤w•,U,∗)
o

idBZ,U

c∗,σU

Passing to the colimit as we vary among the bounded pieces of B(G)U (i.e., we vary w•) we
obtain the desired commutative diagram.
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Shv!(B(G)U ) Shv!(B(G)U )
∨

Dan
Λ (BunUG).

idBZ,U

⋔⋔⋔

U
c∗,σU

□

We can easily specialize the discussion to

⋔⋔⋔

b by taking Z = {β ∈ B(G) | β ≤ b} and by taking
U = {b}.

Corollary 11.2.4. For all b ∈ B(G), the functor

⋔⋔⋔

b : Shv
!(B(G)b)→ D

an
Λ (BunbG)

is an equivalence. In particular, the last condition in Theorem 9.0.10 holds.

Proof. This follows from Theorem 11.2.3 and Theorem 7.1.9 (1). □

Remark 11.2.5. It will be convenient to spell out precisely the functor

⋔⋔⋔

b. Recall that we have
fixed standard identifications

Shv!(B(G)b)
∨ Dan

Λ (BunbG)

Shv!(B(G)b) Dan([∗/Gb(E)])

Rep(Gb(E)) .

c∗,id
Dcoh,Gb(E)

c∗,id◦Dcoh,Gb(E)

sb∗

Zhu
FS

Here all the identifications are normalized with respect to the same choice of representative
ḃ ∈ G(Ĕ) of b, which we may choose to be as in Theorem 8.5.1. We note that we have abused
the notation and we have written Dcoh,Gb(E) for the equivalence Shv!(B(G)b)

≃−→ Shv!(B(G)b)
∨

induced by ηZhu and Dcoh,Gb(E) : Rep(Gb(E))
≃−→ Rep(Gb(E))∨. In the following diagram, we

fix these standard identifications which we will simply denote with std. With all the identifi-
cations fixed, the functor

⋔⋔⋔

b can be computed as the only map making the following diagram
commutative

Rep(Gb(E)) Rep(Gb(E)) Rep(Gb(E))

Shv!(B(G)b) Shv!(B(G)b)
∨ Dan

Λ ([∗/Gb(E)]) Dan
Λ (BunbG),

⊗δZhub [2db]

std std

⊗δ−1
b [−2db]

std

idBZ,b

⋔⋔⋔

b

c∗,id sb!
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where the commutativity of the left-hand square follows from the discussion following (8.12)
and Theorem 7.1.9 (4), and the commutativity of the right-hand square follows from [HI25,
Corollary 1.8], where the notation is as in 8.5.1 This tells us that the composition

Rep(Gb(E))
ηZhu−−−→ Shv!(B(G)b)

⋔⋔⋔

b−−→ Dan
Λ (BunbG)

s∗b−→ Rep(Gb(E))

is equivalent to the functor

(−)⊗ δ−1b ⊗ δ
Zhu
b [2db − 2db] ≃ (−)⊗ δZhub ⊗ δ−1b .

We set χb := δZhub ⊗δ−1b . In particular, we see that if we choose the identifications Shv!(B(G)b) ≃
Rep(Gb(E)) and Dan

Λ (BunbG) ≃ Rep(Gb(E)) with respect to the same choice of representative ḃ
of b ∈ B(G), it that follows

⋔⋔⋔

b ≃ idRep(Gb(E)) if and only if χb ≃ 1 (i.e., Theorem 8.3.7 holds).

11.3. Henselianity and right-orthogonality of

⋔⋔⋔

. In this section, we finish showing that

⋔⋔⋔

is an equivalence.

Proposition 11.3.1. Let Z ⊆ B(G) be a finite closed subset, let U ⊆ Z be an open subset and
let b ∈ U be a closed point. Then

⋔⋔⋔

U (Shv
!(B(G)U\b)∗) ⊂ D

an
Λ (Bun

U\b
G )!

in Dan
Λ (BunUG). In particular, we deduce that

⋔⋔⋔

satisfies condition of Theorem 9.0.10 (2) with
respect to the semi-orthogonal decomposition SB(G) on Shv!(B(G)) and the semi-orthogonal de-
composition SexBunG

on Dan
Λ (BunG).

Proof. For the last assertion, note that we have identified

⋔⋔⋔

U with the Verdier quotient map
induced by

⋔⋔⋔

.
By definition, Shv!(B(G)U\b)∗ is generated under colimits by objects of the form iβU,∗A with

β ∈ U \ {b}. Since

⋔⋔⋔

is colimit-preserving, it suffices to show that

⋔⋔⋔

U (iβU,∗A) ∈ (Dan
Λ (Bun

U\b
G ))!.

For now, we fix B = idBZ,β(A) ∈ Shv!(B(G)β)
∨. We have that

⋔⋔⋔

U iβU,∗A ≃ c∗,σU idBZ,U iβU,∗A (11.3)

≃ c∗,σU (iβU,!)oB

by Theorem 9.0.3, and we wish to show that c∗,σU (iβU,!)oB ∈ (Dan
Λ (Bun

U\b
G ))! for all B ∈

Shv!(B(G)β)
∨.

As in Theorem 8.1.4, for β ∈ B(G) we can attach a straight element wβ ∈ B(W̃ ) and an
Iwahori subgroup Iβ ⊆ Gβ . Moreover, recall from Theorem 8.3.4 and Theorem 7.1.9 (2), that if
K ⊆ Iβ is a pro-p subgroup, then we have an isomorphism

(iβU,!)
o c-Ind

Gβ

K Λ ≃ (Nt≤wb,U,∗)
o ◦ (iwβU,!

)o c-Ind
Iβ
K Λ.
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Recall the maps σ≤wβ
and kβ,K from (11.2). We will compute as follows and justify the steps

below,

c∗,σU (iβU,!)
o c-Ind

Gβ

K Λ ≃ c∗,σU (Nt≤wb,U,∗)
o ◦ (iwβU,!)

o c-Ind
Iβ
K Λ (11.4)

≃ σ≤wb,U,! ◦ b
∗
Shtsch≤wb,U

c∗,∨
Shtsch≤wb,U

(iwβU,!)
o c-Ind

Iβ
K Λ (11.5)

≃ σ≤wb,U,! ◦ b
∗
Shtsch≤wb,U

c∗
Shtsch≤wb,U

iwβU,∗ c-Ind
Iβ
K Λ (11.6)

≃ σ≤wb,U,!kβ,Iwβ
,∗ c-Ind

Iβ
K Λ. (11.7)

The first step was discussed above. The second step is the definition of c∗,σU in (5.14) since
Shtsch≤wb,U

is a σU -compatible bounded piece. The third step comes from the equivalence

Shv!(Shtsch≤wb,U
)∨
≃−→ Shv∗(Shtsch≤wb,U

)

(see Theorem 5.3.2), the definition of c∗,∨ (see Theorem 5.3.6) and the by-hand verification that
c-Ind

Iβ
K Λ is a compact in Shv!(BIβ). Indeed, by definition of the conjugate functor, (iwβ ,!)

o may
be computed by (iwβ ,!)

op on compact objects. Moreover, we have an adjoint pair

(i!wβ
)op ⊣ (iwβ ,!)

op

of functors between the categories Shv!(ShtschG,wb
)ω,op and Shv!(ShtschG,≤wb

)ω. Indeed, both i!wβ
and

iwβ ,! admit continuous right adjoints (since iwb
is an open immersion Theorem 8.3.1 (2)), so they

preserve compact objects. Under the identifications (see Theorem 5.3.2)

Shv!(ShtschG,wb
)ω,op ≃ Shv∗(ShtschG,wb

)ω and Shv!(ShtschG,≤wb
)ω,op ≃ Shv∗(ShtschG,≤wb

)ω,

the functors (i!wβ
)op and i∗wβ

are intertwined, so their right adjoints are also intertwined. This
finishes justifying the third step. The fourth step follows from Theorem 5.4.5.

In what follows, we show that

σ≤wβ ,U,!kβ,Iβ ,∗ c-Ind
Iβ
K Λ ∈ (Dan

Λ (Bun
U\b
G ))!

for all β ∈ U \ {b}. Equivalently, since BunbG ⊆ BunUG is open it suffices to show that

j∗bσ≤wβ ,U,!kβ,Iβ ,∗ c-Ind
Iβ
K Λ ≃ 0.

Our argument will show that

j∗bσ≤wβ ,U,!kβ,Iβ ,∗D ≃ 0

holds, for arbitrary D. In particular, it will hold for D = c-Ind
Iwβ

K Λ. Consider the following
diagram with Cartesian squares
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Sht
γ=wβ

G (b) [ Shtγ=wβ

G,U (b)/Kb] [M̃U,β/Iβ ]

ShtG,≤wβ
(b) [ ShtG,≤wβ

(b)/Kb] ShtbG,≤wβ
ShtanG,≤wβ ,U

∗ [∗/Kb] BunbG BunUG.

kbβ,Iβ
kβ,Iβ

πKb
σ≤wβ,U

jKb

jb

Here Kb ⊆ Gb(E) is any auxiliary pro-p compact open subgroup. Observe that the map BKb →
BunUG is Dan

Λ -smooth, and that pullback along the map [∗/Kb]→ BunbG is conservative. For all
Kb ⊆ Gb and all D we have that

j∗Kb
σ≤wb,U,!kβ,Iβ ,∗D ≃ πKb,!k

b
β,Iβ ,∗E

for some E by smooth and proper base change. Recall from Theorem 10.0.13 that

Sht
γ=wβ

G,U (b) ⊆ ShtG,≤wβ ,U (b)
an

since β ∈ U \ {b}, so we may apply Theorem 10.0.7 to conclude

πKb,!k
b
β,Iβ ,∗E ≃ 0.

Indeed although, as explained in §10, ShtG,≤wβ ,U (b) is not a spatial kimberlite with proper
reduced locus, it is a locally spatial kimberlite whose reduced locus is an ind-proper scheme
which is locally pfp (see Theorem 10.0.14). Writing

ShtG,≤wβ ,U (b) ≃ colimXi

as in Theorem 10.0.14, we can apply Theorem 10.0.7 to each piece of cohomology corresponding
to ̂ShtG,≤wb

(b′)/S , with S an suitable union of irreducible components of the affine Deligne–
Lusztig variety (i.e., we apply Theorem 10.0.7 to each Xi). Since the total compactly supported
cohomology is the colimit as S increases, and term by term on S the complex vanishes we get a
total vanishing. □

Theorem 11.3.2. The following statements hold.
(1) The functor

⋔⋔⋔

is an equivalence.
(2) For every finite convex subset V ⊆ B(G) we have an equivalence

⋔⋔⋔

V : Shv!(B(G)V )→ D
an
Λ (BunVG).

(3) For every pair of convex subsets V1 ⊆ V2 we get intertwining formulas
(a)

⋔⋔⋔

V2i
∗
V1V2
≃ j♭V1V2

⋔⋔⋔

V1

(b)

⋔⋔⋔

V2iV1V2∗ ≃ jV1V2!

⋔⋔⋔

V1

(c)

⋔⋔⋔

V2i
♯
V1V2
≃ j!V1V2

⋔⋔⋔

V1.
(d)

⋔⋔⋔

V2iV1V2! ≃ jV1V2♯

⋔⋔⋔

V1

(e)

⋔⋔⋔

V2i
!
V1V2
≃ j∗V1V2

⋔⋔⋔

V1
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(f)

⋔⋔⋔

V2iV1V2♭ ≃ jV1V2∗

⋔⋔⋔

V1 .
(4) For every b ∈ B(G), we fix a choice of representative ḃ of b as in Convention 8.5.1 and

consider the associated identifications as in 8.5.1 and 8.3.2, we let χb := δb,Zhu ⊗ δ−1b be
as in Theorem 11.2.5, then we have that:
a) For every A ∈ Rep(Gb(E)) the identity

⋔⋔⋔

(ib,∗η
Zhu(A)) ≃ jb,!p∗b(A⊗ χb) holds.

b) For every A ∈ Rep(Gb(E)) the identity

⋔⋔⋔

(ib,!η
Zhu(A)) ≃ jb,♯p∗b(A⊗ χb) holds.

Moreover, these identifications are functorial in A.
(5) There is a unique equivalence of presentable 2-functor formalisms

⋔⋔⋔

S : SB(G)
≃−→ SexBunG

.

Moreover, the equivalence

⋔⋔⋔

can be rewritten as

⋔⋔⋔

≃ colimZ⊆B(G)

⋔⋔⋔

Z

where Z ⊆ B(G) ranges over finite closed subsets of B(G) and

⋔⋔⋔

Z .
(6) There is an equivalence of presentable 2-functor formalisms

⋔⋔⋔

Sex : SexB(G)
≃−→ SBunG .

Proof. The fact that

⋔⋔⋔

is an equivalence was proven in several steps by means of Theorem 9.0.10.
Indeed, by construction

⋔⋔⋔

is a functor in LinCatΛ, and the first condition in Theorem 9.0.10
was shown in Theorem 11.1.2. The third condition was shown in Theorem 11.2.4. Finally, the
second condition of Theorem 9.0.10 is the content of Theorem 11.3.1. This finishes the proof of
the first claim.

For the fifth claim, note that Theorem 9.0.10 already provides an equivalence of 2-functor
formalisms

⋔⋔⋔

: SB(G)
≃−→ SexBunG

.

Evaluating it on V , i.e.,

⋔⋔⋔

V : SB(G)(V )
≃−→ SexBunG

(V ) gives rise to the equivalence

⋔⋔⋔

V : Shv!(B(G)V )→ D
an
Λ (BunVG),

and shows the second claim. The last claim follows from the fifth claim by passing to right
adjoint functors.

The intertwining in the third claim follow directly from fifth claim by virtue of having an
equivalence of 2-functor formalisms. Indeed, the fifth claim itself provides the intertwining of
(a) and (d), and passing (once or twice) to right adjoints provides the rest of the intertwining
formulas.

The fourth claim follows from the third. Indeed, for each b ∈ B(G) we get formulas

⋔⋔⋔

(ib,∗η
Zhu(A))) ≃ jb,!

⋔⋔⋔

b (η
Zhu(A)) and

⋔⋔⋔

(ib,!η
Zhu(A))) ≃ jb,♯

⋔⋔⋔

b (η
Zhu(A)),

and the formula from the statement then follows from the identity

⋔⋔⋔

b(η
Zhu(A)) ≃ p∗b(A⊗ χb)

deduced in Theorem 11.2.5. □

Remark 11.3.3. For the convenience of the reader, we make the following table of adjunctions
that are intertwined by

⋔⋔⋔

.



ON THE SCHEMATIC AND ANALYTIC CONSTRUCTIONS OF THE LOCAL LANGLANDS CATEGORY 193

j♭ ⊣ j! ⊣ j!

i∗ ⊣ i∗ ⊣ i♯
j♯ ⊣ j∗ ⊣ j∗
i! ⊣ i! ⊣ i♭

12. Properties and applications of the equivalence

Throughout this section, we will fix representatives for b ∈ B(G) and implicitly identify
Shv!(B(G)b,Λ) ≃ηZhu Rep(Gb(E)) and Dan

Λ (BunbG) ≃s∗b Rep(Gb(E)) with the category of smooth
represenations of Gb(E) on Λ-modules, as in Theorem 8.3.2 and Theorem 8.5.1. Moreover, we
will from now on omit ηZhu and s∗b from the notation. We now combine Theorem 11.3.2 with
the results of [Zhu25b] on the tame categorical local Langlands conjecture. We first review the
precise statement of this result.

12.1. The Tame Categorical Local Langlands Conjecture. We now discuss the tame
version of the CLLC proven by Zhu [Zhu25b]. It relates Ind-coherent sheaves on the stack of
tame Langlands parameters to the subcategory of Shv!(B(G)) consisting of tame sheaves. We
first describe both sides of this equivalence, and then compare them with analogous constructions
for Dan

Λ (BunG). Since some of what we discuss holds for arbitrary Zℓ-algebras, we will depart
from our usual convention of assuming that Λ/Zℓ is a torsion algebra and also allow for the case
where Λ = OL, L for L/Qℓ an algebraic extension throughout this subsection. Nevertheless, all
of our new results will only be formulated and shown in the torsion case since they depend on
Theorem 11.3.2. We first discuss the spectral side.

12.1.1. The Stack of Langlands Parameters. As before, E is a non-Archimedean local field with
Weil group WE . Given a Zℓ-algebra A, we can endow it with a topology (or the structure of
a condensed ring) by writing A = colimA′⊂AA

′, where A′ is a finitely generated Zℓ-module
equipped with its ℓ-adic topology. We follow [FS24, §VIII], and consider the moduli space,
denoted Z1(WE , Ĝ), whose A-points are the continuous 1-cocycles WE → Ĝ(A) with respect to
the natural action of WE on Ĝ(A), where we regard Ĝ/Zℓ, the split reductive group with root
datum dual to the absolute root datum of G as a reductive group over Zℓ.

This defines a scheme considered in [DHKM24b; Zhu25a; FS24] over Zℓ which, by [FS24,
Theorem I.8.1, Theorem VIII.0.1], can be written as a union of open and closed affine sub-
schemes Z1(WE/P, Ĝ) as P runs through the (sufficiently deep) finite index subgroups of the
wild inertia of WE . For a fixed P , Z1(WE/P, Ĝ) is a flat local complete intersection over Zℓ
of dimension dim(G) (see [FS24, Theorem VIII.1.3]). Concretely, Z1(WE/P, Ĝ) is the affine
subscheme parametrizes the cocyles WE → Ĝ(A) which factor through WE/P . We may then
consider the stack quotient [Z1(WE , Ĝ)/Ĝ], where Ĝ acts on such cocycles via conjugation. We
denote this stack quotient by ParG,E and refer to it as the stack of Langlands parameters.

We now wish to further decompose these stacks into connected components. To do this, we
consider the map qE : ParG,E → ParcoarseG,E , from the stacky quotient to the coarse quotient of

Z1(WE , Ĝ) by Ĝ. More precisely,

ParcoarseG,E := Spf(H0(RΓ(ParG,OParG,E
)))

is the formal scheme attached to the ring of global functions (where we regardH0(RΓ(ParG,OParG))
as a pro-object, as in the discussion proceeding [Zhu25b, Theorem 2.3]).
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The Λ-valued points of ParcoarseG,E for Λ an algebraically closed field are given by Ĝ-conjugacy
classes of continuous semisimple (in the sense of [FS24, Definition VIII.3.1]) maps WE → LG(Λ)
(see [FS24, Proposition VIII.3.2]), and we may think of the map qE as the semi-simplification
map in terms of this moduli interpretation.

We write Ĕ for the completion of the maximal unramified extension of E. We have an
analogous stack ParG,Ĕ which parameterizes Ĝ-conjugacy classes of continuous cocycles from
the inertia subgroup IE of WE to Ĝ, and an analogous coarse quotient

Parcoarse
G,Ĕ

:= Spf(H0(RΓ(ParG,OParG,Ĕ
))),

we refer the reader to [Zhu25b, §2.1.3].
If we fix a representative of Frobenius σ ∈ WE , then we can check that conjugation by σ

defines an automorphism

ϕ : ParG,Ĕ → ParG,Ĕ ,

as in [Zhu25b, Equation 2.19]. We write (Parcoarse
G,Ĕ

)ϕ ⊂ ParcoarseG for the (classical) ϕ-fixed points;
in other words, the formal scheme Spf(H0(RΓ(ParG,OParG,Ĕ

))ϕ). By [Zhu25b, Lemma 2.10],
every connected component of (Parcoarse

G,Ĕ
)ϕ is finite over Zℓ.

When Λ/Zℓ is an algebraically closed field then we call a Λ-point of (Parcoarse
G,Ĕ

)ϕ an inertial
type as in [Zhu25b, Definition 2.12].

By [Zhu25b, Lemma 2.13], an inertial type is the same as the datum of a semi-simple ho-
momorphism τ̆ ss : IF → LG(Λ) with finite image, that can be extended to a homomorphism
τ :WF → LG(Λ). When Λ = Qℓ, these will be the natural L-parameters attached to the families
of smooth irreducible representations living in the Bernstein blocks of Rep(Gb(E),Λ) under any
reasonable form of the semi-simplified local Langlands, justifying the terminology (However, we
note that of course multiple Bernstein blocks could give rise to the same inertial type in this
sense, due to the existence of a non-singleton L-packets).

We now consider the composition

ParG,E
res−−→ ParG,Ĕ

qĔ−→ Parcoarse
G,Ĕ

, (12.1)

where the first map is given by restriction to inertia and qĔ is defined analogously to qE . Since
ParG,E is given by the ϕ-fixed points of ParG,Ĕ as explained above, it is easy to see that the
map (12.1) factors through the subspace (Parcoarse

G,Ĕ
)ϕ ⊂ Parcoarse

G,Ĕ
. This allows us to define the

following.

Definition 12.1.1. For an inertial type ζ ∈ (Parcoarse
G,Ĕ

)ϕ(Λ) defined over an algebraically closed

field Λ, we define Parζ̂G,E ⊂ ParG,E ⊗Zℓ
Λ to be the base-change of ParG,E along the morphism

(12.1) to the formal neighborhood of the closed point attached to ζ inside (Parcoarse
G,Ĕ,Λ

)ϕ.

By [Zhu25b, Lemma 2.15], this is a finite union of connected components of ParG,E ⊗ Λ;
in particular, it is a classical algebraic stack over Spec(Λ). One easily sees that this gives a
decomposition

ParG,E ⊗ Λ :=
⊔
ζ

Parζ̂G,E (12.2)
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for an algebraically closed field Λ, where ζ runs over inertial types. We now focus on a specific
part of ParG,E ; namely, the tame locus.

12.1.2. The Tame and Unipotent Stack of Langlands Parameters. We assume for the rest of this
subsection that G is a connected reductive group which is tame; in other words, its splitting
field, denoted Ẽ/E, is a tame extension. We consider the inclusions

PE ⊂ IE ⊂WE

given by the inclusion of the wild inertia and inertia subgroup. We consider the open and closed
(by the discussion at the beginning of §12.1.1) substack

Partame
G,E := [Z1(WE/PE , Ĝ)/Ĝ] ⊂ ParG, (12.3)

defined by parameters that factor through W t
E := WE/PE , the tame Weil group. Here we note

that the moduli space of cocycles Z1(WE/PE , Ĝ) is well-defined by virtue of the fact that the
action of WE on Ĝ factors through the quotient map to the tame Weil group by our assumption
on G.

As in §12.1.1, we can analogously define spaces Partame
G,Ĕ

such that Partame
G,E is the ϕ-fixed points

of Partame
G,Ĕ

. We then define Partame,coarse

G,Ĕ
by looking at the ring of global functions on Partame

G,Ĕ

and let (Partame,coarse

G,Ĕ
)ϕ be its fixed points. As before, we have a map

Partame
G,E → Partame

G,Ĕ
→ Partame,coarse

G,Ĕ
,

which factors through (Partame,coarse

G,Ĕ
)ϕ ⊂ Partame,coarse

G,Ĕ
. For Λ an algebraically closed field,

we say an inertial type ζ, as defined in Section 12.1.1, is tame if it comes from a Λ-point of
(Partame,coarse

G,Ĕ
)ϕ. We then have a map

Partame
G,E → Partame

G,Ĕ
→ Partame,coarse

G,Ĕ
,

which factors through (Partame,coarse

G,Ĕ
)ϕ ⊂ Partame,coarse

G,Ĕ
, the subspace given by the ϕ fixed points.

This leads to a decomposition
Partame

G,E ⊗ Λ :=
⊔
ζ

Parζ̂G,E (12.4)

where ζ runs over tame inertial types, which is the base-change of the decomposition (12.2)
along the natural map Partame

G,E ⊗ Λ ↪→ ParG,E ⊗ Λ.
We let τ be a choice of generator of the tame inertia ItE := IE/PE , and write τ for the image

of τ under the natural homomorphism WE → WE/WẼ , where we recall that Ẽ is the splitting
field of G. In particular, we note the element τ acts on Ĝ and its maximal torus T̂ via the
Galois action on the absolute root datum of G. We let Ŝ := T̂ /(1− τ)T̂ denote the torus given
by coinvariants with respect to this action. Set WG to be the absolute Weyl group of G, and
let W0 := W τ

G denote its τ -invariants. This will act on the torus Ŝ. Now, we note, by [Zhu25b,
Lemma 2.36], that there is a correspondence between the set of tame inertial types and pairs
(w, θ), where θ : ItE → Ŝ(Λ) is a homomorphism with finite image up to W0-conjugacy, and
w ∈W0 is some element such that wσ(θ) = θq, where q is the order of the residue field of E.

We consider now the special case of the tame inertial type where ζ = triv corresponds to the
trivial homomorphism θ : ItE → Ŝ(Λ) and τ = 1. In particular, we assume now that G splits
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over an unramified extension of E. Then, for every algebraically closed field Λ, the element ζ
defines a set of connected components of ParG,E⊗Λ. However, as explained in [Zhu25b, § 2.2.2],
this actually comes from a closed substack

ParûnipG,E ↪→ ParG,E , (12.5)

over Zℓ, which is an ind-algebraic stack whose base-change to any algebraically closed field is
just a regular algebraic stack. We refer to this as the stack of unipotent Langalnds parameters.

Remark 12.1.2. We note that, in Zhu’s work [Zhu25b], in order to make the tame local Lang-
lands correspondence extracted from his categorical equivalence independent of a choice of iso-
morphism Qℓ ≃ C, he works with the stack of Langlands parameters defined with respect to the
C-group, while here we have chosen to work with the L-group instead in order to make it more
compatible with the constructions of [FS24]. However, if we consider the extension Zℓ[

√
q]/Zℓ,

where we have adjoined a square root of the residue characteristic q, then we will obtain that
the base-change of ParG, ParûnipG , and Partame

G to Zℓ[
√
q], and under this identification we will

obtain the stacks considered in [Zhu25b] (see [Zhu25b, Remark 2.4]).

12.1.3. Coherent Sheaves on the Stack of Parameters. We now fix our notation for categories
of coherent sheaves on the stack of Langlands parameters introduced in Section 12.1.1 and
Section 12.1.2.

Definition 12.1.3. [Zhu25b, Section 9.1, Definition 9.19] For X an ind-algebraic stack, we
consider the following categories.

(1) We write Perf(X) (resp. QCoh(X)) for the idempotent complete stable ∞-category of
perfect complexes with quasicompact support on X (resp. quasi-coherent sheaves on
X).

(2) We write Coh(X) for the idempotent complete stable ∞-category category of quasi-
coherent sheaves with bounded coherent cohomology and quasicompact support.

(3) We write IndPerf(X) (resp. IndCoh(X)) for the Ind-category of Perf(X) (resp. Coh(X)).
We note that since Perf(X) (resp. Coh(X)) are idempotent complete, we have that
IndPerf(X)ω = Perf(X) (resp. IndCoh(X)ω = Coh(X)) form a set of compact genera-
tors.

For X an ind-algebraic stack, we recall that there is a natural action

Perf(X)× Coh(X)→ Coh(X) (12.6)

given by tensor product. Ind-extending this functor defines for us a natural map

IndPerf(X)× IndCoh(X)→ IndCoh(X). (12.7)

We note that the decomposition in Equation (12.2) (resp. Equation (12.4)) induces the
following decomposition on these categories of coherent sheaves

IndCoh(ParG,E ⊗ Λ) ≃
⊕
ζ

IndCoh(ParζG,E) (12.8)

(resp.
IndCoh(Partame

G,E ⊗ Λ) ≃
⊕
ζ

IndCoh(ParζG,E), (12.9)

for Λ an algebraically closed field.
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Here the direct sum runs over all inertial types (resp. tame inertial types). Similarly, we recall
that Z(Ĝ)ΓE will act trivially on the space Z1(WE , Ĝ). In particular, the quotient ParG,E of
Z1(WE , Ĝ) by Ĝ naturally has the structure of a Z(Ĝ)ΓE -gerbe over [Z1(WE , Ĝ)/(Ĝ/Z(Ĝ)

ΓE )].
As explained in [Zhu25b, Remark 2.74] and [Zhu25a, §3.2], this induces a decomposition

IndCoh(ParG,E) ≃
⊕

ν∈X∗(Z(Ĝ)ΓE )

IndCoh(ParG,E)
ν , (12.10)

running over cocharacters (i.e., irreducible representations) of Z(Ĝ)ΓE . This will refine the
decompositions (12.8) and (12.9) after base-changing to an algebraically closed field, and we use
the analogous notations for further projection to this direct summand on this subcategory.

We will now study the automorphic incarnation of the direct sum decomposition (12.9).

12.1.4. The Schematic Tame Local Langlands Category. We will now introduce some variants
of the schematic category Shv!(B(G))22. We first introduce their representation theoretic ana-
logues.

Definition 12.1.4 ([Zhu25b]). For H/E a connected reductive group, we define the following.
(1) We write Reptame(H(E),Λ) ⊂ Rep(H(E),Λ) for the presentable stable category gener-

ated by c-Ind
H(E)
G(OE)u(Λ) under colimits, where G(OE)u is the pro-p radical of a parahoric

subgroup G(OE) ⊂ H(E).
(2) We define Repf.g.(H(E),Λ) ⊂ Rep(H(E),Λ) to be the idempotent complete full subcat-

egory generated by c-IndHK(Λ) for K ⊂ H(E) any open compact subgroup.
(3) We define Rep(H(E),Λ)Adm ⊂ Rep(H(E),Λ) to be the idempotent complete (see [Zhu25b,

Lemma 7.36]) stable category of objectsA such that the invariantsAK := RHom(c-Ind
H(E)
K (Λ), A)

is a perfect complex of Λ-modules for K ⊂ H(E) any pro-p compact open subgroup.
(4) We write Repûnip(H(E),Λ) ⊂ Rep(H(E),Λ) for the presentable Λ-linear stable category

generated by c-Ind
H(E)
G(OE)(π), where π is a representation of the Levi factor LG of a

parahoric G(OE) ⊂ H(E) which is a unipotent representation in the sense of [Zhu25b,
Definition 4.86]. We write Repûnipf.g. (H(E),Λ) ⊂ Repf.g.(H(E),Λ) for the full idempotent

complete subcategory generated by the compact inductions c-Ind
H(E)
G(OE)(π) inside the

category of finitely generated H(E)-representations.

We will now use these representation categories to define some variants of the schematic
category Shv!(B(G)). We first start with the one coming from finitely generated representations,
which we recall has an independent geometric meaning.

For H/E a connected reductive group, we recall (Theorem 7.1.5 (1)) that BH(E) is a sind-
placid stack, and therefore we have a natural map

Shv!f.g.(BH(E))→ Shv!(BH(E)), (12.11)

which a priori may not be fully faithful. By Theorem 7.1.5 (3), we have an identification
Shv!(BH(E)) ≃ Rep(H(E),Λ) with the category of smooth representations. It then follows, by
[Zhu25b, Proposition 3.57], that the map (12.11) is actually fully faithful and its essential image
can be identified with Repf.g.(H(E),Λ), as defined above.

22When Λ is not a torsion algebra the construction of this in [Zhu25b] is very similar to §5.1
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Similarly, we can use this to see that the analogous map Shv!f.g.(B(G)) → Shv!(B(G)) for
B(G) is also fully faithful with essential image given by the smallest full stable idempotent
complete subcategory generated by the ib∗(Ab) for Ab ∈ Repf.g.(Gb(E),Λ) for b ∈ B(G) varying
([Zhu25b, Proposition 3.96]).

It follows by definition that we have a fully faithful embedding Rep(Gb(E),Λ)ω ↪→ Repf.g.(Gb(E),Λ)
and in turn we obtain a fully faithful embedding

Shv!(B(G))ω ↪→ Shv!f.g.(B(G)) (12.12)

of idempotent complete categories, which is in fact an equivalence if Λ = Qℓ by [Zhu25b,
Corollary 3.58]. By Ind-extension, this gives rise to a fully faithful functor

Shv!(B(G)) ↪→ IndShv!f.g.(B(G)). (12.13)

We now define the remaining important variants of Shv!(B(G)).

Definition 12.1.5. (1) We let Shv!,tame(B(G)) ⊂ Shv!(B(G)) be the full subcategory of
objects A ∈ Shv!(B(G)) satisfying the condition that i!b(A) ∈ Reptame(Gb(E),Λ) for all
b ∈ B(G).

(2) We let Shv!(B(G))Adm ⊂ Shv!(B(G)) be the idempotent complete full subcategory of
objects A ∈ Shv!(B(G)) which satisfy the condition that i!bA ∈ Rep(Gb(E),Λ)Adm23.

(3) We write Shv!,ûnip(B(G)) (resp. Repûnipf.g. (B(G),Λ)) for the full subcategory of objects

A ∈ Shv!(B(G)) satisfying the condition that i!b(A) ∈ Repûnip(Gb(E),Λ) (resp. i!b(A) ∈

Repûnipf.g. (Gb(E),Λ)) for all b ∈ B(G). We write IndShv!,ûnipf.g. (B(G)) ⊂ IndShv!f.g.(B(G))
for its Ind-completion.

In light of (12.9), we expect that Shv!,tame(B(G)) should decompose as a direct sum over
tame inertial types ζ = (w, θ) if Λ is an algebraically closed field. In order to make this
expectation precise, we now describe the category that should correspond to the direct summand
IndCoh(Parζ̂G,E) under categorical Langlands.

For the rest of the subsection, we assume that G is tamely ramified and that Λ is algebraically
closed. We fix a choice of Iwahori G of G and consider an element w ∈ W̃ in the Iwahori-Weyl
group.

We recall that this defines for us a locally closed subspace iw : ShtschG,w → ShtschG which we can
postcompose with the Newton map Nt : ShtschG → B(G) to obtain a map Ntw : ShtschG,w → B(G).

We write Sk for the Levi factor of the Iwahori G, which is a torus over k. This is the dual
torus of the torus Ŝ := T̂ /(1 − τ)T̂ considered in §12.1.2. We recall that this has an action by
W0 =W τ

G. We consider the image w of w ∈ W̃ inside W0 given by the reduction map. Then we
have an induced map

ϕw : Sk → Sk
s 7→ s−1Ad(w)(σ(s)),

23We note that the notion of admissible objects makes sense in any dualizable category (see [Zhu25b, § 7.2.3]).
However, the definition here agrees with this abstract categorical definition in this particular case, by [Zhu25b,
Theorem 1.3 (1)].
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where σ denotes the Frobenius on k. We set Swσk to be the kernel of ϕw, as in [Zhu25b,
Equation (4.37)]. There is a natural map

prσw : ShtschG,w → BSwσk
towards the classifying stack attached to this finite group. In particular, if we are given a
character θ : Swσk → Λ× of this finite group then we may regard it as a sheaf on BSwσk , This
allows us, for ? ∈ {!, ∗}, to define sheaves

R?
w,θ := Ntw∗pr

σ?
w (θ[−ℓ(w)]) ∈ Shv!(B(G)),

where ℓ : W̃ → N≥0 denotes the natural length function. In the case where θ is the trivial
character we simply denote this by R?

w.
We can say a pair of elements (w, θ) and (w′, θ′) for w,w′ ∈ W̃ and θ (resp. θ′) a pair of

characters of Swσk (resp. Sw′σ
k ) are geometrically conjugate if the reductions (w, θ) and (w′, θ′)

are geometrically conjugate in the sense of Deligne-Lusztig. We write [(w, θ)] for the equivalence
class defined by taking (w, θ) up to geometric conjugacy. It follows from [Zhu25b, Lemma 4.61]
that there is a natural correspondence between the conjugacy classes [(w, θ)] and tame inertial
types ζ in the sense defined in §12.1.2. This allows us to define the following.

Definition 12.1.6. For a tame inertial type ζ with associated geometric conjugacy class [(w, θ)]
as described above, we define the subcategory

Shv!,ζ̂(B(G)) ⊂ Shv!,tame(B(G))

to be the presentable stable full subcategory of Shv!,tame(B(G)) generated by the R∗w′,θ′ , for all
(w′, θ′) lying in the equivalence class [(w, θ)].

We now have the following consequence of [Zhu25b, Proposition 4.60], which provides the
geometric mirror to the decomposition (12.9).

Proposition 12.1.7. [Zhu25b, Proposition 4.60] For Λ an algebraically closed field, there is a
decomposition ⊕

ζ

Shv!,ζ̂(B(G)) ≃ Shv!,tame(B(G)),

where the direct sum ranges over tame inertial types.

Remark 12.1.8. We note that, by the same argument as in [Zhu25b, Lemma 4.57], the stalk of
i!bR
∗
w,θ for all b ∈ B(G) can be computed in terms of theGb(E)-representation CBM

∗ (Xw(b), θ[−ℓ(w)]),
the Borel-Moore homology of the affine Deligne-Lusztig variety attached to b and w with coeffi-
cients in the local system determined by θ (e.g Xw(b) := ShtschG,w×B(G)∗, where the fiber product
is formed using ∗ → B(G)b → B(G) and the Newton map Ntw : ShtschG,w → B(G)).

This concludes our discussion of the schematic tame local Langlands category. We can now
state Zhu’s version of the tame categorical local Langlands correspondence.

12.1.5. Statement of the Schematic Tame Categorical Equivalence. With all the basic notations
explained, we recall the salient aspects of the main theorem of [Zhu25b]. First, we recall that
the usual statement of the tame categorical Langlands equivalence. As in all instances of the
Langlands conjecture, this depends on some choice of auxiliary data. Namely, for us the relevant
notion will be the following. Recall that we denote by Fq the residue field of E.
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Definition 12.1.9. We fix a choice ψ : Fq → Λ× of non-degenerate additive character, and
a choice of Iwahori I/OE . We denote its pro-p radical by Iu and write U(Fq) for its mod
π-reduction. Consider the composition

ψe : Iu → U(Fq)
e−→ Fq

ψ−→ Λ×,

where the first map is the map given by mod π-reduction and the second map is given by
U(Fq) → U/[U,U ](Fq) ≃

⊕n
i=1 Fq

sum−−→ Fq. With respect to the pair (I, ψ), we define the
Iwahori-Whittaker sheaf

c-Ind
G(E)
Iu (ψe) =: IWψ.

We fix such a choice from now on. Similarly, we fix a choice of square root of q in our
coefficients Λ from now on and implicitly pass between the C-group and L-group with respect
to this choice, as in Remark 12.1.2. We have the following.

Theorem 12.1.10. [Zhu25b, Theorem 1.6, 1.7] Assume that G/E is an unramified connected
reductive group.

(1) If Λ = Qℓ, then there is a natural equivalence of categories

Ltame
G : Shv!,tame(B(G))

≃−→ IndCoh(Partame
G,E ⊗ Λ),

which, for each tame inertial type ζ, restricts to an equivalence

Lζ̂G : Shv!,ζ̂(B(G))
≃−→ IndCoh(Parζ̂G,E).

The equivalence Ltame
G is Ind-extended from an equivalence

Ltame,ω
G : Shv!,tame(B(G))ω

≃−→ Coh(Partame
G,E ⊗ Λ),

on compact generators. We have that

Ltame
G (IWψ) ≃ OPartame

G,E ⊗Λ. (12.14)

(2) If Λ = Fℓ and ℓ satisfies Theorem 12.1.11 below then there is a fully faithful embedding

Lûnip
G,f.g. : IndShv

!,ûnip
f.g. (B(G)) ↪→ IndCoh(ParûnipG,E ⊗ Λ),

whose image is stable under the action of IndPerf(ParûnipG,E⊗Λ) described in (12.7). More-
over, this is Ind-extended from a fully faithful embedding

Lûnip,ω
G,f.g. : Shv!,ûnipf.g. (B(G)) ↪→ Coh(ParûnipG,E ⊗ Λ)

with image stable under the action of Perf(ParûnipG,E ⊗Λ) described in (12.6). The functor

Lûnip
G,f.g. restricts to a fully faithful embedding

Lûnip
G : Shv!,ûnip(B(G)) ↪→ IndCoh(ParûnipG,E ⊗ Λ),

whose image is stable under the action of Perf(ParûnipG,E ⊗ Λ).
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(3) Both the functor Ltame
G and Lûnip

G,f.g. match up the decomposition of (12.10) indexed by
ν ∈ X∗(Z(Ĝ)ΓE ) with the decomposition induced by B(G) :=

⊔
ν∈X∗(Z(Ĝ)ΓE )B(G)(ν)

into the connected components up to a minus sign, where we recall that π0(|B(G)|) ≃κ
X∗(Z(Ĝ)ΓE ) via Theorem 8.3.1 (5) and [Kot85b, § 5].

Here the assumption needed in the ℓ-modular case is as follows.

Assumption 12.1.11. We assume that the prime ℓ is greater than the Coxeter number of any
simple factor of G and ℓ ̸= 19 (resp. ℓ ̸= 31) if G has a simple factor of type E7 (resp. E8).

We now transport this result to the analytic category via our functor

⋔⋔⋔

. To do this, we first
introduce the analogous sheaf categories on BunG.

12.1.6. The Analytic Tame Local Langlands Category. We consider the category Dlis(BunG,Λ) of
lisse-étale sheaves on BunG, as defined in [FS24, Definition VII.6.1]. We recall that this is (non-
obviously with non-torsion coefficients) equipped with a semi-orthogonal decomposition (see
[Ima23, § 3] for details) such that the graded pieces identify withDlis(Bun

b
G,Λ) ≃ Rep(Gb(E),Λ),

the unbounded derived category of smooth representations.
In particular, for the inclusion jb : BunbG ↪→ BunG, we have the full six operations, as well

as an exceptional left adjoint jb♯ to the ∗-pullback functor j∗b (by [FS24, Proposition VII.7.2]).
Moreover, when Λ is a torsion ring, we have an equivalence Dlis(BunG,Λ) ≃ Dan

Λ (BunG) by
[FS24, Proposition VII.6.6] combined with [FS24, Proposition V.3.5] and [FS24, Theorem V.3.7],
and in this case it recovers the semi-orthogonal decomposition discussed in §8.2. This allows us
to define the following.

Definition 12.1.12. (1) We define Dtame
lis (BunG,Λ) ⊂ Dlis(BunG,Λ) to be the full subcat-

egory of objects A ∈ D(BunG,Λ) such that j∗bA ∈ Reptame(Gb(E),Λ).
(2) We define Dlis,f.g.(BunG,Λ) ⊂ Dlis(BunG,Λ) to be the idempotent complete subcategory

of objects A such that j∗b (A) ∈ Repf.g.(Gb(E),Λ), and we write IndDlis,f.g.(BunG,Λ) for
its associated Ind-completion.

(3) We define DULA
lis (BunG,Λ) ⊂ Dlis(BunG,Λ) to be the idempotent complete subcategory

of objects A such that j∗b (A) ∈ Rep(Gb(E),Λ)Adm24.
(4) For G/E tamely ramified, if Λ is an algebraically closed field and ζ a tame inertial

type with associated geometric conjugacy class [(w, θ)] for w ∈ W̃ and θ : Swσk → Λ×

as described in Theorem 12.1.1, we define Dζ̂lis(BunG,Λ) ⊂ D
tame
lis (BunG,Λ) to be the

presentable stable subcategory generated by

⋔⋔⋔

(R∗w′,θ′) for all (w′, θ′) ∈ [(w, θ)].

(5) We define Dûnip
lis (BunG,Λ) ⊂ Dlis(BunG,Λ) (resp. Dûnip

lis,f.g.(BunG,Λ)) to be the full

subcategory of objects satisfying the condition that j∗b (A) ∈ Dûnip(Gb(E),Λ) (resp.

j∗b (A) ∈ Repûnipf.g. (Gb(E),Λ)). We set IndDûnip
lis,f.g.(BunG,Λ) ⊂ IndDlis,f.g.(BunG,Λ) to

be its Ind-completion.

We now deduce the following consequence of our main Theorem.

24The superscript ULA stands for universally locally acyclic in the sense of being ULA with respect to the
structure morphism BunG → ∗ ([FS24, Definition VII.7.7]). By Proposition [FS24, Proposition VII.7.9], this
agrees with the definition given here.
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Corollary 12.1.13. For Λ/Zℓ a torsion ring, the following is true.
(1) The functor

⋔⋔⋔

restricts to a Λ-linear equivalence

⋔⋔⋔tame : Shv!,tame(B(G),Λ)
≃−→ Dtame

lis (BunG,Λ).

(2) For Λ an algebraically closed field and ζ a tame inertial type, the restriction

⋔⋔⋔tame gives
rise to a Λ-linear equivalence

⋔⋔⋔ζ̂ : Shv!,ζ̂(B(G),Λ)
≃−→ Dζ̂lis(BunG,Λ)

such that

⋔⋔⋔tame :=
⊕

ζ

⋔⋔⋔ζ̂ . In particular, by combining with Proposition 12.1.7, we have
a direct sum decomposition

Dtame
lis (BunG,Λ) ≃

⊕
ζ

Dζ̂lis(BunG,Λ). (12.15)

(3) The functor

⋔⋔⋔

restricts to a Λ-linear equivalence

⋔⋔⋔

f.g. : Shv
!
f.g.(B(G),Λ)

≃−→ Dlis,f.g.(BunG,Λ),

which, by Ind-extension, gives rise to a Λ-linear equivalence

Ind(

⋔⋔⋔

f.g.) : IndShv
!
f.g.(B(G),Λ)

≃−→ IndDlis,f.g.(BunG,Λ).

(4) The functor

⋔⋔⋔

(resp. Ind(

⋔⋔⋔

f.g.)) restricts to equivalences

⋔⋔⋔ûnip : Shv!,ûnip(B(G),Λ)
≃−→ Dûnip

lis (B(G),Λ)

(resp.

Ind(

⋔⋔⋔ûnip
f.g. ) : IndShv

!,ûnip
f.g. (B(G),Λ)

≃−→ IndDûnip
lis,f.g.(BunG,Λ))

(5) The functor

⋔⋔⋔

restricts to a Λ-linear equivalence

⋔⋔⋔ω : Shv!(B(G),Λ)ω
≃−→ Dlis(BunG,Λ)

ω

and

⋔⋔⋔Adm : Shv!(B(G),Λ)Adm ≃−→ Dlis(BunG,Λ)
ULA.

Proof. Parts (1), (3) and (5) follow from the definitions and Theorem 11.3.2. Parts (2) and
(4) follow by the same logic. However, as we do not know that Assumption 8.3.7 is true, we
need to take account for the fact that the tensor action on Rep(Gb(E),Λ) by the character
χb := δb ⊗ δ−1b,Zhu appearing in Theorem 11.3.2 (4) may not preserve the different subcategories

used to define Shv!,ζ̂(B(G)), Shv!,ûnip(B(G)), and their analogues on BunG. However, this
cannot happen in light of the following Lemma.

Lemma 12.1.14. Let b ∈ B(G) and let Ib ⊂ Gb(E) be an Iwahori subgroup. Then χb :=
δb ⊗ δ−1b,Zhu is weakly unramified in the sense of [Hai14b, § 3.3.1].

Proof. This follows by combining Theorem 8.3.8 together with the fact that the character δb
defined in [HI25] satisfies the stronger condition of being unramified in the sense of [Hai14b,
§ 3.3.1]. □

□
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Remark 12.1.15. We note that the existence of the direct sum decomposition (12.15) is al-
ready very interesting. Indeed, we note that it follows by combining Theorem 11.3.2 and Theo-
rem 12.1.8 that we have that

j∗b

⋔⋔⋔

(R∗w,θ) ≃ CBM
∗ (Xw(b), θ[−ℓ(w)]).

In particular, if one takes w = wb, the σ-straight element attached to b, then, if G is the
Iwahori, we have an identification ShtG,w ≃ BIwb

, as in Theorem 8.3.4 (1). This implies that we

have that R∗w,θ ≃ ib∗(cInd
Gb(E)
Iwb

(θ)) and in turn that

⋔⋔⋔

(R∗w,θ) ≃ jb!(cInd
Gb(E)
Iwb

(θ)), by Theorem
11.3.2 and Theorem 12.1.14, where here we have inflated the character θ along the mod π-
reduction map Iwb

→ Swbσ
k . We now look at two distinct geometric conjugacy classes [(w, θ)]

and [(w′, θ′)] such that [(w, θ)] ̸= [(w′, θ′)] and consider two elements b, b′ ∈ B(G). Suppose that
πb (resp. πb′) are smooth irreducible representations of Gb(E) (resp. Gb′(E)) which occur as
subquotients of a cohomology sheaf of CBM

∗ (Xw(b), θ) (resp. CBM
∗ (Xw′(b′), θ′)). Then the direct

sum decomposition (12.15) tells us that we have

RH om(jb!(πb), jb′!(πb′)) = 0.

In particular, we have that

RH om(jb!(cInd
Gb(E)
Iwb

(θ)), jb′!(cInd
Gb′ (E)
Iwb′

(θ′))) = 0.

if [(wb, θ)] ̸= [(wb′ , θ
′)]. This would for example be an immediate consequence of showing that the

Fargues-Scholze parameter of jb!(πb) and jb′!(πb′) are distinct (which would follow from a tame
variant of Theorem 12.2.2 below); however, this result shows this consequence immediately and
can be made more explicit by combining with the calculations of the Borel-Moore homology of
Xw′(b′) and Xw(b) (cf. [He14, §5], resp. [Iva13; Zba09] for some special cases) and is completely
unconditional.

We now combine these variants of

⋔⋔⋔

with the schematic categorical Langlands equivalence
described in Section 12.1.5.

12.2. The Analytic Tame Categorical Langlands Equivalence. We now want to combine
some of our discussion with Theorem 12.1.10. In particular, we have the following immediate
consequence of Theorem 12.1.13 and Theorem 12.1.10.

Theorem 12.2.1. For G/E unramified, if Λ = Fℓ and ℓ satisfies Theorem 12.1.11 then we set
Lan,ûnip
G,f.g. := Lûnip

G,f.g. ◦ Ind(

⋔⋔⋔

)−1f.g., where Ind(

⋔⋔⋔

f.g.) is the equivalence of Corollary 12.1.13 (4). This
induces a fully faithful embedding

Lan,ûnip
G,f.g. : IndDûnip

lis,f.g.(BunG,Λ) ↪→ IndCoh(ParûnipG,E ⊗ Λ) (12.16)

with image stable under the action of IndPerf(ParûnipG,E ⊗ Λ). More specifically, there is a fully
faithful embedding

Dûnip
lis,f.g.(BunG,Λ) ↪→ Coh(ParûnipG,E ⊗ Λ)

with image stable under the action of Perf(ParûnipG,E ⊗ Λ) and the functor (12.16) is obtained by

Ind-extending. Moreover, the restriction of Lan,ûnip
G,f.g. to the full subcategory Dûnip

lis (BunG,Λ) ⊂



204 I. GLEASON, L. HAMANN, A. IVANOV, J. LOURENÇO, K. ZOU

IndDûnip
lis,f.g.(BunG,Λ) is stable under the action of Perf(ParûnipG,E ⊗ Λ). We denote this restriction

by Lan,ûnip
G .

We assume that ℓ satisfies Theorem 12.1.11 for the rest of the subsection. We will now
draw the readers attention to one of the most important pieces of structure that comes from
Theorem 12.2.1. Namely, we note that the tensor product action of Perf(ParûnipG,E ) on the image

of Dûnip
lis (BunG,Λ) under Lan,ûnip

G induces a spectral action. Namely, a monoidal functor

Perf(ParûnipG,E ⊗ Fℓ)→ End(Dûnip
lis (BunG,Fℓ)) (12.17)

A 7→ (− 7→ A ⋆Zhu −).

Concretely, given V ∈ Rep(Ĝ) an algebraic representation of the dual group of G, the under-
lying Ĝ-representation gives rise to a vector bundle on BĜ which pulls back along the natural
map ParûnipG,E → BĜ to a vector bundle C ûnip

V on ParûnipG,E , and the endomorphism C ûnip
V ⋆ − on

Dûnip
lis (BunG,Fℓ) coming from the spectral action is given by the convolution action of the cen-

tral sheaf attached to V on Shv!(I\LG/I) under the affine Deligne-Lusztig induction functor
ChunipLG,ϕ

after passing through the equivalence

⋔⋔⋔

(see the proof of [YZ25, Proposition 3.12] for
details).

On the other hand, assuming that ℓ ∤ |π0(Z(G))|, the category Dlis(BunG,Fℓ) is also equipped
with an action Perf(ParG,E), of perfect complexes on the full stack of L-parameters by [FS24,
Theorem I.10.1]. Concretely, a vector bundle V ∈ Rep(Ĝ) defines an object of Perf(BĜ), which,
by pulling back along the natural morphism ParG,E ⊗ Fℓ → BĜ to the classifying stack of Ĝ
over Fℓ, defines a vector bundle CV ∈ Perf(ParG,E⊗Fℓ). Then the action of CV ∈ Perf(ParG,E)

on Dlis(BunG,Fℓ) is given by the endofunctor

TV : Dlis(BunG,Fℓ)→ Dlis(BunG,Fℓ) (12.18)

defined by geometric Satake for the B+
dR-grassmannian and the Hecke correspondence attached

to V , as described in [FS24, Chapter IX]. This Hecke action upgrades using [FS24, Theorem
I.10.1.] to a monoidal functor

Perf(ParG,E ⊗ Fℓ)→ End(Dlis(BunG,Fℓ)) (12.19)
A 7→ (− 7→ A ⋆FS −),

which sends the canonical vector bundle CV defined by pulling back along ParG,E⊗Fℓ → BĜ to
the endofunctor TV . We now have what we consider to be one of the most important conjectures
concerning our functor

⋔⋔⋔

.

Conjecture 12.2.2. If ℓ satisfies Theorem 12.1.11 and ℓ ∤ |π0(Z(G))| and G/E is unramified
then the following should hold.

(1) The spectral action functor of Fargues-Scholze defined by (12.19) preserves the full sub-
category (in fact, direct summand by (12.15)) Dûnip

lis (BunG,Fℓ) ⊂ Dlis(BunG,Fℓ).
(2) The monoidal functor induced by (12.19) and point (1)

Perf(ParG,E ⊗ Fℓ)→ End(Dûnip
lis (BunG,Fℓ))
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factors through the projection map Perf(ParG,E ⊗ Fℓ)→ Perf(ParûnipG,E ⊗ Fℓ) to the direct
summand, as in (12.8).

(3) The functor
Perf(ParûnipG,E ⊗ Fℓ)→ End(Dûnip

lis (BunG,Fℓ))
induced by point (1) and (2) is naturally equivalent to the spectral action functor of Zhu
described in (12.17) as monoidal functors. In other words, the functor

⋔⋔⋔ûnip is linear
with respect to the spectral actions of (12.17) and points (1)-(2).

Remark 12.2.3. Point (1) is essentially saying that the Hecke operators on Dlis(BunG,Fℓ)
preserve the unipotent subcategory. Given (1), it should be fairly straightforward to verify (2).
Indeed, it essentially reduces to showing that any unipotent representation is in fact given by
the semi-simplification of a unipotent L-parameter (via the relationship between the spectral
action of Fargues-Scholze and the excursion algebra (see [Zou24, Theorem 5.2.1])), which can
be routinely verified using compatability of the Fargues-Scholze correspondence with parabolic
induction and local Langlands for tori [FS24, Theorem I.9.6. (i), (viii)]. However, one also needs
to account for the unipotent representations of non quasi-split groups. Using (1), this should be
approachable using [HKW22, Theorem 1.0.2]. For a more detailed discussion of how to approach
(1) and (2) using geometric Eisenstein series, see Remark 12.4.4. Point (3) tells us that there is
a precise relationship between the convolution action of central sheaves described above under
the affine Deligne-Lusztig induction functor ChunipLG,ϕ

and the Hecke operators of Fargues-Scholze
(see [YZ25, § 3.1.4] and the proof of [YZ25, Proposition 3.12]) which is the deepest part of the
conjecture.

Remark 12.2.4. When Λ = Qℓ, one should of course be able to formulate analogues for the
tame subcategory, as well as the categories attached to each tame inertial type. However, this
is not within the scope of this paper, as the functor

⋔⋔⋔

has not been properly defined with
rational coefficients. We leave it as a (very hard) exercise to the reader to determine the precise
formulation of Conjecture 12.2.2 in this level of generality.

Remark 12.2.5. With ℓ-modular coefficients, it would be interesting to consider a variant of
this statement where one works with Dûnip

lis,f.g.(BunG,Λ) together with its spectral action induced
by Theorem 12.2.1. However, here there is an additional subtlety. Namely, we do not know
that the spectral action of Fargues-Scholze preserves the full subcategory Dlis,f.g.(BunG,Λ) ⊂
Dlis(BunG,Λ) of finitely generated sheaves beyond the case where one has an equalityDlis,f.g.(BunG,Λ) =
Dlis(BunG,Λ)

ω (e.g if ℓ is banal with respect to Gb for all b ∈ B(G)) in which case it follows
from [FS24, Theorem IX.2.2]. In particular, we have the following precise question, which seems
interesting in modular characteristic.

Question 12.2.6. For V ∈ RepΛ(
LGI), does the associated Hecke operator

TV : Dlis(BunG,Λ)→ Dlis(BunG,Λ)

on BunG constructed in [FS24, § IX.2], where we have forgotten the Weil group action, pre-
serve the full subcategory Dlis,f.g.(BunG,Λ) ⊂ Dlis(BunG,Λ) of finitely-generated sheaves, as in
Definition 12.1.12 (2)?

We will want to discuss an application of this conjecture to the cohomology of local Shimura
varieties at the end of this paper, by combining it with the work of Yang-Zhu [YZ25] on the
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perverse t-exactness of the spectral action of (12.17). To explain this properly, we will need
to localize the statement of Conjecture 12.2.2 around different parameters. For the rest of the
section, we assume that G/E is unramified, and consider the natural map

qûnipE : ParûnipG,E → Parcoarse,ûnipG,E

given by restricting the map (12.1) to the unipotent locus, where Parcoarse,ûnipG,E = Spec(Z ûnip

Ĝ
)

for Z ûnip

Ĝ
:= H0(ParûnipG,E ,OParûnipG,E

). The closed Λ-points of Parcoarse,ûnipG,E correspond to conjugacy

classes of unramified L-parameters ϕ. We abusively write ϕ to denote the associated closed point
of Parcoarse,ûnipG,E .

We want now pass to the formal completion around the closed substack (qûnipE )−1(ϕ) ↪→
ParûnipG,E , which we denote by Vϕ̂. We recall, as described in [YZ25, § 3.2.3], that there is a fully
faithful embedding

iϕ̂ : IndCoh(Vϕ̂) ↪→ IndCoh(ParûnipG,E ⊗ Fℓ),

whose essential image we denote by IndCoh(ParûnipG,E ⊗ Fℓ)ϕ̂. By projection formula, the full

subcategory IndCoh(ParûnipG,E ⊗ Fℓ)ϕ̂ is stable under the action of Perf(ParûnipG,E ⊗ Fℓ).

Similarly, on the geometric side, we may consider Shv!,ûnip(B(G),Λ) and the action by
Perf(ParûnipG,E ) induced by the embedding Lunip

G of Theorem 12.1.10. The action of Z ûnip

Ĝ
via

endomorphisms of the category Perf(ParûnipG,E ) by scaling of global sections induces an action of

QCoh(Z ûnip

Ĝ
) on the category Shv!,ûnip(B(G),Λ). We can then form the Lurie tensor product

Shv!,ûnip(B(G),Fℓ)ϕ̂ := Shv!,ûnip(B(G),Fℓ)⊗
QCoh(Spec(Z ûnip

Ĝ
))
QCoh(Spec(Z ûnip

Ĝ
))ϕ̂, (12.20)

where QCoh(Spec(Z ûnip

Ĝ
))ϕ̂ ↪→ QCoh(Spec(Z ûnip

Ĝ
)) is the full subcategory corresponding to

the formal completion Spec(Z ûnip

Ĝ
) around the closed point corresponding to ϕ. The natural

map Shv!,ûnip(B(G),Fℓ)ϕ̂ → Shv!,ûnip(B(G),Fℓ) defines the inclusion of a full subcategory (see

[YZ25, § 3.2.3] for more details), which is stable under the action of Perf(ParûnipG,E ) by [YZ25,
Lemma 3.24]. Moreover, the natural map

i!
ϕ̂
: IndCoh(ParûnipG,E ⊗ Fℓ)→ IndCoh(Vϕ̂)

induces a right adjoint functor

(−)ϕ̂ : Shv!,ûnip(B(G),Fℓ)→ Shv!,ûnip(B(G),Fℓ)ϕ̂. (12.21)

which we refer to as the ϕ-completed localization functor.
We now have the following variant of the schematic unipotent equivalence.

Theorem 12.2.7. [YZ25, Proposition 3.12] For G/E unramified, ϕ a conjugacy class of un-
ramified L-parameters, and ℓ satisfying Assumption 12.1.11, the functor Lûnip

G induces a fully
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faithful embedding
Lûnip

G,ϕ̂
: Shv!,ûnip(B(G),Fℓ)ϕ̂ ↪→ IndCoh(Vϕ̂)

with image stable under the action of Perf(ParûnipG,E ⊗ Fℓ).

We now would like to transport this to Dlis(BunG,Fℓ). We assume that ℓ ∤ |π0(Z(G))|.
Then the spectral action of Perf(ParG,E) (12.19) induces an action of ZĜ := H0(ParG,E ,O) on
Dlis(BunG,Fℓ) and in turn an action of QCoh(Spec(ZĜ)).

Given any semisimple L-parameter ϕ, we may form the analogue of (12.20); namely, we have
that

Dlis(BunG,Fℓ)ϕ̂ := Dlis(BunG,Fℓ)⊗QCoh(Spec(ZĜ)) QCoh(Spec(ZĜ))ϕ̂,

which will be a full subcategory of Dlis(BunG,Fℓ), is easily checked to be preserved under the ac-
tion of Perf(ParG,E⊗Fℓ) described in (12.19). As before, QCoh(Spec(ZĜ))ϕ̂ ↪→ QCoh(Spec(ZĜ))
is the full sub-category corresponding to the formal completion around the closed point corre-
sponding to ϕ. We refer to this subcategory as the set of ϕ̂-completed sheaves. For the canonical
vector bundles CV attached to V ∈ Rep(Ĝ), we denote the induced operator by TV,ϕ̂ and refer
to it as the ϕ̂-completed Hecke operator.

Remark 12.2.8. As is explained in [YZ25, Remark 3.28], there is also the categoryDlis(BunG,Fℓ)ϕ,
which was constructed in [HL25, Appendix A]. This corresponds to simply the localization (i.e.,
the stalk) over the closed point in Spec(ZĜ) corresponding to ϕ instead of passing to the formal
completion. There is a natural map

Dlis(BunG,Fℓ)ϕ → Dlis(BunG,Fℓ)ϕ̂
corresponding to formal completion, which will induce an equivalence after passing to the sub-
categories of ULA objects.

We now have the following formal consequence of Theorem 12.2.2.

Proposition 12.2.9. Let G/E be unramified. Assume Theorem 12.2.2 and Assumption 12.1.11
on ℓ. Then, for all conjugacy classes of unramified L-parameters ϕ, the functor

⋔⋔⋔ûnip restricts
to an equivalence of categories

⋔⋔⋔

ϕ̂ : Shv!,ûnip(B(G),Fℓ)ϕ̂
≃−→ Dûnip

lis (BunG,Fℓ)ϕ̂,

which is linear (as in Theorem 12.2.2 (3)) with respect to the spectral action of Perf(ParûnipG,E ⊗Fℓ)

given by Theorem 12.2.7 of Zhu and to the spectral action of Perf(ParûnipG,E⊗Fℓ) of Fargues-Scholze
given by Conjecture 12.2.2 (1)-(2) and tensoring by ⊗QCoh(Spec(ZĜ))QCoh(Spec(ZĜ))ϕ̂

We now explain another unconditional application of our main theorem pertaining to these
localizations.

12.3. Splitting of the semi-orthogonal decomposition for generic parameters. We as-
sume that Λ = Fℓ for the rest of this subsection. We consider an unramified semi-simple
L-parameter ϕ :WE → LG(Λ) and the localization

Shv!,ûnip(B(G),Λ)ϕ̂ ↪→ Shv!,ûnip(B(G),Λ) ↪→ Shv(B(G),Λ)
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introduced in the previous section.
As explained in [YZ25, § 3.2.3], the semi-orthogonal decomposition on Shv!(B(G),Λ) (in the

sense of §9.0.1) restricts to a semi-orthogonal decomposition on the full subcategory Shv!,ûnip(B(G),Λ)ϕ̂

with graded denoted by Repûnip(Gb(E),Λ)ϕ̂. We write

ib,ϕ̂!, ib,ϕ̂∗ : Rep
ûnip(Gb(E),Λ)ϕ̂ → Shv!,ûnip(B(G),Λ)ϕ̂

for the associated !- and ∗-pushforward, and

i!
b,ϕ̂
, i∗
b,ϕ̂

: Shv!,ûnip(B(G),Λ)→ Repûnip(Gb(E),Λ)ϕ̂

for their right adjoint functors. These functors are the restrictions of the functors ib!, ib∗, i!b, i
∗
b ,

respectively.
We have the set of unramified elements B(G)un := Im(B(T ) → B(G)). In this section, we

will be interested in the following result of Yang-Zhu.

Proposition 12.3.1. [YZ25, Corollary 3.32, Proposition 3.36] Let G/E be unramified and ℓ be
a prime satisfying Assumption 12.1.11. Consider an unramified L-parameter ϕ :WE → LG(Fℓ),
which is of Langlands-Shahidi type in the terminology of [HL25, Definition 6.2] or equivalently
strongly generic in the sense of [YZ25, Definition 1.1]. Then the following is true.

(1) For all b ∈ B(G)un \B(G), the functors

i!
b,ϕ̂
, i∗
b,ϕ̂

: Shv!,ûnip(B(G),Λ)ϕ̂ → Repûnip(Gb(E),Λ)ϕ̂

vanish.
(2) For all b ∈ B(G)un, the natural transformations

i∗
b,ϕ̂
→ i!

b,ϕ̂

and
ib,ϕ̂! → ib,ϕ̂∗

are equivalences.
(3) In particular, by (1) and (2), the semi-orthogonal decomposition on Shv!,ûnip(B(G),Fℓ)ϕ̂

splits, and we have an induced direct sum decomposition

Shv!,ûnip(B(G),Λ)ϕ̂ ≃
⊕

b∈B(G)un

Repûnip(Gb(E),Λ)ϕ̂.

We now define Dûnip
lis (BunG,Λ)

′
ϕ̂
:=

⋔⋔⋔

(Shv!,ûnip(B(G),Λ)ϕ̂).

Remark 12.3.2. We note we have used the superscript (−)′, as we do not know that this agrees
with Dûnip

lis (BunG,Λ)ϕ̂, as defined in the previous section using the Fargues-Scholze spectral
action. Indeed, this would follow from Theorem 12.2.2 (cf. Theorem 12.2.9).

The category Dûnip
lis (BunG,Λ)

′
ϕ̂

is also a full subcategory, and, using Theorem 11.3.2, we de-
duce that the semi-orthogonal decomposition described in §9.0.2 restricts to a semi-orthogonal
decomposition on Dûnip

lis (BunG,Λ)
′
ϕ̂

with graded isomorphic to Repûnip(Gb(E),Λ)ϕ̂ ⊗ χb ↪→
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Repûnip(Gb(E),Λ)⊗ χb = Repûnip(Gb(E),Λ), where we recall that this is not the natural semi-
orthogonal decomposition coming from BunG as an object in AnStkv equipped with the Dan

Λ
6-functor formalism. Here for the last equality we have used Lemma 12.1.14. In particular, we
have functors

jb,ϕ̂♯, jb,ϕ̂! : Rep
ûnip(Gb(E),Λ)ϕ̂ ⊗ χb → D

ûnip
lis (BunG,Λ)

′
ϕ̂

with right adjoint functors

j∗
b,ϕ̂
, j♭
b,ϕ̂

: Dûnip
lis (BunG,Λ)

′
ϕ̂
→ Repûnip(Gb(E),Λ)ϕ̂ ⊗ χb.

These are the restrictions of the functors jb♯, jb!, j∗b , and j♭b to the subcategory Dûnip
lis (BunG,Fℓ)′ϕ̂.

In particular, we may deduce the following consequence of Theorem 11.3.2 and Theorem 12.3.1.

Corollary 12.3.3. Let G be unramified and consider an unramified L-parameter ϕ : WE →
LG(Λ), which is of Langlands-Shahidi type in the terminology of [HL25, Definition 6.2] or equiva-
lently strongly generic in these sense of [YZ25, Definition 1.1] and ℓ satisfies assumption 12.1.11.
Then the following is true.

(1) For all b ∈ B(G) \B(G)un, the functors

j♭
b,ϕ̂
, j∗
b,ϕ̂

: Dûnip
lis (BunG,Λ)

′
ϕ̂
→ Rep(Gb(E),Λ)ϕ̂ ⊗ χb

vanish.
(2) For all b ∈ B(G)un, the natural transformations

j♭
b,ϕ̂
→ j∗

b,ϕ̂

and
jb,ϕ̂♯ → jb,ϕ̂!

are equivalences.
(3) In particular, by (1) and (2), the exceptional semi-orthogonal decomposition on Dlis(BunG,Λ)

′
ϕ̂

induced by §9.0.2 splits, and we have an induced direct sum decomposition

Dlis(BunG,Λ)
′
ϕ̂
≃

⊕
b∈B(G)un

Repûnip(Gb(E),Λ)ϕ̂ ⊗ χb.

This is an analogue of [HL25, Corollary 4.29], using Remark 12.2.8. However, in order to
make this precise, one actually needs to describe the structure of the categories, which, since
Repûnip(Gb(E),Λ)ϕ̂ was defined in terms of the embedding provided by Theorem 12.1.10, is in
turn defined in terms of taking categorical traces. However, now one is faced with the problem
of explicating these categories Repûnip(Gb(E),Λ)ϕ̂ ⊗ χb. To this aim, we recall that, for all
b ∈ B(G)un, there is an associated Borel Bb ⊂ Jb as in [HL25, § 4.2.1], which we assume is
standard with respect to our fixed choice of Borel.

Lemma 12.3.4. (Proof of [YZ25, Corollary 3.35]) Let ϕ : WE → LG(Λ) be an unramified
parameter induced from a toral parameter ϕT : WE → LT (Λ). For fixed b ∈ B(G)un, suppose
that πb ∈ Repûnip(Gb(E),Λ)ϕ̂ is a smooth irreducible representation. Then it is an unramified
principal series. More precisely, it is a subquotient of the normalized parabolic induction iJbBb

(|·|s),
where | · |s : T (Qp)→ Λ× denotes an unramified character.
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In particular, this tells us that such a πb ∈ Repûnip(Gb(E),Λ)ϕ̂ should be given by a subquo-
tient of certain parabolic induction iGb

Bb
(| · |s) for some s. The specific unramified twist appearing

here should of course be completely specified by the parameter ϕ̂. However, it is unclear (to us)
which precise unramified twist should be occurring here, at least using results in the existing
literature. In particular, we have the following question/assumption, which is motivated by the
description of the analogous ϕ-localized category in [HL25, Proposition 4.6].

Assumption/Question 12.3.5. For b ∈ B(G), we letMb ⊂ G be the standard Levi determined
by the centralizer of the slope homomorphism and setWb :=WG/WMb

to be the associated cosets
of Weyl group. We fix a choice of representatives of minimal length in Wb. For all b ∈ B(G), do
we have that

Redb(ϕ)w := iJbBb
(χw)⊗ δ−

1
2

b [−db] ∈ Repûnip(Gb(E))ϕ̂ ⊗ χb?

Here χ denotes the character attached to the toral parameter ϕT inducing ϕ under the geometric
normalization of class field theory. We recall that db := ⟨2ρG, νb⟩, where ρG is the half sum of
all positive roots.

Remark 12.3.6. We note that, for the stratum corresponding to the trivial element, this
should reduce to compatibility between the usual action of the spherical Hecke algebra on
c-IndGK(Λ) and the Hecke operators on Shv!,ûnip(B(G),Λ) which are induced by the endofunctors
of Shv!,ûnip(B(G),Λ) coming from convolution and geometric Satake via taking categorical trace,
which seems to be well-known but we do not know a precise reference. Similarly, for general
b ∈ B(G), one has to show a similar compatibility between the action of Hecke operators on the
neutral stratum of Shv!,ûnip(B(Jb),Λ) coming from geometric Satake and the one induced on the
strata of Shv!,ûnip(B(G),Λ). This should ultimately be done via some geometric constant terms
on the affine Grassmannian for non-basic elements. We recall that these geometric constant
terms naturally carry Tate twists and these should give rise to the modulus character twists
appearing in Assumption 12.3.5, as in [FS24, § IX.7.1].

More conceptually, this would follow for example from Proposition 12.2.9 and the fact that
we can compute the Fargues-Scholze-parameter of the representations jb!(i

Jb
Bb
(χw)[−db] ⊗ δ

− 1
2

b )
directly and show that it always agrees with ϕ.

Admitting this for now, we deduce the following corollary.

Corollary 12.3.7. Assume that Question 12.3.5 has a positive answer and that Assumption
8.3.7 is true. Then for all b ∈ B(G)un the natural transformations

jb♯ → jb!,

and
j♭b → j∗b

are isomorphisms when evaluated on the representations Redb(ϕ)w for all w ∈Wb.

Proof. This follows from Theorem 12.3.3 and Theorem 12.3.5, where we note that χb is trivial
in light of Assumption 8.3.7. □
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Remark 12.3.8. We note that Corollary 12.3.7 is very much related to [Ham25, Theorem 8.1],
by using the identification

nEisbTB!(χ) := jb♯(i
Jb
Bb

(χw)⊗ δ−1/2b [−db]) = jrenb♯ (iJb
Bb

(χw)).

for bT a dominant reduction of b ∈ B(G)un to B(T ) ≃ X∗(T̂ ), which follows from combining
[HHS24, Corollary 2.2.5 (5)] with [HI25, Theorem 4.28] and arguing similarly to the beginning
of the proof of [HI25, Theorem 4.28]. Here nEisB denotes the normalized geometric Eisenstein
functor (see Section 12.4 below). Indeed, this result generalizes part of [Ham25, Theorem 8.1]
to hold for a general unramified G and an unramified toral parameter ϕT under the assumptions
on ℓ. However, [Ham25, Theorem 8.1] also allows for general toral parameters ϕT of Langlands-
Shahidi type (L.S.-type), but is contingent on compatibility of Fargues-Scholze with endoscopic
classifications.

As one might expect from the previous remark, our functor

⋔⋔⋔

should explain a connection
between the tame categorical Langlands of Zhu and the geometric Eisenstein series functors
studied in [Ham25; HI25; HHS24]. We formulate this compatability precisely now and check it
in some examples.

12.4. Compatibility of

⋔⋔⋔

with Eisenstein Functors. We assumeG/E is unramified through-
out this section. We now formulate a compatibility of the functor Lan,ûnip

G introduced in Theorem
12.1.10 with the geometric Eisenstein functors introduced in [Ham25; HHS24; HI25]. We will
assume that Λ = Fℓ and also implicitly pass through the identification Dlis(X,Λ) ≃ Dan

Λ (X)
for suitably nice Artin v-stacks using [FS24, Proposition VII.6.6.]. We fix a parabolic P ⊂ G
with Levi factor M and induced diagram M ← P → G. This allows to define the normalized
Eisenstein functor

nEisP (−) : Dlis(BunM ,Λ)→ Dlis(BunG,Λ), (12.22)
as in [HHS24, Definition 2.1.7], which is defined via the correspondence BunM ← BunP → BunG
and tensoring via a Verdier self-dual invertible sheaf, denoted ICBunP , defined in terms of a
square root25 of the modulus character of P . Analogously, on the spectral side, we have the
correspondence

ParM
qspec←−−− ParP

pspec−−−→ ParG,

and we get a well-defined functor

nEisspecP (−) := pspec∗q
spec∗(−) : Coh(ParM )→ Coh(ParG) (12.23)

by [Zhu25a, Proposition 2.3.9]26. We may then Ind-extend this functor to get a well defined
functor

nEisspecP (−) : IndCoh(ParM )→ IndCoh(ParG).

We expect the functors (12.22) and (12.23) to be compatible under the conjectural categorical
equivalence (see [Han24, Conjecture 1.4.7]). We note however that the functors nEisP (−) are
currently only describable in terms of the category Dlis(BunG,Λ) and not in terms of the category
Shv(B(G),Λ). However, we can resolve this issue using Theorem 12.2.1. In particular, we have
the following.

25We fix this choice of square root to be compatible with the one fixed in §12.1.5
26Strictly speaking, this result is for qspec! and not q∗. However, this does not make a meaningful difference by
virtue of the fact that the map q is quasi-smooth (see the remarks after [Han24, Conjecture 1.4.7])
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Conjecture 12.4.1. Let G/E be unramified and suppose that Λ = Fℓ for ℓ satisfying assumption
12.1.11. Let P ⊂ G be a parabolic with Levi factor M .

(1) We have an inclusion nEisP (Dûnip
lis (BunM ,Λ)) ⊂ Dûnip

lis (BunG,Λ).
(2) Assuming Part (1), the induced diagram

Dûnip
lis (BunG,Λ) IndCoh(ParûnipG,E ⊗ Λ)

Dûnip
lis (BunM ,Λ) IndCoh(ParûnipM ⊗ Λ).

Lan,ûnip
G

Lan,ûnip
M

nEisP EisspecP

commutes. Here P denotes the opposite parabolic (cf. [Hel21, Conjecture 3.2 (ii)]).

Remark 12.4.2. The first part of the conjecture is not difficult to verify, so the real content
is the second part. Indeed, by virtue of the fact that the functor nEisP commute with colimits
(since it is a left adjoint), one may reduce to checking the claim on a set of compact generators of
Dûnip

lis (BunM ,Λ), which will be the form of ib!(Ab), where Ab ∈ Repûnip(Gb(E),Λ) is a compact
object (see the discussion after [YZ25, Definition 3.3]). From here, one can argue as in the proof
of [HHS24, Claim 3.14], where it reduces to the analogous claim for parabolic induction, and
here it is easily verified (e.g using [Dat09, Corollary 3.6]).

Remark 12.4.3. Analogous to Question 12.2.6, one can ask whether the Eisenstein functors
have the property that nEisP (Dlis,f.g.(BunM ,Λ)) ⊂ Dlis,f.g.(BunG,Λ). This would then allow one
to define a functor nEisP,f.g. : IndDlis,f.g.(BunM ,Λ) → IndDlis,f.g.(BunG,Λ) by Ind-extending,

and one can formulate a similar compatability with Lan,ûnip
G,f.g. . Unlike the case of Hecke operators,

this is true. In particular, one can apply the exact argument of [HHS24, Claim 3.14] to formally
reduce this to the claim that parabolic induction preserves finitely generated representations,
which is true in any coefficient system over Z[1p ] by [DHKM24a, Corollary 1.5]. We have chosen
not to formulate things in this extra level of generality for simplicity.

Remark 12.4.4. We note that if one combines Theorem 12.4.1 (1) (which should be fairly rou-
tine as described in Remark 12.4.2) with [Han24, Conjecture 1.5.2] that one can reduce checking
12.2.2 (1)-(2) for the Eisenstein part of Dûnip

lis (BunG,Fℓ) (as in the semi-orthogonal decomposi-
tion of [HHS24, Theorem 1.3.2 (2)]) to the Levi subgroup M . In particular, this kind of analysis
reduces one to checking Theorem 12.2.2 (1)-(2) for the cuspidal part of Dûnip

lis (BunG,Fℓ) (which
in particular should be trivial, as there are no unipotent representations with supercuspidal
L-parameter). The conjecture [Han24, Conjecture 1.5.2] is a theorem when M = T is the max-
imal torus by [Ham25, Theorem 1.7], and the general case will appear in forthcoming work of
the second author (H.) with Hansen and Scholze. Similar reduction steps should also apply to
Conjecture 12.2.2 (3). In particular, one should be able to reduce it to the cuspidal part of
Dûnip

lis (BunG,Fℓ); however, this is much more involved.

We now check this conjecture in some easy special cases. To this aim, we recall that both func-
tors admit a grading indexed by X∗(Z(Ĝ)ΓE ) ≃ B(G)basic. In particular, the Eisenstein functor
nEisP admits a decomposition into functors nEisνP indexed by cocharacters ν ∈ X∗(Z(M̂)ΓE )
coming from taking the preimage of the connected component in BunM corresponding to ν ∈
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X∗(Z(M̂)ΓE ) ≃κ B(G)basic via Theorem 8.2.1 (2). Similarly, the spectral Eisenstein functors
admit a grading

nEisspecP (−) =
⊕

ν∈X∗(Z(M̂)ΓE )

nEisν,specP (−)

induced by the decomposition (12.10). These two gradings should match under the categorical
conjecture, as in Theorem 12.1.10 (4). In particular, we now have the following slight refinement
of Conjecture 12.4.1, which is equivalent to Conjecture 12.4.1 using Theorem 12.1.10 (4) and
the fact that our functor

⋔⋔⋔

clearly matches up the decomposition into connected components of
BunG and B(G) in an obvious way is as follows.

Conjecture 12.4.5. Suppose that G is unramified, Λ = Fℓ, and ℓ satisfies assumption 12.1.11.
Then assuming part (1) of 12.4.1 and combining it with 12.1.10 (4), the induced diagram

Dûnip
lis (BunG,Λ) IndCoh(ParG,E ⊗ Λ)

Dûnip
lis (BunM ,Λ) IndCoh(ParM,E ⊗ Λ).

Lan,ûnip
G

Lan,ûnip
M

nEis−ν

P Eisν,specP

commutes, for all ν ∈ X∗(Z(M̂)).

We verify this conjecture in some simple cases. To this aim, we recall that we have a natural
map ParT,E → BT̂ and pullback induces a natural map

Rep(T̂ )→ Perf(ParT,E),

as in the definition of the canonical vector bundles in §12.1.6. Therefore, for each λ ∈ X∗(T̂ ),
we obtain a bundle which we denote by OParT̂

(λ), which will lie in IndCoh(ParT,E)
λ under

the direct sum decomposition described in (12.10). For a general sheaf L ∈ IndCoh(ParT,E), we
write L(λ) := L⊗OPar

T̂ ,E
OParT̂ ,E

(λ). For each λ ∈ X∗(T̂ ), we write bTλ ∈ B(T ) for the associated

element under the isomorphism B(T ) ≃κT X∗(T̂ΓE ) induced by the κ-invariant. We now have
the following.

Proposition 12.4.6. Suppose that ℓ does not divide the pro-order of any (equivalently some)
Iwahori Ib ⊂ Gb for all b ∈ B(G) (so that IndShv!,ûnipf.g. (B(G),Λ) = Shv!,ûnip(B(G),Λ) (cf.
Remark 12.4.3)) and that G is unramified over E. Conjecture 12.4.1 (2) is true when M = T ,
and we evaluate on the compact objects ibT−λ!

(c-Ind
T (E)
T (OE)(Λ)) of Shv!,ûnip(B(T ),Λ) for λ either

dominant or anti-dominant with respect to the Borel B. In particular, we have an isomorphism

Lan,ûnip
G (nEisB(ibT−λ!

(c-Ind
T (E)
T (OE)(Λ))))) ≃ EisspecB Lan,ûnip

T (O(λ))

in IndCoh(ParûnipG,E ) ⊂ IndCoh(ParG,E) for λ dominant or anti-dominant with respect to B.

Proof. We assume without loss of generality that the Borel B is the one we fixed. For an element
λ ∈ X∗(T̂ ), we write λ for the induced element in X∗(T̂ΓE ). We let bλ,T be the corresponding
element in B(T ) ≃κT X∗(T̂ΓE ) associated with λ, and write bλ ∈ B(G)un for the image under
the map B(T )→ B(G). We write Ibλ ⊂ Gbλ(E) for the Iwahori attached to our fixed choice of
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I/OE , as in Convention 8.5.3. We let w0 ∈WG denote the element of longest length and assume
that λ ∈ X∗(T̂ ) is dominant with respect to the Borel B. We have the following, by [Zhu25b,
Corollary 5.7].

(1) There is an isomorphism

Lûnip
T ibT−λ!

(c-Ind
T (E)
T (OE)(Λ)) ≃ OParûnip

T̂

(λ),

recalling the minus sign appearing in Theorem 12.1.10 (4).
(2) There is an isomorphism

Lûnip
G (ib−λ!(c-Ind

Gb−λ
(E)

Ib−λ
(Λ)[−db])) ≃ EisspecB (O

Parûnip
T̂

(λ)) = Eisspec,λB (O
Parûnip

T̂

(λ)).

(3) There is an isomorphism

Lûnip
G (ib−λ∗(c-Ind

Gb−λ
(E)

Ib−λ

(Λ)[−db])) ≃ EisspecB (O
Parûnip

T̂

(w0(λ))) = Eis
spec,w0(λ)
B (O

Parûnip
T̂

(w0(λ))).

Here Ib is the opposite Iwahori, and we recall that we have normalized our identifications
of Rep(Gb(E),Λ) ≃ Shv!(B(G)b,Λ) with respect to the fixed choice of Borel B.

We also know, by Theorem 11.3.2 and Lemma 12.1.14, that the following is true for all λ ∈ X∗(T ).
(1) There is an isomorphism

⋔⋔⋔
T (ibTλ !(c-Ind

T (E)
T (OE)(Λ))) = jbTλ!

(c-Ind
T (E)
T (OE)(Λ)),

(2) There is an isomorphism

⋔⋔⋔

G(ibλ!(c-Ind
Gbλ

(E)

Ibλ
(Λ)))[−db]) ≃ jbλ♯(c-Ind

Gbλ
(E)

Ibλ
(Λ)[−db]).

(3) There is an isomorphism

⋔⋔⋔

G(ibλ∗(c-Ind
Gbλ

(E)

Ibλ
(Λ)))[−db]) ≃ jbλ!(c-Ind

Gbλ
(E)

Ibλ
(Λ)[−db]).

In particular, for λ dominant with respect to B, this reduces us to showing that we have an
isomorphism

EisB(ibT−λ!
(c-Ind

T (E)
T (OE)(Λ))) ≃ jb−λ♯(c-Ind

Gb−λ
(E)

Ib−λ
(Λ)[−db]),

and an isomorphism:

nEisB(ibT−w0(λ)
!(c-Ind

T (E)
T (OE)(Λ))) = jb−λ!(c-Ind

Gb−λ
(E)

Ib−λ

(Λ)[−db]).

We note that the slopes of b−λ are dominant with respect to B while the slopes of b−w0(λ) are
anti-dominant with respect to B. To explicate the Eisenstein functors, we recall, for b ∈ B(G)un
unramified, the fixed Borel B ⊂ G determines a Borel Bb ⊂ Gb, and it follows by [HI25,
Theorem 4.28], that we have a natural equivalence

EisBibT−w0(λ)
!(−) ≃ jb−λ!(i

Gb−λ

Bb−λ

(−)⊗ δ−
1
2

b−λ
[−db]) = jrenb−λ!

i
Gb−λ

Bb−λ

(−).
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Moreover, it follows, by [HHS24, Corollary 2.2.5 (iv)], [HI25, Theorem 4.28], and [HI25, Lemma 4.19],
that we have an isomorphism

nEisBibT−λ!
(−) ≃ jb−λ♯(i

Gb−λ

Bb−λ
(−)⊗ δ−

1
2

b−λ
[−db]) = jrenb−λ♯

i
Gb−λ

Bb−λ
(−),

Now note that we may absorb the modulus character twist in the normalized parabolic in-
duction into c-Ind

T (E)
T (OE)(Λ) and that we may absorb the modulus character twist by δ−1/2b−λ

into

c-Ind
Gb(E)
Ib

(Λ). In particular, we see that the claim is reduced to the identity

IndGb
Bb
◦ c-IndT (E)

T (OE)(Λ) ≃ c-Ind
Gb(E)
Ib

(Λ),

and similarly for the opposites, which is a straightforward calculation (see [HKP10, Lemma 1.6.1]
for rational coefficients and [Dat09, Corollaire 3.6] for an even more general claim with modular
coefficients). □

Now we explain how to combine Proposition 12.2.9 with some t-exactness properties of the
functor

⋔⋔⋔

to deduce some interesting consequences for the cohomology of local Shimura varieties.
We discuss this now.

12.5. t-exactness of

⋔⋔⋔

. The categories Dlis(BunG,Λ) and Shv(B(G),Λ) related under our
functor

⋔⋔⋔

, carry a wide variety of t-structures. We recall the definitions of these t-structures
in both contexts and then show that our functor is actually t-exact with respect to these t-
structures.

12.5.1. t-structures in the schematic context. We recall that, since Shv!(B(G),Λ) is stratified by
the gerbes BGb(E) for b ∈ B(G), there is an obvious candidate for a perverse t-structure given
by insisting that ∗ and !-pullbacks along the map ib : Shv

!(B(G)b,Λ) ↪→ Shv!(B(G),Λ) sit in
appropriate degrees determined by Verdier duality, where the role of Verdier duality is played
by the canonical duality functor idBZ.

However, we need to be a bit careful. On the stack BGb(E) Verdier duality in the Shv!-will
behave as if BGb(E) is of dimension 0. This might lead one to believe that BGb(E) should be
treated as a smooth space of dimension 0 when defining a perverse t-structure. However, this
is too naive. Indeed, idBZ will intertwine i∗b and i!b only up to a shift by 2db (as in 8.13), where
we recall that we set db := ⟨2ρG, νb⟩. With this in mind, the obvious definition becomes the
following.

Definition 12.5.1. We consider the pair of full subcategories Shv!(B(G),Λ)p,≤0 (resp. Shv!(B(G),Λ)p,≥0)
of Shv!(B(G),Λ). Here Shv!(B(G),Λ)p,≤0 is the full subcategory generated under small colim-
its by ib!(c-Ind

Gb(E)
K (Λ)[n − db]) for K a compact open pro-p subgroup and n ∈ N≥0, and

Shv!(B(G),Λ)p,≤0 is the full subcategory of sheaves satisfying i!b(A) ∈ Rep≥db(B(G)b,Λ)) for
all b ∈ B(G). By [Zhu25b, Proposition 3.105] specialized to the case of χ = 2ρG, these give rise
to a well-defined t-structure on Shv!(B(G),Λ) which we refer to as the perverse t-structure.

On the other hand, the exceptional pullback i♯b which is the right adjoint of ib∗, which ends
up being intertwined with i!b under what is known as admissible duality on the set of objects
Shv!(B(G),Λ)Adm again up to a shift by db. Using this, one can define the following exotic kind
of t-structure.
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Definition 12.5.2. We consider the pair of full subcategories Shv!(B(G),Λ)e,≤0 (resp. Shv!(B(G),Λ)e,≥0)
of Shv!(B(G),Λ) satisfying that i!b(A) ∈ Shv!(B(G)b,Λ)

≤db (resp. i♯b(A) ∈ Shv!(B(G)b,Λ)
≥db)

for all b ∈ B(G). By [Zhu25b, Proposition 3.110] specialized to the case of χ = 2ρG, these give
rise to a well-defined t-structure on Shv!(B(G),Λ), which we refer to as the exotic t-structure.

We now turn our attention to the mirrors of these t-structures on Dlis(BunG,Λ).

12.5.2. t-structures in the analytic context. As before, since the moduli stack BunG is stratified
by the gerbes [∗/G̃b], there is a natural candidate for a perverse t-structure on this derived
category, where we note that unlike the previous case of B(G), it is completely clear that [∗/G̃b]
is ℓ-cohomologically smooth of dimension −db (due to the appearance of the unipotent part of
G̃b) and therefore such a definition should involve a shift by db. However, unlike the case of
B(G), Verdier duality on the Artin v-stack BunG naturally incarnates as smooth duality under
the equivalence Dlis(Bun

b
G,Λ) ≃ Rep(Gb(E),Λ) not BZ-duality as was the case for B(G). As

we will see, this is due to the fact that the natural perverse t-structure on Dlis(BunG,Λ) will
match up with the exotic t-structure on Shv(B(G),Λ) introduced in the previous section.

Definition 12.5.3. We consider the full subcategory Dp,≤0lis (BunG,Λ) (resp. Dp,≥0lis (BunG,Λ))
defined by the condition that j∗b (A) ∈ D

≤db
lis (BunbG,Λ) (resp. j!b(A) ∈ D

≥db
lis (BunbG,Λ)). This

gives rise to a well-defined t-structure by [DHKZ24, Proposition 8.1.5], which we refer to as the
perverse t-structure on Dlis(BunG,Λ).

Now we are tasked with defining what matches up with the actual perverse t-structure on
Shv!(B(G),Λ). Analogous to the case of B(G), this should be given by some exotic t-structure
defined in terms of certain exceptional pullback functors. Indeed, we have the following.

Definition 12.5.4. We consider the full subcategories De,≤0lis (BunG,Λ) (resp. De,≥0lis (BunG,Λ)).
Here De,≤0lis (BunG,Λ) is the full subcategory is generated by jb♯(c-Ind

G(E)
K (Λ)[n − db]) for K ⊂

Gb(E) a compact open pro-p subgroup and n ≥ N≥0, and De,≥0lis (BunG,Λ) is the full subcategory
of objects A ∈ Dlis(BunG,Λ) such that j∗b (A) ∈ D

≤db
lis (BunbG,Λ) for all b ∈ B(G). This gives rise

to a well-defined t-structure by the exact same argument as [Zhu25b, Proposition 3.105], and
we refer to it as the exotic t-structure on Dan

Λ (BunG).

Remark 12.5.5. The t-structure introduced here is very much related to the hadal t-structure
defined in [Han24, Theorem 1.2.3]. However, there actually a somewhat stronger claim is shown.
Indeed, in loc.cit a t-structure is only constructed in the case that Λ = Qℓ on the subcategory of
compact objects Dlis(BunG,Λ)

ω ⊂ Dlis(BunG,Λ). This is a stronger statement since one needs
to check that compact objects on individual HN-strata are preserved under standard truncation
in order to see that this is well-defined, which requires the assumption that Λ = Qℓ together
with a non-trivial result of Bernstein (see [Han24, Remark 1.1.3]). One can easily see however
that the restriction of De,≥0lis (BunG,Λ) (resp. De,≤0lis (BunG,Λ)) to the full subcategory of compact
objects agrees with Hansen’s construction when Λ = Qℓ (However, as just mentioned it is not
clear that this restriction is still a t-structure).

12.6. t-exactness of the equivalence. We now have the following t-exactness properties of
the functor

⋔⋔⋔

.

Theorem 12.6.1. For Λ/Zℓ a torsion ring, the following is true.
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(1) The functor

⋔⋔⋔

is t-exact for the perverse t-structure on Shv!(B(G),Λ) defined in 12.5.1,
and the exotic t-structure on Dlis(BunG,Λ) defined in 12.5.4.

(2) The functor

⋔⋔⋔

is t-exact for the exotic t-structure on Shv!(B(G),Λ) defined in 12.5.2
and the perverse t-structure on Dlis(BunG,Λ) as defined in 12.5.3.

Proof. This follows immediately from Theorem 11.3.2 (3)-(4). □

We now conclude our applications section by showcasing the power of Conjecture 12.2.2,
by combining Theorem 12.6.1 with the work of Yang-Zhu [YZ25]. To explain this, we write
Tilt(Ĝ) ⊂ Rep(Ĝ) for the subcategory of tilting modules (see [Ham25, § 9.1] for a discussion of
this). For V ∈ Tilt(Ĝ), we consider the attached Hecke operator

TV : Dlis(BunG,Λ)→ Dlis(BunG,Λ),

as in (12.18). If µ ∈ X∗(TE)+ is a geometric dominant cocharacter of G and V = Tµ ∈ Tilt(Ĝ)
is the associated highest weight tilting module then we will denote this operator by Tµ We recall
that this corresponds to the spectral action of the canonical vector bundle CV attached to V , and
given a parameter ϕ, the spectral action and in turn the Hecke operator preserves the full sub-
category Dlis(BunG,Λ)ϕ̂ ↪→ Dlis(BunG,Λ) of ϕ-complete sheaves. By a completely analogous ar-
gument to [YZ25, Lemma 3.26, 3.17], the perverse t-structure (Dp,≤0lis (BunG,Λ),Dp,≥0lis (BunG,Λ))

restricts to a well-defined perverse t-structure (Dp,≤0lis (BunG,Λ)ϕ̂,D
p,≥0
lis (BunG,Λ)ϕ̂) onDlis(BunG,Λ)ϕ̂.

We now have the following.

Theorem 12.6.2. For G/E unramified, we let ϕ̂ be an unramified semisimple L-parameter
which is of weakly Langlands-Shahidi type (in the sense of [HL25, Definition 6.2]) or equivalently
generic (in the sense of [YZ25, Definition 1.1]). Assume that ℓ ∤ |π0(Z(G))| satisfies assumption
12.1.11 and that Theorem 12.2.2 is true then the ϕ-completed Hecke operator

TV,ϕ̂ : Dlis(BunG,Fℓ)ϕ̂ → Dlis(BunG,Fℓ)ϕ̂
induced by TV on the category of ϕ-completed sheaves is perverse t-exact.

Proof. This is a formal consequence of Theorem 12.6.1 (2) and Theorem 12.2.9. □

Remark 12.6.3. We note that, in light of Theorem 12.2.8 this recovers (modulo some differences
in the assumptions on ℓ) [HL25, Corollary 4.29] after restricting to the full subcategory of ULA
objects.

It is natural to ask what the point of this claim is given that the analogous claim also holds
in the B(G) setting by the work of [YZ25]. One reason to care is that, unlike the spectral action
induced by the embedding Lûnip

G which involves a categorical trace construction and is difficult
to make explicit, the Hecke operator TV is readily related to the cohomology of local Shtuka
spaces and Shimura varieties. We explain this now.

We recall that a local shtuka datum is a triple (G, b, µ) for µ a geometric dominant cocharacter
of G/E and b ∈ B(G,µ) an element of the µ-admissible locus of the Kottwtiz set of G. We let
Eµ/E be the reflex field of µ. The triple (G, b, µ) defines a diamond

Sht(G, b, µ)∞ → Spd(Ĕµ)

parameterizing modifications Eb → E0G with meromorphy bounded by µ on the Fargues-Fontaine
curve X, where Ĕµ := Q̆pEµ. Here Eb is the G-bundle on X attached to E and E0G is the trivial
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G-bundle. The space carries an action of G(Qp)×Gb(Qp) and a (non-effective) descent datum
from Ĕµ down to Eµ. This allows us to consider the tower of quotients

[Sht(G, b, µ)∞/K] =: Sht(G, b, µ)K

for varying open compact subgroups K ⊂ G(Qp). We write Sµ for the Λ-valued sheaf attached
to the highest weight tilting module Tµ of WE⋉Ĝ as defined in [Ham25, § 10.1]. This is given by
pulling back the sheaf on HckG,E defined by Tµ and using geometric Satake for B+

dR-grassmannian
along the natural map Sht(G, b, µ) → HckG,E . In particular, the sheaf Sµ is equivariant with
respect to the actions of G(Qp) and Gb(Qp) by construction. Letting Sht(G, b, µ)K,Cp denote
the base-change of these spaces to Cp, we can now define the complex

RΓc(G, b, µ) := colimK→{1}RΓc(Sht(G, b, µ)K,Cp ,Sµ)

of G(Qp)× Jb(Qp)×WE-modules. We now want to disentangle the G(Qp) and Gb(Qp) action.
To do this, for π (resp. ρ) a smooth irreducible representation of G(Qp) (resp. Gb(Qp)) on
Λ-modules, we define the π (resp. ρ)-isotypic part. I.e we define the complexes

RΓ♭c(G, b, µ)[ρ] := HomGb(Qp)(RΓc(G, b, µ), ρ),

where the above denotes external (derived) Hom in the category of smoothGb(Qp)-representations.
It is complex of G(Qp)-representations with a continuous action of WEµ .

In particular, we spell out one concrete consequence of Theorem 12.6.2, which seems to difficult
to deduce directly on the geometry of B(G) without consideration of the functor

⋔⋔⋔

(or at the
very least nearby cycles) and Conjecture 12.2.2.

Corollary 12.6.4. Assume Conjecture 12.2.2 and that ℓ ∤ |π0(Z(G))| and it satisfies Theo-
rem 12.1.11. We let ϕ be an unramified L-parameter of weakly Langlands-Shahidi type, and let
ρ ∈ Rep(Gb(E),Fℓ) be a smooth irreducible representation such that its Fargues-Scholze param-
eter ϕFSρ agrees with ϕ under the twisted embedding LGb → LG (as defined in [FS24, § IX.7.1]).
Then, for all geometric dominant cocharacters µ, the complex

RΓ♭c(G, b, µ)[ρ] ∈ Rep(G(E),Λ)

is concentrated in degrees ≥ ⟨2ρG, νb⟩. Moreover, if ϕ is of Langlands-Shahidi type then this
complex is concentrated in degrees ⟨2ρG, νb⟩.

Proof. We write Tµ,ϕ̂ for ϕ̂-completed Hecke operator attached to Tµ. We note, by [HI25,
Lemma 4.7], [HL25, Lemma 4.2 (1)] and Remark 12.2.8, that the assumption on ρ guar-
antees that jb∗(ρ[db]) ∈ Dp,≥0lis (BunG,Fℓ)ϕ̂ lies in the ϕ̂-completed subcategory. It follows
that Tµjb∗(ρ[dd]) ≃ Tµ,ϕ̂jb∗(ρ[db]) ∈ D

p,≥0
lis (BunG,Fℓ)ϕ̂ by Theorem 12.6.2, which implies that

j∗1Tµjb∗(ρ[db]) ∈ Rep≥0(G(E),Λ). By invoking [Ham25, Lemma 10.1] and moving over the shifts,
this implies the desired claim. Similarly, if ϕ is of Langlands-Shahidi type then we claim that

jb∗(ρ) ≃ jb!(ρ),
so that jb∗(ρ[db]) is actually a perverse sheaf. Indeed, it follows by Corollary 12.3.7, Conjecture
12.2.2, and Remark 12.3.2 that we can rewrite jb!(ρ) as jb♮(ρ). However, we easily see that
j∗b′jb♮(ρ) is trivial for any b′ ≥ b (see Remark 8.2.8), which implies that the natural map jb!(ρ) ≃
jb∗(ρ) is an isomorphism. By the exact same reasoning as above, we conclude that the complex
is concentrated in degrees ⟨2ρG, νb⟩. □
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Remark 12.6.5. One can of course deduce many different variations of this Corollary by us-
ing the various comparisons of isotypic components and Hecke operators spelled out in [Ham25,
Lemma 11.1], as well as consider variations for the cohomology of the space of shtukas parametriz-
ing modifications Eb 99K Eb′ of meromorphy ≤ µ for any b, b′ ∈ B(G). We note that this and
its variations prove special cases of an ℓ-modular version of [KS25, Conjecture 6.21], where we
note that the quantities ⟨ϕπb |GD

m
,−⟩ appearing there will all be trivial by the weakly Langlands-

Shahidi type assumption (see [KS25, Remark 5.2]). It is also consistent with the results of
[Ham25, Section 10].

Remark 12.6.6. We recall that the Hecke operator Tµ actually factors through the forgetful
functor Dlis(BunG,Λ)

BWEµ → Dlis(BunG,Λ) from Eµ-equivariant objects. Similarly, the canon-
ical vector bundle CTµ attached to the highest weight tilting module Tµ upgrades to a perfect
complex with Eµ-equivariant structure. Under the spectral action of (12.19), these two struc-
tures are identified; in particular, using Conjecture 12.2.2 one would be able to compute the WEµ

action on the complexes RΓ♭c(G, b, µ)[ρ] in terms of the categorical conjecture. For a flavor of
how this explicitly should look like in the Langlands-Shahidi type case, see for example [Ham25,
Conjecture 11.18].

Appendix A. A counterexample

Example A.0.1. The purpose of this example is to exhibit a ♢-cover which is not a v-cover.
For this we study a specific type of valuation ring. Let P be a total order and let Γ = ⊕p∈PγZp .
We will write elements γ ∈ Γ using multiplicative notation. We define a total order on Γ as
follows. Given two elements of the form

∏n
i=1 γ

ai
pi and

∏n
i=1 γ

bi
pi with p1 < p2 < · · · < pn,

then
∏n
i=1 γ

ai
pi ≤

∏n
i=1 γ

bi
pi if and only if (−a1, . . . ,−an) ≤ (−b1 . . . ,−bn) in Zn with its usual

lexicographic order. For example, γ2p < γp since −2 < −1 and if p1 < p2 < p3 in P then
γp1 · γ2p3 < γp2 · γ2p3 , since (−1, 0,−2) < (0,−1,−2). Let

K = {f : Γ→ k | supp(f) is well ordered}

be the field of Hahn series with coefficients in k and values in Γ. We write expressions of the
form

f =
∑
γ∈Γ

fγγ

for elements of K. We have a valuation map | · | : K → {0} ∪ Γ which sends f to the smallest
element of the support of f , which is well defined since the support is well-ordered. We let
V ⊆ K denote the valuation ring defined by | · |.

For every element p ∈ P the element γp ∈ V generates a prime ideal p+p ⊆ V . Concretely, the
prime ideal p+p consists of those elements in g ∈ K such that |g| ≤ |γp|. We also consider p−p to
denote the largest ideal in V not containing γp. Observe that the functions

p(−) : P → SpecV with p 7→ p+p and p 7→ p−p

are order preserving in the sense that if p1 < p2 then p+p1 ⊆ p+p2 . Indeed, if p1 < p2 implies that
γp1 < γp2 so ⟨γp1⟩ ⊆ ⟨γp2⟩.

Suppose that M ∈ P is a maximum. Then pM ⊆ V is the maximal ideal. Indeed, if f ∈ V
and it is not a unit then |f | ∈ Γ has the form |f | = γa1p1 · (

∏n
i=2 γ

ai
pi ) with a1 ≥ 1 and p1 < pi.
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Since M ≥ p1, then γa1p1 · (
∏n
i=2 γ

ai
pi ) ≤ γM and f ∈ pM . Analogously, if m ∈ P is a minimum

then p−pm = 0 and p+pm is the unique smallest non-empty prime ideal of V .
From now on, we assume that P has both a maximum and a minimum which we denote by

M and m, respectively. If we assume that P \ {M,m} ̸= ∅ then the map

f : X = SpecV/p+m
∐

SpecV(p−M ) → SpecV = Y

is an arc-cover that is not a v-cover. We claim that if we impose certain hypothesis on P then
this map is also a ♢-cover.

Let us spell out what it means to be a ♢-cover in this context. Since products of points are
basis for the v-topology and f♢ is partially proper by construction of (−)♢ it suffices to show
that every map of the form Spa(R,R◦)→ Y ♢ lifts to X♢ where R◦ =

∏
i∈I OCi with OCi ⊆ Ci

the ring of integers of a non-archimedean field Ci. A map as above is specified by a ring map
g : V → R, which further induces ring maps gi : V → Ci. The collection {gi}i∈I determines g,
but not every collection arises from a map g : V → R. We can partition the set I = I0

∐
I ̸=0

according to whether ker(gi) ⊆ V is 0 or whether p+m ⊆ ker(gi), respectively. This partition
gives a topological splitting R = RI0 ×RI ̸=0

and maps g : V → R are in bijection with pairs of
maps (gI , gI ̸=0

) : V → RI0 ×RI ̸=0
. By construction gI̸=0

factors through the quotient V/p+m, and
in particular lifts to X♢. It suffices then to consider maps g : V → R such that ker(gi) = 0 for
all i ∈ I.

It is not in general true that such maps g : V → R always lift to X♢. Our claim is that for
specific choices of P the lift always exist (necessarily through SpecV ♢

(p−M )
→ Y ♢). To summarize

the situation, our context is as follows. We are given a ring map g : V → R with (R,R◦) a
product of rank 1 points of index I, with the additional property that gi : V → Ci factors
through Frac(V ) → Ci, and we must show that for specific choices of P the image of γM in R
is automatically a unit.

If the image of γM is not a unit then there is a connected component α of Spa(R,R◦), for
which the map V → Cα factors through the residue field V → k. We fix such an α. In particular,
for every element f ∈ p+M and every n ∈ N the set {|f | ≤ |ϖ|n} ⊆ Spa(R,R+) is a quasicompact
non-empty open subset for ϖ ∈ R a uniformizing element. We will show, assuming this happens
and under an additional assumption on P (in particular, that the cardinality is sufficiently large),
that there exists an element v ∈ V such that the family of elements gi(v) ∈ Ci is not uniformly
bounded, contradicting that the family gi arose from a map g : V → R.

For an element t ∈ P , we consider

Itn≤ = {i ∈ I||gi(γt)|Ci ≤ |ϖn
i |Ci}.

This gives rise to an open and closed subset of Spa(R,R+) which we denote by U tn≤.
Observe that

α ∈
⋂
t∈P

⋂
n∈N

U tn≤,

and that each finite intersection of the form J =
⋂n
j=1 I

pi
ni≤ gives rise to an infinite set J ⊆ I.

Suppose that s < t in P. We let Err(s, t) ⊆ N denote the subset of natural numbers n ∈ N
for which Itn≤ contains an element i for which |gi(γ2t )|Ci ≤ |gi(γs)|Ci . We claim that this set is
finite. Indeed, if this set was infinite then there is an infinite sequence of elements

{i0, . . . , ij . . . }j∈N ⊆ I,
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and an increasing sequence of numbers nj such that

|gij (γ2t )|Cij
≤ |gij (γs)|Cij

and |gij (γt)|Cij
≤ |ϖnj

ij
|.

In particular, the element γs · γ−3t ∈ V and |gij (γs · γ−3t )|Cij
≥ |ϖ−nj

ij
|Cij

. This shows that if
Err(s, t) is infinite then the family {gi(γs ·γ−2t )}i∈I is not uniformly bounded and it cannot arise
from a map V → R in which case we would be done.

We let N(s,t) be the smallest number such that, for all i ∈ Itn≤, the inequality |gi(γs)|Ci <

|gi(γ2t )|Ci holds.
We define a partial order Pn ⊆ P for all n ∈ N. The elements of Pn are those elements of

t ∈ P such that N(m,t), N(t,M) ≤ n. Given s, t ∈ Pn we say that s <n t in Pn if s < t in P and
N(s,t) ≤ n. Equivalently, s <n t if and only if s < t in P and, for all i ∈ IMn≤, we have

|gi(γm)|Ci < |gi(γ2s )|Ci < |gi(γ4t )|Ci < |gi(γ8M )|Ci ≤ ϖ8n.

We have that
P = ∪n∈NPn.

Moreover, every totally ordered subset of Pn is finite. Even more is true. For all n ∈ N, we
can find a function fn : P → N ∪ {−1} such that fn(p) = −1 if p /∈ Pn, fn(p) = 0 if p =M and
fn(p) = k if the largest chain starting in p and ending in M has length k. We claim that these
two properties already impose restrictions on P. Indeed, consider the function

Θ : P → (N ∪ {−1})N with p 7→ f(−)(p).

We claim that Θ is injective. Indeed, if n ≥ N(s,t), N(m,t), N(m,s), N(t,M), N(s,M) then fn(s) ̸=
fn(t) since s <n t. It follows that if we pick P with a cardinality larger than 2ℵ0 then Err(s, t)
must be infinite and by the above reasoning the family {gi(γsγ−2t )}i∈I would not be uniformly
bounded. As explained above, this then implies that V admits a ♢-cover that is not a v-cover.
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