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INTRODUCTION

The initial motivation of this thesis is the study of the classical BV (Batalin—
Vilkovisky) formalism from the point of view of derived geometry. This construc-
tion, originally studied in [BV81] and [BV83], was initially developed for the study
of quantization of gauge theories. It is a tool to construct algebras of observables
that would behave well with respect to quantization. It also plays an important
role in modern quantum field theory and has been subject to much recent devel-
opments in this context (see for Example [CG21, Rejl1, FR12, FR13]). In this
thesis, we will only study the classical BV formalism.

In order to make sense of the geometric tools required to study the classical BV
formalism, we will study (infinitesimal) equivariant derived symplectic geometry
and define the notion of (shifted) moment map and (shifted) symplectic reduction
in the setting of Lie algebroids and groupoids.

There are different variations of what a classical BV algebra associated to a func-
tional should be, but all the existing constructions produce algebraic objects, even
though as we will explain presently, these constructions seem to be designed to
represent some geometric operations. We will focus on two types of constructions.
For the first one, following the ideas in [FK14], the construction goes as follows
(see Construction 5.1.1 for a more precise description of that construction):

ConsTRUCTION 0.0.1.

(1) We first consider the critical locus of an action functional (that is the space
of solutions to the Euler-Lagrange equations). This is done by taking a
cohomological resolution, called the Koszul-Tate resolution, of the critical
locus of the functional. This resolution is obtained by successively adding
anti-fields and anti-ghosts fields in negative degree.

(2) Then we construct a (—1)-shifted symplectic graded algebra (obtained as
a shifted cotangent using the Koszul-Tate resolution from before). Essen-
tially it adds ghost fields in positive degrees to the Koszul-Tate resolution
that are “dual” to the anti-ghosts fields via the symplectic structure.

(3) We then build a Hamiltonian differential on this graded algebra by finding
a solution to the classical master equation called the BV charge:

{Q,Q}

From a geometric point of view, this construction amounts to first take a resolution
of the critical locus of the action functional (by adding anti-fields and anti-ghost
fields) and then take its quotient by “maximal symmetries” (by adding the ghost
fields) such that the quotient is symplectic.

The other approach to the BV construction we are going to consider is similar
to the one described in [CG21, Part 1 Section 4]. The idea is to take the derived
critical locus of the induced “quotient maps”.
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CoNsTRUCTION 0.0.2.

(1) First, we chose a formal neighborhood of a point in the space of solutions
of the Euler-Lagrange equation given by a .7 -algebra. This amounts to
take the ghost fields and corresponds to looking at an infinitesimal quotient
by infinitesimal symmetries of the chosen point. Later on, we will instead
consider the formal neighborhood of all the “solutions” and consider a Lie
algebroid of symmetries.

(2) Then the BV algebra produced is constructed by as some kind of derived
critical locus together with its canonical (—1)-shifted symplectic structure.
This second step amounts to creating the anti-fields and anti-ghosts fields,

dual to the ghosts fields.

In both of these constructions, we gave a description based on geometric oper-
ations like “taking a quotient” and taking a “zero locus”. However in practice
these operations are only handled algebraically, and the dictionary between the
algebraic constructions and their geometric counterparts is not very precise, a
problem which this thesis is trying to address.

As both the BV constructions we described involve cohomological technics, we
will naturally need to turn to derived geometry in order to make sense of those geo-
metric objects that are defined only “up to homotopy”, since only the cohomology
of the commutative differential graded algebra of observables has a physical mean-
ing. It is all the more compelling to use derived geometry for this problem since
derived geometry is well suited to handle intersections and quotients, which are
the building blocks of the BV construction.

Derived geometry is in a nutshell the merging of homotopy theory and geometry. It
was developed, to mention only a few references, in [TV05, TV08, Lur04, Lur09a],
and has provided powerful tools to handle problems ranging from deformation
theory, intersection theory, equivariant geometry and others. Our goal will be to
explain how to think about the algebraic constructions of BV algebras in geometric
terms.

We are setting ourselves in the context of derived algebraic geometry, where most
of the geometric tools we need, such as derived symplectic geometry and formal
geometry, have already been well developed. Moreover for the BV construction,
we will restrict ourselves to the situation where we take a functional of the forms
f: X — A} with X a smooth affine algebraic variety. When it comes to concrete
examples used in physics, these are very restrictive assumptions since the typical
spaces X arising from physics would be infinite dimensional differential manifolds.
Our restrictions allow us to bypass the difficulties coming from geometry and
analysis in infinite dimensions, and provides a blueprint for a more geometrical
approach to the BV construction.
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We hope that these ideas would adapt to the context of derived differential geom-
etry and later on to the infinite dimensional setting.

Our starting point in order to try to understand the classical BV construction is
the following:

REMARK 0.0.3. The derived critical locus is a classical BV algebra. It is the simplest
classical BV algebra as there are no ghost fields or anti-ghost fields. In other words,
it is not a quotient by symmetries. It is a well known fact, going back to [PTVV13],
that the derived critical locus is canonically (—1)-shifted symplectic.

In fact, following the idea of Construction 0.0.2, classical BV algebras are derived
critical loci of “equivariant maps associated to f”. But f itself is equivariant for
the trivial action and its associated BV construction is the derived critical locus as
mentioned in Remark 0.0.3. We will come back to this idea, but for now, it turns
out that we need a more general framework to encompass Construction 0.0.1.
Indeed, that construction will not be a derived critical locus in generall.
Following and generalizing the construction of [FK14], we can start our construc-
tion by taking the derived critical locus Crit(f) and then “add anti-ghost fields”.
Adding enough anti-ghost fields leads to the Koszul-Tate resolution used in [FK14]
in order to make Construction 0.0.1. But then Construction 0.0.2 does not fit in
this framework. Therefore we take the freedom to take as many (or few) anti-ghost
fields as we like, essentially choosing which (higher) symmetries of the system we
want to consider or not. This leads to the notion of “almost derived critical loci”
(Definition 1.2.24) which are objects sitting “in between” the strict critical locus
given by the Koszul-Tate construction (which gives in some sens a “maximal” BV
construction) and the derived critical locus (the “trivial” BV construction).

REMARK 0.0.4. The classical BV construction (in the algebraic setting) is given by
the Chevalley—Eilenberg algebra associated to a Lie algebroid of “symmetries” on
an almost derived critical locus.

The reason the BV construction is build from this Chevalley-Eilenberg algebra is
that it represents an algebra of “derived infinitesimal invariants” with respect to
an infinitesimal action of the Lie algebroid. In other word, it represents a notion
of derived infinitesimal quotient. However, this heuristic is difficult to justify from
a geometric point of view. The dictionary between the geometric and algebraic
concepts is really unclear and we will come back to these notions in a moment.

Until then, we need to point out that not all Lie algebroid of “symmetries” would
do the trick. Indeed, one of the most important feature of the classical BV alge-
bra is that it is (—1)-shifted symplectic. Therefore, in order to get a symplectic
structure on the (infinitesimal) quotient, we need to quotient by “maximal sym-
metries”, which amounts to require a non-degenerate duality between the ghost

IEssentially because taking a resolution of the critical locus will produce a differential too com-
plicated to be coming from a derived critical locus.
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and anti ghosts fields. We will geometrically interpret this procedure of taking the
“quotient by maximal symmetries” as a taking the derived symplectic reduction.

We can summarize the concepts involved in the following incorrect dictionary:

Concept Geometric side Algebraic side
Solutions to the (Almost) derived Koszul-Tate resolution
E.L equation critical locus anti-ghost fields
Reduction by Lie algebroids CE algebras
maximal symmetries | Infinitesimal actions/quotients ghost fields
Algebra of —1)-shifted sympletic
obsirvables g(eom)etry and Zed?lction Fo-algebras

In this thesis, we aims at giving a sens to the geometric column and to the classical
BV construction using only the geometric operations. We will then try to compare
them to what we get on the algebraic side. This geometric construction will also
turn out to naturally generalize to groupoid actions leading to new constructions
of classical BV geometric object.

In order to make sense of the geometric objects we need, we will study in details
the notions of (infinitesimal) actions and quotients as well as how they behave with
respect to derived symplectic geometry.

Derived symplectic geometry was developed, to mention only a few, in [PTVV13,
CPT*17, Call5, Call9, Cal21, AC21]. It turns out that derived symplectic geom-
etry is in fact much better behaved than non-derived geometry when it comes to
constructing new (shifted) symplectic structures. In fact Section 2.2 is devoted
to the study of such constructions and in particular, it explains why the derived
critical locus (who is defined as a derived intersection) is canonically (—1)-shifted
symplectic. This is a key fact from the BV construction of [CG21]. We also develop
some a new construction of Lagrangian fibrations (see [Gra22] and also [Saf20]),
which turns out to be relevant for quantizing shifted symplectic structures (see
[Saf20]). We can also produce new Lagrangian correspondences from some kind
of Lagrangian intersections (see Section 2.2.3 and in particular Theorem 2.2.23).

To relate derived symplectic geometry to the BV construction, let us summarize
what we want for a BV construction:

— Take an almost derived critical locus S. It is endowed with the pullback
pre-symplectic structure along the natural map S — Crit(f).

— Take a “quotient” by a Lie algebroid .# such that the quotient is (—1)-
shifted symplectic.
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We can make a parallel between that construction and the notion of symplectic
reduction which in classical terms is constructed out of a moment map p : X — g*
associated to an action of a Lie group G on X as follows:

— Take the kernel of a moment map Z(u) := ker(u: X — g*). It is endowed
with the pre-symplectic structure pulled-back from X.

— Take a quotient X/G by a Lie group G integrating g such that the quotient
is symplectic.

This motivates us to study the notion of derived symplectic reduction. It is a known
fact that although classical symplectic reduction only makes sense under some
conditions on X and the action so that the quotient exists. Derived geometry has
no such restriction as long as we are willing to work with quotient stacks. In fact,
the symplectic reduction is the derived setting is obtained by the derived pullback:

[Z(/O/G} — BG = [*/G}

! l

Vel —— [

We will see that this pullback is naturally symplectic as a derived intersection
of Lagrangian morphisms in a 1-shifted symplectic derived stack given by the
quotient stack by the coadjoint action.

The study of moment maps from the derived point of view is done in [AC21] which
we extensively recall in Section 4.3.1. The main intakes from that section are the
following:

— A moment can be defined as a G-equivariant map ;o : X — g* such that
we have an equivalence of derived symplectic stacks (Definition 4.3.2):

X = [X/G} o] O

— The reduced space of X (its symplectic reduction) is defined as the pull-
back (Definition 4.3.2):

Xrea — BG == [/

! |

Ve~ [
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— There is a Lagrangian correspondence (Proposition 4.3.6):

Z (1)
N

It also turns out that moment maps have the nice property to be stable under
“Lagrangian intersection” for an appropriate notion of Lagrangian having a “La-
grangian reduction” (Theorem 4.3.10). In particular, we get a (—1)-shifted mo-
ment map:

X red

joy s Crit(f) = g1
whose symplectic reduction gives the equivariant derived critical locus of the map:

Lf]: {X/G] — A

The symplectic reduction of this moment map is a version of the BV construction
based on a group of symmetries. It was studied in [BSS21] and is further discussed
in Section 5.3.2. We will see in that section that this construction fits both the
heuristics of Constructions 0.0.1 and 0.0.2.

However, in both heuristics, the usual classical BV construction does not involve
a group action but rather an “infinitesimal action”. In the group case, it would
correspond to the action of the associated Lie algebra of the group, but in general
we need to come up with a good notion of infinitesimal quotient and action.

We will explain in a moment that we can make sense of such notions. Then
we can adapt the previous story with groups to the setting of Lie algebroid with
“infinitesimal actions and quotients”. It is however a more complicated story and
requires a slightly different notion of moment map. Essentially, we consider a map
of nice enough derived stacks, ;v : Y — L* with . a Lie algebroid over a derived
stack X, and Y a symplectic derived stack. Then the structure of moment map is
given by (see Definition 4.3.12):

— An action of the Lie algebroid .Z on Z(p) := ker(pu).
— A n-shifted symplectic structure on the infinitesimal quotient’, [Z <'“)/°§4 ,

together with a Lagrangian correspondence:

Z(w)
<N

IThe notion of infinitesimal quotient is a bit complicated if Y is not nice enough. In full
generality, we will need a notion of “weak infinitesimal quotient”.

[Z (u)/g}
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Then Yieq := [Z(“)/g] is called the infinitesimal symplectic reduction of Y along .

The typical example of such moment maps is the dual of the anchor 7% X — L*.
Moreover, this notion of moment map is again well behaved with respect to derived
intersections (see Theorem 4.3.20). In particular, there is a (—1)-shifted moment
map:

Crit(f) — L*[-1]
for . a Lie algebroid of “symmetry” of f over X (when X satisfies some technical

assumptions). Moreover the symplectic reduction of this moment map is exactly
Crit([f]) (Example 4.3.21).

Then the analogy with the BV formalism of Construction 0.0.2 is that given ., a
Lie algebroid of symmetries, Crit([f]) is by definition the BV construction we are
interested in, and it is also the symplectic reduction of the (—1)-shifted moment
map j_; : Crit(f) — Z*[—1]. It can therefore also be seen as a quotient of the
almost derived critical locus given by Z(u_1), and therefore fitting is a generalized
version of Construction 0.0.1.

We have now seen that Construction 0.0.2 seems to be the symplectic reduction
of a (—1)-shifted moment map on Crit(f). The problem is that Construction
0.0.1 does not exactly fit in this context as there is in general no moment maps
whose kernel will recover the full Koszul-Tate resolution. Therefore we propose a
generalization of the previous ideas and define a BV construction as some kind of
“generalized symplectic reduction” of S — Crit(f) (Definitions 5.1.3 and 5.1.4),
with S an “almost derived critical locus” of f. A derived stack Y will be called an
(infinitesimal) BV construction of f with respect to a given almost derived critical
locus S if (see Definitions 5.1.7 and 5.1.8):

— Y is an “(infinitesimal) quotient” of S.
— Y is (—1)-shifted symplectic and is part of a Lagrangian correspondence:

S

RN

Y Crit(f)

This is a rather wide generalization of both BV constructions as the symplectic
structure could have complicated homotopy theory (see Theorem 5.2.8) and needs
not have a BV charge.

Nevertheless, we will discuss why such objects should still “look like” classical BV-
algebras as a generalization of Construction 0.0.1 (see Section 5.2.1).

Finally, all this story generalizes very nicely when replacing infinitesimal actions,
quotients, moment maps etc... by the similar notions for Segal groupoids. In fact,
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the groupoid picture works in even greater generality and is much better behaved
than its infinitesimal counterpart’. The groupoid picture simultaneously general-
izes the analogous stories for groups and Lie algebroids we previously discussed.
This leads to a new notion of BV construction that recalls the global action of
symmetries instead of only the associated infinitesimal action.

The main issue of our definition of BV is that for a given an almost derived critical
locus S (which amounts to fixing the symmetries we want to consider), we have
little control on the existence and uniqueness of a BV structure on S — Crit(f).
Indeed, there might be a full (and possibly empty) topological space of such struc-
tures. In Section 5.3, we show that we have in fact a rather large class of examples
of BV constructions, including some recovering Constructions 0.0.1 and 0.0.2.

Finally, much of what we discussed so far relies on a good theory of (infinitesimal)
equivariant geometry, in other words, the study of the geometry of (infinitesimal)
quotients. In Section 4.1, we discuss the main results on ¢-equivariant geometry
that we need to do symplectic geometry and symplectic reduction. This behaves
very well, and we want to mimic this for infinitesimal equivariant geometry, that
is, geometry equivariant with respect to the action of Lie algebroids.

One of the main problem is to come up with a good notion of infinitesimal quotient
of Lie algebroids. In Section 3, we define such a notion and study its main prop-
erties. Unfortunately, this is only valid in a very restricted setting (namely when
the base satisfies Assumptions 3.2.2). In particular, many examples of interest do
not fit in this framework.

Yet, this approach is the “correct” notion of infinitesimal quotient from a geo-
metric point of view, in a sens made precise in Section 4.2.1. In that section,
we explain the heurestic saying that Lie algebroids are the infinitesimal versions
of groupoids. We describe a derivation and integration procedure showing that
under some mild conditions, the infinitesimal quotient of a derived stack by a
Lie algebroid is the formal completion of the quotient of this derived stack by a
groupoid “integrating” it, thus explaining the terminology “infinitesimal quotient”.

In order to palliate to the issue of only having a notion of infinitesimal quotients in
a very restricted setting, and motivated by some results of Section 4.1, we come up
with a notion of “weak infinitesimal quotients” in order to encompass the missing
examples that Assumptions 3.2.2 did not permit. The only draw back is that it
loses sight of an actual action (in the sens given in Section 3.3), and the infini-
tesimal quotients become part of the data. As such they need neither to exist or
to be unique. However, most of our examples of interests are weak infinitesimal

IThere is in particular no need for a notion of “weak” quotient in this setting.
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quotients and the desired properties analogous to the groupoid case hold.

Equipped with these tools, we can talk about .Z-equivariant geometry in an almost
identical way as for groupoids (although in a more restricted setting). Through
all of our discussion, we will make a point to show that all the infinitesimal con-
struction (BV, symplectic reduction, actions and quotient...) are exactly formal
completions of their global counterpart for groupoids (again under some mild
conditions).

Notations and Convention.

— All along £ will denote a field of characteristic 0.

— We use cohomological conventions, that is, the differential have degree +1.
We denote by Mody, the category of cochain complexes over £ together with
its projective model structure.

— Everything will be differential graded unless stated otherwise. For exam-
ple when we say “modules” and “algebras” we mean “differential graded
modules” and “differential graded commutative algebras”. The degree of
an object a, an homogeneous element of a differential graded object, will
be denoted by |al.

— All algebras and monoids will be unital commutative algebras and monoids.
In fact an algebras are defined as a commutative monoid in a given sym-
metric monoidal category (by default Modj). The category of commutative
differential graded algebras (in Mod;) will be denoted by cdga and is en-
dowed with its projective model structure induced by the one on Mody.
Variations and properties of these model structures when replacing Mody,
by a “good” model category are discussed in Appendix A.1.

— We will make no difference between the notations for a model category
and its associated oo-category. Everything can be assumed to come from
model categorical constructions unless we specify otherwise. For example,
by default, all functor are Quillen unless they are called “co-functors”.

— All the co-categories we consider will be (oo, 1)-categories.

— Everything will be “up to homotopy” unless stated otherwise (usually by
using the adjective “strict”, “classical” or “underived”). In particular, all
diagrams commute only up to homotopy' and all functors are by default
derived including for example:

e Limits and colimits, including pullbacks and pushouts.
e The (enriched) Hom functors and mappings spaces.

— All along, our geometric objects (derived schemes, stacks etc...) will be
augmented over the point x := Spec(k) making them derived k-schemes,
derived k-stacks and so on... Keeping this in mind, k& be omitted from the

'In other words, all diagrams come together with the data of the homotopies making the diagram
commute.
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notations. In a dual way, all algebras will be k-algebras and we will also
omit k£ from the notations.
If A is an algebra, then Mod, is the category of module over A. We will
sometimes consider algebras and modules in a more general good model
categories. We refer to Appendix A.1 for more about these categories and
modules.
7 is the oo-category of topological spaces which is equivalent to the oo-
category of co-groupoids, denoted by Gpd_,. This equivalence is given by
the geometric realization functor:

|—|A : Gpdy, — 7
The Hom-set of a category ¢ is denoted by:

Hom or Homg
%

Given an oo-category ¢, then we denote by:
Map%(_v _> €

the mapping space of €.
In general for a #-enriched category 4 we denote by:

HomJ (—, —)
the 7 -enriched Hom functor. If ¥ = Mod;,, we will write:
Hom(—, —) := Hom"*%(—, —)
To simplify some notations, we will also write:
Hompg(—, —) := Homyjoa, (—, —)

and similarly for mapping spaces, or enriched Hom functors.

The zero section of a linear stack (see Section 1.2.3) is denoted by s.

If V and W are cochain complexes, and f : V — W a morphism between
them, then we denote by:

Viije' w

the cochain complex whose underlying module is V' [1]&W with differential
the sum of the differential on V, the differential on W and f viewed as a
map of degree 1. This is a model for the homotopy fiber of f:

fiber (M EN N>

— Let f : ' — E be a linear morphism of linear stack over X (see Section

1.2.3). Then we denote:

Z(f) := fibery, <M EN N)
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The fiber of f at the zero section of G. We will see in Section 1.2.3 that
this is the linear stack associated to .Z[1] @&/ & where .# and & are the
quasi-coherent sheaves on X associated to /' and L.

— We denote by ¢/ the slice category over A and ¢4, the slice category
under A.

— Given a morphism f : A — B, we denote by ¢4,,5 the whose objects are
elements C' € ¢ fitting is a commutative diagram:

C
A ! s B

Morphisms in that category are morphisms in ¢, C' — C’ commuting with
all maps from A and to B.
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Cette thése a pour objectif I'étude du formalisme BV du point de vue de la
géométrie dérivé. Nous développons le formalisme nécessaire pour parler de guo-
tient infinitésimaux et de réduction symplectique infinitésimal qui apparaissent comme
version géométrique de la construction BV.

Section 1 Cette premiére section est une introduction aux outils de géométrie dérivé
dont nous aurons besoin pour la suite.

Section 1.1 — Cette section vise a introduire les notions et notations pour les champs
supérieurs dérivés.

Section 1.1.1 — Les schémas classiques n’ont généralement pas de quotient bien
définit pour une action générale. Pour y remédier, on regarde
leur foncteurs de points et remplace les ensembles de points
par des ensemble simpliciaux. Cela définit la notion de champ
supérieur.

Section 1.1.3 — Les schémas classique n’ont également pas toujours une “bonne
théorie d’intersection”. Une des motivation initiale la géométrie
dérivé est de résoudre le probléme des intersections non trans-
verses. Nous définissons donc ici les schémas dérivés.

Section 1.1.3 — En mélangeants les deux sections précédentes, nous obtenons
la notions de champ dérivé, avec lesquels nous pouvons a la fois
prendre des intersections et des quotients sans problémes.

Section 1.1.4 — Nous finissons par parler de champs dérivé affine et relative-
ment affine, nous décrivons les algébres différentielles gradués
décrivant les algébres de fonctions de nos champs dérivés.

Section 1.2 — Nous discutons ici la notion de champ linéaire sur une base, par analo-
gie avec la notion d’espace vectoriel.

Section 1.2.1 — Nous rappelons les notions de faisceaux quasi-cohérent et par-
fait au dessus d’une base X. Ils vont jouer le role de “module
de sections” d’un fibré vectoriel.

Section 1.2.2 — Nous définissons la notion complexe cotangent et tangent comme
les faisceaux de module représentant respectivement les formes
différentielles (formes différentielles de Kdhler mais au sens dériveé)
et les dérivations.

Section 1.2.3 — Nous définissons la notion de champs linéaire au dessus d’une
base associé a un faisceau quasi-cohérent sur cette base. Ceci
nous permet de définir les champs tangents et cotangents. En-
suite nous montrons quelques propriétés de tiré en arriére ana-
logue avec ce a quoi on s’attend avec des fibrés vectoriels.
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Section 1.2.4 — Nous montrons que le complexe tangent relatif d’un champ
linéaire, Ty, (#)/x, est naturellement équivalent a 7*.%. C’est
Iespace vertical associé a un champ linéaire.

Section 1.2.5 — Nous introduisons la notion de connection sur un champ linéaire
(encore une fois par analogie avec une connection sur un fibré
vectoriel) lorsque la base est affine. Ceci nous permet de cal-
culer le tangent d’un champ linéaire.

Section 1.3 — Nous introduisons des notions de géométrie formel, complétions formel
et champ formel.

Section 1.3.1 — Dans cette section, nous définissons les notions de champs formel,
champs de de Rham et complétion formel. Ceci nous donne le
langage pour parler de voisinage infinitésimal que nous utilis-
erons a profusion dans notre étude de la géométrie infinitési-
male équivariant.

Section 1.3.2 — Nous exposons un résultat clé qui identifie (avec de bonne hy-
pothése) les épaississement formels d’une base X avec les problémes
de modules formels en dessous de X. Nous parlons ensuite du
spectre formel, et du calcul du tangent relative de ces objets.

Section 1.4 — Cette section introduit les objets permettant le calcul différentiel dans
le cadre dérivé .

Section 1.4.1 — Nous introduisons le complexe de de Rham dans le cadre dérivé
avec sa structure de complexe mixe gradué. Il est définit par
une propriété universelle (comme adjoint a gauche) et nous ex-
pliquons qu’il est en fait naturellement équivalent a Ialgébre
symétrique:

Sym 4 LA[—H

Section 1.4.2 — Nous définissons la notion de formes différentielles décalées qui
seront trés importantes pour parler de géométrie symplectique
décalée.

Section 2 — Nous rappelons les définitions de base de géométrie symplectique dérivé et
étudions en détail les constructions de telles structures via des procédures

“d’intersections Lagrangiennes”.

Section 2.1 — Nous donnons une introduction a la géométrie symplectique dérivée.
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Section 2.1.1- Nous rappelons la définition de structure symplectique n-décalées.
Nous décrivons également la structure symplectique canonique
sur le cotangent décalé.

Section 2.1.2 — Nous définissons la notion de structure Lagrangienne sur un
morphism L — X. Nous décrivons quelque exemples classique
et introduisons la notion de correspondance Lagrangienne qui
va s’avérer crucial dans le reste de cette thése.

Section 2.1.3 — De facon similaire a la section précédente, nous introduisons la
notion de fibration Lagrangienne et donnons quelques exemples
utiles de ces structures.

Section 2.2 — Nous montrons dans cette section différentes constructions par “inter-
section Lagrangienne”.

Section 2.2.1 — Nous commencons par rappeler le résultat disant qu’'une in-
tersection Lagrangienne dans un champ symplectique n-décalé
donne un champ symplectic (n — 1)-décalé. En particulier, le
lieu critique dérivé est toujours symplectique (—1)-décalé.

Section 2.2.2 — Nous étendons ce résultat pour des intersections Lagrangien-
nes au dessus de fibrations Lagrangiennes. En particulier, le
morphism naturel:

Crit(f) — X

est une fibration Lagrangienne.

Section 2.2.3 — Ces procédures d’intersections Lagrangiennes se généralises et
induise une structure de catégorie (et méme catégorie supérieure)
sur ’espace des Lagrangiens. En particulier, ce formalisme nous
permet de démontrer une nouvelles construction de correspon-
dance Lagrangienne par intersection Lagrangienne.

Section 2.3 — Nous discutons quelques exemples des constructions précédentes.

Section 2.3.1 — Nous rappelons en détail la géométrie symplectique des lieux
critiques dérivés.

Section 2.3.2 — Nous donnons une description précise de la structure de fibra-
tion Lagrangienne sur un lieu critique dérivé dans le cas ou la
fonctionnelle a un lieu critique “non-dégénéré”.

Section 2.3.3 — De facons similaire au lieu critique dérivé, nous décrivons la
géométrie symplectique obtenue par intersection Lagrangienne
sur les cotangents tordus.
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Section 3 — Nous étudions la géométrie des algébroides de Lie et leur quotient in-
finitésimaux.

Section 3.1 — Nous introduisons la notions d’algébroide de Lie.

Section 3.1.1 — Nous donnons les définitions et exemples de base d’algebroid
de Lie.
Section 3.1.2 — Nous rappelons les éléments de bases de théorie de ’homotopie
pour les algébroides de Lie.
Section 3.2 — Nous introduisons et étudions la notions de quotient infinitésimal d’un
algébroide de Lie.

Section 3.2.1 — Nous définissons un champ dérivé associé a un algébroide de
Lie que nous appelons “quotient infinitésimal”. Nous montrons
quelques propriété de cette construction et calculons son tan-
gent relative.

Section 3.2.2 — Cette section veut définir les notions de tiré en arriére et change-
ments de bases d’algébroides de Lie, et montre que ces construc-
tions ont un analogue sur leurs algébres de Chevalley—Eilenberg
non-dérivés.

Section 3.3 — Action d’un algébroide de Lie.

Section 3.3.1 — Nous définissons la notion de représentation a homotopie prés
et montrons que les complexes tangent et cotangent de CE“#'(.Z)
définissent des représentations a homotopie prés que nous pou-
vons voir comme des représentations adjointes et coadjointes.

Section 3.3.2 — Nous définissons la notion général d’action d’un algébroides et
montrons que les représentations a homotopie prés définissent
de telles actions.

Section 3.4 — Nous donnons une preuve du théoréme de transfert homotopique dans
le cadre algébrique.
Section 4 — Nous introduisons les notions de géométries équivariante, dans le cadre

infinitésimal et global, puis nous étudions leur géométrie symplectique.

Section 4.1 — Nous commencons par I’étude de la géométrie équivariante pour I’action
d’un groupoide.
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Section 4.1.1 — Nous définissons les notions de groupoides et application équiv-
ariantes. Nous montrons également quelques propriétés impor-
tantes de tirés en arriére des quotients par des groupoides, et
par l'action de groupoides.

Section 4.1.2 — Nous décrivons les tangents et cotangents des champs quotients.

Section 4.1.3 — Nous rappelons la géométrie symplectique sur les champs quo-
tients (et leurs cotangents).

Section 4.2 — Nous passons a la version infinitésimal de la géométrie équivariante.

Section 4.2.1 — Nous montrons que les algébroides de Lie sont les versions in-
finitésimales des groupoides. En particulier nous montrons com-
ment intégrer les algébroides de Lie et dériver les groupoides
ainsi que leur actions.

Section 4.2.2 — Nous imitons les définitions et propriétés décrites en Section
4.1.1 sur la géométrie équivariante pour les groupoides.

Section 4.2.3 — De méme, nous décrivons autant que possible les tangents et
cotangent des quotients infinitésimaux.

Section 4.3 — Nous étudions les notions d’applications moment et de réduction sym-
plectique dans le cadre dérivé.

Section 4.3.1 — Nous commencons par rappeler la notion d’application moment
pour une action de groupe. Nous suivons principalement les ré-
sultats de [AC21] dans le but de motiver les généralisations qui
suivrons. Crucialement, nous expliquons que la propriété essen-
tielle d’'une application moment est lié a une correspondance
Lagrangienne.

Section 4.3.2 — Motivé par le case des groupe, nous pouvons donner une général-
isation des notions d’applications moment et réduction symplec-
tique pour des actions infinitésimales. De plus nous avons égale-
ment un théoréme d’intersection Lagrangienne d’application
moment permettant d’obtenir de nouvelles applications moment
décalées intéressantes.

Section 4.3.3 — Les notions de la section précédentes se généralises verbatim au
cas des groupoides.

Section 5 — Nous discutons les applications de nos résultats sur la géométrie équivari-
ante au formalisme BV.

Section 5.1 — Nous motivons une approche géométrique au formalisme BV.



Section 5.1.1 —

Section 5.1.2 —

Section 5.1.3 —
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Nous partons des constructions algébriques pour les expliquer
et généraliser via une interprétation géométrique commune. Nous
expliquons que la construction BV est moralement une version
généralisé de la réduction symplectique.

Nous définissons une construction BV comme une réduction
symplectique généralisé.

De nombreux exemples de construction BV sont obtenus via
des symétries “off-shell”. Nous décrivons de tels symétries dans
le cas global comme infinitésimal.

Section 5.2 — Le but de cette section est de comparer notre définition géométrique
avec les constructions algébrique usuelles.

Section 5.2.1 —

Section 5.2.2 —

Section 5.2.3 —

En se mettant dans le contexte de [PS20], nous montrons que
notre notion géométrique ressemble a la construction BV usuelle,
mais reste plus générale, avec I'apparition de termes “homo-
topique” non triviaux.

Nous montrons que en se restreignant a un cadre non dérivé,
nous pouvons trouver une charge BV.

C’est une section technique ou 'on montre que l'algébre de de
Rham d’un complexe de Chevalley-Eilenberg a un rétracte par
déformation avec I’algébre de de Rham de la base.

Section 5.3 — Nous donnons des exemples importants de construction BV.

Section 5.3.1 —

Section 5.3.2 —

Section 5.3.3 —

Section 5.3.4 —

Nous montrons que la construction BV de [FK14] est une con-

struction BV au sens géométrique.

Nous montrons que I’action d’un groupe de symétries off-shell

induit une construction BV retrouvant la discussion dans [BSS21].
De la méme maniére, chaque action infinitésimal off-shell induit

une construction BV donné par le lieu critique dérivé équivari-

ant.

De la méme maniére, chaque action d’un groupoide off-shell

induit une construction BV donnée par le lieu critique dérivé

équivariant.
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1. DERIVED ALGEBRAIC GEOMETRY

In this first section, we focus on setting up the geometric context in which we are
going to work, including derived stacks, tangent complexes, linear stack, connec-
tions, formal geometry, de Rham algebra and shifted (closed) differential forms.

We start in Section 1.1 by motivating and introducing derived schemes and de-
rived stack, their tangent and cotangent complexes, and introduce the main basic
notations and constructions we will use.

Then Section 1.2 discusses linear (and semi-linearly represented) stacks over a
base X. We describe morphisms and pullbacks of such objects and explain how to
compute their cotangent and relative cotangent complexes by using connections.
We then turn, in Section 1.3, to the study of derived formal geometry. In partic-
ular, we will be interested in the derived formal stacks arising from formal moduli
problems, as they will be the main object of interest in the study of Lie algebroids
and their infinitesimal quotients in Section 3.

We finish in Section 1.4 by recalling the construction of the de Rham algebra
and the notion of n-shifted (closed) pform over a derived stack, providing the
prerequisites to speak about derived symplectic geometry in Section 2.

1.1. Introduction to Derived Algebraic Geometry.

The idea behind derived geometry is to mix homotopy theory and geometry to
get “better behaved” geometric objects. There are many reasons we can be inter-
ested in such objects. We are going to be mainly interested in the following two
operations that are inherently well behaved in derived geometry:

— We can define homotopy quotients (which from now on we will simply call
quotients). In higher geometry, there are well defined colimits' which we
can use to define quotients and study G-equivariant geometry.

— We have good intersection theory” and even all limits. We will see in partic-
ular in Section 2.2 how well behaved derived intersections are with respect
to derived symplectic geometry.

Further the tools of derived geometry are also well suited to study formal geometry
and infinitesimal neighborhoods, which we will also extensively use when working
with infinitesimal quotients (see Section 3).

To mention a few foundational work on derived geometry, we refer to [TV05] and
[TVO08] in the model categorical setting and to [Lur04], [Lur07] and [Lur09a] in
the oo-categorical setting.

IRecall that by colimit (respectively limit) we always means homotopy colimit (respectively fo-
motopy limit).

By “good intersection theory” we mean that (homotopy) intersections exist and have good
behavior with respect to the intersection number and recover Serre’s formula (see the introduction
of [Lur04]).
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1.1.1. Quotients and higher stacks.

In order to encode quotients “up to homotopy” of a geometric space X, we add
to it a space of 1-simplices such that there exists a simplex from z to y if and only
if  and y are equivalent under the relation along which we want to quotient. This
idea can be encoded in the notion of groupoid:

g#;x

where we view 7 € ¢ as an equivalence from z := s(v) to y := t(7), and the
strict quotient by this equivalence relation corresponds to the strict equalizer of

this groupoid.

Now such strict colimit may not always exist in the category of “classical” geomet-
ric object we are working with (for example if X and ¢ are smooth manifolds or
even schemes). To fix that issue, we need to consider a larger category of “higher”
geometric objects.

First we consider sheaves on the site of affine schemes, Aff°® — Set, motivated
by the notion of functor of points of a scheme (see Example 1.1.12). In this cat-
egory of sheaves, colimits do exist but are still pathological’, and therefore we
will consider such sheaves valued not in the category Set but in the co-category of
oo-groupoids, Gpd_, (see [LurO9b, Section 1.2.5]).

The idea behind this comes from the fact that the set of points of a singular
quotient can be represented, up to homotopy, by a “simplicial set of points” whose
my recovers the set of points of the quotient, and such that each set of simplices is
“nice”. Doing this remember not only the quotient, but also the way in which two
points are equivalent, the way in which two such equivalences are equivalent, and
so on... This turns out to have many technical advantages, at the price of having to
work up to homotopy. Since we want to work up to homotopy, the natural objects
we are interested in are “oo-sheaves”, a.k.a. higher stacks:

Definition 1.1.1. A higher stack over the site of classical affine spaces, denoted by
Aff := (CAlg)® (the opposite of the category of commutative algebras concen-
trated in degree zero), is a functor:

X Aff —» Gpd,
satisfying a descent condition (see [TV05, Definition 3.4.9]) making it an co-sheaf

valued in the oo-category of oco-groupoids, Gpd..

1Higher geometry should not be confused with derived geometry, which is an other kind of
generalization as we will see.
2In the sens that the “sets of points” are not sets of points of a geometric object.
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Note that this requires a choice of Grothendieck topology' on Aff. By default, we
will always consider the étale topology (see [Mil80]).

ExampPLE 1.1.2.

— Functor of points: The functor of points of a scheme induces a fully-faithful
functor Sch — St that sends a scheme X to the higher stack:

X A — 5 Set C Gpd,,

Avr—— }gollgn(Spec(A), X)

where the set of points is viewed as a simplicial set via the fully-faithful
functor Set — Gpd_, sending a set X to the constant simplicial set with
X in each simplices®.

— Quotient stacks: If G is a group object in higher stacks that acts on a higher
stack X via an action p, we can define the higher quotient stack as the

colimit:
[X/G} .= colim (N ( X xG p:px; X ))

Where N is the nerve of the groupoid determined by the action. This
example will be detailed and expended upon in Example 1.1.14.

1.1.2. Intersection and derived schemes.

For the problem of intersections, the problem lies in the algebra of functions that
does not have enough homotopy theory. For a more detail explanation of the
relationship between intersection theory and derived geometry, we refer to the in-
troduction in [Lur04] and to [Call4, Lecture 1.1]. In short, we have to replace the
affine space of commutative algebras by the category of simplicial algebras, which
comes equipped with a non trivial homotopy theory we can use to do intersections
up to homotopy.

As we are always going to work with k-algebras, with & a field of characteristic 0,
we can use the Dold-Kan correspondence to work with connective commutative

differential graded k-algebras, dAff := (cdgaSO)OP instead of simplicial algebras.

The notion of Grothendieck topology is the notion that generalizes the idea of open cover on
smooth manifolds. We refer to [MLM94] and [AGV72] for the classical (underived) notion of site
and Grothendieck topology.

2This fully-faithful functor is the right adjoint to the connected component functor:

7o : Gpd,, — Set
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Definition 1.1.3. A derived scheme is a derived locally ringed space’ (X, O ) such
that:

— Ox is an oo-sheaf of connective cdgas over X, that is H"(0x) = 0forn > 0.

— The underlying locally ringed space, (X, H(OY)), is a scheme.

— For all n > 0 the sheaf H " (0x) is a quasi-coherent H°(Jx )-modules.
We will denote the oo-category of derived schemes by dSch. Of course any ordi-
nary scheme is also a derived scheme, and this defines a fully-faithful oco-functor,
¢t : Sch — dSch, that has a left adjoint:

to:dSch =—— Sch:
defined by the underlying scheme, to(X, Ox) = (X, H*(Ox)).

As for ordinary scheme, there is a spectrum functor, Spec, which is the right
adjoint to the global algebra of functions functor:

I':dSch m—— (cdga™")"" =: dAff : Spec

REMARK 1.1.4. In [Toel4], it is shown that dAff is equivalent to the category of
derived schemes whose truncation ¢, (X ) are affine. For a derived scheme (X, O),
its underlying scheme, ¢((X), is locally affine. Therefore, this shows that (X, Ox)
is locally equivalent to derived affine scheme.

Definition 1.1.5. A derived scheme X is called locally almost finitely presented if
X is locally equivalent to the spectrum of almost finitely presented cdgas®. In

particular, #,(X) is a finitely generated scheme. In this situation, H " (0x) are
coherent H°(Ox)-modules.

ExampLE 1.1.6. The pullback of affine derived schemes,

Spec(A) Xspec(c) Spec(B) —— Spec(B)

! !

Spec(A) » Spec(C)

can be computed by the spectrum of their derived tensor product:
Spec(A) Xspec(c) Spec(B) ~ Spec(A ®¢ B)

The main gain from using this derived setting is that the tensor product is now
derived. As explained in [Lur(04], this enables to recover Serre’s formula to compute
the correct intersection number.

IDerived locally ringed spaces are topological spaces X with an co-sheaf of connective commu-
tative differential graded algebras, see [Toel4, Section 2.2] for more details.

24 is an almost finitely presented cdga if H%(A) is a finitely generated algebra and each H'(A)
is a finitely presented H°(A)-module.
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From now on, we will omit the notation ®" and denote the derived tensor product
by ®. Recall that by convention all our functors are derived, and our constructions
and commutative diagrams are “up to homotopy” unless specified otherwise.

EXAMPLE 1.1.7. The derived critical locus of a functional f : X — A!, with X a
smooth scheme, is defined as the following pullback:

Crit(f) —— X

| Js

X ——T"X
As a derived scheme, Crit(f) can be described as the locally ringed space:

(S, (i (Symy Tx[1]), tar))

where i : S — X is the inclusion of the topological strict critical locus’, Ty is the
tangent complex” (see Section 1.2.2) and the sheaf of cdgas is the restriction’ to
S of the sheaf of connective* cdgas, Sym, Tx[1], together with the differential
given by the contraction 4.

REMARK 1.1.8. The derived critical locus has many good properties. In many
regard, it behaves almost like the shifted cotangent 7*[—1]X (Definition 1.2.11)
and is in fact equivalent to the (—1)-shifted cotangent if df = 0. In particular, we
will see in Section 2.2 that much of the symplectic geometry of 7*[—1]X can be
extended to Crit(f).

We will study in more details the (shifted) symplectic geometry of derived inter-
sections in Section 2.3.1.

1.1.3. Derived higher stacks.

Derived higher stacks appear when we want to take both homotopy quotients and
derived intersections. The successive generalizations of the notion of geometric
space in order to arrive to derived higher stacks can be summarize by the following
diagram:

IThe strict critical locus is the scheme given by the strict pullback instead.

2Since we assumed X smooth, Tx is in fact concentrated in degree 0 and has no differential.

3Given by the restriction functor i ! : cdgaé%(x) — cdgaé%(y).

#This symmetric algebra is connective as soon as Tx|[1] is concentrated in non-positive degree
which is the case when X is smooth.
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functor of points

AffP > Set
derived higher stacks higher
intersections quotients
dAff°P » Gpd,

derived higher stacks

One way to view this is that derived higher stacks are to derived schemes what
higher stacks are to schemes. In particular, the functor of points of a derived
scheme (valued in Gpd_) is a derived stack, and induces a fully-faithful oco-functor
dSch — dSt. In particular, similarly to higher stacks, they are better behaved than
derived schemes when it comes to handling homotopy quotients and colimits.

Definition 1.1.9. A derived higher stack over an oco-site (see [TV05, Section 3.1])
dAff of derived affine objects, is a functor:

F:dAf® — Gpd,,

satisfying a descent condition (see [TV05, Definition 3.4.9]) making it an oo-sheaf
valued in oco-groupoids. All the stacks we will consider will be viewed as derived
higher stacks, therefore we will omit from now on the terms “higher” and “derived”
and call them either derived stacks or just stacks.

We will work with connective cdgas’ as affine dAff := (cdgago)()p together with
the étale topology. This gives us the notion of D~ -stack in the terminology of
[TVO08]. With these choices, we denote the oo-category of all derived stacks by
dSt. Given an other choice of site and Grothendieck topology 7, we will denote
derived stacks for that topology by dSt".

Notation 1.1.10. Functors F' : dAff*” — Gpd_, that do not satisfy descent
are called pre-stacks and the category of such functor is denoted by dpSt. We will
also use variations of the other notations for stacks by writing for example dfpSt
instead of dfSt to denote the associated category of formal derived pre-stacks
(which we will define in Section 1.3.1).

We will also need to restrict ourselves to almost finitely presented stacks.

!In fact, the natural generalization from Aff would be to consider simplicial algebras. However,
this we are working over a fields, of characteristic zero, we can use the Dold—Kan correspondence
to work with connective cdgas instead.
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Definition 1.1.11. An almost finitely presented derived stack is a derived stack over
the oo-site of almost finitely presented algebras, dAfFP, together with the étale
topology. In other words, they are functors:

F: (dAfF*®)™ — Gpd,,

satisfying a descent condition (see [TV05, Definition 3.4.9]) making it an oo-sheaf
valued in oco-groupoids. We denote the category of almost finitely presented de-

rived stacks by dSt*.

ExamMpPLE 1.1.12. Since the category dSch is an oo-category, it has a mapping space
and we can define the functor of point of a given derived scheme X by:

X :dAfF® — Gpd,,

Spec(A) —— Map(Spec(A4), X)
dSch

This defines a fully-faithful functor dSch — dSt. If Spec(A) € dAff, then its
associated stack, which we also denote by Spec(A), is the stack given by:

Spec(A) : cdga=’ ——— Gpd_
B ———— Map (A, B)

cdga=0
This is called the derived stack corepresented by A.

REMARK 1.1.13. The objects of dSt can be very wild and do not always behave as
nicely as we would like for geometric purposes. In order to have a better control
on derived stacks, we will often restrict ourselves to certain sub-classes of derived
stacks.

One type of restriction is to consider derived stacks which can be obtained induc-
tively, starting with affine derived stacks, and by gluing our stacks together suc-
cessively along a certain type of morphisms. This is the idea behind the definition
of a geometric stack (see [TV08, Chapter 1.3] and in particular [TV08, Proposition
1.3.4.2]).

Different choices of the “type of morphism” along which we are gluing give dif-
ferent notions of geometric stacks. We will only consider the class of smooth
morphisms. The category of geometric stacks for smooth morphisms is called the
category of Artin stacks (see [TV08, Definition 2.1.1.3]).

Unfortunately, these type of stacks will not be general quite enough for us. When
we will study infinitesimal quotients of Lie algebroids in Section 3, we will not
obtain Artin stacks, but rather derived formal stacks (see Section 1.3).
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ExampPLE 1.1.14.

— We will denote by A' the affine line as the derived stack corepresented by
k[z], A' := Spec(k[z]).

— Any pullback or pushout of derived stacks is also a derived stack.

— In Section 1.2.3 we will define a class of stacks called linear stacks corre-
sponding to a generalization of the notion of vector bundle over X. In the
situation where X admits a cotangent complex (see Section 1.2.2), we will
be able to define the n-shifted tangent and cotangent stacks, 7'[n]X and
T*[n|X (Definition 1.2.11).

— In Section 1.3 we will see a construction of “formal derived stacks” (Defi-
nition 1.3.1) obtained from a formal moduli problem (Definition D.1.6 and
Proposition 1.3.22). This will enable us to define the derived infinitesimal
quotient stack of a Lie algebroid as the formal stack associated with the
formal moduli problem induced by the given Lie algebroid (see Section
3.2.1).

— Classifying stack: Given a group object in derived stacks, GG, we define its
classifying stack as the colimit of the following simplicial stack’:

BG:zcolim(*:GE(;2...>

— Quotient Stack: Similarly to the previous example, consider G a group ob-
ject in derived stacks acting on a derived stack X. Then we can define the
quotient stack of X by G as the following colimit:

[X/G} :zcolim( X E=XxGE—XxG- )
— More generally if ¢ is a groupoid over X (Definition 4.1.1):

g :si X
t
then we can define its quotient stack as the colimit of its nerve’:

[X/g} ::cohm<X§j:gngxg...>

In particular if 4 := G x X, s :=pry : G x X = X and ¢t := pisan
action of GG, then we recover the quotient stack from the previous example.
Moreover, if X and ¢ are Artin stacks and the source and target maps
are “smooth”, then the quotient is also Artin (in fact Artin stacks are
such successive quotients of smooth Segal groupoids, see [TVO08, Definition

IEach of the simplices are stacks given by G*". The maps G*™ — G*"~! are given by the
projection on the (n — 1)first (and n — 1-last) component and for each ¢ = 1---n — 1 sends
(91, s9n) t0 (g1, Gi-1, Gigit1, Git2," " > n)-

2The three maps of the nerve ¥ x x — ¢ are given by the natural projections and the groupoid
multiplication, and similarly for higher simplices.
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1.3.4.1.] and [TVO08, Proposition 1.3.4.2.]). We will discuss the notion of
Segal groupoids in Section 4.1.1.

Proposition 1.1.15 ([TVO05, Theorem 4.2.9]). The category of derived stack forms a
model topos (see [TVO5]). In particular it satisfies Giraud’s theorem for model topoi:

(1) We have disjoint homotopy coproducts'.
(2) Colimits are preserved under base change:

colim (A; x g C) ~ colim (A; xg C)

(3) Segal equivalence relations are homotopy effective. We refer to [TV05, Defini-
tion 4.9.1] for the precise meaning of that condition. In particular the natural
projection:

is an effective epimorphism in the sens that there is an equivalence:
: ~ | X
colim (N( X x[X/(g]X — = X )) — [ /g}

and moreover the natural morphisms:

Y xx-Xx9— X X - X
TXx Xk [X4] X
n—times A ~~ ~
(n+1)—times

x|

are equivalences for all n > 0.
1.1.4. Relative spectrum functor and algebra of functions.

In this section we set up notations for the spectrum functor and its relative version,
and describe the sheaf of functions of a derived stacks. In the context of derived
schemes, we have a functor dAff — dSch which is part of the adjunction:

I': dSch —— dAff: Spec

where I is the global algebra of functions functor, I' (X) := Ox(X). The goal is
to give a similar adjunction for derived stacks and give a relative version of it. To
do that, we need to discuss the notion of sheaf of functions &'y of a stack X.

First, recall that through the fully-faithful functor dSch — dSt, an affine derived
scheme Spec(B) is sent to the functor of points “corepresented” by B which leads
to the following definition:

1A coproduct A][ B is a disjoint coproduct if it is equivalent to the colimit A]] B where 0 is
0
the initial object.
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Definition 1.1.16. A derived stack called affine or corepresented by B € cdga=" if
it is of the form™:

Spec(B) : dAff*Y — Gpd_,

A +— Map (B, A)

cdgaSO

The functor Spec defines a fully-faithful functor dAff — dSt.
This definition can be easily be extended to unbounded algebras.

Definition 1.1.17. For B € cdga, a possibly unbounded algebra. We define the
pro-affine derived stack pro-corepresented by B to be:

Spec(B) : dAffY —— Gpd_,

A —— Map(B, A)

cdga
WARNING 1.1.18. Even though we make an abuse of notation by denoting Spec(B)
the pro-corepresentable derived stack associated to a possibly unbounded cdga,
B, this derived stack is not affine in general, and is not even necessarily a derived
scheme. We will keep this convenient notation but the reader should be aware
that we say that X is an affine derived stack only if X = Spec(B) for B a connective
cdga.

We also want to consider schemes that are “affine relative to another scheme”. For
example vector bundles, or as we will see in Section 1.2, linear stacks, are affine
(or just pro-affine) relative to their base. We want to be able to take the “relative
spectrum” of such objects.

Definition 1.1.19. There is a functor’:
<0 op
dSch,x — (cdgaéC(X))

that sends p : Y — X to p.0Oy.
This functor has a right adjoint called the relative spectrum:

Specy : (cdgag%(x)>op — dSch,x

In particular, for any </ € cdgaéoc( xyand p - Y — X, we have:
Hom (&7,p.0y) ~ Hom (Y,Specy (%))
dSCh/X

<0
Cdgan<X)

IRecall that the derived stack Spec(DB) is the functor of points associated to the derived scheme
also denoted Spec(B).

’The category cdgaé%( x) is the category of non-positively graded commutative algebras in
QC(X), the category of quasi-coherent sheaves on X (Definition 1.2.1).
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Note that for X = %, this is the usual adjunction I' 4 Spec since for p : ¥ — %,
we have p,.Ox ~ Ox(X).

The idea is that the objects of cdgaéoc( x) are the “affine relative to X” and the

relative spectrum produces a scheme (over X) out of it.
In order to do the same thing for derived stacks, we need to make sense of the
sheaf of functions of a derived stack.

Definition 1.1.20. Given a derived stacks X, the sheaf of algebras of functions of
X is defined as the following stack (valued in cdga) on the site’ dAff,y by:

Ox(Spec(A) - X)=A

This can be left Kan extended to a functor from dSt, x, the category of all derived
stack over X. In particular for id : ¥ = X — X we get a definition of the global
functions functor:

Spec(A)—X
Moreover, if f : X — Z is a map of stacks, then there is a morphism of co-sheaves
ondSt,;, 0; — f,0x, extending the functor on dAff,; defined by:

f+Ox(Spec(A) — Z) := Ox (Spec(A) xz X — X)

This map:
Oz(Spec(A) — 7)) = A — lim

Spec(B)—Spec(A)x z X
is defined by the natural morphism obtain from the composition of the maps
Spec(B) — Spec(A) xz X — Spec(A), inducing maps A — B. Therefore we
get a unique morphism from A to the limit.

Lemma 1.1.21. Given a derived stack X, the following descriptions of the global
algebra of functions are equivalent:
(7
Spec(A)—X
(2) As the mapping “commutative monoid in spectra®” into A':

Ox(X) = Mapger®® (X, A1)

This commutative monoid in spectra can be identify with a possibly unbounded
cdga using the stable Dold-Kan correspondence”.

IThe over category dAff, x admits a natural étale topology coming from the étale topology on
dAft.

’The mapping spectra is obtain by considering the spectrum object given by taking the free
stabilization of the mapping space. This is also a commutative monoid in spectra because of the
commutative monoid structure on A! (not all mapping spectra of derived stacks can be naturally
viewed as commutative monoids).

3An equivalence between k-algebra in spectra (k of characteristic zero) and unbounded cdga,
Com(Sp) =~ cdga extending the usual Dold-Kan correspondence.
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Proof. We have that:
X = lim S A
specix P
therefore, when using the structure of A' to enrich this mapping stack into simpli-
cial abelian groups, we get:

Map§e ™) (X, %) = MupSg® (_ colim Specl4) ')

~ li M Com(Sp) S A Al
Spec?/ﬁ—)X apdSt ( pec( )’ )

~ lim Hom (k[z], A)

Spec(4)—X cdga

~ lim A

Spec(A)—=X

Proposition 1.1.22. We have again an adjunction:
I': dSt —— dAff : Spec

Proof-

Map (I'(X), B) ~ Map (B, lim A)
—X

(Cdgago)op cdga<0 Spec(A)

~ i Map(B, A
Specl(%ﬁX ap( ’ )

~ Ma colim Spec(A), Spec(B
dStp (Spec(A)—>X pec(4), Spec( >>
~ Map(X, Spec(B))

dst

O

REMARK 1.1.23. Let B € cdga and consider Spec(B) the derived stack pro-
corepresented by B (Definition 1.1.17). Then we have:

Map (k[z], B) ~ B*"

cdga
where B°" is the connective truncation of 5. In particular, the mapping space,
Map(X, Al), forgets the coconnective part of B.

We will now describe a relative version of the spectrum functor for stacks. By
analogy with the derived scheme situation (Definition 1.1.19) we can give the
following definition:



36

Definition 1.1.24. Give X a derived stack, a derived stack is called corepresentable
over X by A € cdgaéoc(x) if it is of the form:

Specy (%) : (dAff,x)” » Gpd,

(SpeC<A) — X) — M<aop (@7 f* ﬁSpec(A))
Cdgaéc(x)

Specy, defines a fullyfai S dAf x
pecy defines a fully-faithful functor CdgaQC(X) — dSt*"/X (where the

right hand side denotes stacks on dAff,x with respect to the étale topology).
We can also define pro-corepresentable stacks over X by taking £ in cdgaqcx)
instead.

REMARK 1.1.25. The relative spectrum gives us a stack on dAff,x, but what we
would like is a stack over X. The way to obtain such a stack is to take the left Kan
extension along the forgetful functor i : dAff,x — dAff. The restriction gives
a functor dSt — dSt**%/x whose left adjoint is the left Kan extension functor
dSt?4f/x _ dSt. We can show that this functor factors through stacks over X:

dStiAT/x — dSt,y — dSt

Note that dSt?*%/x has a terminal object « sending everything to the point .
Therefore any object in the essential image of the left Kan extension has a canon-
ical morphism to Lan;(x). We only have to show that Lan;(x) ~ X:

Spec(A)—X
Lan;(x) :/ Map (Spec(A),—) x x(Spec(A4) — X)

dAFFR

Spec(A)—X
~ / Map (Spec(A), —)

dAFR

Spec(A)—X
~ / Spec(A)

~ colim S A~ X
spectix PO

The functor dSt44%/x — dSt /x is an equivalence with inverse:

dSt,x » dStaAT/x

Y = X)—— ((Spec(A) — X)) — Map (Spec(A),Y))
dst, x
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REMARK 1.1.26. If X = Spec(A) is affine, then the derived stack given by the
relative spectrum of a semi-ree algebra Specy(Sym,.#") (where .# € Mod,) is
pro-corepresented by Sym 4 .% . Indeed, we have for all B € dAfF:

Hom (Spec(B), Spec(Sym 4 .#")) ~ Hom (Sym, %", B)
dst,x cdga 4

Where the equivalence comes from the fact that Spec is a fully-faithful functor.
Moreover, since X is affine, taking global sections between affine stacks is also

fully-faithful and we get:

Specy (Sym, .#")(Spec(B) = X) :ShX(H(?gH)l /(Symﬁx T, [+ Ospec(n))
C a gX

~Hom (Sym, %", B)
cdgay

1.2. Linear and Semi-Linear Stacks.

The goal of this section is to introduce the analogue of vector bundles in derived
algebraic geometry and compute their (relative) tangent complexes. We will use
the result due to the Serre-Swan theorem, saying that vector bundles are equiva-
lent to projective finitely generated sheaves of (non differential graded) modules,
to motivate the construction of derived stacks out of quasi-coherent sheaves of mod-
ules. These will define the notion of “linear stacks” out of sheaves of modules
over a given base X. When working in the context of derived geometry, we can
drop the condition of being projective as we can always take a projective resolution,
and the condition of being locally finitely generated will be replaced by the notion
of perfect sheaf of module when we need to use dualization properties of quasi-
coherent sheaves.

We discuss, in Section 1.2.1, the notions of quasi-coherent and perfect sheaves of
modules. The reason we look at quasi-coherent sheaves is that they behave like
the gluing of “local modules” over the base X. This is a notion required when work-
ing in algebraic geometry ensuring that a sheaf of modules on an affine scheme
X = Spec(A) is the same as an A-module. Perfect sheaves of modules are quasi-
coherent sheaves of modules that are dualizable.

Then as a notable and important example of such sheaves, we will discuss the
tangent and cotangent complexes. The construction of the cotangent complex in
a general context is discussed in Appendix A.2. This is a construction only on
affine stacks and in Section 1.2.2 we discuss how to extend this definition to de-
rived schemes and stacks.

Then Section 1.2.4 computes the relative tangent complex of a linear stack, and
1.2.5 the full tangent complex of a linear stack (over an affine base) by making
use of connections.
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1.2.1. Some sheaves of modules.

For any type of geometric space X obtained from gluing affine objects, we are
interested by the sheaves of modules over X that are obtained as some kind of
gluing of modules over those affine objects. These are precisely the quasi-coherent
sheaves on X.

Definition 1.2.1. All along A denotes an algebra, X is a derived stack.

— We denote by QC(X) the category of quasi-coherent sheaves. The objects
of this category can be defined as the data of a A-module for each map
f : Spec(A) — X, called M, and for all commutative diagram:

Spec(A) ! > Spec(B)
\ . /

there is a weak equivalence a;y : Mp ®p A — M, together with some
coherence conditions (see [TV08, Section 1.3.7]).

— We can also describe the category of quasi-coherent sheaves on a stack X
as the following limit:

QC(X)= lim Mody

Spec(A)—»X

This formula is what we obtain by left Kan extending the functor QC along
dAff — dSt.

Definition 1.2.2. Take .# a closed symmetric monoidal model category with unit
denoted by 1. We can define the dual of an object V € .# as":

VY = Hom™(V,1)
— An object V € . is called reflexive if the natural morphism*:
V= (VY)Y
is an equivalence.

— There is a stack Perf of perfect modules (see [TV08, Corollary 1.3.7.4]) such
that Perf(A) is the category of perfect A-modules (see [TV08, Definition
1.2.3.6]) where V is in Perf(A) if the natural morphism:

VoV = Hom”(V,V)
is an equivalence.
IRecall that Homﬁ denotes the .# enriched Hom functor in ./Z.
2obtained as the image of the identity under the composition:

Hom%(1,1) — Hom™%(V @ V¥, 1) — Hom%(V,Hom"%(V", 1)) ~ Hom™%(V, (VV)")
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For now we will go back to the situation where .# := Mod, with 1 = A.

Proposition 1.2.3. For.# € Perf(A) and M, N € Mod 4, we have:

— Perfect module are the strongly dualizable objects in Mod 4 and we have (TVO08,
Proposition 1.2.3.7]):

Hom (M, ®4 N) ~ Hom,(M @ %", N)
Hom (&, M) ~ F' @ M
— An A-module F is perfect if an only if it is quasi-isomorphic to a finitely presented

projective A-module (TVO08, Lemma 2.2.2.2]).
— A perfect A-module .F is reflexive since we have the natural equivalences:

F — Hom 4 (A, F) ~ Hom ,(.F", A) .= (F")Y
Proposition 1.2.4. Any map of algebras f : B — A induces Quillen adjunctions':
f* : Modp : Mody : f*

where f*M = M ®p A is the extension of scalars and f. is the restriction of scalars.
This result extends to quasi-coherent sheaves; given a morphism f : X — Y, there is an
adjunction:

f_l : MOdﬁY : MOdfflﬁY .

where [, is the direct image functor between sheaves and =" is the sheaf restriction func-
tor’. Moreover, there is an adjunction between Ox and f 1Oy -modules given by the scalar
extension-restriction. This together with the previous adjunction, induces an other adjunc-
tion between quasi-coherent sheaves:

f7QCY) ——= QC(X) : f.
wit/z f*y = f_ly ®f—lﬁy ﬁX S QC(X)
1.2.2. Relative (co)tangent complex on stacks.

Recall from Appendix A.2 that the cotangent complex of an A-algebra B is by
definition the B-module representing A-linear derivation in the sens that for all
B-module N, there is a natural equivalence (see Definition A.2.4):

HOHIB(LB/A, N) ~ DerA(B,N)

In the Appendix A.2 the construction was made in an arbitrary good model category
(Definition A.1.1). For now we only need to restrict to .# = Mod;. Before we
move to the general complex, let us recall the classical (underived) construction
of the Kéhler differential:

IWe consider Mod 4 with the standard projective model structure. This is an instance of good
model structure as defined in Appendix A.1.
2This comes from the adjunction between Sh (cdga=") and Shy (cdga=") given by f~* - f..



40

Definition 1.2.5. Given a morphism of algebras A — B, the B-module, Q}B/A, of
A-linear Kidhler differentials is defined as the module representing the (underived)
A-linear derivations:
Homp (Q}B/A,M) = Dery(B,M)= Hom (B,BHM)
cdgan, /B
Note that in this adjunction, the Hom functor is not derived and by definition €2 is
not a derived functor.

CONSTRUCTION 1.2.6. In concrete terms, Q7 /4 is the B-module freely generated
by terms denoted by db for b € B subject to the relations:

— Forall b,V € B:

d(b.b') = b.db + (=1)"lap.y
d(b+b)=db+ dtf
— A-linearity, for all a € A:
da =0

We can show that this satisfies the condition of Definition 1.2.5 and this explains
why this construction gives the module of “differential forms”. Moreover, the
cotangent complex only differs from the module of Kihler differentials by the
fact that the adjunction and functors in the definition are derived. As such, up

to picking a “good replacement”, we can obtain a similar presentation for the
cotangent complex.

In Appendix A.2, we give a general construction of the cotangent complex in an
arbitrary “good” model category .# (in the sens of Definition A.1.1). The def-
inition is again essentially the same as Definition 1.2.5 where the adjunction is
derived.

Using Appendix A.2, we have a definition of the cotangent and tangent complexes
for affine objects. It is however unclear whether the cotangent complex of affines
glues to a quasi-coherent sheaf on a derived stack X. The answer in full generality
is that it does not glue well and we will need to have restriction on the stacks we
will work with.

REMARK 1.2.7. By definition every affine derived stack has a global cotangent com-
plex given by Lgpec(4) := L4 (see [TV08, Corollary 2.2.3.3] and Remark 1.1.13).
Moreover [Lurl7, Theorem 7.4.3.18] tells us that if H°(A) is finitely generated,
then L4 is perfect if and only if A is finitely presented.

More generally, any derived Artin stack admits a (relative) cotangent complex’
and in particular derived schemes always admit a cotangent complex since they are
in particular derived Artin stacks. Moreover, a locally finitely presented derived
Artin stack has a perfect cotangent complex.

'We call this a cotangent complex although it is a quasi-coherent sheaf of complexes over X.



41

REMARK 1.2.8. If we restrict to stacks of local almost finite presentation (Definition
1.1.11), then all stacks having a global cotangent complex have a coherent and
eventually coconnective cotangent complex (see [CPT*17, Introduction of Section

2]).
1.2.3. Definition and examples of linear and semi-linear stacks.

In this section, we will take a quasi-coherent sheaf .# € QC(X) over a derived
stack X and define the linear stack over X associated to .#. We show that these
stacks are in fact pro-corepresentable (see Proposition 1.2.13). Then we extend
this to the notion of semi-linear representation of stacks, which are essentially stacks
over X pro-corepresented (under Ox) by a sheaf of semifree algebras Ox —
Symg, #" with .# € QC(X). Semi-linear representation of stacks are going to
be important for us with the examples of the derived critical locus and variations
of it called almost derived critical loci (Definition 1.2.24).

Definition 1.2.9. Given .# € QC(X) a quasi-coherent sheaf over a derived stack,
we can construct a linear stack, denoted A(.%), the stack on dAff,y, defined (as
a stack on dAﬁ/X)l, by:

Ax(Z) (f : Spec(A) - X) := Map, (A, [*7F)

Any linear stack comes equipped with a natural projection 7 : Ax(.-#) — X. This
defines a functor:

Ax : QC(X) — dSt,x
If .7 is perfect, then Ax(.%) is called a perfect linear stack.

Notation 1.2.10. The quasi-coherent sheaves will be denoted by curved calli-
graphic letter such as .#, &, .Z and their associated linear stacks will often be
denoted by the corresponding straight capital letter F', E, L to simplify the nota-
tions.

Earlier we defined the notions of tangent and cotangent complexes, which are the
quasi-coherent sheaves of derivation and differential forms respectively. Naturally,
their associated linear stacks define the notion of tangent and cotangent stacks
respectively.

Definition 1.2.11. Assume that X admits a global cotangent complex. Then we
define the n-shifted cotangent stack as the linear stack:

T*[n|X = Ax(Lx[n])
Similarly, we define the n-shift tangent stack over X as the linear stack:

IWe have seen in Remark 1.1.25 that stacks on dAff,x naturally extend to stacks over X. We
will not make a distinction between stacks on dAff, x and their extensions to stacks over X since
both notions are equivalent.
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Proposition 1.2.12. If.# € Perf(X) is connective, then Ax (.F) is affine relatively to
X, meaning that is it is given by a relative spectrum of a sheaf of connective O'x -algebras,
and we have:

Ax(F) ~ Specy(Symg, FV)

For a general .#, the linear stack will not be an affine stack for reasons as discussed
in Warning 1.1.18. However, they are still “pro-corepresented” by a possibly non-
connective free cdga (under O). Therefore Proposition 1.2.12 is a consequence
of the following:

Proposition 1.2.13. Any perfect linear stack Ax (.F) can be pro-corepresented relatively
to X by Sym, 7. In other words, for all Spec(A) — X we have:

Ax(Z) ~ Specy (Sym,, F")
Lemma 1.2.14. Let f : Y — X be a map of derived stacks. Then we have the following:
Oy ~ [*Ox
Symg, [*F' ~ [~ (Sym,, F) @10, Oy
Symy, f'FY = [ (Symg, F)

Proof of Proposition 1.2.13. First because .# is perfect we have the equivalences (us-
ing Lemma 1.2.14):

Ax(F)(f : Spec(A) — X) ~ Map, (A, f*.F)
~ Map, (f*7", A)
~ Map (Sym, f*F", A)
cdgay
Map <Symﬁspec(A> 7, ﬁSpec(A)>
CdgaﬁSpec(A)/

~ Map (Symg, F", fiOspec(a))

12

cdgag,
U
Proposition 1.2.15. Amap f : Y — Ax(.F) into a perfect linear stack is determined
by:
— A map
g=mof:Y =X
— A section:

s € Map (Oy,g".7)
QC(Y)
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More precisely we have a pullback diagram:

Mapgge (Y, Ax(F)) —— (QC(Y)sy,)”

| |

Map(Y, X) — 2, QC(v)=

Proof- The map Y — X is given by the composition 7o f. Then f becomes a map
in dSt,x and we have:

Map (Y7 SpecX (Symﬁx <gzv)) = Map (Symﬁx t9\\/’9*6)1/)
dst,x Cdgaﬁx/

~ Map (g* (Symﬁx ﬁv) ,ﬁy)
cdgag,,

~ Map (Symﬁy g F, ﬁy)
cdgaqc(y)

~ Map (¢*.Z7", Oy)
QC(Y)

= Map (ﬁY7 g*ﬂ)
QC(Y)
Where the first and third equivalences follow from Definition 1.1.24 and Lemma
1.2.14 respectively. [

Corollary 1.2.16. The space of sections of m : Ax (.7 ) — X is equivalent to the mapping
space Mapqg(x) (Ox, F) in QC(X). In particular, there is a zero section determined
by the zero element in this mapping space:

So - X — AX(?)
Proposition 1.2.17. Let .7 € QC(X) and 9 € QC(Y) be quasi-coherent sheaves
on the derived stacks X andY .

— The definition of linear stack is natural in 7. Any map f : ¥ — <4 in QC(X)
naturally induces a map' of derived stacks:

[ Ax(F) = Ax(9)

we will called such maps linear maps of linear stack.
— Considering the following pullback:

| !

x—71 .y

we have a natural equivalence Ay (f*F) ~ f*Ax(F).

1As an abuse of notation, we will not distinguish the notation between the map between quasi-
coherent sheaves and the induced map between the associated linear stacks.
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—Amap ¢ : Ax(F) — Ay (9) fitting in the commutative diagram:

| |

x—1 .y

is equivalent to the data of a map ¢y : Ax(F) — Ax(f*9) over X.

Moreover ¢ is called linear if ¢ comes from a map of quasi-coherent sheaves
dr 1 F — [*Y, which is exactly the data of a map F — & of quasi-coherent
sheaves over f.

Proof-
— Since both stacks are over the same base, the map between the linear stacks
is given for each A-point g : Spec(A) — X by a map:
Map, (A, g*F) = Map,(4, g*F)
This map is given by ¢* f : ¢*.% — ¢*9.
— Take Z a cone over the pullback diagram. The cone is determined by:

Z -4y x Mty

s € Map (Oz,9"h*F)
QC(2)

From this we can get a unique map Z — Ax(h*.%#) making the cone
diagram commute and therefore exhibiting A x (h*.%) as the pullback. This
map is given by:

-g:Z4—=X

— the image of s under the map":

Map (ﬁng*h*‘gg) = Map (g*g*ﬁX7h*ﬁ> - Map (ﬁX7 h’*y)

QC(2) QC(X) QC(X)

— The third point is a direct consequence of the first two.

OJ

Lemma 1.2.18. Given 7,9, 7 € QC(X), then the pullback of linear maps between
the linear stacks (over X) is given by the linear stack associated to the pullback of modules:

Ax(% X y) —_— Ax(y)

| |

1Using the unit id — g.g* of the extension-restriction of scalars adjunction.
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Proof- Let Y be a cone over this pullback and f : ¥ — X the natural map. Then
the map from Y into the pullback is completly characterized by a morphism in
Hom(Oy, f*.%) (and similarly for # and ¢). These morphisms are compatible
with the maps between .#, ¢ and . In other words, the map to the pullback
from the cone induces a unique element in:

Hom(Oy, f* ) Xtiom(6y,f+¢) Hom(Oy, *F) ~ Hom(Oy, [* (S ®y F))

This is exactly the data of a map f: Y — Ax (5 xy.%), proving that Ax (7 xy
) is indeed the pullback. O

From Proposition 1.2.13, every perfect linear stack is pro-corepresented by a sheaf
of free algebras on Ox. In what follows we will generalize this to semi-free algebras
to encodes stacks that behave almost like linear stacks even though they are not
linear.

Definition 1.2.19. A semi-linear presentation of a derived stack over a derived stack
X an equivalence:

Y ~ Specy ((Sym,, #",0))

with ((Symﬁx FV, 5)) a semi-free algebra over Oy in cdgagc(x)- Notice that if .7
is not coconnective, then Y is not affine but only pro-represented by a semi-free
algebra. If .7 is perfect, we called it a perfect presentation.

Definition 1.2.20. Let X be a derived stack with a cotangent complex, and
f : X — A'. Then the derived critical locus of f is defined as the following
pullback™:

Crit(f) —— X

| Js

X —2 71X

Proposition 1.2.21. The derived critical locus Crit(f) is has a semi-linear presentation
given by the semi-free algebra Sym, Tx (1] with differential 14 plus the differentials on
Tx[1] and Ox.

Proof. We need to take a cofibrant resolution of the zero map Sym, Ty — Ox.
We take the inclusion Sym, Tx — Sym, (Tx @ Tx[1]) with differential induced
by the identity Tx[1] — Tx and the differentials on 0’y and Tx on the right hand
side. Then, using that, Crit(f) is the semi-linear stack pro-corepresented by:

Ox @sym, _Tx Symg, (Tx & Tx[1]) ~Sym, (0 &1, (Tx & Tx[1]))
~Symg, (Tx[1])
IThis pullback can be taken either in the category of derived stacks, derived stack over X or

derived stacks on dAff, x since the functor dStdAf/x
dSt,x — dSt preserves and reflects connected limits (including pullbacks).

— dStx is an equivalence and the functor
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where the differential (obtained on the tensor product of the semi-free algebras) is
exactly given by the differentials on Tx[1], Ox and ¢4 viewed as a map degree 1:

Tx[l} — ﬁX
O

In Section 5.1, we will be interested in a mild generalization of the derived critical
locus given by some particular type of semilinear stacks. We will describe these
objects here as they are typical examples of semi-linear stacks. We start by giv-
ing the construction of one of the most important semi-linear stack, namely the
Koszul-Tate resolution of a global function f: X — A'.

CONSTRUCTION 1.2.22. If X := Spec(B) is a smooth affine scheme, then the strict
pullback of df : X — T*X by the zero section is called the strict critical locus and
is denoted by Crit(f).

If we view Crit(f) as a derived scheme, the map 7 : Crit(f) — X corresponds to
the projection (of sheaves over the critical locus), B — B/I, with I the ideal of B
generated by the elements df. X for X € Tp.

The Koszul-Tate resolution of f, denoted KT(f), is a derived scheme obtained
from a specific cofibrant resolution of this map, and is constructed as follows:

(1) Consider Symp Tp[1] together with the differential given by ¢4. This is
the algebra of functions of the derived critical locus thanks to Proposition
1.2.21, but it is not in general a resolution of the quotient. However, its
cohomology in degree 0 is isomorphic to B/1.

(2) We add free generators in negative degree (in degree < —2) to “kill” the
cohomology in negative degrees of the derived critical locus. This can be
done inductively (on the cohomological degree) and we refer to [Tat57] for
the detailed description of this procedure. We get a semi-free algebra over
B of the form:

KT(f) := Symp (Tp[1] ® Zxr[2])

where Zkr € Modp is a connective projective B-module (Zkr can even
be chosen to be free). The differential restricted to T[1] is still ¢4 and the
complex is acyclic in negative degree.

Then we define KT(f) := Spec(KT(f)). Since this is a resolution of the strict
critical locus, there is a natural weak equivalence of derived schemes:

Crit(f) & KT(f)

REMARK 1.2.23. This example of semi-linear stack in an instance of the procedure
of adding “antifields” and “anti-ghosts fields”. Essentially, in our model, genera-
tors of Tx[1] are called anti-fields and the generators of Zir[2] are called anti-ghost
fields. This idea will be discussed further in Section 5.1.1.
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We will be interested, in Section 5, by objects where we add anti-ghost fields to the
derived critical locus without necessarily getting a resolution of the strict critical
locus. This is a generalization of the Koszul-Tate construction that does not kill
all the cohomology of the derived critical locus.

Definition 1.2.24. An affine derived scheme S is said to be an almost derived
critical locus of f if it is equivalent to a derived scheme of the following form:

S ~ Spec(Sympg (Tg[1] ® £][2]))

where Symy (Tg[1] © Z[2]) is a semifree B-algebra such that B is a finitely gen-
erated smooth algebra, the differential restricted to Tp[1] is given by ¢4 and . is
a connective B-module.

REMARK 1.2.25. Definition 1.2.24 is very closed to the definition of a Koszul-Tate
resolution of B except for the fact that this might not be a resolution of B/I.
However, it is equipped with a map to the quotient inducing a map:

Crit(f) — S

Moreover, up to adding further elements to kill the cohomology, there is a Koszul-
Tate construction that naturally projects to the semifree algebra defining our al-
most derived critical locus. This induces a sequence of maps:

Crit(f) = KT(f) = S — Crit(f) = X

Dual to the maps:
B — Symy Tp[1] — Symy (Ts[1] @ Z[2]) = Symp (Ts(l] & Zr[2)) = B

As such, S is an almost derived critical locus of f in the sens that this is an object
sitting “in between” the strict and derived critical loci.

Notation 1.2.26. Through this text, all “natural projection” will be denoted by 7
(or variations of it such as mg or 75), for example:

m: Crit(f) = X mx :TX - X Tz Ax(F) = X

The natural map from an almost derived critical locus to the derived critical locus
will be denoted by:

i:S — Crit(f)
REMARK 1.2.27. We consider morphisms of almost derived critical loci as mor-

phisms of derived schemes over Crit(f). Then if S and S’ are almost derived
critical loci, then S' X cyig(p) S’ is also an almost derived critical locus.
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1.2.4. Relative cotangent complex of a (semi-)linear stack.

This section is devoted to the study of relative cotangent complex of the projection
7 Ax(#) — X from a linear stack. Given .# € Perf(X) with X a derived stack
that admits a tangent complex, the goal of this section is to show that there is an
equivalence:

LAX (F)/X = ~T ﬁ

and study the functoriality of this equivalence in .%# and X.

Proposition 1.2.28. Let X be a derived stack admitting a tangent complex and ¥ €
Perf(X) a perfect quasi-coherent sheafon X. We denote by : Ax(F) — X the natural
projection. Then we have:

Lry ~Layo)yx 2 nxZF’

Proof- We will show the result for any B-point y : Spec(B) — Ax(.#) and we
write x = T oy : Spec(B) — X. We can show that for all M € Modg connective,
we have:

Homp (y*Lay(#)/x, M) ~ Homp (2" F", M)

First we observe that Hompg (y Loz x, M ) is equivalent, using the universal
property of the cotangent complex, to the following homotopy fiber at y:

hofiber, (Hom (Spec(BH M), Ax (%)) — Hom (Spec(B), A;d?)))
dst, dst,,

with Spec(B H M) — X being the composition:
Spec(BB M) —2— Spec(B) —2— X
Thus a map in Homp (y*La (#)/x, M) is completely determined by a map
¢ : Spec(BHM) — Ax(F)

making the following diagram commute:

Spec(B

| \

Spec(BE M) —2— Ax(.%)
lp lﬂx
Spec(B) ———— X
Thus, we obtain that Homp (y*LLa, (#)/x, M) is equivalent to
hofiber,, (Map gy, (B B M, p*s*F) — Mapg (B, z".F))
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where s, € Mapg (B, z*.#) is the section associated to y : Spec(B) — Ax(.%)
from Proposition 1.2.15. The map is then given by pre-composition with *. We
can now observe that p*r*.% = 2*.% @ *.% ®p M and that:

Mappgy (BB M, p*2*F) ~ Mapg (B, 2"F @ 2".F @p M)

We obtain:
Homp (y*Lay (#)/x, M) ~hofiber (Mapy (B, z*F ® *F @5 M)
— Map (B,x*gf))
B

~Mapg (B, 2" F @5 M)
~Mapy (z*F", M)

Now the result follows from the fact that the functor
Modp — Fun (ModEO,SSet)

N —— Mapy (N, o)

is fully-faithful and the fact that everything we did is natural in B. O]

Lemma 1.2.29. Let f : X — Y be a morphism of derived Artin stacks. We consider
F € Perf(Y). Then there is a commutative square:

Q*Lay (7)) x — Laxra)v
O*ry FV ———— a [ FY

with © the natural morphism in the following pullback:

Ax(f*F) —— Ax(F)

bk
x—1 .y

and the lower horizontal equivalence ®* 75, FV — 7% [*F " being the equivalence coming
from the fact that Ty o ® ~ fomx.

Proof. The first thing we observe is that Ax(f*%) ~ f*Ax(.%#). We consider as
before B-points:
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Y

/_\

Spec(B) —— f*Ax (%) -2, Ax (%)

\ | |

Y

We want to show that the following diagram is commutative:

Homp (y*Lay (s)/x, M) —— Hompg (§*Lay(z)v, M)
1) lg lx
Homy (y*ny f*FY, M) ——— Homp (y*73. 7Y, M)

Using the universal property of the cotangent complex, the top horizontal arrow
is naturally equivalent to the map

hofiber, [ Hom (Spec(BH M), Ax(f*.#)) — Hom (Spec(B), Ax(f*.%))
dst,, dst,

J

hofiber; | Hom (Spec(B B M), Ax(#)) — Hom (Spec(B),Ax (%))
dSt,, dst,,
induced by }}josgcn (—,®). Amap ¢ : Spec(BH M) — Ax(f*.%) in this homotopy

fiber fits in the following commutative diagram:

Spec(B)

A

Spec(BH M) — Ax(

[z
P I .
Spec(B) -

and the map between the homotopy fiber sends 1) to ® o ?. Since the underlying
map of ¢ is mx 01 : Spec(BH M) — X is x o p and the underlying map of ¢ o)
is my o® ot : Spec(BH M) — Y is foxop = & op, this map between the
homotopy fiber of derived stacks is therefore naturally equivalent to the map:

<
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hofiber,, (Hom g, (B B M, p*s* f*.%)) — Hompy (B, p*z* f*.%))

|

hofiber,, (Hompg,, (B8 M, p*t*.%)) — Homp (B, p*7*.7))

where s, and s; are the sections associated to y and ¢ respectively. This map is
in fact induced by the natural identification p*7*.# ~ p*z* f*.% (since T = f o x).
But following the steps of the proof of Proposition 1.2.28, this map is naturally
equivalent to the map

Homg (y*ni f*F", M) — Homg (§* 7y F ", M)
The natural equivalences we used are the natural equivalences used in the proof

of Proposition 1.2.28 which proves that the Diagram (1) is commutative. Now the
result follows once again from the fact that the functor

Modp —— Fun (Modéo,sSet)

N Mapy (N, o)

is fully-faithful and the fact that everything we did is natural in B. O

Lemma 1.2.30. Let X be a derived Artin stacks. We consider #,9 € QC(X) dual-
isable and h : F — 4. Then there is a commutative square:

W Lay@)yx — Lay@)/x

59y S AN 5 FY
with h : Ax(9) — Ax(F) the map induced by h.

Proof- Every step of the proof of Proposition 1.2.28 is functorial in .% € Perf(X).
U

Proposition 1.2.31. Let f : X — Y be a morphism of derived Artin stacks. We consider
F € QC(X) and 9 € QC(Y') both dualizable and a morphism h : f*F — 4. Then

there is a commutative square:

Laywyx —— [Lay@y

] :

mihY ~
gV X * LRV o __ \
T F ——— 7 [ = f*ry 9
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Proof- 1t follows from Lemma 1.2.29 and Lemma 1.2.30 O]

REMARK 1.2.32. If two semi-free cofibrant algebras over X have the same under-
lying cofibrant graded free algebra (forgetting the differential), then their cotan-
gent complexes have (for the model provided by the given choice of cofibrant
semifree algebra) the same underlying graded &'x-module. In particular, if Y :=
Specy (Symg, -#") is a semi-linear stack with differential 0. Up to taking a cofi-
brant replacement we can assume that .#" is projective and we get:

LY/X = (W*cofﬁ, 5hn)

where 7*.Z" is endowed with a differential §};, induced by the differential ) on the

semi-free algebra. In particular, Jj;, contains the differential on .# but also extra
terms. It is of the form:

Oin 1 F = F Qg Symg, F'

therefore, this differential can be decomposed along the natural grading of the
symmetric algebra (see Notation B.2.6) on the right hand side with the weight
zero part .# — % recovering the differential on .%.

1.2.5. Connections and tangent complexes of (semi-)linear stacks.

The goal of this section is to have a way to compute the tangent complex of a linear
(or semi-linear) stack. To do so requires the use of a connection, enabling us to
split the tangent in the fiber and the base parts of the linear stack. Unfortunately,
connections may not always exist in algebraic geometry. We will see that they
exist if the base is affine and the module of sections is projective (see Proposition
1.2.40). In this section, X will be a derived stack admitting a cotangent complex.

Definition 1.2.33. Let .# € QC(X) with X a derived stack. An Ehresmann
connection on the linear stack’ 7 : ' — X is given by a splitting on the following
exact sequence of quasi-coherent sheaves on [:

V —— TF (W:>* W*TX
where V is the fiber of ker(r,) and is called the vertical space. Note that by we have

V' ~ Tp/x and using Proposition 1.2.28, such a connection is a splitting of the
fiber sequence:

T

™F — TF <T} W*TX

Definition 1.2.34. A covariant derivative of the linear stack F' — X is a map of
quasi-coherent sheaves over X:

V: TX — El’ldk(aoz)

IRecall from Notation 1.2.10 that F' denotes the linear stack A x (.%).
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such that for all X € Ty, Vx is in End;(.%)) and satisfies the Leibniz rule making
it a degree | X| derivation:

Vx(fs) = X(f).s + (~)XH oy

Notation 1.2.35. Let A and B be differential graded objects (such as dg-module,
cdga etc...). We denote by A? and B* their underlying graded objects where we
“forget” the differential.

We denote by f; : A — B a map that does not necessarily respects the differential.

Definition 1.2.36. A connection on a semi-linear stack Y over X = Spec(B) is
again given by a splitting:

T

V—— Ty « 7’ W*TX
St

where this time s; is not required to respect the differential (Notation 1.2.35). In
other word, a connection is the data of a section of the underlying graded modules.

CoONSTRUCTION 1.2.37. We will briefly recall how covariant derivatives induce Er-
hesmann connections. Take a covariant derivative V. If we pullback the map
Tx — Endy(.#) by 7, we associate to each X in 7*Tx an element V x, which can
be extended by the Leibniz rule to a derivation in T via the following formula:

Vx(for---vp) =X(f)v1-~-vn+zifv1---(vai)“-vn
=1

It remains to see that this defines a section. Since 7, annihilates .% and V x sends
elements in .% to elements in .%, we get that 7,V xv = 0 for all v in .#. Moreover,
m.Vxf = X(f) therefore 7,(Vx)s, = X in 7*Tx and therefore this defines a
section.

Using Construction 1.2.37 and the splitting induced by a connection, we can almost
identify the tangent complex of linear and semi-linear stacks with a direct sum of
% and Ty.

Lemma 1.2.38. Given a perfect linear stack F', we have an isomorphism:
Tr = 75 (Tx Y F)

where the underlying graded, 7 (Tx ®V .F)*, is given by the usual direct sum 7 (Tx @
F )¢, This isomorphism sends:

-9 € Tpto(px,0—dx — Vx).
— (X, v) to the derivation X +V x + 1, withV x € 7*F whereVx € F QR .F" is

viewed a Sym%}l( F -valued derivation given by the contraction along the terms

in Z.
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Moreover, the differential on 7 (Tx ®V .F) is given by the differential on Tx, F plus
a term of connection oy sending Tx to F & F C n*F (in particular, dy is valued in
F® Sym%}l( FV).

Lemma 1.2.39. ForY a perfect semi-linear stack, the splitting:
V—— Ty —= Ty
5y
Induces an isomorphism:

Ty <:> F*(y EBV Tx)

where the underlying graded, 7* (T x ® .F ¥, is given by the usual direct sum 7 (T x O.F )*
(where we forgot the differential). This isomorphism sends:
- ¢ €Ty to(gx,¢ — dx — Vx).
— (X, v) to the derivation X +V x + 1, withVx € 7*F withVx € F Q F" is
viewed a Sym%}l( F -valued derivation given by the contraction along the terms
in 7.
The differential on the right hand side is obtained from the differential on Ty by transfer
along the isomorphism of the underlying graded complexes. We obtain a non-canonical
differential on (7*(F & Tx))' extending the natural one. It will in particular recover
the differential on Tx, on .7, the term of connection o and extra terms coming from the
“non-linear” parts of the semi-free differential.

Proposition 1.2.40. Take X = Spec(A) affine, then any projective A-module M
admits a connection.

Proof- This is a differential graded adaptation of [RM17b, Proposition 2.3 and
2.5]. Indeed, we can clearly define connections on free A-modules, and projective
modules are also direct summand of free ones (in particular of their free resolution)
in the differential graded case. 0J

In particular, any semilinear stacks over an affine base X = Spec(A) can be
resolved as a semi-ree algebra on A with projective module which therefore admits
a connection.

ExaMmPLE 1.2.41. Lemma 1.2.39 ensures that the tangent of the derived critical
locus is:

Terit(s) ~ m (Tx & Lx[—1])

and therefore this is given by 7*(Ty @ Lx[—1])* together a differential depend-
ing on the chosen connection. We could try to use this Lemma to work out the
differential but there is a more conceptual approach to that question using the
easier description of the differential obtained from a connection on a linear stacks
(Lemma 1.2.38).
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The tangent complex of a pullback is the pullback of the tangent complexes (see
Proposition A.2.9). Therefore have the pullback:

Terit(r) » 1" Tx

| l

17"Ty —— i*SSTT*X ~ Z*df*TT*X

where i : Crit(f) — X and sg,df : X — T*X. Using a connection on the linear
stack 7" X, we have an isomorphism

TT*X = W*(TX EBV Lx>

and the differential is given by the differentials on Tx, Lx and a term coming from
the connection, that we will denote by dy, sending X € Tx to Vx a Sym%}l( Tx-
valued 1-form on X, that is, an element in 7*Lx.

Computing this pullback, along the maps:

i*TX — Z*(TX @]LX) ~ i*S*W*(TX @Lx)

(with s = sy or equivalently s = df) given by the inclusion on one hand and the
map X — (X, dar(df.-X)) on the other hand. We get:

Terie(r) = 7 (Tx &Y Lx[—1])

and the differential is given by the differential on Ty, on Lx[—1], dv and the extra
map Tx — Lx[—1] given by dag © t4-

1.3. Formal Derived Geometry.

We are interested in formal geometry as formal stacks appear naturally in the
study of “infinitesimal quotients by Lie algebroids” in Section 3.1.

We start in Section 1.3.1 by recalling the important definitions and properties of
formal stacks, formal completions and formal thickenings.

In Section 1.3.2, we will be interested in the type of formal stacks that arise from
formal moduli problems, as these will be the “infinitesimal quotient” stacks associ-
ated to a Lie algebroid. In particular, we will be interested in the formal stacks
associated to formal spectra (Definition D.1.7) as we will be interested in the case
of formal spectra (see Section 3.2.1).

In this section all derived stacks and algebras will be locally of almost finite pre-
sentation.
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1.3.1. Formal derived stacks and formal completions.

Definition 1.3.1 ([CPT*17, Definition 2.1.1]). A formal derived stack X is an al-
most finitely presented derived stack X € dSt*P satisfying the following condi-
tions:

— X is nilcomplete, that is for all B € cdga=’, we have a weak equivalence of

spaces:
F(B) = lim F(Bx)

where By, is the k-th Postnikov' truncation of B.
— X is infinitesimally cohesive, that is for all Cartesian square of almost finitely
generated cdgas in non-positive degree,

B —— B

Lo

BQ—>B0

such that H°(B;) — H°(B,) are surjective with nilpotent kernel, the fol-
lowing induced diagram in spaces is Cartesian:

X(B) —— X(By)

| |

REMARK 1.3.2. This definition also makes sense for derived pre-stacks, in which
case, they are called formal derived pre-stacks. Moreover, in [CG18, Section], the
derived pre-stacks are assumed to admit a pro-cotangent complex. In most situa-
tion we are interested in, we are even going to assume that we have a cotangent
complex.

REMARK 1.3.3. If B; are also Artin algebras (in cdga="), then from [Lur11, Propo-
sition 1.1.11 and Lemma 1.1.20], saying that H°(B;) — H°(B,) are surjective is
exactly the condition for a morphism to be small according to Definition D.1.3
(the nilpotent kernel condition being automatic for Artin algebras).

REMARK 1.3.4. From [CPT"17, Remark 2.1.2] and [Lurl2, Proposition 2.1.13], if
we assume that a derived (pre)-stack X has a cotangent complex, then X is formal
if and only if it is nilcomplete and satisfies the infinitesmal cohesiveness, where only
one of the maps B; — B is surjective in H° with nilpotent kernel.

LA Postnikov tower for B € cdga=’ is a sequence:
B— - — Bey — By — -+ — By i=m(B)

such that H~*(B<,) = 0 for all i > n and the morphism B — B<,, induces isomorphism on H "
for ¢ < n. B<,, is called the n-th Postnikov truncation of B.
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In particular, the restriction of X to Artin algebras satisfies the pullback condition
of a formal moduli problem (Definition D.1.6).

ExamprLE 1.3.5.

— Any Artin stack is formal (see [CPT*17, Section 2.1]).

— All small limits of formal derived stacks are formal.

— The de Rham stack, Fpr (Definition 1.3.9) is formal.

— The formal completion of a map of derived stacks X — Y (Definition
1.3.8), with Y formal, is also formal (see Proposition 1.3.14).

— The quotient stack of X by a Lie algebroid is by definition formal (see
Section 3.2.1).

In formal geometry we care about infinitesimal neighborhoods, which we will call
formal thickenings. Many example of formal thickenings are obtained via the for-
mal completion of a map (Definition 1.3.8).

To manipulate these objects, we need the construction of the “de Rham” and “re-
duced” stacks. Essentially, the de Rham stack of X is the formal completion of
the map X — * (thanks to Proposition 1.3.11) and the reduced functor is the left
adjoint to the de Rham functor.

The idea is that we want to make sense of “infinitesimally close” points, which
translates into saying that the “difference” of infinitesimally close points is nilpo-
tent.

Definition 1.3.6. An algebra A € cdga=’ is called reduced if it is discrete’ and has
no non-zero nilpotent element. In other words, Nil(A) = 0 where Nil(A) denotes
the ideal of nilpotent elements in A. We denote by (cdga=")d the full sub-category
of cdga=’ of reduced algebras.

Lemma 1.3.7. The inclusion i : (cdga<")"d — cdga=" admits a left adjoint:
(=) edga=" — (cdga=")rd
defined by:
red .__ HO A
At X >/Nil(H°(A))
We drop the i from the notations so that the unit of the adjunction induces a map:

A Ard

One of the important notion in formal geometry is the formal neighborhood of a
map [ : X — Y which essentially is the stack whose points are points of Y which
are infinitesimally close to points of X.

A cdga is called discrete if it is concentrated in degree 0
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Definition 1.3.8. The formal completion of a map f : X — Y, denoted by
Yx € dSt*?  is defined by sending an almost finitely presented algebra A € cdga="
to Yx (A), defined as the space of all commutative diagrams:

Spec(A™!) —— X

|

Spec(A) —— Y
In other words, it is defined as the space:

3//)\((14) := Map (Spec(A),Y) x Map (Spec(A4™), X)

Map(Spec(Ared),Y)

These are the points of Y that are “infinitesimally closed” to a point of X where

two points z,y € Y (A) are infinitesimally close’ if they have the same image under
Y(A) — Y(A™d).

Following the idea of the definition of the formal completion, we want Y (A™)
to represent the equivalence classes of points for the equivalence relation “being
infinitesimally close”. Precomposing by the reduction functor, we get a new functor
(see [CPT*17, Section 2.1]):

i* - dStP — (dStP)red

where (dSt*P)™d denotes the co-category of derived stacks over the category of
connective reduced almost finitely presented algebras.

((cdgaSOatpyred)op
We have that i* possesses both a right adjoint ¢, and a left adjoint ¢, satisfying:
— iy == ((—)™)*, so that i,(Spec(A)) ~ Spec(A™?).
— 1, and ¢, are fully-faithful.
=" 2= (=),
Definition 1.3.9 ((CPT*+17, Definition 2.1.3]). Let X € dSt*” be a derived stack.
— The de Rham stack of X denoted Xpg is defined as:
(=)pRr := ixi* : dSt™P — dSt*P

The unit of the adjunction induces natural maps X — Xpr. Moreover
we have Xpg(A4) = X (A™d).
— The reduced stack of X denoted X,.q is defined as:

(—)red := iyi* : dSt™P — dSt™P

The counit of the adjunction induces natural maps X,.q — X. Moreover
we have Spec(A),.q = Spec(A™?).

For example if A := k[e], with €2 = 0, then a k[¢]-point is a tangent vector of Y. Two such
points are then infinitesimally close if they have the same underlying k-point in Y.
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Proposition 1.3.10. We have that i. and i\ are fully-faithful and therefore the unit
id — 4", and the counit i*1, — id are object wise equivalences. This implies that 11" is
left adjoint to i.i* and in particular, this shows that (—)pr is right adjoint to (—)yeq-

Proposition 1.3.11. The formal completion of f : X — Y is part of the pullback

square:

5//)\(—>XDR

L

Y—>YDR

Proof- By definition the space of A-points in Yy is:
}//}\((A) ~ Map (Spec(A4),Y) X Map(Spec(Ard) v) Map (Spec(Ared> X)
~Map (Spec(A),Y) Xmap(Spec(4)req,v) Map (Spec(A)red, X)
~ Map (Spec(4),Y) XmMap(Spec(4),vpr) Map (Spec(A4), Xpr)
~ Map (Spec(A),Y Xy, Xpr)
~ (Y Xypr Xpr) (4)
OJ
Corollary 1.3.12. Xpy is the formal completion of the terminal morphism X — x:
Xpr >~ *x
Corollary 1.3.13. Consider a cone X1 X x Xy over a pullback Y1 Xy XY, induced by
compatible maps X1 — Y1, X — Y and Xo — Y,. Then we have an equivalence:

—_—

¥ %7 Ve = 00 X5z T
Proof.

—

(Y1 Xy Y2) 5,0 oxp = (Y1 Xy Y2) X(vixyva)ps (X1 Xx Xo)pr

(Y1
(Yi Xy Y2) X (Y1)pr X vy (Y2)DR ((X1)pr X Xpr (X2)pR)

12

12

X(Y1)pr X1)DR) XY xypr XDR (Yz X (Y2)pr (XQ)DR)

(Y1) x, XVx (Y2)x,

2

Proposition 1.3.14 ([CPT*17, Proposition 2.1.4]). We have the following:
(1) Xpr is a formal derived stack.
(2) IfY is a formal derived stack, then foranymap f : X — Y the formal completion
if; is a formal derived stack.

Taking the de Rham stack forget about infinitesimally closed points and therefore,
forgets about the “tangent directions” of the stack.
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Lemma 1.3.15 ([CPT"17, Lemma 2.1.10]). The cotangent complex of a de Rham
stack exists and we have:

P Lxp, =0
where p : X — Xpr is the natural projection.

Therefore the tangent complex, and the de Rham stack are complementary infor-
mations. We will see in the rest of this section that among formal stacks, Xpr and
T x characterize X in the sens that if X and Y are formal stacks such that X and YV
have the “same” de Rham stacks and tangent complexes, then they are equivalent
as stacks. In the rest of this section, we are going to assume that X and Y have a
tangent complex.

Definition 1.3.16. A map f : X — Y of derived stacks is called a nil-equivalence
if it induces an equivalence freq : Xjea — Yiea (or equivalently an equivalence

for : Xpr — YpR).

Definition 1.3.17. A morphism f : X — Y is called formally étale if it induces an
equivalence:

Tx = f*Ty
Definition 1.3.18. We define a formal thickening of a formal stack X as either:

— A formal pre-stack, Y € dpSt*™, together with a nil-equivalence f : X — Y.
The category of such thickenings will be denoted Thick” (X).

— A formal stack, Y € dSt*", together with a nil-equivalence f : X — Y.
The category of such thickenings will be denoted Thick(X).

The stackification dpSt™ — dSt*® might not preserve the property of being
formal. As such, we will often consider stacks given by the stackification of a
formal thickening in pre-stack.

REMARK 1.3.19. If f : X — Y is a nil-equivalence, then there is an equivalence:
}//)\( ~Y

This a direct consequence of Proposition 1.3.11 and the fact that the map Xpr —
Ypr is an equivalence.

Lemma 1.3.20. Given f : X — Y, the formal completion induces a factorization:
X = }//)\( —Y
such that:
— X — Yx is a nil-equivalence.
- Yx — Y is formally étale.

Proof. The factorization is clear from the pullback in Proposition 1.3.11 (X is
clearly a cone over this pullback). Then we have that:
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— Since X is a cone over the pullback defining Yx, applying (—)pr, we get
a retract’:

Xpr — (5//);) — Xpr
DR
such that the second morphism is an equivalence (as pullback of the iden-

tity of Ypgr). Therefore the map Xpr — <§//)\(> is also an equivalence.
DR

— The fact that Yy — Y is formally étale follows from Lemma 1.3.15 and the
fact that, thanks the pullback of Proposition 1.3.11, we have an equivalence:

T{/;/Y - p*TXDR/YDR ~0
O

Lemma 1.3.21. Let f : X — Y a map of formal pre-stacks such that:
— [ is a nil-equivalence.
— [ is formally étale.

then [ is a weak equivalence.

Proof. The idea of the proof is to show that for each Spec(4) — Y there is a
unique lift:

X
o
e

Spec(A) —— Y

First observe that from nil-completeness of our formal stacks, such a lift is in fact
equivalent to the data of lifts:

X

lk ///\f
=
Spec(A<;) — Y

such that the following diagrams commute:

Spec(A<py1) — Y

Assume for now that H°(A) := A<, admits a lift. Then we need to produce the
lift [;, for £ > 1 compatible with the previous lift.

To do that, we observe that the Postnikov truncations are successive square zero
extensions of each other (see [PV13, Proposition 4.1]). The condition of being

1using the fact that (Xpr)pr ~ XpRr-
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formally étale implies that there is a lift to the following diagram for any A-module

M:

Spec(A) — X

-
-
-
-
-
-
-
-
-
-

Spec(ABM) — Y

Indeed, we can think of this diagram as a lift of Spec(AB M) — Y is the category
of stacks under Spec(A). Using the cotangent complex adjunction this can be
rephrase by asking for a unique lift:

(Ly)ispecta) ——2 M

-
-
-
-
-
-
-
-

(Lx)spec(a)

which exactly the condition that the cotangent complexes (restricted to Spec(A))
are equivalent. In other words, the requirement that f is formally étale.

We have reduced the problem to finding a lift:

X
>

-
-
-
-
-
-

<~

-
-
-

Spec(HY(A)) —— Y

What we know, from the fact that f is a nil-equivalence, is that there is a lift:

>
P
-
-
-
-
-
-
-

Spec(A™) —— YV

Using again the lifting property against square zero extensions, we only have to
prove that Spec(A4™!) — Spec(A) can be obtained as a finite composition of
square zero extensions.

First recall that A™ := HO(A)/9 with 9 := Nil(H°(A)). Since A is of almost
finite presentation, H°(A) is of finite presentation and there exists N € N such
that 9" = 0. Then we observe that A is the square zero extension of A/9"~! by
IMMN~1 and A/MV ! is an algebra with nilpotent ideal 91 such that M~ ~! = (. By
induction, we can write HY(A) as finitely many sucessive square zero extensions
of A™ = A/M. *

This proves that there is a lift:
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and concludes the proof. O

1.3.2. Formal stacks from formal moduli problems.

As we have seen in Remark 1.3.4, the infinitesimal cohesiveness of formal derived
stacks is very similar to the pullback condition for formal moduli problems. The
goal of this section is to study the relationship between formal moduli problems
and formal derived stacks. In particular, we will study in details the formal moduli
problems given by formal spectra and their associated formal stack.

We start by explaining the procedure that extends formal moduli problems F over
A, a connective cdga of almost finite presentation, to formal thickenings F under

X = Spec(A).

Theorem 1.3.22. For A an almost finitely presented connective cdga, there is an equiv-
alence (see [CG18, Proposition 4.1] or [GR20, Chapter 5 Proposition 1.4.2]):

(=)

FMP,, ? Thick™(Spec(A))

where FMP 4 denotes formal moduli problem over A (see Definition D.1.6).
Moreover, composing with the stackification functor (which is also a left adjoint), we get
an adjunction:

FMP.1 7 dStspeca

such that the completion functor (—) preserves colimits and finite limits.

Sketch of proof- The first equivalence is due to [GR20, Chapter 5 Proposition 1.4.2]
(see also [CG18, Proposition 4.1]). Essentially the completion functor is the left
Kan extension along the inclusion Art,, — dAff which can be shown to be
valued in Thick™*(Spec(A)).

For the second statement, we compose this adjunction with the adjunction:

Stf : dpSt*P —— dSt™P : j

This adjunction is a topological localization according to [Lur09b, Lemma 6.2.2.7]
and such localizations are left exact thanks to [Lur09b, Corollary 6.2.1.6] and there-
fore preserve finite limits. O
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REMARK 1.3.23. The stackification functor, Stf, does not behave quite as nicely as
we would like. In particular is does not preserve the cotangent complex. We will
find ourselves dealing with the following two types of situations:

— Either we start with formal moduli problems. Then we need to do every-
thing on the underlying pre-stacks and only then use the stackification.

— We start with a formal thickening in stack, in which case working in stacks
or pre-stacks is equivalent (because j is fully-faithful and preserves the
tangent complexes).

We give a few results on the behavior of the stackification with respect to formal
geometry.

Proposition 1.3.24. We have the following properties of the stackification functor:

(1) The functor j is fully-faithful and for any map of stack h : X — Y, with
X = Spec(A), we have an equivalence of A-modules:

h*Ty ~ h*Tjy)
(2) j commutes with the de Rham functor':
jo(=)or = (=)pr°j
(3) Stf commutes with the reduced functor (—), -
Stf 0 (=) ieq = (—)req © StE
(4) Stf preserves nil-equivalences.
Proof:
(1) Since j is fully-faithful, we have the equivalences:
h*Ty ~Mapyg, (Spec(AH A[n]),Y)

~ Mapgps (7 (Spec(AH An])),j(Y))
~Mapgps; (Spec(A 8 Aln]), j(Y))
~h"Tjr)

(2) For all X € dSt and A € cdga=’, we have:
j (Xor) (A) = j(X)(A™) = X (A™) = j(Xpr)(A)

(3) The previous result shows the commutativity of the right adjoint functors.
This implies that their left adjoints also commute.

(4) Since Stf commutes with the reduced functor and preserves weak equiva-
lences, then is preserves nil-equivalences.

0J

LAll our discussion in Section 1.3.1 adapts well to pre-stacks.
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Now that we have a way to see a formal moduli problem as a formal derived stack,
we will be interested in the particular example of the formal moduli problems
given by formal spectra (Definition D.1.7).

Let us recall that the formal spectrum (relative to A) of B € cdga 4 is defined as
the formal moduli problem:

Spf,(B) : Art)y — Gpd,,
C —— Map (B,C)

cdga, 4

REMARK 1.3.25. It turns out that the restriction functor R does not only send
formal thickenings to formal moduli problems, but it also sends any formal stack
under X having a cotangent complex to a formal moduli problem. Indeed, from
Remark 1.3.4, the pullback condition of formal moduli problems is satisfied, and
because the terminal object in FMP 4 is Spf 4(A) itself, we have:

Map (Spf4(A), F) ~ %
FMP 4

Therefore R(F') is a formal moduli problem.

REMARK 1.3.26. We have, by definition of the formal spectrum, that for all B €
cdga 4

R(Spec(B)) ~ Spf 4(B)
In Section D.2.1, we define the tangent complex of a formal moduli problem. It
turns out (see Section D.2.1) that this sends the formal spectrum of B € cdga 4

to the B-module f*Tp. We would like to compare it to the tangent complex to its
associated formal thickening.

Lemma 1.3.27. Take f : B — A with A connective of almost finite presentation. Then
we have:

P = [ Topeyio,
More generally, if ' € FMP 4, then we have:

S Tp >~ fTg,.
where f denotes the map from Spec(A) on both side.

Proof. For all n > 0 we have:

[ TE

=pre

[n]‘ ~ Map (Spec(Alen)), Fye)

A dStspec(a); pre
(A[en]EArt/A) 217(14[611])

ection D.21) = | [ Tr[n]|A
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where ¢, is seen in degree n and squares to zero'. The collection for all n > 0
of these equivalences induces the equivalence between the complexes since they
become equivalent as {2-spectra represented by the pullbacks of the cotangent
complexes. O

Corollary 1.3.28. For X := Spec(A) affine of almost finite presentation, we have an
equivalence:

Tx/sptB) = Ta/s

pre
In fact, we will see in Corollary 3.2.71 that this is even an equivalence of Lie algebroids
for the Lie algebroid structure on the relative tangent described in Proposition 3.2.6.

Proof. Using Lemma 1.3.27, we have that the following two fiber sequences are
equivalent:

Txssoram),,, = Ta = F Tspeun)

TA/B — Ty — f*TB
0

REMARK 1.3.29. The extension functor (—) is closely related to the formal comple-
tion functor. Indeed, given p : X — Y such that Y is formal, under some technical
assumptions2, we have an equivalence:

Yx ~ R(Y)

pre

and the natural morphism Yx > Y corresponds to the counit of the adjunction of
Theorem 1.3.22.

1.4. De Rham Algebra and (Closed) p-Forms.

This Section is mostly a recollection of [CPT*17]. In the first part, we focus on
setting up notations for the different structures we can put on the de Rham algebra
and its relative version in derived algebraic geometry. In the second part, we use
this formalism to defined the notion of n-shifted (closed) p-form on a derived stack.

1.4.1. De Rham complex.

Classically we think of the de Rham algebra as the algebra of differential forms
together with the de Rham differential, (A, T'(7*X), dqr). In derived geometry,
we want to replace 7% X by Lx, and we would like the de Rham algebra to be
something like the derived global sections of Sym, Lx[—1]. But this object has
much more structure than its classical counterpart. Namely we have that:

IThis gives exactly the square zero extension Ale,] := AH A[—n].

2Assume that X satisfies Assumptions 3.2.2. These are assumptions ensuring that formal moduli
problems (and therefore formal thickenings) of X are equivalent to Lie algebroids over X (see
Section 3.2.1).
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— This is a cdga for the grading induced by the grading on Lx[—1], which
we will call internal grading with a vertical differential induced by the dif-
ferential on Ly [—1].

— There is a weight grading given by Symy, Lx[—1], the symmetric powers
of arity p.

— There is a “mixed differential” also known as the de Rham differential,
which increases the weight and total degree by 1.

This all data gives the structure of graded mixed algebra. We quickly recall the def-

initions and main properties related to graded mixed objects in Appendix C. We
will first focus on the affine case, X := Spec(DB).

It turns out that there is a universal construction of a “de Rham object” that will,
thanks to Proposition 1.4.4, recover the heuristic we just discussed. We will define
the de Rham graded mixed complex in the general setting of good model category
A (see Appendix A.1). In particular for .# = Mody, we recover the classical de
Rham graded mixed complex of a cdga. Moreover, in this context, we can even
extend the functor DR to all derived stacks.

Lemma 1.4.1 ([CPT*17, Proposition 1.3.8 and Proposition 1.3.16]). There is an
adjunction:

DR , : cdga , = cdga’,® : (—)(0)

where the right adjoint is the functor that sends a graded mixed algebra to the algebra in
cdga , given by the weight O part of the graded mixed algebra.

Moreover, this adjunction holds in the relative setting. If A € cdga ,, then there is an
adjunction’:

DR /(—/A) 1 cdga 4, 4y 7 cdga’,®,, : (—)(0)

Definition 1.4.2. The de Rham algebra of A € cdga,, is defined as the following
graded mixed algebra DR, ,(A). We are going to write DR(A) when .# is clear.
For example we have:

— If . # = Mody, then DR(B) := DR)j0q, (B) is the de Rham graded mixed
algebra associated to the algebra B.

— If . #4 = Mody for A € cdga and A — B a map of algebras (and therefore
B € cdgayeq,), we define:

DR(B/A) := DRyoa, (B)
More generally, we have:

DR(—/A) = DRModA

10n the right hand side, A is viewed as a graded mixed algebra concentrated in weight 0.
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From [CPT*17, Lemma 1.3.18], we have that
DR(B/A) ~ DR(B) ODR(A) A

where A is viewed as a graded mixed complex concentrated in degree
0. Note that DR(A) ~ DR(A/k) and this definition coincides with the
relative de Rham construction via the adjunction of Lemma 1.4.1.

Notation 1.4.3. There are various structures on the de Rham algebra and we
set the following notations:

— DR is the de Rham functor valued in graded-mixed algebras.

— DR*" is the underlying graded algebra of DR (see Lemma C.1.6) where
we forget the mixed structure.

— As weak graded mixed complexes (Definition C.2.1) are equivalent to com-
plete filtered objects, we denote by DR the induced complete filtered al-
gebra. It is described, thanks to Proposition C.2.8, by the following filtered
algebra:

FPDR(A/B) ~ [[ Sym’y La/s[—1]
p'2p
Since DR(A/B) is non-negatively weighted, each FPDR®(A/B) is a
differential graded algebra with the differential being the total differential
summing the vertical and the mixed differentials.

— |DR] is the de total Rham algebra obtained by applying the realization

functor |—| given by Proposition C.1.9:

IDR(A/B)| ~ [ [ DR(A/B)(»)
p=20
together with the total differential. Note that we have:

IDR| ~ F'DR =~ colim FPDR!

Proposition 1.4.4. There is an equivalence of graded algebras:
Sym% Lp[—1] — DR#(B)

Similarly, in the relative case we have an equivalence:

Sym$, L a[—1] = DR*¥(B/A)

Corollary 1.4.5 ([CPT*17, Corollary 1.3.14 and Remark 1.3.15]).  For any ob-
ject A € cdga 4, the algebra Sym¥, L4 p[—1| possesses a canonical weak graded mixed

structure’ making it into a weak graded mixed algebra in ./ . The corresponding mixed
differential is called the de Rham differential and is denoted dgg.

IThis structure is (weakly) transferred from DR(A/B). If B — A is nice enough (that is
cofibrant) then this can be taken as a strict (non-weak) graded mixed algebra (see [CPTT17,
Section 1.3.3]).
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Proposition 1.4.6. We have the following equivalences:
IDR|(B/A) ~ colim DR®(B/A)
DR*(B/A) ~ Gr (DR (B/A))

Proof- The first equivalence is a direct application of Lemma C.2.10 and the second
is an application of Lemma C.2.11. O

So far we only constructed to de Rham graded mixed algebra for affine objects.
It turns out that DR satisfies étale descent and is therefore a derived stack val-
ued in graded mixed complexes. Therefore we can extend it to a functor (see
[PTVV13, Definition 1.13]) on all derived stacks and it defines’ a graded mixed
algebra DR(X) for all derived stack X.

The natural way to define this global de Rham graded mixed algebra is by taking
the left Kan extension computed by following limit:
DR(X):= lim DR(A)

Spec(A)—X
Moreover the underlying graded of this limit is computed weight-wise and there-
fore:

DR*¥(X)~ lim DR®(A)

Spec(A)'—f>X

We get that:
DR*(X)(p) ~ lim  Sym’ L[—1]

Spec(A)LX
Corollary 1.4.7. If X admits a cotangent complex there is a natural morphism*:
[ (Sym§ Lx[-1])~ lim [Sym¥ f*Lx|, — [DR*(X)|,

Spec(A)LX

Since the de Rham functor satisfies smooth descent, this natural morphism is in fact an
equivalence for X a Artin stack (PTVV13, Proposition 1.14]).

REMARK 1.4.8. In this corollary, we consider the space of sections by taking the
mapping space of sections. If we take instead the mapping spectra, we get a map to
DR®(X) of graded algebras. In other words we get a map of graded algebras:

Hom ® (Ox,Sym§ Lx[—1]) — DR*(X)
QC(X)
IThe de Rham complex extends to all derived stacks. However if X does not admit a cotangent

complex, there is no analogue to Proposition 1.4.4.
2Here T denotes the derived global section functor that sends .# € QC(X) to:

Map (X, F) ~ Map (Ox, F) ~ lim  |f*"Z]A
dst, x QC(X) Spec(A) 5 X
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Moreover, the weight 0 component always recovers the algebra of functions of X
(even if X is not Artin).

Lemma 1.4.9. There is a natural augmentation to the algebra of global functions (viewed
as a graded mixed algebra concentrated in weight 0):

DR(X) — Ox(X)

Proof. For any graded mixed algebra, there is a natural map to its weight 0 part
(viewed as a graded mixed algebra concentrated in weight 0). In particular we get
a map:
DR(X) — DR(X)(0)
Thank to Proposition 1.4.4, we get an equivalence:
DR(A)(0) ~ A

Therefore, we can use Definition 1.1.20 and show that:

DR(X)(0)~ lim DR(A)(0)~ lim A~ 0Ox(X)

Spec(A)—X Spec(A)—X
0J

Definition 1.4.10 ([CPT"17, Definition 2.3.1]). Given a map f : ¥ — X of
derived stacks with X = Spec(A), we can define the relative de Rham graded
mixed algebra of f : Y — X as:

DR(Y/X):= lin DR(A/B)
Spec(B)LY
Lemma 1.4.11. Let X — Y — Z be morphisms of derived stacks such that X =
Spec(A) and Y = Spec(B) are affine. Then there is morphism of graded mixed com-
plexes:
DR(X/Z) @pr(x) DR(Y) — DR(X/Y)
Moreover if Z is also affine, then this is an equivalence.

Proof- This is the natural morphism:

DR(X/Z) <pnisy DR() = | lim _ DR(C/A)) @by DR(B)

li D A DR(B
_>Specl(rC{l)—>Z( R<O/ )®DR(A) R< ))

= Spe(l;‘l(rCI'l)—>Z (DR(C/B))

~DR(X/Y)

This is an equivalence whenever the limit commutes with the tensor product. This
is the case if Z is affine. O]
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1.4.2. Shifted (closed) p-forms.

Recall from [PTVV13] that there are classifying stacks </?(e,n) and /7 (e,n) of
respectively the space of n-shifted differential p-forms and the space of n-shifted
closed differential p-forms. In this section we will recall their definition and basic
properties.

Definition 1.4.12. Let A € cdga™". The space of p-forms of degree n and the space
of closed p-forms of degree n on A are defined respectively by:

/P(A,n) := Map (k[-n = p|((=p)), DR¥(A)) ~ [(Sym” La[-1]) [n + ][5

g
Mod§"

/" (A,n) = Map (k[-n —p|((~p)), DR(A))
Mod; ~#"
where k[—n — p|((—p)) is the graded (mixed) complex concentrated in weight p

and degree n+p. All along, we denote the vertical differential, i.e. the differential
on Ly, by 0 and the mixed differential, i.e. the de Rham differential, by d4g.

From [PTVV13, Proposition 1.11], we know that the functors &/?(—, n) and &7 (—, n)
are in fact stacks and therefore we can extend the definition of (closed) p-forms of
degree n to any derived stacks.

Definition 1.4.13. The space of p-forms of degree n on a derived stack X is the
mapping space:
(X, n) = Map (X, &7*(e,n)) = Map (k[-n — p]((—p)), DR¥ (X))

dst ModE"
The space of closed p-forms of degree n on X is:
/(X n) = Map (X, &"(e,n)) =~ Map (k[-n - p|((~p)), DR(X))
dst

Mod, "

Now the following proposition says that in the case when X is a derived Artin stack,
the spaces of shifted differential forms are spaces of sections of quasi-coherent
sheaves on X.

Proposition 1.4.14 (Proposition 1.14 in [PTVV13]). Let X be a derived Artin stack
(see Remark 1.1.13) and Lx be its cotangent complex. Then there is an equivalence:
P(X,n) ~ Map (ﬁx, (Sym%x ILX[—l]) p+ n])
QC(X)
REMARK 1.4.15. For a derived Artin stack, a n-shifted p-form is therefore equivalent
to the data of a section of (Sym}, Lx[—1]) [p+n]. Even better, thanks to Corollary

1.2.16, the space of sections of 7*X is equivalent to the space of n-shifted 1-form
on X:

MapdSt/X(X, T*[n)X) ~ &' (X,n)
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REMARK 1.4.16. More concretely, we have from [Cal21] and [CPT"17] an explicit
description of (closed) pforms of degree n on a derived Artin stack X. A pform
of degree n is given by a (derived) global section

w € DR(X)(p)[n + p] = I ((Symp, Lx[-1]) [ + p])

such that jw = 0.

A closed pform of degree n is a semi-infinite sequence w = wy + w; + - - - with
wi € DR(p+i)jn+p/ =T ((Sym%;i ]LX[—l]) [n +p])

such that dwy = 0 and dw; = dw;+1. Equivalently, being closed means that w is a
closed element in

FPDRP(X) ~T (H (Sym%;i LX[—l]) [n + p})

i>0
whose total degree is given by n + p + ¢ and with the total differential.
In fact in general (without assuming X Artin), we have that the following descrip-

tion of the spaces of (closed) shifted p-forms (see the comment following [PTVV13,
Definition 1.13]):

Proposition 1.4.17. For X a derived stack, we can also describe the spaces of (closed)
differential forms as:
(X, n) = [DR(p)(X)[n + pl| 5

dp,cl()Q n) ~ ‘FPDchl(X)[n +p) ’A ~ H DR(p +4)(X)[n + p]
i>p A
together with the total differential.

Definition 1.4.18. The natural projection:
F'DR™(X)[n] — DR(p)(X)[n + p]

induces a map @7 (X, n) — &/P(X,n) that forgets the closed structure. It essen-
tially sends

W =wpt+wy+ - — wp
and the image of w by this map is called the underlying p-form of degree n of w. We
will often denote it by wy.

The collection of all the closures of a p-form of degree n forms a space:

Definition 1.4.19. Let a € /(X n) then the space of all closures of « is called
the space of keys of o denoted key (). It is given by the homotopy pull-back:

key(a) —— &P (X, n)

| |

* ——— P(X,n)
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Proposition 1.4.20. The mixed differential of DR(X) induces a map:
dar : P(X,n) = FPTHYX n)
that squares to zero.

Proof. The mixed differential increases the weight by (at least) 1 therefore induces
a map dag : FPDRP(X) — FP*'DR®(X) of degree 1. This induces the desired
map since we have, from Definition C.1.12, that:

FPDR™(X) = Hom,gye- (k((~p))[~n — pl, DR(X))
OJ

REMARK 1.4.21. Given a map of derived Artin stack f : ¥ — X, we define
/P (Y/X,n), the space of n-shifted (closed) pforms on Y relative to X, to
be the homotopy cofiber of the natural map:

P V(X n) = P DY, n)

Using Definition 1.4.10, we can show’ that the relative forms can be directly obtain
by using the relative de Rham DR(Y/X). For instance n-shifted relative p-forms
are equivalent to the derived global sections of (Sym/, Ly,x[—1]) [n+p].

REMARK 1.4.22. We say that a p-form, wy, of degree n on a derived Artin stack
X can be lifted to a closed p-form of degree n if there exists a family of (p + 7)-
forms w; of degree n — ¢ for all = > 0, such that w = wy + w; + -+ is closed in
FPDR(X)[n]. In that situation, we can see that dqrwy is in general not equal
to 0 but is homotopic to 0 with dqrwy = D (— Zi>0 wi). The choice of such a
homotopy is the same as the structure of a closure of the pform of degree n.
Being closed is therefore no longer a property of the underlying p-form of degree
n but a structure given by a homotopy between dqrw, and zero.

WARNING 1.4.23. When we are working with formal stacks, they will usually not be
Artin and therefore n-shifted p-forms might not always come from derived global
sections of (Symj, Lx[—1]) [p+n]. This will be a problem in order to define sym-
plectic structure on formal stacks or more generally any kind of “non-degeneracy
condition”. To avoid this problem, recall from Corollary 1.4.7 that we have a map
of graded spaces:

I (Ox,Sym%, Ly[~1]) — [DR¥(X)|,

Therefore, in order to still view p-forms as global sections of elements of the
p-th symmetric power of Lx[—1] (which is what we will need to speak of non-
degeneracy conditions in Section 2) when X is a derived stack with a cotangent

!Because the pushout defining the relative de Rham graded mixed algebra is preserved by
geometric realization.
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complex, we define the notion of good pforms of degree n as the p-forms of degree
n that are in the image of the map:
I (Ox, (Symy, Lx[-1]) [n + pl) = [DR(p)(X)[n + p]l5 = &/"(X,n)

More generally, an element in DR.(p)(X)[n + p] will be called good if it is in the
image of the map from Remark 1.4.8:

_HO(m)gr (Ox, (Symy, Lx[-1]) [n + p]) = DR(X)(p)[n + p]

QC(x
A closed element will be considered good if its underlying p-form is good. In other
words, the space of good closed p-forms of degree n is the pullback of the diagram:

PN X, n)

!

I (O, (Symy, Lx[-1]) [n+p]) —— @/?(X,n)

Similarly, good closed elements in DR(X)(p)[n + p| are closed elements in the
pullback of the diagram:

FPDRP(X)[n + p]

Hom *" (O, (Symy, Lx[~1]) [n + p]) —— DR(X)(p)[n + p]

QC(X)
Note that if X is Artin good and general objects coincide (because the horizontal
maps of the previous pullback diagrams are equivalences).

Notation 1.4.24. From now on, we will make an abuse of notation and denote
by «/?(X,n) and «/P!(X,n) the spaces of good (closed) pforms of degree n.
Moreover we will simply call them (closed) p-forms of degree n (omitting the word
“good”). In particular, by definition we get the analogue of Proposition 1.4.14:

P (X, n) ~ é\g?)% (Ox, (Sym}, Lx[—1]) [p+ n])



75

2. NEw CONSTRUCTIONS IN DERIVED SYMPLECTIC GEOMETRY

Following the philosophy of derived geometrie, derived symplectic geometry is an
extension of classical symplectic geometry where we consider shifted symplectic
structures and homotopies between them. Moreover, we again would like such
objects to be well behaved with respect to derived intersections and derived quo-
tients. The study of the derived symplectic geometry of derived quotients is the
object of Section 4. In this section, we will recall and expand upon the idea that
taking derived “Lagrangian intersections” is a way to produce new shifted sym-
plectic structures out of old ones.

In Section 2.1, we recall the main definitions and examples of symplectic, La-
grangian, Lagrangian correspondences and Lagrangian fibration structures.

Then Section 2.2 is devoted to constructing new structures via derived Lagrangian
intersections. In particular, we recall the construction of shifted symplectic struc-
tures on a derived intersections of Lagrangian morphisms (Proposition 2.2.1),
and extend this result to the construction of new Lagrangian fibrations (Theorem
2.2.7).

Then Section 2.2.3 describes the (higher) categories of Lagrangians (and La-
grangian correspondences) in order to give again a result producing new La-
grangian correspondences from derived Lagrangian intersections (Theorem 2.2.23).
This will enable us to take derived “equivariant Lagrangian intersections” of mo-
ment maps in Section 4.

Finally Section 2.3 gives concrete examples for the construction of these new La-
grangian fibration structures.

2.1. Derived Symplectic Geometry.

In this section we will recall the basic definitions and examples of symplectic,
Lagrangian and Lagrangian fibration structures for derived stacks.
All along we will assume that our derived stacks admit a cotangent complex.

Recall that Warning 1.4.23 tells us that the underlying p-form of a closed pform
comes from derived global sections of the shifted symmetric power of the cotan-
gent complex. This will ensure that all the non-degeneracy conditions we are going
to define make sense. In other words, given a derived stack X, a 2-form of degree
n is given by a map:

wo € Map (ﬁx, (Syméx ILX[—I]) [n + 2])
QC(X)
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2.1.1. Shifted symplectic structures.

Definition 2.1.1. We say that a closed 2-form of degree n is non-degenerate if the
underlying 2-form wy (Definition 1.4.18) of degree n induces a quasi-isomorphism:

wp i Tx — Lx[n]

We denote by «7*"4( X n) the subspace of /(X , n) generated by the non-degenerate
n-shifted 2-forms.

Definition 2.1.2. A n-shifted symplectic structure is a non-degenerate n-shifted closed
2form on X. We can also define a space of n-shifted symplectic structures as the

pullback:
Symp(X,n) —— &*"(X n)

| !

A*NX n) ——— *(X,n)

ExaMpLE 2.1.3. Suppose that X in a derived stack. As in the classical case, we
can construct the canonical Liouville 1-form. To do so, consider the identity:
id : T*[n|X — T*[n]X
It is determined, thanks to Proposition 1.2.15, by the data of:
— the projection 7 : T*[n]X — X.

— asection A\xy € Map (ﬁT*[n}X,ﬂ'*LX [n])
QC(T*[n]X)

Since we have a natural map 7*Lx [n] — Ly« x[n], Ax induces a 1-form on 7*[n] X
called the tautological 1-form. This 1-form induces a closed 2-form dgqrAx which
happens to be non-degenerate whenever X is Artin of locally finite presentation
(see [Call9, Section 2.2] for a proof of the non-degeneracy).

The tautological 1-form on the shifted cotangent is universal in the sense that it
satisfies the usual universal property:

Lemma 2.1.4. If X is stack, given a 1-form of degree n, o : X — T*[n]X, we have
that o* \x = o

Proof- In general, if we take f : X — Y, the pull-back of a n-shifted 1-form, j, is
described by the map f*/3 in the commutative diagram:

T X <Y ey —— TRy

Taking into account the fact that A factors through 7*7*[n]X, we consider the
following diagram:
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T X 9 T T X —— T )X
Tl A~
U L any’]

T*n|X = o*7m*T*[n]X —— ©*T*[n|X

i) it

X - » T*[n] X

This proves that the pull-back along « of A x seen as a 1-form of degree n on 7*[n| X
is the same as the pull-back along « of the section A\x : T*[n]X — 7*T™*[n]X.

We denote by «; the associated section in Map (O, Lx[n]) of degree n. We use
QC(X)
the fact that Ido oo = a

— On the one hand, « is completely described by a; € Map (Ox,Lx[n]).

QC(X)
— On the other hand, the map Id : 7*[n]X — T*[n|X is described by:
m: T n]X — X
Ax € Map (ﬁT*[n]Xyﬂ'*]LX)
QC(T*[n]X)

Therefore the composition' Id o « is also a section of 7 and is described
by a*Ax € Map (Ox,Lx[n]).

QC(X)
This proves that a*Ax = «;. Since these maps characterise the sections of 7 they
represent, we have a*A\x = a. [

ExaMpPLE 2.1.5. In Lemma 4.1.25, we will see that if G is an affine algebraic group
then:

S g] =T BG

Together with Example 2.1.3, this shows that [9*[”]/G] is canonically (n + 1)-
shifted symplectic.

2.1.2. Lagrangian structures.

We recall from [PTVV13] the definition and standard properties of Lagrangian
structures and Lagrangian correspondences. These notions will be the building
block of all the “Lagrangian intersections” theorems discussed later on.

If we have a composition Y — Ax (#) — Ax (%) where Y — Ax (%) is givenby f:Y — X
and sy € Map(Oy, f*%) and g : Ax(F) — Ax(¥) is given by m : Ax(F) — X and s, is
induced by a map g : & — 7*¥, then the composition g o f is described by f : ¥ — X and
Sgof € Map(Oy, f*n*¥) given by sgor := hom*sy.
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Recall that classically, a Lagrangian is a sub-manifold f : L < M of a symplectic
manifold M such that:

— It is isotropic, i.e. f*w = 0.
— w induces an isomorphism to the conormal of f:

TL— N*f
The first condition we will translate as the data of an isotropic structure on f.

Definition 2.1.6. Let f : L — X be a map of derived Artin stacks. An isotropic
structure on f is a homotopy, in &/*“(L,n), between f*w and 0 for some n-shifted
symplectic structure w : x — Symp(X, n). Isotropic structures on f form a space
described by the homotopy pullback:

If we fix a given n-shifted symplectic structure w : x — Symp(X, n), we can define
the space of isotropic structures on f at w defined by by the pullback:

Iso(f,w) —— *

| lw

Iso(f,n) —— Symp(X,n)

REMARK 2.1.7. Take vy a homotopy between o and 3 in &P (X,n). Then 7 is
given by a homotopy between the images of a and 3 in |[FPDR™(X)[n + p]|,
such that the underlying weight 2 component:

Yo = o ~ o
is equivalent to a homotopy in I' ((Sym,, Lx[—1]) [n + p]).

REMARK 2.1.8. More explicitly, if X is Artin, an isotropic structure is given by a
family of forms of total degree (p +n — 1), (7;)ien with:

v € DR(L)(p+i)[p+n+i—1]

such that dyy = f*wy and 07; +d~v;—1 = f*w;. This can be rephrased as Dy = f*w,
in other words, f*w in exact in FPDR®(X) and 7 is indeed a homotopy between
f*w and 0.

The second condition to be Lagrangian is a non-degeneracy condition of an
isotropic structure 7.
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Definition 2.1.9. An isotropic structure v on f : L — X is called a Lagrangian
structure on f if the leading term, -, viewed as an isotropic structure on the mor-
phism' T;, — f*Ty, is non-degenerate. We say that v, is non-degenerate if the
following null-homotopic sequence” (homotopic to 0 via v,) is fibered:

(2) TL —_— f*TX ~ f*Lx[TL] — ]LL[TL]

(f*wo)”

The space of n-shifted Lagrangian structures on f is denoted Lag(f,n). There
are natural morphisms of spaces:

Lag(f,n) — Iso(f,n) — Symp(X,n)

REMARK 2.1.10. To say that the sequence (2) is fibered can be reinterpreted as
a more classical condition involving the conormal. Since QC(X) is a stable oo-
category, the homotopy fiber of f*Lx[n] — L[n]is Ly x[n — 1] := L¢[n — 1] and
the non-degeneracy condition can be rephrased by saying that the natural map
O : Ty — L¢[n — 1] is a quasi-isomorphism.

REMARK 2.1.11. Unlike in the classical case, being Lagrangian for a morphism f
is a structure and not a property. To simplify the notations, we will abusively say
that a morphism f : X — Y is Lagrangian when we consider f together with a
fixed Lagrangian structure on f and a fixed symplectic structure w.

ExamprLE 2.1.12. A lHform of degree n on an Artin stack X is equivalent to a
section v : X — T™*[n]X. This section is a Lagrangian morphism if and only if «
admits a closure, i.e. Key(«) is non-empty. This is [Call9, Theorem 2.15].

Proposition 2.1.13. There is a canonical homotopy equivalence Iso(a) — Key (o)
between the space of isotropic structures on the 1-form o and the space of keys of c.

Proof.

key(a) —— /"X, n) —

3) l l Io

* —— FYX,n) LN N X n)

The left most square is Cartesian by definition of key(«) in Definition 1.4.19. By
definition, the pullback of the outer square is Iso(«) because dgra = a*w (by
universal property of the Liouville 1-form, Lemma 2.1.4). It turns out that the
rightmost square is also Cartesian. This is simply saying that the space of closed

1Given by the homotopy 7o between f*wg and 0.
2This sequence only makes sense because the underlying weight 2 component of the symplectic
structure and of the homotopy come from derived global sections as explained in Remark 2.1.7.
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1forms of degree n is the same as the space of 1-forms of degree n whose de
Rham differential is homotopic to 0. We obtain that key(a) and Iso(«) are both
pullbacks of the outer square and therefore are canonically homotopy equivalent.

O

REMARK 2.1.14. It turns out that [Call9, Theorem 2.15] says that all the isotropic
structures on « (or equivalently the lifts of o to a closed form) are in fact non-
degenerate, which implies Example 2.1.12 and even the fact that the space of
Lagrangian structures on « is equivalent to the space of keys of a.

ExaMpLE 2.1.15. Let G be an affine algebraic group. The map BG — [g*[n]/G} ,

induced by the G-equivariant inclusion 0 — g*[n], is Lagrangian. In fact, under
the equivalence of Lemma 4.1.25, it is equivalent to the zero section:

BG — T*[n + 1)BG

ExamPLE 2.1.16. We will see in Sections 4.1.3 and 4.3.1 that if G is an affine
algebraic group, the following maps have the following Lagrangian structures:

— The natural projection (Proposition 4.1.27):

g — [g*/(;]
— If 4 : X — g is a moment map, then it induces a Lagrangian (Proposition
4.3.1):
(] : [X/G] — [g*/G]
— The map

BG — [Q*/G}
corresponding to the zero section BG — T%[n + 1|BG via the equivalence
of Lemma 4.1.25.

Lemma 2.1.17 ([Cal21, Example 1.26]). Consider the map X — *,, where %, is the
point endowed with the canonical n-shifted symplectic structure given by 0. Then a La-
grangian structure on this map is equivalent to an (n—1)-shifted symplectic structure on X .

Proof. Pick an isotropic structure v on p. We know that v is a homotopy between
0 and 0 which means that Dy = 0. Therefore v is a closed 2-form of degree n — 1.
We want to show that v is non-degenerate as an isotropic structure if and only if it
is non-degenerate as a closed 2-form on X. The non-degeneracy of the Lagrangian
structure, as described in Remark 2.1.10, corresponds to the requirement that the
natural map Ty — Lx[n — 1] is a quasi-isomorphism. This map depends on 7,
and we want to show that this map is in fact 4. This map is the natural map that
fits in the following homotopy commutative diagram:



81

Tx — Lx[n—1 ——— 0

! | !

0—2% 0 » Ly[n]

We can show that by strictifying the homotopy commutative diagram:

Tx

0 —— Lx[n]

Note that this diagram is already commutative but we see it as homotopy commu-
tative using the homotopy 7. We use the homotopy 7y to strictify the previous
diagram and we obtain:

Tx

\ p*wbzo
W+0

Lx[n—l]@Lx[n] Lx[n]

pr

The homotopy fiber and also strict fiber of the projection
pr:Lx[n—1] @& Lx[n] — Lx[n|

is Lx[n — 1], and therefore the natural map we obtain is 7 : Tx — Lx[n — 1].

Since the non-degeneracy condition of the isotropic structure v is the same as
saying that the map 7} is a quasi-isomorphism, we have shown that an isotropic
structure v is an (n — 1)-shifted symplectic structure on X if and only if it is
non-degenerate as an isotropic structure on X — x,,. 0J

A closely related notion to Lagrangian morphisms is that of Lagrangian correspon-
dences. We will see in Section 4 that they are at the heart of symplectic reduction
and in Section 5 we use Lagrangian correspondences as a defining feature of the
notion of “generalized symplectic reduction” and of the BV construction.

Definition 2.1.18. Let X and Y be derived Artin stacks with n-shifted symplectic
structures. A Lagrangian correspondence from X to Y is given by a derived Artin

stack L with morphims:
L
X Y

and a Lagrangian structure on the map L — X x Y where X x Y is endowed with
the n-shifted symplectic structure rywx — my-wy.
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For example, a Lagrangian structure on L. — X is equivalent to a Lagrangian

correspondence from X to *.
L
X *n

A more extensive study of Lagrangian correspondences and their properties is
done in Section 2.2.3.

ExamrLE 2.1.19 ([CaL21, EXAMPLE 2.3]). Givenamap f : X — Y, its graph X —
X XY has a conormal N(f*) :=T*Y xx Y with a Lagrangian correspondence:

N(f7)
T X ™Y
which is moreover natural in f.
2.1.3. Lagrangian fibrations.

We recall in this section the definition and standard properties of Lagrangian
fibrations (see [Call9]).

Definition 2.1.20. Let f : Y — X be a map of derived stacks. A Lagrangian
fibration on f is given by:
— A homotopy, denoted , between w,x and 0, where w,x is the image of w
under the natural map &> (Y, n) — &> (Y/X,n) (see Remark 1.4.21)
for some n-shifted symplectic structure w : x — Symp(Y, n). This forms a
space of isotropic fibrations' given by the pullback:

IsoFib(f,n) —— Symp(Y,n)
* —2 s F2NY/X, n)
— A non-degeneracy condition which says that the following sequence (ho-
motopic to 0 via 7,) is fibered”
Ty/X — Ty ~ Ly[n] — Ly/X[TL]
IThe notion of isotropic fibration makes sense even if w is not non-generate by replacing

Symp(Y, n) by &% (Y, n).
2Where again this sequence only makes sense because of Remark 2.1.7.
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In particular, the non-degeneracy condition can be rephrased by saying that there
is a canonical equivalence o : Ty,;x — f*Lx[n] (similar to the criteria for La-
grangian morphism in Remark 2.1.10) that makes the following diagram commute:

Ty/x SN fLx[n] —— 0

@ | |

Ty —Y Ly[n] _— Ly/X[TL]

The subspace of IsoFib( f,n) generated by the non-degenerate objects is the space
of Lagrangian fibration structures on f and is denoted by LagFib(f,n). There
are natural maps LagFib(f,n) — IsoFib(f,n) — Symp(Y,n).

Similarly to the case of isotrope and Lagrangian morphisms, we can fix a n-shifted
symplectic structure on Y and define Lagrangian and isotropic fibration of f at a
given w as the pullbacks:

IsoFib(f,w) ——— * LagFib(f,w) —— *
IsoFib(f,n) —— Symp(Y,n) LagFib(f,n) —— Symp(Y,n)
and

REMARK 2.1.21. To simplify the notations, we will abusively say that a morphism
f + X = Y is a Lagrangian fibration when we consider f together with a fixed
shifted symplectic structure w and a fixed structure of Lagrangian fibration on f
at w.

ExAMPLE 2.1.22. The natural projection mx : 7*[n]X — X is a Lagrangian fi-
bration. The Liouville 1-form is a section of 75 Lx[n] which is part of the fiber
sequence:

W}LX [n] — LT*[R]X[n] — LT*[n]X/X[n]
Thus the 1-form induced by Ax in Ly« x/x[n] is homotopic to 0. The non-
degeneracy condition is more difficult and is proven in Section 2.2.2 of [Cal19].

It turns out that the morphism expressing the non-degeneracy condition, o, is
given by a canonical equivalence described in Proposition 1.2.28.

Proposition 2.1.23. If X is a derived Artin stack, then the equivalence of Example
2.1.22 expressing the non-degeneracy of the canonical Lagrangian fibration on the shifted
cotangent stacks, o - Trepnx/x — mxlix[n], is the canonical quasi-isomorphism from
Proposition 1.2.26.
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Proof. Consider the following diagram:

Trx/x

|#

[ W*LX —_— TT*X — W*TX

bk
Ly —— Lp«xy —— 7Ty

From [Call9, Lemma 2.6], the map ¢x is natural in X and therefore is an equiv-
alence ([Call9, Corollary 2.7]). Moreover, the naturality implies that ¢y is the
multiplication by a scalar. Looking at X = A! in local coordinates, it is not hard
to see that this scalar is in fact 1' and therefore ¢y is the identity. O

Lemma 2.1.24. Let x : %, — X be a point of X. Then, given a Lagrangian fibration
structure on x, the non-degeneracy condition is given by a quasi-isomorphism:

Z‘*TX — JI*Lx[n + 1]

Proof The Lagrangian fibration structure on %, — X is a homotopy between 0
and itself in 7% (*n/y, n). As in the proof of Lemma 2.1.17, this is given by an
element y € @72 (*n/ "x»7—1). Similarly to what was done in the proof of Lemma
2.1.17, we can show that v is non-degenerate as a Lagrangian fibration if and only
if it is non-degenerate as a closed 2-form of degree n. Again it boils down to
the fact that the natural morphism in the non-degeneracy criteria for Lagrangian
fibrations is in fact v : T,, /x — L., /x[n — 1.

Moreover, we have natural equivalences, T, jx ~ 2*Tx[—1] and L, /x[n — 1] ~
z*Lx[n| because the sequence

T,,)x — T, 0 —— 2*Tx[n]
is fibered. This concludes the proof. O

ExaMpPLE 2.1.25. The natural map [Q*/G} — BG is equivalent to the projection

T*[n + 1]BG — BG through the equivalence of Lemma 4.1.25. Therefore this is
a Lagrangian fibration.

2.2. New Constructions from Old Ones.

In this section we will recall how to construct new shifted symplectic structures
by taking derived intersection of Lagrangian morphisms (Proposition 2.2.1) and
then extend this result to construct new Lagrangian fibrations (Theorem 2.2.7).

The gymnastic of constructing new Lagrangians and Lagrangian correspondences
is very well behaved, and in Section 2.2.3 we use this to described a category and

This should be related to the fact that the canonical symplectic form is induced by id : T*X —
T* X and there is no dilatation along the fiber.
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a weak 2-category structure on the space of Lagrangians. This leads to another
construction that produces new Lagrangian correspondences out of derived inter-
sections (Theorem 2.2.23).

2.2.1. Derived intersection of Lagrangians morphisms.

Proposition 2.2.1 ([PTVV13, Section 2.2]). Let Z be a derived Artin stack with a
n-shifted symplectic structure w. Let f : X — Z and g :' Y — Z be morphisms with
and 0 Lagrangian structures on [ and g respectively. Then the homotopy pull-back X x ;Y
possesses a canonical (n— 1)-shited symplectic structure called the residue of w and denoted
R(w,~,9).

REMARK 2.2.2. If we fix f and g as above, we can extend the previous theorem to
obtain a map of spaces (see Theorem 2.4 in [Call5]):

Lag(f,n) X Symp(X,n) Lag(g,n) — Symp(X xzY,n—1)

ExampLE 2.2.3. The derived critical locus is by definition the derived pullback
of two closed 1form sy, df : X — 7" X which are therefore Lagrangian thanks to
Example 2.1.12. Therefore Crit(f) is (—1)-shifted symplectic.

REMARK 2.2.4. When X is a derived stack and df = 0, we have that Crit(f) ~
T*[—1]X and wcrit(y) is the canonical (—1)-shifted symplectic structure on 7*[—1].X.

REMARK 2.2.5. Proposition 2.2.1 can also be seen as a consequence of the pro-
cedure of composition of Lagrangian correspondences (Theorem 2.2.13). To se
that, consider the following composition of Lagrangian correspondences:

XXZY

The maps X — Z x xand Y — Y X * are Lagrangian correspondences because
X — Z and Y — Z are Lagrangian. Therefore, by composition, X xzY — x x %
is also a Lagrangian correspondence, thus X X, Y — x is Lagrangian. From
Lemma 2.1.17, since the point is n-shifted symplectic, then X Xz Y is (n — 1)-
shifted symplectic.

2.2.2. Derived intersections and Lagrangian fibrations.

The goal of this section is to prove a similar statement to Proposition 2.2.1 but
with the additional data of a Lagrangian fibration. This result is from [Gra22] and
has also been generalized in [Saf20].
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Before going to the main statement, we need the following proposition:

Proposition 2.2.6. Suppose we have a sequence L Loy 25 x of Artin stacks
and w a n-shifted symplectic form on Y. Assume that f is a Lagrangian morphism and g
is a Lagrangian fibration. Then there is a canonical equivalence Tr)x — Ly x[n — 1].

Proof. Consider the following commutative diagram:

T, Ty (go f‘)*TX
i TL‘/X J: FTyx L 0
Lpyy[n—1] 'N f*Ly[n] ) / L;X [n] =
Lp/x[n—1] ——— (go f)'Lx[n] 0

In the upper face, every square is bi-Cartesian because both the outer square and
the right most square are bi-Cartesian. Every non-dashed vertical arrow is an
equivalence by assumption (because of the various non-degeneracy conditions).
Focusing on the right hand cube, it sends the upper homotopy bi-Cartesian square
to the bottom square which is also homotopy bi-Cartesian. The homotopy cofiber
of (9o f)*Lx[n] — f*Ly[n] is f*Ly,x[n] and we obtain a quasi-isomorphism
(go f)*Tx — f*Ly,x[n] depicted as a dashed arrow.

By the same reasoning, since the upper outer square is homotopy bi-Cartesian, it
maps to the lower outer square who is also homotopy bi-Cartesian. Moreover, the
homotopy fiber of the map Ly [n — 1] = f*LLy,x[n] is exactly L,/ x[n — 1]. This
proves that there is a canonical quasi-isomorphism T, x — L, x [n—1]. O

Theorem 2.2.7 ([Gra22, Theorem 3.5]). LetY be a n-shifted symplectic derived Artin
stack. Let f; : L; — Y be Lagrangian morphisms (fori = 1---2)and 7 :Y — X a
Lagrangian fibration. Suppose that the maps wo f; : L; — X are weak equivalences.
Then P : Z = Ly Xy Ly — X is a Lagrangian fibration.

Proof- We summarize the notation in the following diagram:

/ALy

b

Ly — Y

N

X
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We also denote P:=7wo F: Z — X.

To show that we can obtain an isotropic structure, we will show that we have a
map of spaces (dropping at first the non-degeneracy condition of the Lagrangian
fibration):

Lag(fi,n) Xsymp(v,n) Lag(f2, ) Xsymp(v;n) IsoFib(m,n) — IsoFib(P,n — 1)

If we forget the non-degeneracy of the Lagrangian structure, we obtain an element
in Iso(f1,n) Xsymp(v,n) I80(f2, 1) X symp(v;n) IsoFib(7, n) and we can show, with
formal manipulations of the pullbacks defining the spaces of isotropic structures
and isotropic fibrations, that:

Iso(f1,1n) Xsymp(v,n) IsO(f2, 1) Xsymp(v;n) ISOFib (7, n)
= % XMQvCl(Ll,n) Symp(Y, n) X.Q{ZVCI(LZ,TL) * XMQvCZ(Y/X,n) *
Using the pullback to &% (L; Xy Lo, n) we obtain a morphism:
Iso(f1,n) Xsymp(v,n) IsO(f2, 1) Xsymp(v;n) ISOFib(7,n) —
* XJJ27CZ(L1XyL2,n) %2’CZ<L1 Xy Lg, n) X{Qyz,cl(LIXYLQ,n) * XMQ»CI(Y/X,n) *
This last space naturally maps to:
%2,01([]1 Xy LQ, n — 1) = % XWQ,CZ(LIXYLQ,TL) dQ’Cl(Ll Xy LQ, TL) XJZ{Q’CZ(LQXYLQ,TL) *

Moreover, if we restrict this map to non-degenerate isotropic structures, then it is
valued in Symp(L; Xy Ls,n — 1) (thanks to Proposition 2.2.1).
We also have that:

WQ’CZ(Y/X7 n — 1) = % X%Z,cl(Y/X,n) *

We have the commutative diagram:

¥ Ly xy Ly,n —1) x Z>NY/X,n—1) —— >4 Y/X,n—1)

| |P

ALy Xy Ly,n—1) y ALy Xy Ly/X,n —1)

Since the map @%“(Y/X,n — 1) — &% (L; xy Ly/X,n — 1) factors through

AN L; /X, n — 1) ~ *, we get a morphism:

>N Ly Xy Ly, n—=1) x> Y /X, n—1) = &> (L1 Xy Ly, n—1)X sy2.c1(1, sy Lo/ Xon—1)%

Now if we restrict to Symp(L; Xy Ly,n — 1) C &*%(L; xy Ly,n — 1) (which

amounts to restricting to non-degenerate isotropic structures), we get a map:
Symp(L, xy Ly,n —1) x &Z*>(Y/X,n — 1) — IsoFib(P,n — 1)

Therefore we get the desired map and we will consider the isotropic fibration on
P given by the image along the morphism we just described of the Lagrangian
structures and Lagrangian fibration structure given on f;, f, and 7 respectively.
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We are left to prove the non-degeneracy condition. To do that, we first consider
the following diagram:

Tz)x —— PiTLyx ®p3Tr,x —— FTy)x

| | |

TZ _— pTTM @p;TLQ _— F*Ty

| | |

PTy —— P'Tx ® PPTxy — P'Tx

The vertical sequences and the last two horizontal sequences are fibered and there-
fore so is the first horizontal sequence. The last two horizontal sequences are
fibered because the following diagrams are Cartesian:

Tz —— piTr, Ty —— Tx
p;TL2 — F*Ty TX — TX

Using Proposition 2.2.6 and non-degeneracy, we get the following commutative
diagram:

Tyx ——— piTLx ®psTr, ) x —— F*Ty/x

! l

PLx[n—1] — (piTr,/x ®psTr,/x) [n — 1] —— P*Lx[n]

where all vertical morphisms are quasi-isomorphisms. The fiber in the lower se-
quence is exactly Lx[n — 1] because piT.,/x @ p5Tr,/x ~ 0 since L; — X are
equivalences. We will call o : Tz x — P*Lx[n — 1] the dashed equivalence ob-
tained.

We still need to show that « is the morphism used in the criteria for the non-
degeneracy of the Lagrangian fibration. Recall that this morphism is given by
means of the universal map filling Diagram (4):

Tyzx —— PLyn—1] ——— 0

| l |

T, — Lz[n — 1] e Lz/X[TL — 1]

To compare o and ap, we summarize the construction of o and all the equivalences
coming from non-degeneracy conditions in the following diagram:
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(®)
Tz piTr, ®psTy, F*Ty
: Tz}/x 2 PiTLx ©@ 5T, x —N> F*Ty)x
Lz[n —1] —~> (PiL,yy ® p3Lp,yy) [n— 1] : F*Ly|[n] 2
P*]LX\[/n —1] (p’{]LLl/x @p;LLz/X) [n —1] ———— P*Lx[n]

where all the vertical maps are quasi-isomorphism obtained from the non-degeneracy
conditions. We want to prove that ap and « are homotopic. The relevant data
extracted from the Diagram (5) is:

TZ/X —2 P*Lx[n— 1] > 0
Tz ——— Lzln = 1] —— pileyvin — 1] & p3Lp, v [n — 1]
The composition:
PLx[n—1] = Lzn —1] = piLp, vn — 1] & piL, /v [n — 1]

factorizes through 0 ~ piLy, /x[n — 1] @ p5LLz,/x[n — 1]. This implies that the map
Lzn —1] = piLg,/v[n — 1] ® p5Li, v [n — 1] factorizes through Lz x[n — 1] and
therefore « satisfies the same universal property as ap, proving that o and ap are
homotopic. O

REMARK 2.2.8. This result was generalized in [Saf20, Theorem 1.14].

REMARK 2.2.9. Similarly to Proposition 2.2.1, this theorem can be extended to a
map of spaces:

Lag(fi,n) Xsymp(v,n) Lag(f2, ) Xsymp(v,n) LagFib(7,n) — LagFib(P, n)

This is the simply the restriction the map described in the proof of Theorem 2.2.7
to the non-degenerate elements. Forgetting the extra Lagrangian fibration recovers
the map in Remark 2.2.2, that is the following diagram is commutative:
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Lag(fi,n) Xsymp(v,n) Lag(f2, n) Xsymp(v,n) LagFib(7,n) ———— LagFib(P,n)

J J

Lag(fi,n) Xsymp(v,n) Lag(fz,n) > Symp(L; Xy La,n —1)

ExamMpPLE 2.2.10. Since the projection 7*X — X is a Lagrangian fibration from
Example 2.1.22, and the derived intersection defining the derived critical locus
(Definition 1.2.20) clearly satisfies the condition of Theorem 2.2.7, we get that
Crit(f) — X is a Lagrangian fibration. This Lagrangian fibration will be studied
in details in Section 2.3.2 in good situations.

REMARK 2.2.11. When X is a derived stack and df = 0, we have that Crit(f) ~
T*[—1] X werit(s) is the canonical (—1)-shifted symplectic structure on 7™[—1]X
and the Lagrangian fibration obtain is the canonical Lagrangian fibration 7*[—1] X —
X of Example 2.1.22.

2.2.3. The higher categories of Lagrangians.

The idea behind the categorical structure on Lagrangian structures is that given
X and Y, n-shifted symplectic derived stacks, a Lagrangian correspondence from
X to Y (Definition 2.1.18) can be though of as a kind of arrow from X to Y. But it
turns out that this idea is a specific instance of a categorical structure on the set of
Lagrangians structures over a fixed base given by a n-shifted symplectic derived
stacks X (see Definition 2.2.17).

In full generality, it is shown in [CHS21] that we can construct an (oo, n)-category
of Lagrangians as a n-fold Segal space. We are going to restrict ourselves to the
1- and 2-categorical structures.

The goal of this section is to present rather explicitly the (weak) 2-category of
Lagrangian as described in [ABB17] and give a new constructions of Lagrangian
correspondences. The main goal of this section is to give the framework to prove
Theorem 2.2.23 which is another “derived intersection theorem” that produces
new Lagrangian correspondences (see Theorem 2.2.23).

First recall, from Definition 2.1.18, that a Lagrangian correspondence from X to
Y is given by a Lagrangian L — X x Y and is depicted by the diagram:

L

7N
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where Y is the same derived stack as Y but endowed with the “opposite” symplec-
tic structure —wy-.

Observe that there is an equivalence:

Lag(X) —— Lag(X)

In particular, any Lagrangian correspondence L from X to Y induces an opposite’
Lagrangian correspondence, L from Y to X and therefore we get a Lagrangian
correspondence:

Y/Z\Y

WARNING 2.2.12. From now on, we will make an abuse of notation and not write
the overline X in the diagrams describing the Lagrangian correspondence with
the convention that the stack on the right is the one with the opposite structure.
A Lagrangian from X to Y and its opposite will be respectively denoted by

SN N

The first step toward finding categorical structure on Lagrangian structures is the
following theorem giving a way to compose Lagrangian correspondences.

Theorem 2.2.13 ([Call5, Theorem 4.4]). Given L, and L, Lagrangian correspon-
dences from X toY andY to X Z respectively, then there is a Lagrangian structure from
X to Z given by Ly Xy Lo. The construction gives a map:

Lag (X X 7) X Symp(v,n) Lag (Y X 7) — Lag (X X 7)

This composition can be depicted by the following diagram:

IThe “opposite” Lagrangian does not means that it is an inverse for the composition. However
we will see in Corollary 2.2.22 that there is a natural 2-morphism:

1xxyiLOz
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This Theorem is itself a special case of Lemma 2.2.15 that will enable us to describe
a composition is some category whose objects will be Lagrangian morphisms.

REMARK 2.2.14. From this we can define a category Symp,, such that:

— the objects are n-shifted symplectic derived stacks.

— Symp,,(X,Y) is the equivalence classes of Lagrangian correspondences
from X to Y for the equivalence relation given by Lagrangeomorphism (see
Warning 2.2.16 for an explanation of what Lagrangeomorphisms are).

Now we can rephrase and generalize this category solely in terms of Lagrangian
structures thanks to the following observations:

— A n-shifted symplectic structure on X is given by a Lagrangian morphism
X — *x,41 where %, is seen together with the n + 1-shifted symplectic
structure 0 (see Lemma 2.1.17).

— A Lagrangian structure on L — X is equivalent to a Lagrangian corre-

spondence:
L
X *,

Therefore the objects of Symp,, are Lagrangian morphisms X — %,,1, and a mor-
phism from X to Y is a Lagrangian in the derived intersection' L — X x, | Y ~
X x Y (up to Lagrangeomorphism).

In order to generalize this, pick a base given by a n-shifted symplectic derived stack
X (here X plays the role of ;). Given two Lagrangians L; — X and Ly — X,
we can define a morphism from L; to L, to be a data of a Lagrangian morphism
N — Ly xx Lo, where Ly Xx Ly is endowed with the (n — 1)-shifted structure
obtained by Proposition 2.2.1 by taking the derived intersection of Lagrangian
morphisms. We then need a notion of composition which is given by the following
lemma:

IThe shifted symplectic structure on the derived intersection is obtained from Proposition 2.2.1
where the construction of the shifted symplectic structure proves that X x,, ., ¥ ~ X XY as
n-shifted symplectic derived stacks.
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Lemma 2.2.15 ([ABB17, Corollary 2.15]). Let L;, @ = 1..3 be Lagrangian morphism
in X (for a fixed symplectic structure on X ). Then there is a map:

Lag(L, xx Ly) x Lag(Ly xx L3) — Lag(L; xx Ls)

that sends the Lagrangians Ny — L, Xx Ly and Ny — Ly Xx L3 to a Lagrangian
structure on:

Nl X Loy NQ — Ll Xx L3
WARNING 2.2.16. The composition obtained by Lemma 2.2.15 is not associative on
the nose, but is so up to Lagrangeomorphism. A Lagrangeomorphism (see [ABB17,
Definition 3.2]) between two Lagrangian L; — X and L, — X is an equivalence

of derived stacks L; — L, commuting with the morphisms to X together with a
Lagrangian structures on the natural map:

L1 — L1 Xx LQ
Then [ABB17, Proposition 3.7] tells us that the composition defined by Lemma

2.2.15 is associative up to canonical Lagrangeomorphism.

We can now define a category of Lagrangians over a fixed n-shifted shifted sym-
plectic derived stack.

Definition 2.2.17. Let X be a n-shifted symplectic stack. The category of La-
grangians over X denoted Lag,(.X) is the category:
— Whose objects are Lagrangian morphisms f : L — X.
— Whose morphisms Lag,(f, g), with f : L1 — X and g : Ly — X, are given
by Lagrangian morphisms:
h:L— Ly xx Lo
up to Lagrangeomorphisms (see Warning 2.2.16). The composition is
given by Lemma 2.2.15.
— The unit morphism of a Lagrangian L — X is given by:

1,: L —>Lxx L
with the diagonal Lagrangian structure (see Proposition 2.2.18).
Proposition 2.2.18 ([ABB17, Corollary 2.19]). Consider a Lagrangian morphism
L — X. Then the diagonal map 1;, : L — L Xx L is a Lagrangian morphism for

the natural (n — 1)-shifted symplectic structure on L X x L obtained by derived intersec-
tion.

ExaMPLE 2.2.19. Lag,(%,+1) is exactly the category Symp,,.

As the morphisms in Lag,; (X) are given by Lagrangians, we can further give the
collection of morphisms a structure of category, making Lag; (X) into a 2-category’
that we will denote by Lag,(X).

IActually the category of 1-morphisms will also have a space of morphisms given by La-
grangians, and therefore it can also be enriched in categories. This leads to a structure of 3-category
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Definition 2.2.20. We can describe Lag,(X) to be the weak 2-category (see [ABB17,
Definition 4.1]) defined as follows:

— Objects are given by Lagrangian structures L — X.

— The 1-morphisms from L, to L, are given by Lagrangians structures’:

L— Ll Xx LQ
— The unit 1-morphism is the diagonal Lagrangian:
1L L x L Xx L

— Given N; and N, two morphisms from L; to L., given by Lagrangians
N; — Ly Xx Ly. Then a 2-morphism from N; to N, is defined as a La-
grangian:

T — N1 XLixxLo N2

up to Lagrangeomorphism.
— The unit 2-morphism 1 : N = N is given by the diagonal Lagrangian:

N—)NXLIXXLQN

The 2-categorical structure is given by:

— the composition of 1-morphism is the same as in the 1-categorical setting.
In other words, the composition of Ny : Ly — Ly and Ny : Ly — Ls,
given by Lagrangian N; — L; Xx Ly and Ny — Ly X x L3, is given by the
Lagrangian:

N1 X, N2—>L1 X)(Lg

obtained from Lemma 2.2.15.

N1><L2N2

s

L1 I\LQ >L3

of Lagrangians. This idea goes on to define a structure of n-category on Lagrangians, and is made
more precise in the co-categorical context in [CHS21], where they described a (0o, n)-category of
Lagrangian as a n-fold Segal category.

Here we do not take Lagrangians up to Lagrangeomorphisms since we define a weak 2-category,
where the associativity is only required up to a 2-morphism.
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— The vertical composition of 2-morphisms:

N1

R

is given by the natural Lagrangian structure on:
Ty XNy Ty = N1 Xpyxxr, N3

provided again by Lemma 2.2.15.
— The horizontal composition:

Ny Na
Ll T LQ T L3
Ny Ny

The horizontal composition is the data of a 2-morphism from P, :=
Ny X, Ny to Py := Nj X, Ni given by a Lagrangian morphism:

T]. XLQ T2 — P]. ><L1><XL3 P2

constructed in [ABB17, Proposition 2.20].

EXAMPLE 2.2.21. Lag,(*,1) is the 2-category whose objects are n-shifted symplec-
tic stacks, 1-morphism X — Y are Lagrangian correspondences L — X x Y
and a 2-morphism L; — L, is a Lagrangian structure N — L; Xy, v Lo up to
Lagrangeomorphisms.

Corollary 2.2.22. Take N € Lag,(Li,Ly). Then N € Lagy(Ly, Ly) and we can
consider the composition N o N € Lagy(Ly, L1). Then there is a natural 2-morphism:

l,, = NoN

given by the diagonal Lagrangian morphism:

N_>NXL2NXL1><XL1 Ly 2NXL1><)(L2N
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The purpose of presenting this 2-category in such details is to obtain a 2-categorical
proof of the following theorem, which gives us a mean to construct Lagrangian
correspondences via derived Lagrangian intersections.

Theorem 2.2.23. Consider a Lagrangian correspondence L from X toY . Let Ly, Ly be
two Lagrangian morphisms in X . Consider the diagram:

Ly xx L
TN
Ly lll Ly xx L
)l( Lo xx L }l/
Lo Lo xx L
Themaps L; < x L — 'Y are Lagrangian and taking the limit long the vertical morphisms,

we get a Lagrangian correspondence:

L1 XxLXXLQ

— T

L1><XL2 L1XXL><YL2><XL
Proof. We work in the 2-category Lag,(x,.1). To show that L; xx L — Y is La-
grangian it is enough to view it as the composition of 1-morphisms in Lag,(%,1):

Ly L
* > X > Y

Consider the following sequence of 1-morphisms:

L1 L L Lo
* > X >Y » X > %

The direct composition of these morphism is given by:

L1 XxLXyLXXLQ
The key is to remember that there is a 2-morphism (from Corollary 2.2.22):

1x
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where 1x the unit corresponding to the diagonal Lagrangian X — X x X and L
is defined as the diagonal Lagrangian morphism L —= L X xy L. Precomposing
by L, and post-composing by L, we sucessively get the 2-morphisms:

LixxL:Li=L; xxLxyL
Ly Xx L XxLo:Li XxLo=L{ XxLXyLXx Ly

This last 2-morphism is exactly the Lagrangian correspondence we want since both
Ly xx Ly and Ly Xx L Xy Ly X x L are in fact symplectic so that this 2-morphism
is in fact a Lagrangian:

L1 XxLXXLQ —)(Ll X)(LQ) X*n+1 (Ll X)(LXyLQ X)(L)
2([;1 XXLQ) X (Ll XxLXYLQ XXL>

2.3. Examples of Constructions of Lagrangian Fibrations.

2.3.1. Derived critical locus.

We discuss here some general result on the shifted symplectic geometry of the
derived critical locus. First we want to understand in general the (—1)-shifted
symplectic form on Crit(f). We use the universal property of the tautological
I-form (Lemma 2.1.4) to see that (df)*w = 0 (with w = dgrAx the canonical
symplectic structure on 7 X). Using the appropriate replacement to compute the
derived tensor product appearing in the proof of Proposition 1.2.21, w induces a
closed 2-form on Specy (Sym,_ (Tx[1] @ Tx)). Since the differential on the reso-
lution, Sym,_ (Tx[1] ® Tx), is induced by Id : Tx — Tx[1] (plus the differentials
on Ty and Ox), the tautological 1-form w_; on 7*[—1]X induces a closed 2-form
on Specy (Sym,, (Tx[1] @ Ty)) which gives a homotopy' between w and 0. We
then have that the (—1)-shifted symplectic form is described by the self-homotopy
of 0 given by w_;:

0 —5% pw=0

The proof of Proposition 2.2.1 tells us that w_; is the (—1)-shifted symplectic form
obtained on Crit(f).

We have seen in Remark 2.2.10 that 7 : Crit(f) — X is a Lagrangian fibration.
The morphism o, controlling the non-degeneracy condition of the Lagrangian
fibration (see Diagram 4) is still natural in the sense given by the following propo-
sition.

INote that both w and w_; are closed for the vertical differential since they are 1-forms. There-
fore, only the part of the differential given by Tx[1] — Tx is involved and sends w_; to w.
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Proposition 2.3.1. o, is equivalent to the following composition of equivalences:

0xg0

(6) LCrit(f)/X ~0 X]LT*X/X 0——0 Xﬂ§LX 0~ W*Lx[—l]

where B is the equivalence Lp-x,x ~ mLx obtained from the Lagrangian fibration
Ty T X — X.

Proof- The strategy here is to express the Diagram (4) as a pull-back of the same
type of diagrams.

First we express Lcyit(s)[—1] as a pullback above Lp«x. This can be done by
observing that all squares in the following diagram are bi-Cartesians:

Lerig(p)[—1] ———— m{0*Ly-x/x > 0

| ! |

W;df*]LT*X/X e WTO*LT*X >~ W;df*]LT*X E— W;LX

| | l

0 > ﬂ'TLX > LCrit(f)

Where 7, and 7, are the natural projections Crit(f) — X given by the pullback
diagram (and 7 = 7). We write Diagram (4) for 7 : Crit(f) — X as:

aﬂQOXQ,rXO
« >
0 XL x/x 0 - 0 X Ly 0 0

| | |

Idx pId
Tx X1py Tx — Lpex/x XLpuy Lrex/x —— Lp=x/x XLpsx)x Lrx/x

In this diagram, pullbacks have been omitted to keep the diagram easy to read. We
need to describe the morphism wcyit(f) : Tx X1, Tx — Lpex/x Xp,. o Lrex/x.
Recall from Remark 2.1.10 and the proof of the non-degeneracy in Proposition
2.2.1 that wCrit(f) is G)df XwG)O where @h : TX — Lh[—l] ~ LX/T*X[_I] ~ H—‘T*X/X is
the natural morphism expressing the non-degeneracy of the Lagrangian structure
(see Definition 2.1.9). O

2.3.2. Non-degenerate functionals.

We consider the example of the derived critical locus where f may have a family
of critical points which are all non-degenerate in the directions normal to the strict
critical locus. We want to understand the quasi-isomorphism describing the non-
degeneracy condition of the Lagrangian fibration Crit(f) — X in that situation.
We denote by S the strict critical locus, which comes with a closed immersion

i : S — X and whose structure sheaf is g = i_lﬁX/] with I = (df.v, v € Ty).
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We assume that both X and S are smooth algebraic varieties. We denote by
Crit(f) the derived critical locus of f and we get a canonical morphism:

A: S — Crit(f)

In order to define the Hessian quadratic form and the non-degeneracy condition,
we need to assume that the closed immersion S < X has a first order splitting.
Concretely, we assume in this Section that the following fiber sequence splits:

(7) Ts <=2 ©*Tx === Tg/x|[1]
This assumption is necessary to be able to restrict () to the normal part Tg/x[1].

Definition 2.3.2. The Hessian quadratic form is defined by the symmetric bilinear
map:

Q SmeﬁS "Tx — Os
(w,v) = d(df.v).w
We define non-degeneracy to be along the "normal” direction to S, by considering
the following diagram:

® b s
<

Both rows are split fiber sequences (by assumption in Diagram (7)). The left and
right vertical maps are the zero map because () restricted to Tg is zero and, since
() is symmetric, () composed with the projection to Lg is also zero. We obtain

a map () (using () and following the section and retract of the fiber sequences)
which corresponds to the map induced by () on the normal bundle. Then the

non-degeneracy condition is the requirement that @ is a quasi-isomorphism.

Since the differential on Ocyy(s) is 0 = 14 (see Proposition 1.2.21), we have the
commutative diagram in QC(.S):

. Lay .
Z*TX E— Z*ﬁx

© o

"L

We will abusively write ) = dqg 0 d : i*Tx[1] — i*Lx for the map of degree 1
corresponding to the composition d o vgr : ¢*Tx — ¢*Lx of degree 0.
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In general, the natural map A : S — Crit(f) is not an equivalence. This is due to
the fact that the partial derivatives of f will not in general form a regular sequence
and therefore Crit(f) has higher homology. The default to be a regular sequence
comes from vector fields that annihilate df. Such vector fields are in fact vector
fields on S when f is non-degenerate. With that idea in mind, we show that an
equivalent description of Crit(f) is given by 7%[—1].S when () is non-degenerate.

Proposition 2.3.3. There exists a natural map ® : T*[—1]S — Crit(f) making the
following diagram commute:

T*[-1]S —2— Crit(f)
| |*
S —1 = X
Proof. Under our first order splitting assumption (Diagram (7)), the natural map

Ts — i*Tx admits a retract, and therefore the natural map *7*X — 7*S admits
a section: 7S --» ¢*T" X. We consider the following diagram:

(SR

We want to pull-back these zero sections along the maps induced by df represented
by the vertical morphisms in the following commutative diagram:

q el

X¢— §=—=5

This induces the following morphisms between the pull-backs:

Crit(f) +—— S xprx S = T*[-1]S

We obtain a map ¢ : 7*[—1]S — Crit(f). The maps we obtain come from the
universal properties of the pull-backs therefore if we denote sp : X — 77X the
zero section, we have sy o7 o ® = 5y 014 0mg. If we compose by the projection
mx :T"X — X, wegetmo® =iomg. (]

® gives a relationship between the Lagrangian fibration structures on 7*[—1]S —

S and Crit(f) — X which we now analyse. The idea is to show that the difference

between these Lagrangian fibrations is in fact controlled by Q (see Proposition
2.3.7 and Remark 2.3.9).
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Lemma 2.3.4. ® induces a morphism Tp-_y5/5 — @ Tcrie(s)/x that fits in the com-
mutative diagram

Tre—ys/s —————— @ Terit(s)/x
(10) laﬁs laﬂ
milg[—1] —— ®*1*Lx[—1] =~ n&i*Lx[—1]

where the bottom horizontal arrow is the pull-back along s of the section Ls[—1] —
i*Lx[—1] in the dual of the split fiber sequence (7).

Proof. The homotopy pull-back, Crit(f) = X x%. X lives over X. We get the
equivalences:

TCrit(f)/X — TX/X X%T*X/X TX/X — % X%T*X/X* — W*LX[—H

Proposition 2.1.23 tells us that the canonical fibrations on the cotangent stacks are
the canonical ones and therefore behave functorially (using Proposition 1.2.31).
This implies that the following commutative square is commutative:

Tres/s — Trx/x
lﬂs lﬁx
miLly —— 7' L

where s is the section in the dual of the split fiber sequence (7). From Definition
2.1.20 we know that both «,, and o, are the morphism induced by the morphisms
Bs and [x via Diagram (6). We then obtain the commutative diagram:

ox"% 0
~ B *
TT*[—l}S/S — 0 X%T*S/S 0 —S> WSLs[—l]
l l h 0 l

where the composition of the horizontal maps are exactly o, and «, thanks to
Proposition 2.1.23. O

Lemma 2.3.5. We first remark that ®*Lc.ir) can be described, as a sheaf of graded
modules (forgetting the differential), by:
" Lewie() = Symyg, (Ts[1]) ®oy (("Lx & 1" Tx[1])

where Lx is generated by terms of the form dg with g € Ox and Tx|[1] is generated
by terms of the form d€ with § € Tx[1] C Ocyiv(y). Then, the internal differential on
O*Lcrit(s) 5 characterised by Q) = d o 14 via §(d§) = Q(§) and 6(dg) = 0.
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Proof. The differential on Sym,, (Ts[l]) ®g, (©*Lx @ i*Tx[1]) is Op_yg-linear
because 14 is zero on Tg[1]. Moreover, for { € Tx[1] C Ocrit(r) = Symy, Tx[1],
we have 0 0d(€§) = dod(§) = doig (&) = Q(&) (see Diagram (9)), and for g € O,
dod(g)=dodg=0. 0

Lemma 2.3.6. The composition:
ng*Tx[ 1] E— (I)*TCrit(f)/X i) (I)*W*Lx[—l]

is given by w5(Q). Similarly, the composition:

TgTs[—1] —— Tr+—1s/s — m5lg[—1]
is O (the restriction of TQ) to S).

Proof. The left morphism is the morphism fitting in the fiber sequence:

Tt Tx[=1] —— @ Terie(ryyx — " Torie(y)

Which gives us:

W;Z*TX 1] — (I)*TCrit(f)/X — q)*TCrit(f)

| [ I

mii Ty [—1] ----- » *1*Ly[—1] —— &*n*Ly[—1] @ &*7* Ty

The second row can be seen as the extension (by 75) of the fiber sequence:

Z*Tx[—l] ----- > Z*Lx[—l] — Z*Lx[—l] @Z*TX

Since X and S are smooth, i*Tx[—1] and i*Lx[—1] are both quasi-isomorphic to
complexes concentrated in a single degree. This imposes that the dashed arrow
is equivalent to the connecting morphism of the induced long exact sequence
in cohomology. Therefore, it is equivalent to the map that sends a section s in
i*Tx[—1] to its differential, in i*Lx[—1] @ i*Tx, which can in turn be seen as
an element in :*Lx. More concretely, denote 5 any lift of s to an element in
i*Lx[—2] ®i*Tx[—1]. Using Lemma 2.3.5, its differential is given by

Q(S) = Q(g) € Z*Lx[—l] C Z*Lx[—l] ®i*Ty.

We then apply 7§ to get the sequence we want. The second part of the statement
is proven the same way. 0J

Proposition 2.3.7. The map Tr_1j5 — ®*Tcriv(y) induced by ® is an equivalence if
and only if () is non-degenerate.
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Proof- First, using the equivalences o, : ®* Tcyie(p)x — m§i* Lx[—1] and oy -
O*Tpe[_115/s — mLig[—1], we can show that the cofiber of Tr+_1)5/5 = ®*Terit(s)/x
is equivalent to m5lg x[—2]. Then Lemma 2.3.4 and 2.3.6 ensure that the upper
half of the following diagram is commutative:

WgTs[—l] e WEZ*Tx[—l] _— W;TS/X

! l Jo

(11) TT*[fl]S/S E— (b*TCrit(f)/X —_— 7TZ’IL'S/X[_2]

! ! |

TT*[fl}S E— (I)*TCrit(f) — 7

This diagram is then commutative and all rows and columns are cofiber sequences
and in particular .% is both the homotopy cofiber of Tr-_jj5 — ®*Tcyig(r) and

the homotopy cofiber of Q. In particular, the homotopy cofiber of Q is zero if and
only the homotopy cofiber of T7-_1)g — ®*Tcyie(y) is also zero. O

We now decompose o, into a part along S and a part normal to S. This decompo-
sition is by means of split fibered sequences coming from the split fiber sequence

(7).
Proposition 2.3.8. When () is non-degenerate, the maps expressing the non-degeneracy
of the Lagrangian fibrations fit in the commutative diagram:
Tre—yysys — Terit(ryyx — Tg/x
b
mgls[—1] —— m&i*Lx[—1] —— Lg/x[—1]
where the rows are fiber sequences.

Proof- First, when () is non-degenerate, the top horizontal sequence is fibered and
comes from the following diagram:

Tr—ys/s — P Terie)y/x -~ » mgTs/x

| | |

Tre1)5 —— ®*Tepit(s) —— 0

l | |

5Ty ——— @*i*Tx ——— 5Ts, [1]
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where all rows and columns are fibered and the cofiber of the second row is 0
thanks to Proposition 2.3.7 since we assumed that () is non-degenerate. Using
Lemma 2.3.4 and Lemma 2.3.6, we obtain the following commutative diagram:

WSTS — P *T —> WSTS/X

12) TT*[ 115/ o* TCrlt (/X 7TSTS/X
a,rs i
WSLS — P *LX — 71—SI["S/X

The only map the dashed arrow can be, in order to make the diagram commuta-
tive, is Q). U

REMARK 2.3.9. If we do not assume () non-degenerate, the cofiber .# of the map
Tre—1js — P*Tcrit(r) will be non zero. We will denote by ¢ the fiber of the natural
map .# — Tg/x. Then we can rewrite Diagram (12) as

TT “[— 1]5/5 o~ TCrlt(f)/X
O‘“S

The map ay : 4 — wglg/x[—2] represent the "difference” between the maps o

and o, from the Lagrangian fibrations. ayy is still related to @ in the sense that
the following diagram is commutative:

Ts/x

| ™

g 2N, Ls/x[—2]
Therefore the restriction of oy to Tg/x is again @

REMARK 2.3.10. As a non-example if we take f : A! — A! sending X to <-, the
basic assumptions that made this section work are failing. The strict crltlcal locus
S is not smooth since it is a fat point, and the sequence (7) does not split.
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2.3.3. G-equivariant twisted cotangents.

For X a smooth scheme, a twisted cotangent stack is a twist of the ordinary
cotangent stack by a closed 1-form of degree 1 on X, a € H'(X,Q%"). Such
a closed form has an underlying 1-form of degree 1 that corresponds to a mor-
phism o« : X — T*[1]X. The twisted cotangent bundle associated to « is defined to
be the following pull-back:

T*X — X

! |

X —2 5 X

We refer to [Hab16] for more information on the relation between this definition
and the usual definition of twisted cotangent bundles. This is then a derived
intersection of Lagrangians (see Example 2.1.12) and therefore it is O-shifted sym-
plectic. Moreover the Lagrangian fibration 7%#[1]X — X follows the assumptions
of Theorem 2.2.7 and therefore the map 77X — X has a Lagrangian fibration
structure.

Now take GG an algebraic group acting on the algebraic variety X. Consider a
character x : G — G,,. We have the logarithmic form on G,, given by a map
G,, — &V (—,0) which sends ¢ to ¢t~ 'dt. We get a closed 1-form on G described
by the composition:

G — G, — &V (—,0)

This is also a group morphism for the additive structure on &7 (—,0). We can
therefore pass to classifying spaces and obtain a 1-shifted closed 1-form on BG:

a, : BG = B/t (—,0) = &/ (—, 1)

We can consider the pull-back of o, along the G-equivariant moment map:

[T*X/G} Xfr, BG ————— BG

| [

X —— 8] 2B

It turns out that the equivariant moment map [u] is Lagrangian (see Proposition
4.3.1), which implies (Proposition 2.2.1) that this fiber product is O-shifted sym-
plectic. It turns out that we have an equivalence of shifted symplectic derived
Artin stacks:
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V6] < BO =12 [V

Where & denotes the pull-back of o, to a 1-form of degree 1 on [X/G} . Therefore,

according to Theorem 2.2.7, the natural projection
Ve — [Vl
is a Lagrangian fibration.

To show the equivalence above, we use the composition of the following La-
grangian correspondences:

— The Lagrangian structure on the section [X/G} — T*[1] [X/G}:

X/G
— Using Example 2.1.19, Proposition 4.1.19 and Lemma 4.1.25, we have:
X x X a* ]
)= [Vl < [l

We obtain the Lagrangian correspondence:

_X/G:

5] = [V e [P

— T

1] [Yg] 9G] =T )

— The Lagrangian obtained from the closed 1-form of degree 1, «,:

ZN

b ‘

We then compose these Lagrangian correspondences:
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7: [Vl
P“}/// \\V}
0’ )
4 \\\[ T// \\[T/g\\
* ™1 X e *

The only thing we need to show is that this is a diagram of Lagrangian corre-
spondences and therefore we need to show that all squares in this diagrams are
pull-backs. The right most square is a pull-back from Proposition 4.1.19 and we

can recognize the pullback square defining 77 [X/G} .

We are left to prove that we have a natural equivalence:

"x X ~ | T"X
6] < [T ]~ [T
We are left to prove the following equivalence:
there it be

6] w7 V6] = [V < [Vl <pa ]
We now use the fact that the self intersection of the zero section in 7*[1] [X/G}
is T [X/G] This implies that:

*x X o~ | X *
Ya g [ V] 2T [ V6] <o [P
We can now use the fact that we have a pull-back (see Proposition 4.1.29 or Ex-
ample 2.2.1 in [Saf16]):

 [¥g) = ["Ve] % BE

We use that to decompose 7™ [X/G} in a fiber product and we obtain:

R R | ke ol (e B e B e S el
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3. ON THE DERIVED GEOMETRY OF LIE ALGEBROIDS

Lie algebroids are the natural objects controlling infinitesimal actions. They are,
in some sens, some kind of “generalized tangent bundle” and they determine
(through the anchor) a sheaf of tangent vectors which are though as the infini-
tesimal directions along which a Lie algebroid acts. The reason Lie algebroids
are the correct objects to encode infinitesimal actions can be explained by the
heuristic saying that:

Lie algebroids are to Lie groupoids what
Lie algebras are to Lie groups

In fact given a smooth groupoid (over a “nice enough” base):
% :t; X

with e : X — ¢ the unit, we can construct a Lie algebroid (see Construction 4.2.1)
with anchor given by the natural map:

p:eTy x = Tx

The analogy is not perfect as not all Lie algebroids integrate to a smooth groupoid
(Definition 4.1.6). However, we will see in Section 4.2.1 that they integrate to a
more general type of object, called “formal groupoids” (Definition 4.1.6).

We will be interested, in Section 4, by the study of “infinitesimal” equivariant
geometry, as this kind of geometry naturally appears in the construction of the
BV complex in Section 5.

As we will see, equivariant geometry is simply the study of the geometry of the
“quotient” stack. In the infinitesimal case, we need to make sense of the notion of
infinitesimal quotient stack, which is the purpose of Section 3.2.1.

We start in Section 3.1 by recalling the definition and homotopy theory of Lie al-
gebroids mainly following [Nuil9a, Nuil9b]. In Section 3.2.1, we define the notion
of infinitesimal quotient stack of a Lie algebroid. We will see that these are indeed
infinitesimal versions of the quotient by a groupoid in Section 4.2.1 by showing
that they are (in good situations) the formal completions of the projections of the
quotient stacks by smooth groupoids.

In Section 3.3, we discuss the notion of infinitesimal action of a Lie algebroid (up
to homotopy) on a map, f : Y — X, where X is the base of the Lie algebroid.
We also discuss the case of actions given by representations up to homotopy (Section
3.3.1) with in particular the examples of the adjoint and coadjoint actions.
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As we will work in formal geometry, from now on, all stacks will be locally finitely
presented. Moreover, we will assume that all our stacks admit a cotangent com-
plex.

3.1. Lie and %, -Algebroids.

In this section, we recall the definitions and homotopy theory of Lie and .Z
algebroids. This section mainly follows [Nuil9b, Nuil9a].

3.1.1. Definitions and basic properties of Lie algebroids.

We want to discuss the notion of Lie algebroid over a derived stack X. In differ-
ential geometry, this would be defined as some structure on the module of global
sections of a vector bundle.

In algebraic geometry it is not enough to work on the algebra of global sections
(because it does not recover the structure of a Lie algebroid locally), and we should
therefore define Lie algebroids as an co-sheaf of Lie algebroid structures.

We will not do that as this is beyond our goals to develop such a theory. There-
fore, in order to make sense of the homotopy theory of Lie algebroids, we restrict
ourselves to the context used in [Nuil9a, Nuil9b]. In practice, we are restricting
ourselves to work over an affine base X := Spec(A) of almost finite presentation.
In other words, since the base is affine, we go back to the situation where we can
define the structure of a Lie algebroid on the module of global sections.

Definition 3.1.1 ([Nuil9b, Definition 2.1]). A Lie algebroid over A € cdga=C is
an A-module .Z together with a k-linear Lie algebra structure and an anchor map
p: %L — T4 such that:

— pis a map of A-module and of Lie algebras’.

— The failure of the Lie bracket to be A-linear is controlled by a Leibniz
formula:

[w, fo] = (1) f [, 0] + p(w)(f)0

Recall from Notation 1.2.10 that we denote by £ the linear stack associated to
Z with anchor p : L — T'X. We will interchangeably refer to L and .£ as a Lie
algebroid over X.

Definition 3.1.2. A morphism of Lie algebroids over A is a morphism f : . —
' such that:

— f commutes with the anchors.
— f defines a morphism of the underlying Lie algebras.

IThe fact that this is a Lie algebra morphism is in fact a consequence of the Leibniz rule and
the Jacobi identity of the Lie bracket.
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This defines a category of Lie algebroids over A together with the notion of mor-
phisms from Definition 3.1.2. Moreover, we say that f is a weak equivalence if
the underlying map of A-modules is a quasi-isomorphism’. Localizing at these
weak-equivalences, this defines the oo-category of Lie algebroids (which we also
denote by LieAlgd ). We will see in Section 3.1.2 that this category can also be
viewed as a semi model category.

REMARK 3.1.3. Take A € cdga=" and .Z € Mod,. A structure of Lie algebroid
on .Z is the data of a Lie algebroid .#”’ together with a weak equivalence of the
underlying A-modules:

L~
In fact there is an oo-category of Lie algebroid structures on .Z given by the
pullback of oo-categories:

LieAlgd ,(.¢) —— LieAlgd 4

| !

* ——L 5 Moda
Therefore a Lie algebroid structure on an A-module . is the data of a Lie alge-
broid whose underlying A-module is only weakly equivalent to .. Unfortunately,
it is not possible to transfer the structure of Lie algebroid along weak equivalences.
However, it is possible to transfer a “homotopy Lie algebroid structure” and get
oo-quasi-isomorphisms.

Indeed, similarly to the case of Lie algebras, we can consider the notion of ho-
motopy Lie algebroid, which we will call £ -algebroid. Just like for Lie algebras
and .Z-algebras, it is a more complicated object but thanks to Corollary 3.1.14, it
turns out that it describes an oco-category equivalent to that of Lie algebroids. The
main advantage of .Z,-algebroids lies in the notion of co-morphism (Definition
3.1.5) for which we have a version of the homotopy transfer theorem (Section 3.4).

Definition 3.1.4 ([Nuil9a, Definition 2.5]). A £ -algebroid over an algebra A €
cdga is an A-modules £ with the structure of a k-linear .#, -algebras and an
anchor map p : £ — T4 such that:

— p is both a map of A-module and of .Z, -algebra.
— The failure of the 2-bracket to be A-linear is controlled by the Leibniz rule:

[w, fo] = (=1)V1f [w, o] + p(w) ()0
— For n > 3, the n-ary bracket is A-linear:
[, foa], = (= 1) Morbtlonal) £y e g, ]

In particular, this definition implies that the forgetful functor LieAlgd, — Modya is
conservative.
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A morphism of £ -algebroids over A is a morphism f : £ — £’ such that:

— f commutes with the anchors.
— f defines a morphism of the underlying .Z-algebras.

This defines a category of .Z,,-algebroids over A.

Moreover, we say that f is a weak equivalence if the underlying map of A-modules
is a quasi-isomorphism'. Localizing at these weak-equivalences, this defines the
oo-category of .7, -algebroids (which we also denote by %, Algd,). This oco-
category is equivalent to the localization of a semi-model category also denoted
by £ Algd 4.

Although this definition of morphism is simple, it is too strict. Instead, we want to
define a notion of morphism that only respects the £ -structures up to homotopy.
Again, up to homotopy, this changes nothing. However this is the correct notion
of “weak” morphism that will appear in the homotopy transfer theorem.

Definition 3.1.5 ([PS20, Definition 2.2]). A £, -morphism of % -algebroids over
A, f: L~ L is given by A-linear skew-symmetric maps for n > 1:
fn: LE" — L1 —n)]
such that:
— f1 commutes with the anchors.

— f defines an co-morphism of the underlying k-linear £ -algebras (see
[LV12, Proposition 10.2.13]).

Definition 3.1.6. A Lie or £ -algebroid . is called perfect if the underlying
A-module of .Z is perfect.

Proposition 3.1.7. Consider X an affine stack satisfying Assumptions’ 3.2.2 and a map
of formal derived stacks: f : X — Y such thatY admits a tangent complex. Then the
relative tangent complex has a structure of Lie algebroid® with anchor the natural map:

Tx/y — Tx

afp

This construction is functorial in Y € dSt ¢

Proof: From Lemma 1.3.20 we have a factorization:
X — }//)\( —Y

Since Y is formal, )//)\( is also formal and the map X — }//)\( is a formal thickening
(Proposition 1.3.14). Therefore it can be viewed as a formal thickening in pre-
stack (see Remark 1.3.23 and Proposition 1.3.24), and corresponds to a formal

In particular, this definition implies that the forgetful functor Z, Algd, — Mody, is
conservative.

2These are the assumptions necessary to identify a formal moduli problem under X with a Lie
algebroid on X. This will be discussed in details in Section 3.2.1.

%In the sens of Remark 3.1.3.
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moduli problem [ (thanks to Theorem 1.3.22). Then we have an equivalence
(from Lemma 1.3.27 and the fact that the map Yx — Y is formally étale):

TX/F ~ TX/?;\( ~ TX/Y

This uses the fact that since Y and Yy are stacks, their relative tangents coincide
with their relative tangents when viewed as pre-stacks (see Proposition 1.3.24).
From Corollary 3.2.9, the relative tangent of a formal moduli problem, Ty, has
a structure of Lie algebroid and therefore so does Tx/y.

Taking the formal completion, the associated formal moduli problem and its as-
sociated Lie algebroid are all functors. O]

We will also see in Proposition 3.2.33 that this construction is functorial in the
choice of X (base change).

ExaMPLE 3.1.8. Let GG be an affine algebraic group acting on X an affine stack.
Let g denote it Lie algebra. Then X X g has a structure of a Lie algebroid on X
given by:
(1)
p: X xg—Tx
given by the tangent of the action v : G x X — X at the unit of G, given
by the composition:

XXgS3XxGxgeXxTGERTX xTG—-TX

(2) The Lie bracket is defined by the Lie bracket on g extended to X x g using
the Leibniz property.
This is the infinitesimal action associated to the action of G.
If G acts smoothly on X an Artin stack, this Lie algebroid is equivalent to the
Lie algebroid given by the relative tangent T, 1Bl from Example 3.1.7 of the

projection p : X — [X/G].

ExampPLE 3.1.9.

— The tangent complex with the identity, id : Tx — Tx, for anchor is a Lie
algebroid.

— Example 3.1.8 extends to any map of %, -algebra g — Tx. Following
[Nuil9a, Example 2.8], we can construct an action Lie or £ -algebroid on
A ® g defining left adjoint functors to the forgetful functors (see [Nuil9a,
Lemma 2.10]):

Lie/r, &= LieAlgd, (Lies) /1, ——= LooAlgd,

— A (possibly singular) foliation of X is equivalent to a Lie algebroid on X
with injective anchor map.

— A Lie algebroid whose anchor is zero is the same thing as asking the Lie
bracket to be A-linear.
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3.1.2. Homotopy theory for Lie algebroid.

We will extract the essential elements of homotopy theory of Lie and .Z,, alge-
broid from [Nuil9a, Nuil9b]. This sets up to necessary homotopy theory and
the most important idea of this section is that up to homotopy, Lie algebroids
and .Z-algebroids give equivalent oo-categories. This holds essentially for the
same reasons than the fact that the categories of Lie algebras and ., -algebras
are Quillen equivalent.

Theorem 3.1.10 ([Nuil9a, Theorem 3.1]). The categories LieAlgd 4 and £, Algd 4
both admit a right proper, tractable semi-model structure such that:
— A map is a weak equivalence if and only if it is a quasi-isomorphism'.

— A map is a fibration if and only if it is a degreewise surjection.

REMARK 3.1.11. The classes of weak equivalences and fibrations given by Theorem
3.1.10 do not define a model structure as there is in general no fibrant replacement
as explained in [Nuil9a, Example 3.2].

Theorem 3.1.12 ([Nuil9a, Theorem 3.3]). The forgetful functors:
U : LieAlgd, — Mod,™* % Algd, — Mod/,™

are right Quillen functors with the following properties:

— they preserve cofibrant objects.
— they preserve sifted homotopy colimits.

The homotopy theory of Lie algebras and Lie algebroids are also related thanks
to the following result:

Proposition 3.1.13 ([Nuil9a, Proposition 3.4]). There is a Quillen adjunction’:
Liey ﬁ LieAlgd 4
ker

The right adjoint, ker send a Lie algebroid to the kernel of its anchor map. Moreover its
right derived functor detects equivalences and preserves all sifted homotopy colimit.

Corollary 3.1.14 ([Nuil9a, Corollary 3.8]). The inclusion j : LieAlgd , — £ Algd 4
is the right adjoint of a Quillen equivalence. In particular, any £ -algebroid is weakly
equivalent to a Lie algebroid.

IThese are the same weak equivalences we discussed in Definition 3.1.2. Therefore, this makes
this definition a (semi)-model for the co-categories of Lie and .7, algebroids over A.

2The model structure on Liey is the usual one, transferred from the freeforget adjunction
LieA = MOdA.
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Note that we have a commutative diagram of right Quillen functors:

LieAlgdy, —— Z Algd,

lker lker

Lie, —“— Lo Alg,
where w* is the restriction functor coming from the map of operads:
w : Lie,, — Lie

This map is an equivalence of operads (even a cofibrant replacement) and induces
a Quillen equivalence between the categories of Lie algebras and .Z-algebras (see
[Hin97, Theorem 4.7.4]).

3.2. Infinitesimal Quotient by a Lie Algebroid and Geometric Properties.

The notion of “infinitesimal quotient” by an infinitesimal action is not an obvious
one. More often than not in the literature, given a Lie algebroid (i.e. an infini-
tesimal action on its base), its infinitesimal quotient is solely defined algebraically
by the Chevalley—Eilenberg algebra of the Lie algebroid (see for example [PS20]).
However there are two problems; the choice of the Chevalley—Eilenberg algebra as
a representative of derived infinitesimal invariants is a priori not canonical, and
the relation to a notion of geometric infinitesimal quotient is unclear”.

In this section we provide another construction of a formal stack that we call infin-
itesimal quotient and explain its relationship with the Chevalley—Eilenberg algebra.
However, it will still not be clear from the definition that this indeed corresponds
to a sensible notion of infinitesimal quotient. It is only in Section 4.2.1 that can
explain (in good situations) that the infinitesimal quotient of X by a Lie algebroid
Z, is the formal completion of the projection to the quotient by a groupoid ¥
integrating £, giving a factorization:

X [Vl = [V - [V

We will start by describing the relationship between Lie algebroids and formal
moduli problems. It turns out to be, under some technical conditions, an instance
of an equivalence obtained from of a Koszul duality context (Definition D.2.5 and
Theorem D.2.11).

Then from formal moduli problems, we have seen in Section 1.3.2 that we can
obtain formal thickenings of the base. This will define the infinitesimal quotient of
X by a Lie algebroid .Z.

1As we will see, the infinitesimal quotient is in particular not the spectrum of the Chevalley—
Eilenberg algebra and therefore care must be taken in order to relate algebraic operations on the
Chevalley-Eilenberg algebras and geometric operations on the infinitesimal quotients.
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3.2.1. Quotient stack of a Lie algebroid.

It is a well known result (Theorem D.1.9) that the category of Lie algebras is
equivalent to the category of “pointed formal moduli problems”. We will explain
that, in a similar way, Lie algebroids over an affine base X correspond (under some
technical assumptions on X)) to formal moduli problems under X (see Theorem
3.2.1). We refer to Appendix D for a recollection on formal moduli problems and
Koszul duality contexts.

We claim that such formal moduli problems represent “infinitesimal quotients” of
X. We will see in Section 4.2.1 why this is the case.

Theorem 3.2.1 ([Nuil9b, Theorem 6.1]). Suppose that A € cdga=" is cofibrant
and recall that FMP 4 denotes the co-category of formal moduli problems under X :=
Spec(A). Then we have an adjunction:

MC : LieAlgd, ——= FMP,: Tx,_

Moreover this is an equivalence whenever A is eventually coconnective. The notation T X/
is similar to the one for the relative cotangent complex for reasons that will be made clear
with Lemma 3.2.8.

To have the equivalence of this theorem, we will often use the following assump-
tions:

ASSUMPTION 3.2.2. For a derived stack X we consider the following assumption:

— X is affine, and X = Spec(A) with A € cdga="’.
— A is cofibrant.

— A is almost finitely presented.

— A is eventually coconnective.

Definition 3.2.3. Given a Lie algebroid .Z over X satisfying Assumptions 3.2.2.
Then the infinitesimal quotient of X by £ is defined as:

[X/z} =MCg

where (—) denotes the functor of Theorem 1.3.22 extending formal moduli prob-
lems to formal thickenings of X. This stack is defined as the stackification of the
prestack:

[X/ g} =MCy

pre pre

IFormal moduli problems for the deformation context on cdga /K> viewed as pointed affine
spaces.
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REMARK 3.2.4. It is a priori unclear why this is called a quotient. This will be
explained in Section 4.2.1, where we will show that it can be identified (in good
situations) with the formal completion of a quotient map:

p:X — [X/g}

We now proceed to explain Theorem 3.2.1. It turns out that the equivalence comes
from a Koszul duality context (Definition D.2.5) using Theorem D.2.11. This Koszul
duality context is given by an adjunction that involves the Chevalley—Eilenberg
functor:

Definition 3.2.5. The underived Chevalley—Eilenberg functor is the functor:
CE : LieAlgdy — (cdga/A)Op
2L ——— (Hom(Sym, Z[1], A), éck)
With the differential dcp determined by:
— its action on A, given by 04 + p* o d4g with p* o d4r the composition:
A= Lu[—-1] = 2Y[-1]

— its action on .ZY[—1], given by d¢v + A where dyv is the dual of the
differential on ., and A is such that for all « € ZV[-1], and v,w € .Z:

(Aa)(v,w) = a(fv, w]) = p(v)(a(w)) + p(w)(a(v))
— In general the formula is given, up to signs, by:
5CEO&(U1, e 7UTL) :5A05(v17 e 7/UTL) - Za(vb T 753112'7 e 7Un)
+ ZP(%‘) (o1, Ve, Vigy o0, 0n)) — Za ([vi, vj], 01, , vp)
i i<j

If .Z is perfect, then this is equivalently a differential on':
(S/YEA LV[-1], 5CE>

Moreover, this functor induces a functor between the associated oo-categories:
CE : LieAlgd , — (cdga/A)Op

The underived Chevalley-Eilenberg functor preserves weak equivalences between
A-cofibrant” Lie algebroids (see the proof of [Nuil9b, Proposition 4.1]). Therefore
the derived Chevalley—Eilenberg functor can be computed by taking an A-cofibrant
replacement.

'n which case the differential is completely determined by its action on A and £V [—1].
2An A-cofibrant Lie algebroid is a Lie algebroid whose underlying module is cofibrant.
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Proposition 3.2.6. Let A € cdga=" be cofibrant of almost finite presentation. Then the
Chevalley—Eilenberg functor has a right adjoint:

CE : LieAlgd, —— (cdga/A)Op Y
such that®(B — A) := 'f‘A/B is given by the A-module T 4/ together with Lie algebroid
structure given by the sub-lie algebroid (Remark [Nuil9b, Remark 4.20]):
TA/B ~ DGIB(A,A) — Ty

We see with Example D.2.8 that when A is eventually coconnective (in other words if
X = Spec(A) satisfies Assumptions 3.2.2), this adjunction forms a Koszul duality context
for the (dual) deformation contexts discussed in Examples D.1.2 and D.2.4. This implies
Theorem 3.2.7 thanks to Theorem D.2.71.

REMARK 3.2.7. We can now describe the functor MC in the context of Assumptions
3.2.2. From Corollary D.2.10, we have that for all .Z € LieAlgd 4:

MCy := Map (©(—-),.2)

LieAlgd 4

Lemma 3.2.8. If X = Spec(A) satisfies Assumptions 3.2.2, then we have a commuta-
tive diagram:

LieAlgd, < FMP,

N lqrA/_

Mod A
Where the functor U forgets the Lie algebroid structure.

Proof- From Proposition D.2.12, we have the commutative diagram:

LieAlgd , v > FMP 4

where ©(.Z) is the spectrum object given for each n > 0 by:
Map (Free(A[—n —1]),.%)

LieAlgd 4

This is equivalently the spectrum object obtained by applying the stable Dold—Kan
functor to spectrum object in A-modules given for each n > 0 by:

HO_I’H (Free(A[_n - 1])’3) = Ho_m (A[_n - 1]7 U("E’ﬂ))

LieAlgd 4 Mod/A
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Similarly 7" is the tangent functor (see Section D.2.1) and can also be viewed as
an A-module. The following equivalence shows that 7" o MC gives back the same
A-module as O:

Hom (Spf,(AH Aln]),MCy) ~ Map (D(AH Aln)),2)
FMP , LieAlgd 4
~ Map (Free(A[—n —1}),.%)
LieAlgd 4

where the second equivalence follows from the fact that for a Koszul duality con-
text, the functor © sends the spectrum object (AHA[n]) of the deformation context
to the spectrum object of the dual deformation context (Free(A[—n —1])) (see Ap-
pendix D.2.2 for more details).

In both cases, the element in Sp comes from the stable realization of the spectrum
object given for all n > 0 by:

Hom (A[—n — 1], U(.2)) ~Hom (A[—n — 1], fiber(U(.Z) — Ta))

MOd/TA MOdA
A
~fiber(U(Z) — Ta))[n + 1]
Therefore, this spectrum object corresponds to the A-module’:
U(L)[1] & Ta

Therefore the functors © and 7" both factor trough Mod, (and the factorizations
commute with MC). However these new functors are not quite the functors we
want. To obtain the diagram we want, (with the relative tangent) we need to ob-
serve that the A-module we obtain is the pullback on A of the tangent of MC «
and we want the relative tangent instead.

We have a natural map T4 — U(.Z)[1] " T4 and the relative tangent is the fiber
of this map, which clearly gives U(.Z), the underlying module of .Z. O]

Corollary 3.2.9. Let X = Spec(A) satisfying Assumptions 3.2.2. If F € FMP 4, then
thanks to Theorem 3.2.1, there exists a Lie algebroid £ such that F' ~ MC o. Moreover
the relative tangent Tx/r has a structure of Lie algebroid making it equivalent to £. In
other words, the underlying module of £ is weakly equivalent to T x .

This is a rather convoluted way to obtain a Lie algebroid structure on the relative
tangent, Ty/r. The main problem being that the Lie algebroid structure obtained

through the functor Tx,_ is not explicit. However, in the situation where we take
F' = Spf 4(B) for B € cdga,,, we have the following:

IRecall that if V and TV are complexes, and f : V — W is a map of complexes, then we denote
by V[1] ®f W the complex whose underlying module is V'[1] & W with differential given by the
sum of the differential on V, the differential on W and f viewed as a map of degree 1.
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Lemma 3.2.10. If X = Spec(A) satisfies Assumptions 3.2.2, we have an equivalence
of formal moduli problems:
MC@(B) ~ SpfA(B)
Proof. As functors on Art,,, we have the equivalences:
MCp ) =~ Map (D(—),D(B))
LieAlgd 4
~ Map (CE(®(-). D)
(cdga/A) v
~Map (B, CE(9(-)))
cdga, 4
= Map (B7 _>
cdga, 4
~Spf ,(B)
where the fourth equivalence is due to the fact that CE and © defines an equiv-
alence between Artinian and good algebras (Proposition D.2.9) and therefore the

unit and counit of the adjunction are equivalences when restricted to these alge-
bras. O

Corollary 3.2.11. Let X := Spec(A) satisfying Assumptions 3.2.2 and B € cdga 4.
We have the following:
(1) The underlying module of the Lie algebroid associated with the formal spectrum
SpfA(B) is Ta/n = Tx/spr,(5):
(2) Therefore, from Corollary 3.2.9, T o/p has a structure of Lie algebroid making it
equivalent to 'INFX/spfA(B).
(3) Using Lemma 3.2.10, there are equivalences of Lie algebroids:

Tx/spe,(5) = Tx/vcg s = D (B)

Therefore the Lie algebroid structure on T, /Spf (B) 1S the one coming from D (B), described
in Proposition 3.2.6 with underlying module T 4 /5.

Corollary 3.2.12. There is an equivalence of Lie algebroids:

Tasspe ) =Tam

— < ‘pre

Proof- Using Corollary 1.3.28, we have an equivalence of A-modules:

Tasspeam) =~ Tasspe,(n)

pre

This gives T,/spr, ()  the structure of Lie algebroid coming from Corollary
—— L~ ‘pre

3.211 0

REMARK 3.2.13. In the literature (see for example [PS20]), the infinitesimal quo-
tient of X by a Lie algebroid . is often represented by the Chevalley—Eilenberg
algebra of .. Indeed, these algebras describe some kind of “derived invariants”.
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However, we will see in Section 4.1.2 that MC« (and its extension to a formal
stack) is a better candidate to be some kind of quotient. We can relate MC  to
the Chevalley—Eilenberg algebra of . by using the counit of the adjunction:

Z = D(CE(Y))
It gives us a morphism:
MCg — MC@(CE(g)) ~ SpfA(CE<$))

However, this will in general not be an equivalence as this would correspond to say-
ing that the derived Chevalley-Eilenberg functor is fully-faithful. We expect that
we need a variant of Spf ,(—) that would remember the graded mixed structure
on the Chevalley-Eilenberg algebra to solve this issue for perfect Lie algebroids.

Even if the derived Chevalley—Eilenberg functor behaves rather badly, it turns out
that the underived Chevalley—Eilenberg functor has nice properties:

Lemma 3.2.14. Take £ and ' two Lie algebroids over A € cdga™" a finitely pre-
sented" algebra. We consider a map (over A) of graded mixed complexes:

¢ : CE¥(¥") —» CE“#¥(%Y)
Assume that the map between the weight 1 part of these graded mixed algebras is given by
the dual of the diagram in MonTA :

v 1o
N
Txy
Then f is a morphism of Lie algebroids.

Proof. First we want to show that f commutes with the anchors. But because the
mixed differential restricted to A is a derivation A — £V[—1], it factors through
L4[—1] and we get a commutative diagram:

Ly — (£

\ lfv
Dg/ﬂ\/

This diagram is the dual (by assumption) to the commutative diagram:
¢ L

Sk

'In particular, from [Lurl7, Theorem 7.4.3.18], it is equivalent to saying that H%(A) is finitely
generated and T4 is perfect.
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To show that f preserves the Lie bracket, we take o € ((¢’)"[—1] and use the fact
that:

(IJ((SCEa) = (SCE((I)<Oé)) = 5CE(CY o f)
For all v, w € .Z, this equality implies that:

a([f(), fw)]') + o' (f () (a(f(w))) = p'(f (w))(a(f()))
= a(f([v,w])) + p(v)(a(f (w))) — p(w)(a(f(v)))

using the fact that p’ o f = p, this implies that:

a([f (), f(w)]) = a(f([v,w]))

and therefore f preserves the Lie bracket, and is a morphism of Lie algebroids. [J
<0

Lemma 3.2.15. Let A € cdga=". The Chevalley—Eilenberg functor factors through
graded mixed algebras over A (where A is seen as a graded mixed algebra concentrated in
weight 0):

LieAlgd 4 cE > (cdga/A)Op

C]k /
()"
If we assume that A € cdga=" is finitely presented. Then the essential image of CE#"
restricted to perfect Lie algebroids is given by the graded mixed algebras E such that there
is an equivalence':
E®" ~ Hom , (Sym% Z[1], A)

for some £ € Perf(A).
Moreover, restricted to strictly perfect” Lie algebroids, the strict functor, CE<™®, is fully-

faithful.
Proof. Define the weight p part to be:
CE(L)# (p) := Hom, (Sym’, Z[1], A)

From the definition of dcg, the Chevalley-Eilenberg differential clearly splits in a
part preserving the weight (given by the internal differentials on A and .ZV[—1])
and a part increasing it by exactly 1 (given by the duals of the anchor and the
Lie bracket). This defines the structure of a graded mixed complex’. From the

'In other words, it is a semi-free graded mixed algebra generated by A in weight 0 and .2V [1]
in weight 1.

2Strictly perfect modules are modules finitely presented projective instead of being only quasi-
isomorphic to such a module.

3another way to view this is to observe that dcg respects the natural complete filtration on the
completed symmetric algebra. Moreover the differential decomposes in the weight components
dce = dp + 01 and therefore, under the equivalence of Corollary C.2.5, we get a graded mixed

structure with mixed differential ¢;.
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definition of the realization functor (Definition C.1.8) we can see that:
|CE“#(Z)| ~ CE(Z)

We now turn to the proof of faithfulness and assume A finitely presented. A map
of Lie algebroid f : . — £’ is completely determined by the map it induces on
the Chevalley—Eilenberg graded mixed algebras by looking at the induced map
(L") [—1] — £Y][—1] in weight 1, and knowing that the strict dualization (—)" is
fully-faithful on strictly perfect complexes.

For the essential image, take £ a graded mixed algebra over A as in the statement
having .#V[—1] in weight 1. Then we can construct a Lie algebroid structure on
Z as follows:

— The mixed differential restricted to A gives a map:
A — LV[-1]

This map is a derivation and factors though dgr : A — La[—1]. We get a
map Ly — £V (of degree 0) whose dual defines the anchor (since . and
L4 are perfect).

— Let a € £V[—1] and v, w € .Z, then we consider:

(€a) (v, w) + p(v)(a(w)) — p(w)(a(v))
where € is the mixed differential. Note that from Definition 3.2.5, this is
what we expect to be a([v, w]). We can show that this expression is A-linear
in . This gives us a k-linear map:

LY — L

sending (v, w) to the unique element, denoted [v, w], such that:

a([v, w]) = (ea)(v, w) + p(v)(e(w)) — p(w)(a(v))
Using this formula and the fact that ¢2 = 0, we can check that this is a Lie
bracket and that the Leibniz rule holds.

To show that CE“®" is full (when restricted to strictly perfect Lie algebroids),
consider any map over A:

¢ : CE# (%) — CE#(.2)

This map is determined by what it does on each weight and since the Chevalley—
Eilenberg graded mixed algebra is generated is weight 0 and 1 (for strictly perfect
Lie algebroids), ¢ is completely determined by:

Go: A— A:=id ¢ LV[-1] — (£L)Y[-1]

Using the fully-faithfullness of the functor (—)" (on perfect Lie algebroids), we
get a map of linear stacks .2’ — Z. The fact that ¢ preserves the Chevalley—
Eilenberg differentials implies that this is a map of Lie algebroids over A (since A
is finitely presented, thanks to Lemma 3.2.14). O
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This lemma has an analogue where we replace Lie algebroids by .7 -algebroids

and graded mixed algebras by weak graded mixed algebras.

Lemma 3.2.16. The derived graded mixed Chevalley—Eilenberg functor, CE“#', is con-
servative when restricted to perfect Lie algebroids.

Proof. We consider the following commutative diagram:

Map (£, %') —— Map (CE“#(¥’),CE“ ¥ (%))

LieAlgd 4 Cdgajzgr

| |

Map (&, %) > Map (£, 2Y)

Take a morphism of Lie algebroids f : .2 — .Z” such that it induces an equivalence
CE“#(¥") — CE“®(.Z). In particular, it induces an equivalence (.£")" — £".
The dualization functor (—)" is fully-faithful on perfect modules and therefore con-
servative. Moreover, the forgetful functor LieAlgd , — Mod, is also conservative
which implies that the morphism of Lie algebroids .2 — #” is also an equivalence,
and therefore CE is a conservative functor. O

We will use the following notations:

Notation 3.2.17.

— CE is the Chevalley-Eilenberg functor, giving an algebra over A.

— CE“"®" the Chevalley-Eilenberg functor giving a graded mixed algebra (see
Proposition 3.2.15). It can also be viewed as a weak graded mixed algebra'
that we denote CE"#". The Chevalley-Eilenberg differential is the total
differential for this graded mixed structure and therefore CE := ’CEe_gr
where |—| is the realization functor given by Proposition C.1.9.

— CE"# is the weak graded mixed Chevalley—Eilenberg algebra of a .2 -
algebroid.

— CE*' is the underlying graded algebra of CE“#" (see Lemma C.1.6) where
we forget the mixed structure.

— Since weak graded mixed complexes are equivalent to complete filtered
objects (see Appendix C.2), we denote by CE®' the associated complete
filtered algebra to CE“#'. It is described, thanks to Proposition C.2.8, by
the following filtration:

M

FPCE® (L) ~ H (Symﬂ 3[1]>v

p'Zp

IConsidering the Chevalley-Eilenberg algebra as a weak graded mixed algebra is relevant when
viewing it as a .Z,-algebroid.
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Since CE(.Z) is non-negatively weighted, each FPCE®(.Z) is a differ
ential graded algebras with the differential being the Chevalley—Eilenberg
differential. The same hold for .Z, -algebroids.

REMARK 3.2.18. As the oco-category of £ -algebroids is equivalent to the category
of Lie algebroids (Corollary 3.1.14) we can define the infinitesimal quotient of a
Z-algebroid as the infinitesimal quotient of any Lie algebroid equivalent to it.

3.2.2. Pullback and base change of Lie algebroids.

In this section we will use X := Spec(A), Y := Spec(B) and Z := Spec(C') with
A, B and C non-positively graded cofibrant cdgas of almost finite presentation.
We will described both the base change and pullbacks of Lie algebroids, defining
in the process the notion of morphisms of Lie algebroids over different bases. We
will show that these constructions can also be viewed from an algebraic point of
view using their Chevalley—Eilenberg algebras. Many of these constructions on
Lie algebroids are adapted and generalized from [Klal7].

Definition 3.2.19. Take .Z a Lie algebroid over X. We define f'.Z to be the Lie
algebroid over Y defined as the fiber product:

fly o g

lf’p lf*P

Ty L f*TX

together with:
— An anchor f'p given by the projection:

f!g — Ty

— Picking a model where the map A — B is a cofibration, this pullback
becomes strict and the Lie bracket is defined on Ty X -1, f*.Z by:

(X 4+ gv,Y + hw| = [X, Y] + (gh [v,w] + Lx(h).w — L (g).v)

This defines a Lie algebroid structure on f'.# and given the choice of a cofibrant
replacement A — B, this construction defines a model for that Lie algebroid.

REMARK 3.2.20. In [Klal7], this base change is not always possible. The extra
condition they required ensures that the strict fiber product is a vector bundle. Since
we work in the more general context of linear stacks, such a (derived) fiber product
always exists and is linear (thanks to Proposition 1.2.17). Then the rest of the
definition still makes sense of a strict model of the homotopy pullback and defines
the desired Lie algebroid structure.
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WARNING 3.2.21. Although somewhat natural, we will see later in this section that
Definition 3.2.19 might not be quite the definition we want. We will later on change
this definition to Definition 3.2.30. We expect both definitions to agree and every-
thing we discuss in this section also makes sense for the second definition.

Definition 3.2.22. Let ¥’ and £ be Lie algebroids over Y and X respectively.
Then a morphism of Lie algebroids (over different bases) is defined by a commu-
tative diagram:

L -5

L

y Lo x

where ¢ is induced by the composition of a morphism ¢' : &' — ' of Lie
algebroids over the same base (Definition 3.1.2) with the natural morphism from
the pullback Lie algebroid f'.¥ — Z.

We will rephrase this base change in terms of base change for their Chevalley—
Eilenberg graded mixed algebras. To do so, we first need to make sense of the
notion of morphism between Chevalley—Eilenberg algebras over different bases.

Definition 3.2.23. Given f : A — B and Lie algebroids %> and %) over A and
B respectively, we say that ¢ : CE“# (%) — CE“8(.2]) is amorphism of graded

mixed complexes over f if the following diagram commute':

CE“*(%) —— CE#(2)

! |

A f s B

Using this definition, the Chevalley—Eilenberg functor can be extended over dif-
ferent bases:

CONSTRUCTION 3.2.24. We can define a strict (not derived) functor:
CE“®": LieAlgd — (cdgaﬁgr)Op
that sends any morphism of Lie algebroids:

L1—>L2

o

y - x

to a morphism of graded mixed algebras CE“#'(.%,) — CE“8"(.Z]) over f.

This is a diagram of graded mixed algebras where A and B are concentrated in weight 0. The
vertical morphisms are the natural projections.
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The definition of this functor on objects given by the usual Chevalley-Eilenberg
algebra. Any morphism of Lie algebroids as described above induces a map of
modules over the morphism f: B — A:

¢ L [-1] = 4[]
We also get morphisms in higher weights:
(Symf} Z5[1])" — (Sym}y A [1])°

This defines a morphism between the graded Chevalley—Eilenberg algebras (be-
cause f and ¢ preserve the internal differentials). We only need to check that this
map preserves the mixed differential. Essentially, this map preserves the mixed
differential restricted to the weight 0 part €4 := p*odgr because the map £ — %
is compatible with the anchors (because .2, — f'.% must be compatible with the
anchors from Definition 3.1.2):

L —— [f L

L

Ty —— f*Tx

And the rest of the compatibilities are due to the fact that the map 4] - % isa
morphism of Lie algebras (because both £} — f '% and f'. & — & are maps of
Lie algebras) and the fact that they preserve of the anchors, since the Chevalley—

Eilenberg differential is build out of the Lie bracket and anchor (see Definition
3.2.5).

It turns out that the Chevalley—Eilenberg functor over different bases behaves sim-
ilarly to the one over a fixed base:

Lemma 3.2.25. The strict Chevalley—Eilenberg functor factors through graded mixed
algebras:

LieAlgd o > (cdga)”®

CE\ -

(Cdgaf_gr) P

We assume that the bases are affine and finitely presented. The essential image of CE*#"
restricted to strictly perfect Lie algebroids is given by the graded mixed algebras E such
that there is an equivalence':

E®" ~ Hom , (Sym% Z[1], A)
for A € cdga=" finitely presented and £ € Perf(A).

'In other words, it is a semi-free graded mixed algebra generated by A, a non-positively graded
and finitely presented algebra, in weight 0 and .#¥[—1] in weight 1.
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Moreover, restricted to strictly perfect Lie algebroids, the strict mixed graded Chevalley—
Eilenberg functor, CE™®", is fully-faithful.

We can now rephrase the base change construction in algebraic terms. To do that,
we observe that the anchor map ¢ — T, is a map of Lie algebroids’ (over the
same base) and therefore induces a map of graded mixed algebras®:

DR(A) ~ CE“#(T,) — CE“# (%)

Lemma 3.2.26. Given a Lie algebroid £ over X an affine stack finitely presented and
f:Y — X, then we have a pushout square in the category of graded mixed algebras:

DR(A) — DR(B)

| |

CE¥(¥) — CE“®(f.2)

where f'.L is the pullback Lie algebroid of Definition 3.2.19 and the morphism:
CE“#(Z) - CE“#(f.Z)

is induced by the morphism of Lie algebroids ' — & .

Proof- Up to taking a cofibrant replacement of f : A — B, we can chose B to

be semifree over A. This implies that DR(B) is semi-free over DR(A). Indeed,

if B = Sym,.#" with .# projective. Then using a connection on .#, have an
equivalence (see Section 1.2.5):

DR®'(B) ~ Sym§, (SymAc?v ®a (La®Y 9)\/[—1])

ymy FV
~Sym, (FY D La-1]® .FY[-1))
~ Sympgsr(4) (DR (A) @4 (F & F7[-1]))
where .#V[—1] is in weight 1. Moreover by functoriality there is a map DR(A) —
DR(B), which is therefore a cofibration and we can compute the homotopy pushout

as a strict pushout. Its underlying graded algebra can be computes as the pushout
of the underlying graded algebras:

Symf La[—1] » Symi Lig[—1]

| !

Symy 2V [=1] —— Symi (f* LY [=1] [ p -y Ls[-1])

1T 4 is viewed as a Lie algebroid over X with the identity as anchor map (see Example 3.1.9).
The first equivalence is due to the fact that A is assumed to be cofibrant and finitely presented.
Therefore thanks to Corollary 1.4.5 we get the desired equivalence
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Since a strict model for f'.Z is also obtained through a cofibrant (or just semi-free)
replacement of A — B, we have for that model that:

CE®(f'2) = Sym%(£V[-1] [ Lsl-1)) ~ CE*(£) @pre(4) DR*(B)

La[-1]

We only have to show that the graded mixed structures coincide.

— The weight 0 part of the Chevalley—Eilenberg differential clearly coincides
with the weight 0 part of the differential of the pushout.

— The part of the differential of weight 1, restricted to B, is p* o dgg with the
anchor being the natural projection:

,O:TB X f*T 4 ff,?—)TB

the natural projection. This coincides with the differential on the pushout
given by the composition:

BeBwiA™ Lp[-1]~Lg[-1] ] FLal-1]
f*Lal-1]

Sigl-n [ -

f*]LA[—l]

where the last map coincide with the natural inclusion:

LB[ 1—)LB H f.,g/ﬂv

frLal-1]

— Take o € Lg[—1] and a € £Y[—1]. Then « induces an element (which
we all also call o), in f*.£V[—1], seen as a map f*.Z — B with a(v) :=
o1 ®0) = f(a(v)).

Then for all X,Y € Tg[l], g,h € B and v,w € Z[1] such that f, X =
gp(v) and f.Y = hp(w), we have that the part of the Chevalley—Eilenberg
differential on CE(f'.#) in weight 1 can be described by:
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We can clearly identify both the mixed structure on DR(B) and the mixed
structure on CE(.Z) that defines the differential on the tensor product.

O
Corollary 3.2.27. If & = 0 is the trivial Lie algebroid, then CE“5' (L) ~ A and

we get an equivalence:
CE“# (') ~ DR(B) ®pr(a) A ~ DR(B/A)

where the second equivalence comes from Definition 1.4.2.
Moreover, f'0 is equivalent to T4 as Lie algebroids, and we have:

CE**(Ty;4) ~ DR(B/A)

Moreover if Y = Spec(B) satisfies Assumptions 3.2.2, it coincides with the Lie algebroid
D(A) described in Proposition 3.2.6 (where B and A are exchanged).

Proof The pushout from Lemma 3.2.26 becomes exactly the pushout describing
the relative de Rham algebra in Definition 1.4.2. The Lie algebroid structure on
T4 from Proposition 3.2.6 is clearly the one whose Chevalley-Eilenberg algebra
is equivalent to DR(B/A). O

We want to show that the relative tangent Lie algebroid construction (Proposition
3.1.7) is functorial in the choice of base. However, to do that we need to understand
the infinitesimal quotient by f'.Z.
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We would expect, by “naturality” to have a commutative diagram:

Y s X

(13) l l

N e

pre pre

The problem is that the existence of v is a priori unclear. However, if it exists we
have the following:

Lemma 3.2.28. Take f : Y — X a map of finitely presented stacks satisfying Assump-
tions 3.2.2. Take £ a Lie algebroid over X and suppose that the morphism ) in Diagram
(13) exists, then there is an equivalence of Lie algebroids:

f.f ~ TY/[X/;;;]

pre

In particular, this implies that we have an equivalence of formal thickenings of Y :

W@Am:(ﬁiig

Proof- We have a natural morphism:

¢ [Y/f!.i”] pre - [X/g] pre X([X/.iﬂ]pre>DR (Pf/f!g] Pre) DR

= [X/ Z ] pre X([X/x] ) Yor

~ ([¥],.)

¢ is clearly a nil-equivalence between formal thickening of Y in pre-stacks. It
induces a morphism of Lie algebroids:

T ~flY 5T —
/[ Fe-= v/,

We will show that the underlying module of this morphism in an equivalence.
Consider the following commutative diagram:

Y

Y

f!,,% — Ty

| |

f*g —_— f*TX E— f*h*T[X/g]

pre

The lower sequence is fibered thanks to Lemma 3.2.8, Lemma 1.3.27 and Defini-
tion 3.2.3. Moreover the square is a pullback. Therefore we have an equivalence
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of quasi-coherent sheaves on Y (over Ty):

f'Z = fiber <’er — f*h*’ﬂ‘[x/g]pre) ~Ty)x,,)

pre

O

REMARK 3.2.29. The Lie algebroid T —— , as all the properties we want:
g Y/([X/ff]pre)y prop
(1) For any morphism of Lie algebroid .’ — £ over different bases, the
underlying morphism of A-modules factors as follows:

L 5T — =¥
/(%)

(2) We have a commutative diagram:

The only downside is that according is that it is unclear whether or not these maps
in (1) are morphisms of Lie algebroids according to the previous definition.

However, the definition of Lie algebroid morphism over different bases in based
on the fact that f'.Z — % is a morphism of Lie algebroid by definition. We could
as well say that the natural morphism:

T — 5T
/(%)

is a morphism of Lie algebroids and define morphisms of Lie algebroids over dif-
ferent bases as a morphism of Lie algebroids over Y:

X/[¥g]

pre

L ST —
v/([Xel,.),

Essentially we claim that f'# should be defined as T — -
(V)

Definition 3.2.30. From now on, f'.# will be defined as the Lie algebroid:

—

e,

The results and definitions we have discussed so far with the previous definition
still hold with the new one. Moreover whenever the morphism of Diagram (13)
exists, both definitions are equivalent thanks to Lemma 3.2.28.
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REMARK 3.2.31. The previous and the new definition of f'.# have in fact equivalent
underlying A-modules (even if we don’t know if their Lie algebroid structures
coincide).

REMARK 3.2.32. In fact we expect that Lemma 3.2.28 should holds without assum-
ing that the map of Diagram (13) exists (which is in fact equivalent to proving
that the map exists). However we do not have a proof of this.

Proposition 3.2.33. Consider X, X' satisfying Assumption 3.2.2, and Y, Y’ two for-
mal stacks. Assume that X and X' are finitely presented. We consider the commutative
diagram:

X —Y

O

X sy
Then, there is a morphism of Lie algebroids over f (for the Lie algebroids structures obtained
in Proposition 3.1.7):

Tx/y — TX’/Y’

This holds if Y andY' are formal pre-stacks instead.

Proof. We just need to find a morphism of Lie algebroids over X:

Txyy — f!TX’/Y’
Using Definition 3.2.30, this is equivalent to having a morphism of Lie algebroids
over the same base:
Txyy = Txyyr Ty,
Notice that we have a commutative diagram:

X
Yy — Y%

By naturality of the construction in Proposition 3.1.7 of Lie algebroid structures
on the relative tangent (over the same base), we get a morphism of Lie algebroids:
Tx/y — TX/Y’

O

We also have some naturality properties of the base change construction.

Lemma 3.2.34. Consider f : Y — X and £, " two Lie algebroids over X with a
morphism ) : L — L' of Lie algebroids and f : Y — X. Then there is a morphism of
Lie algebroids:

f!w:f!l}ip%f!g/
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such that the following commutative diagram of Lie algebroids (over different bases) com-
mute:

fy — &

!

f! azp/ Dg/p/

Proof- Since f' amounts to taking an actual pullback (over 7X), we get a natural
linear morphism f'v : f'.Z — f'Z’ of modules fitting in the diagram. We only
have to show that this preserves the Lie bracket and is compatible with the anchor.
The compatibility with the anchor is a consequence of the definition of f' via a
pullback along the map Ty — f*Tx. The preservation of the Lie bracket is a
consequence of the compatibility of the anchors and the fact that ) preserves the
Lie brackets (looking at the formula of Definition 3.2.19). O

Lemma 3.2.35. Just like an ordinary base change, if we have g : Z — Y and f :
Y — X where X, Y and Z are all finitely presented, then there is an equivalence of Lie
algebroids over Z:

9L =S (fog)Z

Proof- Since f' and ¢' amounts to taking a pullback, we have an equivalence of
linear stacks:
gfL = (fog)?

Then using Lemma 3.2.26, the Chevalley-Eilenberg algebras are given by pushouts
and therefore we get a natural morphisms between the associated Chevalley—
Eilenberg algebras. Then we can use Lemma 3.2.14 to show that this is a map
of Lie algebroids. Since the underlying map of modules is an equivalence, which
defines an equivalence of Lie algebroids O]

The second type of operation we are interested in is the fiber product of Lie alge-
broids. We start with the fiber product over the same base.

Lemma 3.2.36. The pullback of Lie algebroids exists'. Taking the underlying modules
is a right adjoint therefore the underlying module of the pullback is a pullback of the
underlying module.

Combining pullbacks of Lie algebroids and the base change of Lie algebroids, we
can make sense of the pullback of Lie algebroids over different bases.

Proposition 3.2.37. We can take pullbacks of Lie algebroids over different bases. That
is, if Lx, &y and £y are Lie algebroids over finitely presented bases X, Y and Y
respectively, and if o5 © Lx — Ly, ¢+ Ly — Ly are morphisms of Lie algebroids
over f : X = Z and g :' Y — Z respectively. Then there is a Lie algebroid structure on

Because homotopy limits exist in a semi-model category as explained in [Nuil9a, Remark 2.13].
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Lx X, Ly over X XY and there are Lie algebroid morphisms making the following
square a pullback square in the category of Lie algebroids over different bases:

gx X £, gy s gy

| |

gX—>$Z

Proof- This pullback is defined as the pullback of the Lie algebroids over the base
X Xz Y (using Lemma 3.2.36) given by the base change of £y, %y and .Z; to
X XzY (using Definition 3.2.19 and Lemma 3.2.34). More precisely, consider the
pullback diagram:

XxzV —/— X

oo
Yy —— 7
By definition a morphism £y — £ is a Lie algebroid morphism Zx — f 'L,
(idem for .4y — Z7). Using Lemma 3.2.34 we get two morphisms of Lie alge-
broids:
V' L — v!f!.ZZ u' Ly — u!g!.fz

Since u'g' = (gou)' = (f ov)' = v'f', we get a pullback diagram defining the
pullback of Lie algebroids (where our notation omits the base changes in the fiber
product in order to keep it simple).

R T —— N

| J

Wy ———— 0 ~u'g' Yy,

This pullback is indeed a Lie algebroid on X X ;Y and any cone of Lie algebroids
other it gives a cone over the previous diagram of Lie algebroids over the base
X Xz Y. Therefore it is a fiber product thanks to Lemma 3.2.36. [

REMARK 3.2.38. The notion of base change and pullback of .Z-algebroids along
morphisms (but not co-morphisms) also makes sense. Essentially, adding higher
brackets (n > 3) to the constructions add no difficulty as they are all A-linear.
In particular, there is a Chevalley-Eilenberg weak graded mixed algebra functor,
CE"#, characterizing the %, -algebroid structure (in the sens of a generalization
of Lemma 3.2.25).

The easiest way to understand pullbacks and base changes in that setting is to use
the tensor product in the category of weak graded mixed algebras. The underlying
graded spaces are unchanged compared to the Lie algebroid part, but the tensor
product in weak graded mixed algebras automatically defines the higher brackets.
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3.3. Infinitesimal Action of Lie Algebroids.

The goal of this section is to make sense of the notion of the infinitesimal action
(up to homotopy) of a Lie algebroid.

We start in Section 3.3.1 by discussing the special case of “linear actions” up
to homotopy, which are given by representations up to homotopy of Lie algebroids.
We then explain that these representations up to homotopy are equivalent to .Z-
connections that are flat up to homotopy. We also describe relevant examples (e.g.
the adjoint and coadjoint representations) and properties of such representations.
Then we define in Section 3.3.2 the general notion of infinitesimal action of a
Lie algebroid, and prove that representations up to homotopy are, under some
technical assumption, actions up to homotopy.

3.3.1. Representation up to homotopy.

Our interest in representation up to homotopy of Lie algebroids lies in the fact that
they are “linear” infinitesimal actions up to homotopy of Lie algebroids (Theorem
3.3.14) and provide useful examples of actions up to homotopy such as the adjoint
and coadjoint infinitesimal actions (Example 3.3.10).

Given a vector space V/, a linear action of a group G on V' is the data of a represen-
tation of k[G| on V/, or in other words, the structure of a k[G]-module on V. Simi-
larly, a representation up to homotopy will defined as a module over CE(.Z)"<&".

This section is mostly a rephrasing and a generalization of [AC12], adapted to our
context of derived algebraic geometry. In that section we will only consider Lie
algebroids over affine bases of almost finite presentation.

Definition 3.3.1. A representation up to homotopy of a perfect Lie algebroid . over
X is the data of a weak graded mixed module’:

he—gr
M e ModCEhe_gr(iﬂ)

such that it underlying graded module M®" € Mod%rEgr( ) I8 isomorphic” to:
M8 = CES (L) @4 &

with & € QC®(X) a graded quasi-coherent sheaf on X. We call this a represen-
tation up to homotopy of £ on &. We denote the category of representations up to
homotopy of .2 by Rep, and the category of representations up to homotopy of

Z on & € QC¥(X) by Rep »(&).

The category of weak graded mixed CE"~#"(.#)-modules is the category of modules according
to Definition A.1.3 over CE"“"8"(%) € cdga“ #" in the good model category ./# = Modze_gr.

2A more homotopic version would be to require only a weak equivalence. For our use, this
stricter notion will be enough.
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REMARK 3.3.2. In other words, a representation up to homotopy is the data of a
weak graded mixed structure on CE® () ® 4 &. This can be viewed, after taking
the realization (Remark C.2.9), as the structure of CE(.Z)-module on CE*(.Z) ® 4
&. In other words, it is a differential D on CE*(.Z) ®4 & such that for all v €
CE(Z) and e € &

D(v®e) =dcp(v) ® e+ v® De

REMARK 3.3.3. The natural augmentation from the Chevalley—Eilenberg weak
graded mixed complex to A (where X = Spec(A)) induces a functor:

he—gr he—gr =]
ModCEhge_gr(g) — Mod’y™® — Mod 4

This is essentially the pullback functor along CE"*~#"(.#) — A. This functor sends
a representation up to homotopy M to the underlying A-module & on which it acts.

It turns out that the notion of representation (up to homotopy) of a Lie algebroid
Z coincide with the notion of .Z-connections that are flat up to homotopy.

Definition 3.3.4. Given a Lie algebroid .2 over X, a .Z-connection on a linear
stack E is the data of a -Z-covariant derivative, that is, a k-linear map:

V:Z®E—=E
such that forall f € A,v e £ and s € &
Vi = [V,
Vo(fs) = p(v)(f)-s + [Vus
CONSTRUCTION 3.3.5 ([AC12, DEFINITION 2.9]). Consider . a cofibrant Lie alge-
broid and V a connection' on .#. We can define the following .#-connections:
— Basic .Z-connection on .Z defined by:
VEBw 1= V v + [v, W]
— Basic Z-connection on 7'X defined by:
VX = p(Vxv) + [p(v), X]

Note that p o VP = V"% o p and therefore this defines a .#-connection on the
linear stack associated to the complex” Ty ®° Z[1].

The basic curvature, [AC12, Definition 2.10], is the curvature of that .#-connection
given by:

RE(v,w)(X) = Vx([v,w]) = [Vxv,w] — [v, Vxw] — Vighas xv — Vigba xw

IRecall that when X is affine and .Z is a cofibrant Lie algebroid (and therefore a cofibrant
A-module thanks to Theorem 3.1.12), then Proposition 1.2.40 shows that there exists such a
connection.

Recall that if V and W are complexes, and f : V — W is a map of complexes, then we denote
by V[1] ®f W the complex whose underlying module is V'[1] & W with differential given by the
sum of the differential on V, the differential on W and f viewed as a map of degree 1.
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The following proposition gives a more concrete description of what a represen-
tation up to homotopy is.

Proposition 3.3.6. A4 representation up to homotopy on & of a perfect Lie algebroid £
can be equivalently described as the following data:

— A L -connection V on &.
— An element:

wy € Sym% LV [-1] @4 End(&)[1]
such that dg(w2) + Ry = 0 where Ry is the curvature of V.
— For each i > 2, we have:
w; € SymYy ZY[~1] ®4 End(&)[i — 1]
such that:
dE(wz) + dei—l +woow;_ 1+ = 0
I/l/ewriteD:dE+dv+w2+w3+--~.
Proof. Consider the weak graded mixed structure on CE®' (%) ®4 & defining the
representation up to homotopy. Then the collection of dj together with the mixed
differentials ¢, for p > 1 are maps:
& — Sym’, LV [-1] @4 Ep — 1]

For p = 1, we have & — £¥ ®4 &[—1] that defines an .Z-connection on E (thanks
to the Leibniz rule satisfied by ¢;). Then, for p > 2 we rename the elements ob-
tained wj.

If we decompose the equations defining a weak graded mixed structure (Definition
C.2.1) we get:
— For p = 0 we get d%, = 0.
— For p =1 we have dg ody + dy odg = 0.
— For p = 2 we have [dp,ws] + d% = 0 and d% is the curvature of V.
— The other equations are straightforward. In fact all the equations can be
written in the following compact form:

Z wpowg =0
ptq=i
with the convention wy = dg and w; = dy.

Conversely, given the data of a connection and w; as in the statement, we want to
reconstruct a weak mixed structure on CE®(.¥) ® &. Again each w, gives a map:

& — Symhy LV [-1] @4 &p — 1]

wpow, =0
Zp q

pt+q=t

and the equations:
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are exactly the equations of Definition C.2.1 describing a weak graded mixed
structures. O

REMARK 3.3.7. A strict representation is a representation up to homotopy such
that the weak graded mixed structure is in fact a graded mixed structure on the
nose, in other words, €>5 := w>y = 0. Therefore it is exactly given by a A-module
& together with flat -Z-connection on &.

In general the terms wso are closure terms making the connection flat “up to
homotopy” (see [Cra04, Section 3.1]).

ExXAMPLE 3.3.8 (VARIATION OF [AC12, ExamMPLE 3.8]). Consider & = F®.Z7[—1] €
QC(X) with X := Spec(A), where & is equipped with the differential induced
by the identity 0 : .# — .#[—1]. Then, given a .£-connection on .%#, we can
define a representation up to homotopy on & given by the following differential
on CE(.Z) ®4 &
D:=dp+0d+RY

Indeed D? = 0 amount to the equations:

— d3 = 0 and dr commutes with everything because J is the identity and the

connection respects dp.
— 0% =0, and we have:

doRY =RY00
— Because the connection preserve the differential on .#, we also have:
dpoRY = RY odp

- (RY)?2=0.
ExaMPLE 3.3.9. Take E € Rep, (&) and F € Rep, (%) and a morphism f : E —
F' of weak graded mixed modules inducing a morphism f : £/ — F. Then the
fiber: . . .

G :=fiber(f : E — F)

is a representation up to homotopy on the fiber:

G = fiber(f : & — .F) ~ & @ F[-1]

ExaMmPLE 3.3.10. Recall from Section A.2 that we can construct the cotangent
complex in any good model category, in particular in the category of weak graded
mixed complexes (see Section A). This gives us the following:
he—gr he—gr he—gr he—gr
Tepnesr(g) € Modepnc s o) Lepne-sr(g) € Modepnc g o)

The notions of adjoint and coadjoint representations is described in [AC12, Section
3.2]. We expect that the graded mixed tangent and cotangent complexes should
recover these representations up to homotopy.

Indeed, in a somewhat similar manner to when we use connections to compute the
tangent complex of linear stack and semi-linear representations of a derived stack,
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we expect that a graded mixed version of connection could also us to compute the
graded mixed complexes and make them representations up to homotopy on:
P T gy PLép gy
CONSTRUCTION 3.3.11 (VARIATION OF [AC12, EXAMPLE 4.1]). Given a represen-
. he—gr

tation up to homotopy # € ModCEh%,gr(g)
representation up to homotopy on it dual, &, by considering the strict dual’ of
Z enriched in weak graded mixed modules:

he—gr €—gr he—gr
A" =Hom/ T, (%, CE"#(Z)) € Mod (LT, )

We can check that (#")¢" ~ (#%")" ~ CE®'(ZL) ®4 &Y.
3.3.2. Action of Lie algebroids.

In this section, we are only going to consider cofibrant Lie algebroids over affine
bases of almost finite presentation.

on a A-module &, we can obtain a

The typical example of an action is the action of . on its base X, with the idea
in mind that the associated infinitesimal quotient stack associated to . is the in-
finitesimal quotient of X by the action of .Z.

Taking the motivating example of a Lie algebra g viewed as a Lie algebroid over
the point x, we see that g act trivially on the point. However, we want to make g
act on more geometric spaces that just the point. Classically, an action of g on Y is
an infinitesimal action’ g — Ty which always gives (thanks to the second point of
Example 3.1.9) the Lie algebroid 0y ® g on Y called the action Lie algebroid. What
we take from this example is that this action of g on Y is exactly the structure of
a Lie algebroid on f*g over Y where f is the canonical map ¥ — . Keeping this
idea and extending it to Lie algebroids over X instead of x, we get the following
definition:

Definition 3.3.12. An infinitesimal action of a Lie algebroid . over X on f :
Y — X is a structure of Lie algebroid on f*.Z over Y such that the following
commutative diagram:

FL—— L

L

y - x

defines a morphism of Lie algebroids over different bases (Definition 3.2.22).
This infinitesimal action is up to homotopy if f*.Z has a £ -structure and the
morphism is an co-morphism.

In other words the enriched Hom functor defining the dual is not derived.
2In this context, it is just a map of Lie algebras.
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We denote the category of infinitesimal actions of £ up to homotopy by Act .

REMARK 3.3.13. To speak about infinitesimal quotients by such an action, we would
need Y to satisfy Assumptions 3.2.2 so that it fits into the framework of Section
3.2.1. In concrete examples this will not always be the case. However, we will see
in Section 4.2.1 how to give a generalized notion of infinitesimal quotient.

Theorem 3.3.14. Let X be affine of almost finite presentation and £ a perfect Lie
algebroid over X. We have a strict functor:

Y @ RepP" — Acty

that sends a representation up to homotopy on & € QC*™=°(X), a non-negatively graded
quasi-coherent sheaf on X of almost finite presentation, to an infinitesimal action on the
linear stack ' along the projection mp : E — X.

Proof- Given a representation up to homotopy given by:

he—gr
M e ModCEhe,gr(g)

such that M® = CE®*(.Z) ®4 & with & non-negatively graded of almost finite
presentation. We consider the associated free weak graded mixed CE" ¢ (.%)-
algebra, Symggre-er( o) M, whose underlying graded algebra is isomorphic to:

Symeper () CE¥ (&) @4 87 = Symg) | o 152 [—1]

with 7 : F — X.

This defines a £ -structure on 7.2 over E since a representation up to ho-
motopy can only increase the arity in .£¥[—1] and therefore the right hand side
is in the essential image of the Chevalley-Eilenberg functor. This gives 7;,.% a
structure of Lie algebroid over E. Notice that because & is almost presented and
non-negatively graded, E is affine of finite presentation.

Moreover, there is a map (coming from the unit of the free-forget adjunction)
CE' (%) — Symepgre-ar( o) M"Y commuting with the natural inclusion A —

Symy &Y. Therefore, thanks to Lemma 3.2.25, we get a morphism of Lie alge-
broid f*.Z — £ that defines the desired action.

This construction is natural in the Chevalley-Eilenberg algebras and since the
strict Chevalley—Eilenberg functor is fully faithful on perfect Lie algebroids (thanks
to Lemma 3.2.25), this construction of the action is functorial. O

REMARK 3.3.15. The reason we need to restrict to representations up to homotopy
on coconnective almost finitely presented modules is that this is the necessary con-
dition to ensure that I is affine of almost finite presentation which is the necessary
context to speak about Lie algebroids.
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3.4. Homotopy Transfer Theorem.

This section aims at proving a version of the homotopy transfer theorem for £ -
algebroids. In the context of differential geometry, a transfer theorem for Lie
algebroids is proven in [PS20, Section 2.3]. We recall the proof of this result in the
context of derived algebraic geometry. In this section all the Lie algebroids are
strictly perfect.

Theorem 3.4.1. Let f : L — £’ be a linear quasi-isomorphism of strictly perfect
A-modules. Then for any £, algebroid structure on £’ over X = Spec(A), there is a
Lo-algebroid structure on £ over X and an extension of f to an co-quasi-isomorphism’:

foo: L — &L

The rest of the section is going to be devoted to the proof of this theorem. First,
we need to define the notion of deformation retract.

Definition 3.4.2. A deformation retract is a pair of map in Mod y:

hCX—HL/f

such that pi = id, p is a quasi-isomorphism and [d, h| = id — ip.
This is a special deformation retract if moreover ph = hi = h* = 0.

Lemma 3.4.3. For any linear quasi-isomorphism [ : L — £ there is zig-zag of special
deformation retracts:

7 7

L= M L

with h, W' . . # — M the homotopies of degree —1 of the deformation retracts and such
thatp oi = f.

Proof. f comes from a quasi-isomorphism of A-modules, . — .Z”, and therefore
factor as:

g triveol o triviib o
Moreover we can chose .# to be the mapping cylinder of f given by:
Lo Lo
with differential given by d(a, as, a’) = (day + az, —das, da’ — f(as)).

We get a special deformation retract:

1An oo-quasi-isomorphism is an co-morphism whose linear component f; : £ — 2’ is a
quasi-isomorphism.
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thg o LY == L

where 7’ is the inclusion, p'(ay,as,a’) = f(a1) + o’ and h'(ay, as,a’) = (0, ay,0).

We have another special deformation retract:

WL e oSN
Indeed, we find a retract of . — £ & Z[1] © £’ by having a lift:

L7 N

PR
p -
triv.cof. -7 fib.

LoLNSL —0

This implies that p is a homotopy inverse for 7, since ¢ is a quasi-isomorphism and
p o i = id. Therefore i o p is homotopic to the identity with homotopy h.

These are in fact only deformation retracts but this is a classical result (see [Cra04,
Remark 2.3]) that any deformation retract can be modified to a special deformation
retract. O]

We are now going to deal with transfer on the left and on the right along a special
deformation retract:

.f#e///;)h

Lemma 3.4.4. If £ is a £ -algebroid, then there exists a L -algebroid structure on
A such that both p and i are £..-morphisms.

Proof- Using the deformation retract we get a splitting (an isomorphism):
MEL DN
with .4~ = ker(p) a contractible complex so that there is an isomorphism:
N = cone(id : A — X)

Indeed, first notice that h restricted to .4 is valued in .4 and restricted to .4
we have [d, h] = id (since i o p = 0 on .#). Then if we take # = ker(d), we
can show that A4 = JZ & #' where %" is the cokernel of d. It turns out that
h . &' — J[1] is an isomorphism. With the condition [d, h] = id, we get an
isomorphism A4 = J# @ J[1] together with the differential #[1] — ¢, which
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is exactly the cone of id : JZ~ — ¢ .

Then picking a connection on % (which exists since JZ" is projective as a direct
summand of .#Z which is projective), we can define a representation up to homo-
topy on .4 thanks to Example 3.3.8. This induces an action of .2 on .4" (using
Theorem 3.3.14) which we will denote by .4 € Mod}cl;gigr(j). Doing so, we can
define a structure of Lie algebroid on .# by defining its Chevalley-Eilenberg weak
graded mixed algebra as the free weak graded mixed complex:

CE" # (/) := Free (jV[—1])

This is a Chevalley-Eilenberg algebra of .# since the underlying graded object of
this free weak graded mixed algebra is:

Symf (LY [-1] @ A[-1]) = Sym§ (A4 7[-1])
and therefore we get a % -structure on .Z.
The natural projection and inclusion induced by p and 7 are compatible with
the differentials and therefore induce strict morphisms of .#,-algebroids since

the strict Chevalley—Eilenberg functor is fully-faithful on perfect £, -algebroids
(thanks to a .Z,, variation of Lemma 3.2.25). O

Lemma 3.4.5. If 4 is an £ -algebroid, then there exists an L. -algebroid structure
on £ and an extension of i to an co-quasi-isomorphism i .

Proof- We define an anchor on . by the composite p o 1.
To define the brackets, we use the homotopy transfer theorem for Lie,.-algebras
(see [LV12, Theorem 10.3.2]). This gives us a sequence of k-linear maps:

Iy L5 — M
These maps are in fact A-linear for thanks to the side condition h? = 0 and hoi = 0.
The binary bracket is defined by:

We can show that it satisfies the Leibniz rule using the equation pi = id. 0

REMARK 3.4.6. So far we talked about Lie algebroids, the objects given by Defi-
nition 3.1.1 and Lie algebroid structures on a module, defined via Remark 3.1.3.
The first type of objects are models of Lie algebroids but this notions is not in-
variant by weak equivalence (unlike the second notion). The homotopy transfer
theorem ensures that if a module .Z has a structure of Lie algebroid, then £ is
a .Z.-algebroid such that the algebroid structures are equivalent via the transfer
along oo-equivalences between the underlying modules of the different models.
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4. EQUIVARIANT SYMPLECTIC GEOMETRY

In this section, we are going to develop equivariant and “infinitesimally equivari-
ant” geometry, as well as derived symplectic geometry in that context. The study
of (infinitesimal) equivariant geometry boils down to the study of the geometry
of (infinitesimal) quotient stacks. The end goal is to make sense of a generalized
notion of symplectic reduction for Segal groupoids actions and their infinitesimal
version, Lie algebroids actions.

We start by setting up the necessary derived equivariant geometry needed for
Segal groupoids actions in Section 4.1, and for Lie algebroid actions in Section
4.2.

In both cases, we study the geometric properties of the (infinitesimal) quotients.
In particular we are interested in taking pullbacks of such quotients and in com-
puting their tangent complexes.

Moreover, we will discuss the heuristic saying that infinitesimal quotients should
be viewed as an “infinitesimal version” of quotients by Segal groupoids. This
requires a precise understanding of the relationship between Segal groupoids and
Lie algebroids. We discuss the “derivation” and “integration” of Segal groupoids
and Lie algebroids in Section 4.2.1.

Furthermore, we also show that much of the constructions for Lie algebroids are
but the “infinitesimal versions” of the same constructions for Segal groupoids.

Then, in Section 4.3 we recall the notion of moment maps and symplectic re-
duction for a group action following [AC21]. We then generalize these results to
Segal groupoid and Lie algebroid actions and show in each case that we can create
new moment maps and symplectic reductions by a procedure of “derived intersec-
tion of Lagrangians”. This produces interesting examples of (—1)-shifted moment
maps on the derived critical locus, which are going to be at the heart of the BV
constructions in Section 5.

4.1. 9-Equivariant Symplectic Geometry.

We are interested in the equivariant geometry with respect to the action of a Segal
groupoid. As we will see, it amounts to studying the associated quotient.

We will pay particular attention to the tangent and cotangent complexes of these
quotient stacks, as well as their derived symplectic geometry.

4.1.1. 9 -equivariant maps and quotients.

We start by defining more precisely the different notions of Segal groupoids we
are going to use, and make sense of the notion of action of a Segal groupoid.
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Definition 4.1.1 ([TV08, Definition 1.3.1.6]). We say that a simplicial’ derived
stack ¥° is a Segal groupoid over X if the following conditions holds:

1) 9°~ X
(2) For all n > 0, there are weak equivalences:
H Oiign:}gl Xx - XXgl

0<i<n

n—times

(3) There is a weak equivalence:
dy x dy : 9% — G x 0% g

Given a Segal groupoid ¢° over X, we define the quotient stack as the colimit of
the simplicial diagram denoted by:
4]

It comes with a natural projection that we will generically denote by:
p: X — [X/g}

We denote by s,, : 4" — X the composition of all the “source maps” dj : 4" —
4" and t, : 4" — X the composition of the “target maps” d,,_; : 4" — 4" 1.

REMARK 4.1.2. The first condition of a Segal groupoid ¥° is essentially saying that
it is a kind of 1-category object with objects X and morphisms ¢'. In particular
the composition can morally be obtained by “inverting” the the equivalence in:

G xx g &g Bgl
The second condition says that any horn diagram (element in 4* x4, x4, 4"):

r—>1Y

AN

can be filled uniquely (up to homotopy). This implies that all “morphisms” in ¥*
are invertible.

z

Definition 4.1.3. Let ¢3 be a Segal groupoid over X and ¥y a Segal groupoid
over Y. Then a morphism of Segal groupoids, denoted ¢ : 95 — % over a map
f X — Y is a morphism between the simplicial derived stacks ¥y — % such
that it is given by f on the O-simplices.

Unlike the usual conventions, we denote the simplicial stack with a lower bullet to have conve-
nient notations later on.
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ExXAMPLE 4.1.4. The nerve of a groupoid:
%:%jX

is a Segal groupoid and the quotient stack of a groupoid is by definition (see
1.1.14) the quotient if its nerve.

ExAMPLE 4.1.5. Given a map f : X — Z, we can define a Segal groupoid over X,
C(f) given by the Cech nerve:

Cf)" = X xz- %z X

J/

TV
n—times

with the simplicial structure obtained from the natural projections and the diago-

nals. Condition (1) is the associativity of the pullback and the second condition
is also clear.

Definition 4.1.6. Let ¢¥° be a Segal groupoid over X.

— The Segal groupoid is called smooth ([TV08, Definition 1.3.4.1]) if each ¢
is an Artin stack and all the structure maps ¢ — ¢! are smooth (in the
sens of [TV08, Definition 1.3.3.1]). In particular, from [TV08, Proposition
1.3.4.2], the associated quotient stack is again Artin’.

— The groupoid is called formal if each ¢ is a formal stack and all structure
morphisms are nil-equivalences.

REMARK 4.1.7. We can also consider Segal groupoids in pre-stacks. The definitions
are identical except for the fact that ¢° is a simplicial pre-stack instead. The
stackification-inclusion adjunction induces an adjunction between the categories
of Segal groupoids in pre-stacks and Segal groupoids in stacks”.

A class of examples of such groupoids come from the action of groups. By group
we mean, a group object in derived stacks. A group can act on a stack X via a
morphism p : G x X — X satisfying the usual conditions for an action.

ExaMpLE 4.1.8. Take G a group acting on a derived stacks X with action p :
G x X — X. Then G x X has a groupoid structure given by:

Gxxpigx
T x

whose quotient is [X/G] (see Example 1.1.14). In fact, such a groupoid structure

is equivalent to the data of an action of G on X. We will say that (¢ acts smoothly
on X if the corresponding groupoid is smooth in the sens of Definition 4.1.6 (and
in particular, G and X are Artin).

LArtin stacks can even be defined as successive quotients of such groupoids.
2The stackification of a Segal groupoid in pre-stacks is a groupoid in stacks because the stacki-
fication functor preserves small limits.
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REMARK 4.1.9. Let ¢° be a formal Segal groupoid over X. Then we can show that
the projection:
p: X — [X/g}
is a nil-equivalence. However, nothing ensures that the quotient is formal. There-
fore this projection might not be a formal thickening according to Definition 1.3.18.

We can obtain formal Segal groupoids out of a rather large class of groupoids.

CONSTRUCTION 4.1.10. Take ¢* a Segal groupoid over X such that each ¢ is
formal (in particular both smooth groupoids and formal groupoids verify this con-

dition). Then we can define the formal completion, 4°, of this groupoid as the Segal
groupoid given by formal completion at the unit:

Gn ::@

Since taking the formal completion commutes with taking the pullbacks (Corollary
1.3.13), this is again a Segal groupoid.

Using the fact that derived stacks form a model topos, they satisfy a version Gi-
raud’s theorem (Proposition 1.1.15). In particular quotients are “effective”:

Lemma 4.1.11. Given a Segal groupoid 9™ over X, the natural projection:
p: X — [X/g}
is an effective epimorphism and we have equivalences for all n > 1:
gnﬁXX[ -X[X/g]XEO(p)n

[

Xy

vV
n-times

This defines an equivalence of groupoids over X :
g* ~C(p)*

Equivariant geometry is the study of the geometry of quotient stacks and of equi-
variant maps between derived stacks.

Definition 4.1.12. Let f : X — Y be a morphism of derived stacks. Consider
%* a Segal groupoid over X. Then the structure' of an invariant map with respect
to 9* on f is the data of a factorization through the projection p:

x 1 .y

A

)

1Being equivariant is a structure on f and not a property. In a strict setting (e.g. strict quotients
of schemes) the map [f] would necessarily be unique and equivariance would become a property.
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If now J7° is a Segal groupoid over Y, then the structure of an equivariant map
with respect to 9 and 7#° on f is a structure of an invariant map on:

pof.: X — [Y/jf}
In other words, this is the data of a morphism [f] fitting in the commutative

diagram:

x—71 Ly

| |
Y| g [V

In what follows, we are going to say that f is equivariant when referring to the
data of [f] giving f the structure on an equivariant map.

We also have constructions on groupoids similar to the ones in Section 3.2.2:

CONSTRUCTION 4.1.13.

— Let f: Y — X be a map of derived stacks and ¢* a Segal groupoid over
X. Then there is a Segal groupoid f'%*® over Y called the base change
groupoid defined, by analogy with Definition 3.2.30, as the Segal groupoid:

fOr=Cle =Y Xpry) - pg) ¥

J/

Vv
e-times

— Given ¥°, ¥ and ¥; groupoids over X with morphisms of Segal groupoids
9 — 9° and ¥, — 9°, then the pullback ¥ x4« ¥, is a groupoid over
X.

— Combining these two constructions, we can define the pullback of groupoids
over different bases. This is a pullback because of Lemma 4.1.14.

Lemma 4.1.14. Let 57°,9° be groupoids overY and X respectively and ¢ : 7€° — 4°
a morphism of groupoids over f : Y — X. Then ¢ factors through a unique morphism:

%o%f!go
Proof- First notice that there is an equivalence:
C(pof)" =Y XX XXy Voo (Vxx@ xxY) xy - xy (Y xx¥' xxY)

s TV
n—times

-~
n-times

We have a unique natural (i.e. commuting with the source and target maps) mor-
phism:

1
%ISMtYXXgl XXy
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Which induces unique natural morphisms:

S S Xy o xy A — Clpo f)"
n*?i?nes

which in turn define a unique morphism of groupoids:
%o N f!go

O
We can now turn to the notion of action of a Segal groupoid. Similarly to the
motivating example in the introduction of Section 3.3.2, we can look at the case
of an action of a group GG. G is naturally seen as a groupoid over the point. An
action of G on 'Y is equivalent to the structure of a groupoid given by Y x G over Y’
(Example 4.1.8), whose source map is the natural projection (and the target map
defines the action). Here the projection Y X G can be viewed as the pullback of

the “source map” G — * along the natural augmentation X — . This motivates
the following definition:

Definition 4.1.15. An action of a Segal groupoid ¢° over X on f : Y — X is the
data of a groupoid:

[ =9° x3Y
where s, : 4" — X are the source maps’.
Given an action of ¢° on f we will denote the quotient by [Y/g} We will see

with Proposition 4.2.17 that a Segal groupoid action naturally induces an action
of the associated Lie algebroids (Construction 4.2.1).

Lemma 4.1.16. Consider a pullback of derived stacks:

y —1 . x

JC
P %
then we have that:

(1) the mapY — Z is an effective epimorphism.

(2) we have an action of 9° on f 1 Y — X.
(3) we have an equivalence:

and g := [f] gives f a structure of equivariant map with respect to the action.

Proof.

IThe choice of the source maps instead of the target maps is purely conventional as the source
and target maps play an interchangeable role.
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(1) The pullback of the effective epimorphism:
p:X — [X/g}

is Y — Z, and it is an effective epimorphism thanks to [Lur0O9b, Proposi-
tion 6.2.3.15].
(2) We have equivalences:

Y xz;Y ~X x[X
~X X[
~X X[

]ZXZZX[ g]X
)
A

N

g

X 471X

Xy X X [Xg)

where the fourth equivalence uses Lemma 4.1.11. This gives ¥ x% Y the
structure of a groupoid over Y and the source map is clearly the projection
from Y. More generally we get:
C(q)” =Y Xy Xy Y ~@" x 8"

vV
n—times

Indeed we can proceed inductively and get:
C(q)" ~C(q)" ' xz Y
~agn—t Xi?‘l Y
~ G Xy X x G x5Y
(n— 1) —times

~Gl oy xxgixﬁ( <X X[, X) xxY
(nfl)‘:times

2
(S

Xx o Xx G xPG <Y

(n— 1) —times

2
(S

Xx - Xx G xYG x5 Y

Vv
(n—1)—times

1 1 s
G Xy xxg/xXY
(n)—times

~ G XY

12

Moreover, having the commutative square of the statement ensures that
there is a map of groupoids:

C(q)* — C(p)*
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which induces a map of groupoids:
G xRY = 9°

and therefore defines an action of ¢ on f.
(3) The equivalence follows from Proposition 1.1.15 and the previous equiva-
lence of groupoids over Y:

Clo" ~4" x3¢ Y

This shows that ¢°* x3 Y is the groupoid whose quotient is equivalent to
Z.

O

REMARK 4.1.17. The previous lemma is essentially unraveling the content of [TV08,
Proposition 1.3.5.1].

Lemma 4.1.18. Let f : Y — X be a map of derived stacks and 4° a Segal groupoid
over X acting onY — X. Then we have a pullback diagram:

y — 1 . x

| I

7| = [Vl

Proof- Given an action of ¢4°, we consider the morphism of Segal groupoids f*¥* —
%*. This morphism is Cartesian in the sens given in [TV08, Proposition 1.3.5.1]".
Denote by Y| the pullback of the diagram. Then from Proposition 4.1.19, there is
an action of 4° on f; : Yy = X and the morphism fj¥° — ¢* is also Cartesian.

This implies that the natural morphism f*¢* — f;¥* is also Cartesian. The
image of this under the colimit functor is the equivalence:

] =[]

From Proposition 4.1.19, and by definition of Yj, this is an equivalence. The
colimit functor restricted to Cartesian morphism over f;%°* is fully-faithful thanks
to [TV08, Proposition 1.3.5.1] and therefore reflects equivalences. In particular,
we get a natural equivalence”:

Y 5Y,
OJ

'In the sens that it is in the essential image of the functor described in that proposition.
2This is because the category of Segal groupoids in [TV08, 1.3.5] is viewed with its level-wise
projective model structure, for which fibrations and equivalences are defined level-wise.
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Proposition 4.1.19. We consider the morphisms f : X — Z and g :Y — Z. Let
G° be a Segal groupoid over Z, and take actions of G° on f and g. We obtain morphisms
between the quotients:

Yl - 2] ] - 2]

Then there is a canonical pullback action' of 4* on X x ;Y such that we get a pullback
square':

Y] s [%]
| |
] —— [24]

Proof. First we now from Lemma 4.1.11 that ¥4°* ~ C(px)® where px is the projec-
tion:

px : X — [X/g}
Now consider the following diagram:
X xzY y Y
/ /
RENZI - [74]
%] %]

All squares are pullback squares. Indeed, the front and back squares are pullbacks
by definition. The other squares (except for the left side square) are also pullbacks
thanks to Lemma 4.1.18. Since all squares but the left face in this cube are pull-
backs, then the left face must also be a pullback square by formal properties of
pullbacks in a commutative cube.

Now using Lemma 4.1.16, this shows that the map
X xzY — [X/g} X (2] [Y/g}

By pullback action, we mean that this is an action for any of the maps in the pullback diagram
of f and g.
?Recall that that in that square, the pullback Segal groupoids are ¢* x5 (—).
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is an effective epimorphism and we have the equivalences thanks to the proof of
Lemma 4.1.16:

C(px Xp, py)" =C(py)" X3 (X xzY)
Clpz)" X3 Z xz (X xzY)
~C(pz)" x7 (X xzY)

~G" X7 (X xzY)

~
~

Moreover we have a commutative diagram of Segal groupoids:

C(px Xp, py)* — Clpy)*

! l

Cpx)* —— C(pz)*

This makes C'(px X,, py)® the groupoids given by the “pullback action”. And
because the px X, py is an effective epimorphism, we get an equivalence:

Y| < [V = [T

4.1.2. Tangent and cotangent complexes of quotient stacks.

To study ¢-equivariant geometry is to study the quotient stacks. In particular,
we would like to have a better understanding of quasi-coherent sheaves on such
quotient and on their tangent and cotangent complexes.

A first remark we can make is that since p is an effective epimorphism, using
[LurO9b, Lemma 6.2.3.16.], the pullback along p is a conservative functor between
the slice categories. In particular, this implies that the functor:

Qe ([Yy]) - qew)

is conservative.

Moreover, it turns out that p*T {X/g] is easy to compute. However, in order to

describe it, we need to understand the notion of “tangent to a groupoid” ¥.

In the case of a group, the tangent is simply G x g, with g the Lie algebra associated
to (. For a groupoid, the situation is more complicated, but we can produce a Lie
algebroid associated to ¢ playing the same role as g. We will describe this in details
with Construction 4.2.1. For now it suffices to say that we can construct a Lie
algebroid over X, when X satisfies Assumptions 3.2.2, encoding the infinitesimal
action of 4 on X.
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In fact for this section, we do not need the full Lie algebroid, but only the under-
lying anchored linear stack. Given a Segal groupoid ¢° we will therefore consider
the following anchored module associated to ¢°:

o P
L = TX/[X/g] — TX

Therefore, we can work in a more general context where X is a stack that admits
a cotangent complex.

Proposition 4.1.20. Let ° be a Segal groupoid over X. Then we have that:

Plpyy) = I & T

where p : £ — Tx is the anchor.

Proof. By definition of ., using the fiber sequence defining the relative tangent
complex, we get:
p*T[X/(A ~ cofib(p: £ — Tx) ~ Ty & Z[1]

O

REMARK 4.1.21. Unfortunately, it is more difficult to compute the tangent complex

)
However, if ¢ = X x G comes from a smooth action of an affine group acting on
a derived Artin stack X, then we have an equivalence:

G — QC(X) ~ QC ([X/GD

It sends a G-equivariant sheaf .# € QC(X) to the limit of the cosimplicial diagram
Oce ® #. The pullback functor p* along the projection amounts to forgetting the
G-action. More details are given in the proof of Proposition 4.1.22

because quasi-coherent sheaves on [X/g} are not always easy to describe.

Proposition 4.1.22. Under the identification and assumptions of Remark 4.1.21, we
have an equivalence of G-equivariant modules:

L[X/G} ~ Ly @& Ox ® g*[-1]
where p is G-equivariant with G acting onILx by the cotangent action and on g*|[—1]®Ox
by the coadjoint action.
Sketch of proof When G is affine, we have an equivalence:
G — QC(X) = QC(X x G*)Cart

where the right hand side is the category of Cartesian cosimplicial presheaves (see
[TV08, Definition 1.2.12.1.]). This equivalence sends V' € QC(X) to the cosim-
plicial set Oge @4, V.

Moreover, there is an equivalence:

lim : QC(X x G*)®* — QC ([X/GD
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This works under the assumption that the cosimplicial diagram satisfies descent
according to [TV08, Definition 1.2.12.1] which is the case when G acts smoothly on
X a derived Artin stacks, in the sens that X x G is a smooth groupoid (Definition
4.1.6). This is because the functor QC satisfies smooth descent (since it satisfies
fpqc descent).

Moreover, the G-module Ly & 0x ® g*[1] is equivalent to the limit of the cosim-
plicial diagram of G-equivariant modules:

hm(LX @p* ﬁX & (g*)EB.)
This is sent to the Cartesian cosimplicial diagram:
hm(ﬁg* X (LX @p* ﬁX (%9 (g*)EB.))

Since this is the limit of a bicosimplicial diagram, it is computed by the diagonal
and we get:

Oce ® (Lx & Ox ® (g)%*)) ~ Lxges

Therefore taking the limit of this diagram recovers ]L[ O

Xl
Corollary 4.1.23. If G if affine and acting smoothly on X an Artin stack, the action

of G on Ly ©°" Ox ® g*|—1] gives an action on its associated linear stack such that:

I *[_ .
{AXGLX o Ox @ g'| 1]>/G} = Y]
Proof. We have a pullback diagram:

b (rtpey) —— %

| &

™ Y] — [¥

This is a pullback since this is the pullback of the linear stack 7™ [X/G} along p.
Therefore from Proposition 1.2.17, this pullback is the linear stack associated to
p*L[X el

We can then use Proposition 4.1.20 and Lemma 4.1.16 to show that 7™ [X/G} is
a quotient of Ax(Ly & Ox ® g*[—1]) by an action of G.

We need to show that this is exactly the action described in Proposition 4.1.22. We
observe that if we take the associated linear stack to the Cartesian quasi-coherent
sheaf we used in the proof of Proposition 4.1.22, we get a Cartesian simplicial stack
over X x G*, and we have a commutative diagram:
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QC ([X/G}> N QC(X % Go)Cart

1 |

Cart
dSt/[X/G] E— (stt/XXc.)

The horizontal arrows are equivalences with left adjoint given by the colimit func-
tor. Therefore 7™ [X/G] is both the linear stack associated with IL[X el and the

colimit of the simplicial diagram:

TH(X x G*) = T*X x (") x G* ~ Ay (Ly & Ox ® g*[-1]) x G*
where these equivalence are the linear version of the equivalences explained in the
proof of Proposition 4.1.22.

Therefore 7™ [X/G} is the quotient of:

Ax (Ly " Ox ® g*[-1])

by the natural action described in Proposition 4.1.22.
By effectivity of the quotient, this is the only action (up to equivalence) of G on

Ax (p*]L[X /G]) whose quotient is 7™ [X/G]. O

4.1.3. Some symplectic structures on quotients by a group action.

In this section, we discuss some element of the symplectic G-equivariant geometry
for G a group acting smoothly on X a derived Artin stack.

EXAMPLE 4.1.24. The Lie algebra g of an affine group G admits an adjoint and a
coadjoint action:

Gxg—g Gxg —g

We can see these actions as the natural actions on G on the tangent and cotangent
complexes of BG' (see Proposition 4.1.22).

Lemma 4.1.25 ([AC21, Example 1.6]). If G if an affine group, there is an equivalence:
T*[n + 1]BG ~ [9*[n]/G]

Proof. Consider the following pullback:

g'ln] ——— ~*

| |

T*[n + 1]BG —— BG
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This is a pullback because this is a pullback of linear stacks (Lemma 1.2.18) and
therefore is the linear stack associated with p*Lg[n + 1] given, thanks to Proposi-
tion 4.1.20, by g*[n]. We have seen in Lemma 4.1.16 that it implies that 7*[n+1]BG
is equivalent to a quotient of the pullback, g*[n] by G. This quotient is the quotient
by the coadjoint action thanks to Corollary 4.1.23. O

REMARK 4.1.26. T*[n + 1]BG, and thus [Q*W/G} , is canonically (n + 1)-shifted
symplectic.

Proposition 4.1.27. The natural projection g* — [Q*/G] is Lagrangian.

Moreover, the pullback of the symplectic form on g* is zero on the nose and the Lagrangian
structure can be chosen to be zero.

Proof- Since the symplectic structure described in Remark 4.1.26 is the canonical
symplectic structure on a shifted cotangent, there is a model where it is strict in
the sens that w is equal to its underlying 2-form. The pullback of this 2-form is
given by the composition:

b

Tg* — p*T[g*/G] i> p*L[g*/G] — Lg*
Using Proposition 4.1.20, we have that:
P

yZel ~ Ty & Op @ g[1] = O ® (g" © g[1])

Then our composition is given by:
Op ©§" = Op @ (g @ ol]) = Op @ (8" ® g[l]) = Oy @ g[1]

This composition is strictly zero and is both a homotopy and strict fiber sequence,
which proves that the “zero homotopy” is a Lagrangian structure. [

Proposition 4.1.28. The zero map x — g*[n] induces a Lagrangian morphism:
BG — [g*[n]/G]

Moreover, the pullback of the symplectic form on BG is zero on the nose and the Lagrangian
structure can be chosen to be the zero isotropic structure.

Proof. This is the map induced by the zero section BG — T*[n + 1|BG using
the equivalence of Lemma 4.1.25. From Remark 2.1.14, since the zero section on
T*[n + 1|BG is strictly closed, we can pick the closure terms to be zero, which
corresponds to taking a Lagrangian structure given by the 0 isotropic structure on
the zero section. 0J



158

Proposition 4.1.29. If X is Artin and G is affine, acting smoothly on X, we have a
pullback:

r|[Xg] — B
L
V6] — P4

where G acts on T*X by the cotangent action' and T*X — g* is the dual of the
infinitesimal action.

Proof- The first step is to notice that there is an equivalence:
T*X xg %~ Ax (p*]L[X /G]>

To see that, notice that we have a commutative diagram:

T*X Xge % > X > ox

| L

"X — X xgt —— ¢g°

where all squares are Cartesian. The leftmost square is a pullback of linear maps
between linear stacks . Therefore, from Lemma 1.2.18, the pullback is the linear
stack associated to the fiber:

fiber (T"X — X x g¥)

which is exactly A x (p*]L[ X /G]).

Then taking the quotient of this equivalence by the natural action of G, the result
becomes a consequence of Proposition 4.1.19 since we have a pullback of quo-
tients by actions of G. Then we use Corollary 4.1.23 to identify the quotient of

Ay (p*]L[X /G]) by G with T* [X/G} . 0

We will see in Section 4.3.1, that the map 7*X — g* is a moment map and
therefore the canonical symplectic structure on 7™ [X/G] coincides with the one

obtained from the pullback viewed as a derived intersection of Lagrangian mor-
phisms.

IFor any g € G, the action induces a morphism ¢, : X — X that induces a map T*X — T*X
by pulling-back along ¢,. This induces an action G x T*X — T*X. This the action induced by
the dual of the anchor of the action Lie algebroid Ly — Ox ® g*[—1].
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4.2. Z-Equivariant Symplectic Geometry.

In this section, we adapt the results of Section 4.1 to “infinitesimal actions” of Lie
algebroids and discuss the relationship between ¢-equivariant and .#-equivariant
geometry.

We start in Section 4.2.1 by exploring the relationship between Lie algebroids and
groupoids, describing the “derivation” of a groupoid and the “integration” of a
Lie algebroid.

Moreover, we will explain that in good situations, the infinitesimal quotients of
Lie algebroids are the formal completions of the projections to the quotients by
the groupoids integrating the Lie algebroids. This in particular explains the ter-
minology “infinitesimal quotient” that we use.

Then we will see in Section 4.2.2 the definitions and basic properties of -Z-equivariant
geometry. This is very similar to Section 4.1.1 and in particular, Z-equivariant
geometry is the geometry of the infinitesimal quotients by Lie algebroids and their
infinitesimal actions.

Then Section 4.2.3 deals with the description of the tangent and cotangent com-
plexes of infinitesimal quotients.

4.2.1. Derivation and integration of Lie algebroids.

In this section, we discuss the procedure of “derivation” that produces a Lie al-
gebroid out of a Segal groupoid. We will then show that Lie algebroids always
“integrates” to a formal Segal groupoid. This is the analogue of the Lie differenti-
ation and integration between Lie groups and Lie algebras.

We then proceed to show that in good situations, the infinitesimal quotient of a
Lie algebroid can be identified with the formal thickening given by the formal
completion of the projection to the quotient stack associated to a Segal groupoid
integrating the Lie algebroid:

V] ~ [,

We start with the description of the derivation procedure. Take ¢* a Segal groupoid
over X = Spec(A) satisfying Assumptions 3.2.2. We would like to define the Lie
algebroid associated to ¢* as the relative tangent:

=T X /[ X /g]
together with the Lie algebroid structure obtained from Proposition 3.1.7. How-
ever, to use this proposition, we need the quotient stack to be formal, which is not
quite general enough for the integration procedure.
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Indeed, typical examples of groupoids whose quotient stacks are formal are smooth
groupoids’ (Definition 4.1.6), and it is well known that Lie algebroids do not always
integrate to smooth Segal groupoids (see [CF03]). In general, it does not even seem
true that Lie algebroids integrate to Segal groupoids whose quotients are formal,
but we will see that they integrate to formal Segal groupoids (Definition 4.1.6).
Therefore we are interested in Segal groupoids that admit a formal completion
(Construction 4.1.10) in particular, Segal groupoids such that ¢ is formal for all
n > 0.

Furthermore, the correspondences between Lie algebroids, formal moduli prob-
lems and groupoids in much better behaved in pre-stacks. Since we still want to
obtain stacks and Segal groupoids in stacks, we need to consider Segal groupoids
in stack that are obtained as the stackification of a Segal groupoid in pre-stacks
(the Segal groupoid in pre-stacks being some additional data).

In what follows, the bases, X and Y, are always affine. They will interchangeably
be viewed as stacks or pre-stacks and we will not make any difference in notation
between when they are seen as stacks or pre-stacks.

CONSTRUCTION 4.2.1. Take ¢* a Segal groupoid over X = Spec(A) satisfying
Assumptions 3.2.2. We assume that ¢° is given by the stackification of a groupoid

95 in formal pre-stacks®. Then we can construct a Lie algebroid as follows:

(1) Take the formal completion of the groupoid ¥5,., denoted ?;‘re (Construc-
tion 4.1.10).
(2) Use [GR20, Theorem 2.3.2] and the equivalence:

Bx : fpGpd = Thick™(X)

where fpGpd denotes the category of formal Segal groupoids over X in
the category of pre-stacks. We get #x(¥2.) € Thick™(X), which is

pre
equivalent to the data of a formal moduli problem under X thanks to
Theorem 1.3.22.
(3) We take the associated Lie algebroid using the equivalence of Theorem

3.2.1: -
Lo =Ty a5

This construction is clearly natural with respect to morphisms of groupoids ¥;,, —

(¢')2 . over a fixed base. Moreover we have:

pre
Bx(Gve) ~ [ . gg]
pre
IThe quotient stack of a smooth Segal groupoid is Artin and therefore formal thanks to Example
1.3.5.
2In particular if 4 is already formal, then the assumption is satisfied with Gore = §(9°) (viewed
as a pre-stack).
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REMARK 4.2.2. This construction depends on the choice of ¢; .. When ¢° is
formal, we will by default consider that ¢35 = j(¥*) where j : dSt — dpSt is the
inclusion of stacks in pre-stacks. Moreover since j preserves formal completions
(Proposition 1.3.24), we have that:
Gore = 3(9*)

REMARK 4.2.3. This is a priori different from the classical differentiation of a
groupoid (see for Example [Cal21, Section 1.2.3]). Classically, the Lie algebroid is
obtained as a Lie algebroid structure on:

Ly =Ty

where Tg, - denotes the relative tangent along the source map s with anchor given
by t.. We will see in Lemma 4.2.4 that there is an equivalence of anchored linear
stacks:

G*ngl/x ~ TX/[X/g]

We do not know whether it is an equivalence of Lie algebroids whenever the clas-

sical construction makes sense or not (i.e. if the Lie brackets coincide).

Lemma 4.2.4. Let 9° be any Segal groupoid over X with X any derived stack such that

both 91 and X admit a cotangent complex. Then we have an equivalence of anchored
A-modules:

%T
\

where p denotes the following composition:

Tx

6*T?41/X — Q*Tgl h} Tx
Proof. Consider the pullback square:

A .

L)

X == [V
Since this is a pullback, we have an equivalence in QC(%¥):

Ty)x =Ty, RZ]



162

This equivalence is part of the commutative diagram:

T;l/X — t*TX/[X/g]

l |

Tg1 #) t*TX

We then only have to pullback this last diagram along the unit e to show the
result. N

Proposition 4.2.5. Let ° be a Segal groupoid over X, with X a stack that satisfies
Assumptions 3.2.2. Assume that each 4" is formal. Then there is an equivalence of A-
modules:

2y = TxaGam) = Tx/[%)

Proof. In [GR20, Section 2.4], it is shown that there is a pullback diagram in
dpStP:

i@ ——— X

| |

X —— 2y (i(9)
This implies that:

T ~ e"T* ~ " T

X/#x(5(@*)) J(@1y/x 91/X

Note that since ¢* and X are stack, taking their tangents in stacks or pre-stack is

the same. Moreover, from Lemma 1.3.20, the map ¥°* — ¢° is formally étale, and
therefore we have:

e*’]l";\l/x ~ e To
Finally, we can conclude using Lemma 4.2.4. [

If fact the assumption that for each n > 0, 4" is formal has very nice consequences
on the properties of the associated Lie algebroid and its quotient.

Proposition 4.2.6. Take ° a Segal groupoid over X with X satisfying Assumptions
3.2.2 and such that for each n > 0, 9™ is a formal stack. Then we have an equivalence:

Vi), =2 (1) 3 [Vl )
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Proof- We have an equivalence of formal groupoids in pre-stacks:

X Xj([X//fo) X ~j (X X[WX X)

= (X % [X/%]X[X/g]DRXDR X)
~j ((X <0l X) X
’1] (gl XgL})R XDR)

~j(%")

This equivalence extends to the n-simplices:

XpR XDR)

DR

;X X]‘([}(//(EX) . Xj([X//;ZX) ){;2 j(g”)

Vv
n—times

Therefore, since X is the inverse of the functor sending f : X — Y to C(f)°, we

get an equivalence:
(T ) ~ 2@
i\, ) =#x0(F*)

OJ

Corollary 4.2.7. Take9* a Segal groupoid over X with X satisfying Assumptions 3.2.2
and such that for each n > 0, 9™ is a formal stack. Then we have the following:

(1) We have an equivalence:

X, 1~ [X, ]
RN
(2) We have equivalences of A-modules:

}Eiﬂy

x/[Xy x/[X /g,

Moreover, these equivalences give these modules the Lie algebroid structure com-
ing from the one on Zy.

Proof.
(1) By definition we have:

#x (1@) ~ X, |

Using Proposition 4.2.6 and the stackification functor, we get:

V)= [V, ) =5 (5 (Pl ) = [Pl
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(2) We have the following equivalences:

Ly ~ TX/[X/D%]W o~ TX/%X(].(@) ~ TX/j<[X//g\]X) ~ ’]I‘X/[)ZZ]X ~ TX/[X/g%]
Moreover since the map [X/g] — [X/g] is formally étale, we get:
X
T ~T — ~T
Xl T X%, T Xz,

O

REMARK 4.2.8. This shows that if ¢° a Segal groupoid over X with X satisfying
Assumptions 3.2.2 and ¢° is a formal stack, then the formal completion of a
quotient stack is equivalent to the infinitesimal quotient of X by the associated
Lie algebroid. This explains why we call them “infinitesimal quotients”.

So far, picking 4. in Construction 4.2.1 is not useful if we restrict to Segal
groupoids such that ¢* is formal, which covers a rather large class of examples.
However, when we want to integrate a Lie algebroid, it is unclear whether we will
get a Segal groupoid of that sort. We will see that the integration procedure actu-
ally produces a Segal groupoid in pre-stacks ¢,...

We now turn toward the integration procedure.

Definition 4.2.9. Given a Lie algebroid . over X with X satisfying Assumptions
3.2.2. We say that a Segal groupoid ¥° over X integrates £ if £ is equivalent (as
Lie algebroids) to .Zy, the Lie algebroid associated to ¥°.

REMARK 4.2.10. Note that it is hopeless to have an integration procedure such that
for all Segal groupoid ¢° over X, ¢° is the integration of its associated Lie alge-
broid .Z since this property fails even for groups and Lie algebras. However, we

can hope in good situations to recover the formal completion, ¢°, of the groupoid
we started with.

We are now going to prove a version of Lie’s third theorem, stating that every Lie
algebroid ( over a base satisfying some assumptions) admits a formal integration.

Proposition 4.2.11. Take £ a Lie algebroid over X with X satisfying Assumptions
3.2.2. Consider the infinitesimal projection:

hiX = [X/g}
We define the Segal groupoid:

G = C’(h)':Xx[ X

J/

X/Z] e e X [X/Z]

TV
e—times
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Then £ is the Lie algebroid associated to 9, obtained from Construction 4.2.1 using the
Segal groupoid in pre-stacks given by:

(Gy)re = Clhpe)® ~ X X

pre

Xy X

N

with
hore © X — [X/g}

pre

Proof. First, we want ot show that (9¢)3,. is a formal Segal groupoid whose stacki-

fication in &3,. Clearly, X and (4¢)s ., are formal stacks. Moreover, the projection:

p:X—)[X/Z]

is a nil-equivalence and this implies that all the structure morphisms of the Segal
groupoid are nil-equivalences, making ¢¢, a formal Segal groupoid. Moreover
since the stackification functor preserves pullbacks, we have:

Stf((G2)pee) = 95

pre

pre

We clearly have an equivalence:

Bx(I2)he) = [V o]

since Xx is the inverse of the functor sending a formal thickening f : X — Y to
the formal Segal groupoid given by C'(f). Then under Assumptions 3.2.2, the Lie

pre

algebroid associated to [X/ g} is .Z itself (using the Segal groupoid in pre-stack
(G)2re)- O

pre

This proves that any Lie algebroid over X satisfying Assumptions 3.2.2 can be
integrated to a formal Segal groupoid (in our case ¥¢). Moreover this defines a
functor (over a fixed base) that sends .Z to ¢¢,.

REMARK 4.2.12. The Segal groupoid we produce, ¥, is not smooth and it is
well known that Lie algebroids do not always integrate to a smooth groupoids (see
[CFO03]). In general, ¥ is instead the stackification of a formal groupoid in formal
pre-stacks. It is worth noting that the natural projections:

X= %, X [Ma)

are nil-equivalences. However, they are not formal thickenings as the quotients
need not be formal (pre)-stacks.

One of the main drawback in having to use these pre-stacks is that the relative
tangent of the infinitesimal quotient stack does not recover the Lie algebroid’.

This is essentially because the stackification functor does not preserve the tangent complexes
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However, we have seen earlier that if . is a Lie algebroid associated with a good
class of Segal groupoid, then the relative tangent of the infinitesimal quotient stack
is equivalent to .Z. This motivates the following definition:

Definition 4.2.13. A Lie algebroids . over X an affine stack satisfying Assump-
tions 3.2.2. Then .Z is said to integrate well if there exists a Segal groupoid ¥*
such that for each n > 0, 4" is a formal stack and such that ¢° integrates .Z, in
other words, there is an equivalence of Lie algebroids:

Such a ¢* will be called a good integration of £. If 4° is smooth, it is called a

smooth integration of £ .

Lemma 4.2.14. Let £ be a Lie algebroid over X an affine stack satisfying Assumptions
3.2.2 that integrates well. Then there is an equivalence:

TX/[X/!Z] ~ g

Proof. Pick ¢° a good integration of .Z. Then thanks to Corollary 4.2.7 and the
fact that ¥ ~ %, we have the equivalences:

T, ~ %y~

%) = Txi Xy,
]

Proposition 4.2.15. Let ° be a Segal groupoid over X an affine stack satisfying As-
sumptions 3.2.2. We assume that 9* = Stf (43..) and consider £y the Lie algebroid ob-

pre
tained from Construction 4.2.7 usingd3,.. Then there is an equivalence of Segal groupoids:

Stf (F.) =92,

pre

Proof. We have by definition that:
%X (gp.re) = [X/ﬂg] pre

Therefore we get:

Go ~ X — .
gpre ~C <X — [ /$¢i| pre> . (g«iﬂ%)pre
Using the stackification functor, we get:

St () = 92,

pre

O

REMARK 4.2.16. In particular, if for each n > 0, ¢ is a formal stack, then &, =
j(¢°) and since j commutes with the formal completion we get:

G~ 9,
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Therefore the integration of the groupoid associated to ¢° is not ¥*° itself, but
rather its formal completion.

We now turn to the behavior of the differentiation and integration constructions
with respect to actions of Lie algebroids and Segal groupoids. First we are going
to look at actions on f : Y — X, a map of stacks satisfying Assumptions 3.2.2.

This differentiation procedure behaves well with respect to actions in the sens that
any action on f : Y — X of a Segal groupoid ¢* such that for each n > 0, 4" is
a formal stack, induces an infinitesimal action of its associated Lie algebroid %

on f.

Proposition 4.2.17. Let 9° be a Segal groupoid over X such that 9° is a formal stack
and for eachn > 0, 9" is a formal stack. Then consider an action of 4® on f : Y — X
and suppose that both X andY satisfy Assumptions 3.2.2. Then this induces an action of
Ly on f, and this defines a functor:

ACtg — ACtgg

Proof- Consider the following commutative diagram:

Yy —— X

|

—

V], — [V

| !

) — 4]

v

—

Where [X/ ﬂ?} o~ [X/g}x thanks to Corollary 4.2.7. The outer square is a

pullback as a consequence of Lemma 4.1.16.
The lower square is a pullback because of the equivalences:

], =[] %1, Yo
= ") <0 78] 501 X
~ Y/g_ <Xl Xpr
- Y/g %] [X/g} XX Xpr

[
~
Q
X
S
T
AN
N
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Therefore the upper square is also a pullback and the map:

v [,

is a formal thickening.
Since f*9® = ¢°* x3 Y also satisfies that each f*¢" is formal, and its quotient

—

stack is [Y/g} , then [Y/g} . is equivalent to the quotient of Y by the Lie algebroid

associated to f*%* (again thanks to Corollary 4.2.7).
Looking at the relative tangent of these pullbacks and using Corollary 4.2.7, we
get the equivalences:

T ~T ——
Y/ [V v/,

This gives f*.Z the structure of a Lie algebroid.

:> f*TY/[X/g] ~ f*g

We want to find a morphism of Lie algebroids f*.Z — .Z. To do that, notice that
we have a pullback diagram (because j preserves pullbacks):

Y s X

|

H([7a],) — 5 ()

From Proposition 4.2.6 we have the equivalences:

#x (J(F9°) = ([Y//g\}y) Bx (@) = j ([X//g\} X)

Therefore these are all formal pre-stacks and we can use Proposition 3.2.33 which
shows that:

T — — T o
i(Taly) ()
is a morphism of Lie algebroids.
Then we get a morphism of Lie algebroid:

fE=T o = Ty/jﬁ%\]y) ~ Tx/j([f/gx) =i,

Proposition 4.2.18. Let f : Y — X be a morphism of affine stacks satisfying Assump-
tions 3.2.2. Let . be a Lie algebroid on X with an action on f. Then this induces an
action of the formal groupoid integrating £ on [ defining a functor:

Actg — Actgf
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Proof- Given an action of Z on f : Y — X, we first need to prove this statement for
the pre-stacks. We first show that the following commutative diagram in pre-stacks
is a pullback®:

Y —— X

| |
e, — [V

Denote by P the pullback, and ¢ : ¥ — P the natural morphism. P and Y are
formal and ¢ is a nil-equivalence because:

Ppgr =~ ([Y/ g} pre) & Ypr

DR

pre

Moreover we have a fiber sequence:

Ty/P — T

il O Ty = T )

The second morphism is clearly an equivalence as both complexes are equivalent
to ¢*.Z and therefore ¢ is formally étale. This proves that ¢ is an equivalence
thanks to Lemma 1.3.21.

pre

Now we have the following equivalences:

(gf* )pre ~Y X[ Y

/ ] pre
~ Y
_X % X/‘f pre /Z] pre [Y/f] Y

~X X{ Y

pre

~ (X X[X/f]pre X) XxY
G )pre ¥x Y
~f(G%) e
Moreover, by induction, we get that:
(G2 Vre (G 2)pre Xy (G2 )pre
~f* (G2 Vome Xy (Do 2)pre
~f* (D) xy Y ><[

X0

Y

]pre

We will show in Proposition 4.2.25 that a map of Lie algebroid induces such a commutative
diagram.
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Therefore the Segal groupoid integrating f*.Z is equivalent to a Segal groupoid
structure on (9¢)%,. X3 Y. Moreover, since there is a natural morphism of
groupoids (¥s-¢)5 . — (Y¢)5,. over f, this defines an action of (¥)s . on f.

Then the statement is the stackification of this construction. O

The main issue we will have is that all of this only works if X and Y satisfy
Assumptions 3.2.2 which is too strict for most examples we will be interested in
(e.g. the derived critical locus, zero loci of moment maps etc...).

We need to come up with a weakened notion of infinitesimal quotient. We actually
only need this for infinitesimal quotients of actions on f : ¥ — X where X satisfies
Assumptions 3.2.2 and Y is affine of almost finite presentation.

Definition 4.2.19. Let f : Y — X be a morphism of stack with X satisfying As-
sumptions 3.2.2 and Y affine of almost finite presentation. Take .# a Lie algebroid
over X. Then a weak infinitesimal quotient of Y by £ is a derived stack, denoted

by [Y/ g} , that fits in the pullback diagram:

TR

) — [V

—_—

Note that the existence of such [Y/ g] is not guarantied, nor is its uniqueness.

REMARK 4.2.20. This notion does not really use an action of .#’. Therefore, even
if .Z does not act on f in the sens of Definition 3.3.12, this defines a notion of
weak infinitesimal quotient.

Note that this does not even depend on the Lie algebroid structure on X but only
on its infinitesimal projection:

h:X - [X/g}

REMARK 4.2.21. Since this construction only depends on the infinitesimal quo-
tient projection, we can also define a weak infinitesimal quotient compatible with a

weak infinitesimal quotient [Y/ g} along a morphism Y’ — Y as a derived stack
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"] fitting in a pullback diagram:

Y ——— Y

! |

"] — [V

In particular it is also automatically a weak infinitesimal quotient of . along the
composition:

Y 5Y - X

One of the main difficulty when dealing with (weak) infinitesimal quotients of Lie
algebroids is that we do not know whether there is an equivalence:

T X/ [ X /3] ~ Z

However, we have seen in Lemma 4.2.14 that if . integrates well (in the sens of
Definition 4.2.13), then the relative tangent recovers .Z.

Corollary 4.2.22. Let [Y/g] be a weak infinitesimal quotient of f : Y — X as

—_——

before. Assume that £ integrates well. Then using the pullback defining [Y/g} and
Lemma 4.2.74, we get an equivalence in QC(Y):

— =~ f*T ~ f*.L
v = A =

This Corollary does not give a Lie algebroids structure on f*.# since Y does not

need to satisfy Assumptions 3.2.2. Therefore we cannot recover an action of .#

as in Proposition 4.2.17.

Clearly, if Y satisfy Assumptions 3.2.2 and .Z has an action on ¥ — X, then

[Y/ 3] is a valid choice of weak infinitesimal quotient (but not necessarily the

only one even up to equivalence).

ExaMpPLE 4.2.23. The Lie algebroid associated with a smooth action of an affine
group G on X (with X satisfying Assumptions 3.2.2) is exactly the action Lie alge-
broid of Example 3.1.8.

To see that, observe that GG is naturally a groupoid over the point » with Lie
algebroid given by the Lie algebra g associated to G. Then a smooth action of
G on X is exactly a smooth action as in Proposition 4.2.17. Therefore the Lie
algebroid associated with the action groupoid G x X is f*g = X X g. Since the
morphism X X g — g must be a morphism of Lie algebroids, this implies that the
Lie bracket on X x g is exactly the Lie bracket described in Example 3.1.8.
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4.2.2. L-equivariant maps and (weak) infinitesimal quotients.

This section is about having an analogue to Section 4.1.1 for infinitesimal action.
We start by defining the notion of .#-equivariant map by analogy to Definition
4.1.12.

Definition 4.2.24. Let f : X — Y be a morphism of derived stacks. Assume
that . is a Lie algebroid over X, a stack satisfying Assumptions 3.2.2. Then the

structure of an invariant map with respect to £ on f is a factorization through the

“projection”:

If £’ is a Lie algebroid over Y (with Y also satisfying Assumptions 3.2.2), then
we say that [f] is the structure of an equivariant map with respect to £ and ' on f
if the map:

hof:X—)[Y/gl]

is Z-equivariant in the sens given before. In other words, this is the data of a
morphism [f] fitting in the commutative diagram:

x—7 .y

[X/ <z } 7] [Y/ Z ’}
From now on we will say that f is equivariant when referring to the data of the
map |[f].
These notion of invariance and equivariance also make sens in pre-stacks by re-

placing all the infinitesimal quotient by the pre-stacks they are coming from.

In Section 4.1.1, any morphism between quotient stacks would come from a mor-
phism between Segal groupoids thanks to Lemma 4.1.11. The infinitesimal pro-
jections are no longer effective epimorphisms in general but we still have the fol-
lowing:

'We still call the natural formal thickening:
h:X — [X/g]

a “projection” by analogy with the groupoid case. But it needs not be an effective epimorphism.
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Proposition 4.2.25. Take map f : Y — X of finitely presented affine stacks satisfying
Assumptions 3.2.2 and L' and £, Lie algebroids over Y and X respectively. Then we
have that:

— A morphism of Lie algebroids &' — £ over f : Y — X induces an equivariant
map [f]. Moreover, it is obtained as the stackification of an equivariant map in
pre-stacks:

pre

e V] = %]

— Given an equivariant map [ f|, if it comes from the stackification of an equivariant
map in pre-stacks [f] .., then there is a map, L' — £, of Lie algebroids over f.

— Given an equivariant map |f|, if &' and L integrate well in the sens of Defini-
tion 4.2.13, then there is a morphism of Lie algebroids &' — £ over f.

Proof- If we have a morphism of Lie algebroids .’ — .Z over f, then by definition
it factors as:

R L

From Definition 3.2.30 we have a commutative diagram:

L
el ([Vel,.)

Moreover the naturality of the infinitesimal quotient construction over the same
base gives a commutative diagram:

y X
,— [V,

Therefore we get a commutative diagram:

Y —— X

| |

e, — [Vl

which induces an equivariant map structure after stackification.

pre pre
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Conversely, given an equivariant map in pre-stack:

Y ——— X

! !

], 2 [

We have a factorization of [f] fitting in the commutative diagram:

pre pre

1/ - %
= ([¥el,.), — [¥]

We have this factorization because the formal completion is equivalent to the fiber
product:

e, e

pre pre

[X/ Z } e ([X2]

pre) DR

You = || ore () ([Y/ 7| )

and therefore receives a natural morphism from [Y/ g/}
pre

The square is induced by the natural morphism of Lie algebroids f'.¥ — £ over
f and the commutative triangle on the left induces (by naturality over a fixed base)
a morphism of Lie algebroids .#’ — f'., which is exactly the data of a morphism
of Lie algebroids .2’/ — .Z over f.

For the last statement, observe that under the assumptions on .#” and .Z, we can

take: =300 (] =i ([]) = ] =i ()

and use the previous result. O

pre

Proposition 4.2.26. Let X and Y be stacks satisfying Assumptions 3.2.2 and G° a
Segal groupoid over X that is a good integration of a Lie algebroid . Then we have an
equivalence of Lie algebroids:

F by ~ Lpy

Proof. 1t is enough to show that the associated formal groupoids in pre-stacks are
equivalent. The formal groupoid in pre-stacks associated to f'.% is the formal
completion:

Y ~Y x — Y

1%
.. (B0,



175

Or the other side, the formal groupoid associated to £ is the groupoid given
by:
Y V) =Y x e ¥
(v %poy) " Xal,
We can then conclude by using the equivalences:

(Y X[?/; Y) = :X/ g] XXy, “\PR X Xox YDR
~ |V .,2@] e o YR
[Vl .,
~ ( RZA pre) )

0J

It turns out that pullbacks of an infinitesimal quotient projection are themselves

infinitesimal quotient given by an infinitesimal action (by analogy with Lemma
4.1.16).

Lemma 4.2.27. Let X be a stack satisfying Assumptions 3.2.2, Z a formal stack and
Z a Lie algebroid on X that integrates well. Consider the following pullback diagram:

Y — X

|l
7 — [

Assume that'Y also satisfies Assumptions 3.2.2. Then we have the following:

(1) Y — Z is a formal thickening and therefore is equivalent to the data of a formal
moduli problem F'.
(2) There is an equivalence in QC(Y):

Ty/;z = [*Z

giving f*.Z a structure of Lie algebroid.
(3) There is an infinitesimal action of £ on'Y — X such that:

7=Vl

Proof.
(1) Applying (—)pr (which is a right adjoint) we have that the morphism:

Ybr — Zpr
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(2)

is the pullback morphism of the equivalence:

Ko [V,

Therefore Y — Z is a formal thickening (since both Y and Z are for-
mal). Since Y satisfies Assumptions 3.2.2, Theorem 1.3.22 implies that Z
is equivalent to the extension of a formal moduli problem under Y, F.
The relative cotangent of these formal thickenings are equivalent (because
of the pullback) and thanks to Lemma 4.2.14 (with our assumption that .Z’
integrates well), we have:

X/ [X/ @
Therefore f*.Z has a structure of Lie algebroid given by the Lie algebroid
structure on the relative cotangent Ty,r. Here we use the equivalences:

TY/F ~ TY/Epre >~ TY/](Z) ~ TY/Z >~ f*TX/[X/f] >~ f*g

using Lemma 1.3.27, Proposition 1.3.14 and Lemma 4.2.14.
Proposition 3.2.33 gives us a morphism of Lie algebroids:

f*gﬁTy/ZﬁTy/j(Z) — T ]) ~T ] ~

X/j([X/g X/[X/g
This is exactly the data of an action of .2 on Y — X such that there is
an equivalence of Lie algebroids:
2 ~Tyr
Therefore there is an equivalence:
MCyrgp ~ F

This implies that f*.Z is a Lie algebroid on Y whose infinitesimal quo-
tient is:

Z:E:PZA
N

REMARK 4.2.28. If we only assume that Y is affine and almost finitely presented,
and if Z can be any derived stack, then Z is by definition a weak infinitesimal quo-
tient of Y by .Z. This makes the “weak analogue” of Lemma 4.2.27 tautological.
More precisely we get:

— The morphism Y — Z is a nil-equivalence.
— If .Z integrates well then from Lemma 4.2.14, there is an equivalence:

Ty/Z :> f*g

— For any .Z (even if it does not integrate well), Z is a weak infinitesimal

quotient along:

—_—

e[
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Lemma 4.2.29. Take a morphism f 1Y — X of affine stacks satisfying Assumptions
3.2.2, and an action of a Lie algebroids £ on f. Then we have a pullback diagram:

Y —— X

Y X
Vo] — [Vl
Proof- 1t is enough to show that we have a pullback diagram:

Y ——— X

| |
e, — [Vl

which is shown in the proof of Proposition 4.2.18. O

pre pre

We will now turn to pullbacks of infinitesimal quotient stacks of Lie algebroids.
First recall that any action of the Lie algebroid .# over f : X — Y induces a map
between their infinitesimal quotient stacks thanks to Proposition 4.2.25:

R
We want show by analogy to Proposition 4.1.19 that the fiber product of the infin-

itesimal quotient stacks is the infinitesimal quotient stack associated to the fiber
product of the Lie algebroids.

In practice, this would requires us to assume that X, Y, Z and X x; Y all sat-
isfy Assumptions 3.2.2 which is very restrictive’. Therefore we will only make an
analogue for weak infinitesimal quotients.

Proposition 4.2.30. Let £ be a Lie algebroid over Z satisfying Assumptions 3.2.2.
Consider Y and X affine stack of almost finite presentation together with some maps:

X =7 Y -7

Take [X/g] and [Y/g} to weak infinitesimal quotient along those morphisms. Then
we have that:

XxzV, | - [X, Y,
] = (Y| ey [V
is a weak infinitesimal quotient of along both X x;Y — X and X xz Y — Y (in

the sens given by Remark 4.2.21) inducing the same weak infinitesimal quotient structure
along the maps X xzY — Z.

In particular the fiber product of stacks satisfying Assumptions 3.2.2 does not necessarily satisfy
Assumptions 3.2.2.



178

Proof- Consider the following commutative cube:

/X XzY / X
L/////
R [V
] - [7#]

We only need to show that all the square involving the dashed arrow are pullback.
But this is automatic since all the other squares are pullback squares by definition
of weak infinitesimal quotients. O

REMARK 4.2.31. In the previous proposition we can replace Z together with its Lie
algebroid by Z’ affine of almost finite presentation together with a weak infinitesi-
mal quotient:

o

A [Z/ g]
REMARK 4.2.32. If we assume that X, Y, Z and X x; Y all satisfy Assumptions
3.2.2, then we can replace the weak infinitesimal quotients by the actual infinites-

imal quotients and by actual actions. In particular we can show that there is an
induced action on the pullback such that:

X xzY ~ Y
] = [V < [V
4.2.3. Tangent and cotangent of infinitesimal quotient stacks.

We already know from Lemma 3.2.8 and Corollary 1.3.28 that for .Z a Lie alge-
broid over X satisfying Assumptions 3.2.2, we have an equivalence of Lie alge-
broids:

T ~

XY ) e
From this we get, similarly to Proposition 4.1.20, an equivalence:
p*T[ ~ Tx @ ZL[1]

pre

X
Moreover, if .7 integrates well (in the sens of Definition 4.2.13) then we also have:

p*T[X/g] ~ TX @p g[l]
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We can, by analogy to to Corollary 4.1.23, that under some good conditions,
T [X/ g} is a weak infinitesimal quotient of A x (p*L[X /g])

Lemma 4.2.33. Let £ be a Lie algebroid over X satisfying Assumptions 3.2.2 and such
that £ integrates well. Then there is a pullback:

Ax(Ly @ 2V[-1]) — T [Xg]

J |

N2

Proof. First, this is the pullback of a linear stack, therefore this pullback is the
linear stack Ay (p*]L[X /$]>. Under Assumptions 3.2.2, we have seen that:

p*]L[X/f] ~ Ly @F gv[—l]

OJ

Proposition 4.2.34. Assume that L4 is non-negatively graded and almost finitely pre-
sented, and that £ is almost finitely presented, concentrated in non-positive degrees and

integrates well. Then T™ [X/g} is a weak infinitesimal quotient of A x (L4 ®* LV [—1]).

Proof. The assumptions ensure that Ax (L4 ®&” .ZV[—1]) is affine of almost finite
presentation. Then Proposition 4.2.33 shows that 7™ [X/ g] is a weak infinitesimal
quotient of A x (L, ®” £V[—1]) according to Definition 4.2.19.

4.3. Shifted Moment Maps and Derived Symplectic Reduction.

In this section, we develop the notion of moment maps for Lie algebroids and Segal
groupoids. The main motivation is to define symplectic reduction in these contexts.

We start in Section 4.3.1 by recalling the classical notion of moment map and
symplectic reduction for group actions in the context of derived algebraic geom-
etry as developed in [AC21]. We recall the main important properties of these
objects, notably the fact that they behave well under “good Lagrangian intersec-
tions” (Theorem 4.3.10).

Then in Section 4.3.2 we generalize these notion and define the notion of infini-
tesimal moment map for the infinitesimal action of a Lie algebroid. We show that
this definition naturally contains the notion of infinitesimal symplectic reduction and
that it is also well behave with respect to “good Lagrangian intersections”.
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Finally, we will explain in Section 4.3.3 that the notion of infinitesimal moment
maps and infinitesimal symplectic reduction transfers directly to a notion of mo-
ment map and symplectic reduction for Segal groupoids by mimicking the defi-
nitions of Section 4.3.2. Therefore moment maps and symplectic reductions also
have the same properties.

The context of Segal groupoids is the most general and in particular, it recovers
the case of moment maps for group actions (see Example 4.3.24) and the example
of the dual of the anchor of the associated Lie algebroid (Proposition 4.3.25).
Moreover, we will see with Theorem 4.3.30 that in fact, the infinitesimal moment
maps and infinitesimal symplectic reductions are in fact obtained via Construc-
tion 4.2.1, Proposition 4.2.17 and formal completions, from moment maps and
symplectic reductions of Segal groupoids. This follows the ideas of Section 4.2.1
making all the constructions for Lie algebroids the “infinitesimal versions” of the
corresponding constructions for Segal groupoids.

4.3.1. For groups.

Let X be a smooth symplectic manifold and G a smooth action of a Lie group on
X acting by symplectomorphisms. Suppose further that the action is Hamiltonian'
so that there exists a moment map:

w:X —g"
This map can be shown to satisfy the following properties:
(1) p is G-equivariant.
(2) pis Hamiltonian in the sens that for all v € g we have a vector field v eTy

the image of v under the “infinitesimal action” g — Tx. Then the moment
condition require 7 to be Hamiltonian®

dar ({1, v)) = tgwx

We will want to rephrase these conditions. The first condition is unchanged as
equivariant maps make sense in derived geometry. For the second condition,
the following proposition explains that this condition implies that the symplectic
structure on X can be viewed as a Lagrangian structure.

Proposition 4.3.1. Ifu: X — g is a moment map, then it is G-equivariant and
there is a map:

(1] : [X/G] — [g*/g]

IMeaning that the infinitesimal action g — Tx is given by Hamiltonian vector fields, v — o/ =
{H,,—} inducing a Lie algebra morphism p* : g — Ox sending v to the Hamiltonian function
H,.
2This condition is saying that x*(v) is the Hamiltonian vector fields controlling the action of v
where p* : g — Ox is the comoment map.
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This map is Lagrangian and there is an equivalence of derived symplectic' stacks:
~ X R
X = { /G} ] ¢

Proof- We already now thanks to Lemma 4.1.18 that this pullback is X as derived
stack. We only need to check that the symplectic structure on the Lagrangian
intersection coincides with the symplectic structure on X.

First, recall from Lemma 4.1.27 that the Lagrangian structure on g* — [Q*/G] is

given by the 0 Lagrangian structure. Moreover, from [Cal21, Example 1.32], we
have that the moment condition implies that wx, the symplectic structure on X

defines a Lagrangian structure on [X/G] — [Q*/G] This is due to the second

condition of moment maps. Then the construction of the symplectic structure on
X from the proof Proposition 2.2.1 gives us that the symplectic structure is given
by the following loop at zero in the space of closed 2-forms of degree 1:

050
O

We will therefore rephrase the second condition by asking [u] to be a Lagrangian
structure such that the derived intersection:

[X/ G] X @

is equivalent to X as a symplectic stack. We know that they are already equivalent
as derived stacks thanks to Lemma 4.1.18 and the symplectic part is an extra
structure required by the moment map.

Definition 4.3.2 ([AC21, Definition 2.3]). Let X be a n-shifted symplectic Artin
stack together with a smooth action of GG. Given a G-equivariant map p : X —
g*[n], then the structure of a n-shified moment map on 1 is a Lagrangian structure
on:

] : [X/G] - [9 M/g]
such that there is an equivalence of n-shifted symplectic stacks:
~ X % *
X ~ [ /G] X5t 911
IRecall from Proposition 4.1.27 that the map:
N a

is also Lagrangian. Therefore [X/G} X [g*/G} g is the derived intersection of Lagrangian mor-

phisms and is therefore O-shifted symplectic from Proposition 2.2.1.
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REMARK 4.3.3. In differential geometry, the conditions to be a moment map are
properties of the map. As often in derived geometry, these properties become extra
structures. Indeed, being equivariant is the structure of an equivariant map, as
we have seen in Definition 4.1.1 and the second condition becomes the data of
a Lagrangian structure. Therefore being a moment map will be a structure on the
map /, and as often, we will keep saying that ;1 is a moment map to refer to p
together with a structure of moment map.

We are interested in the procedure of symplectic reduction. Classically, it amounts
(under the condition that these constructions exist) to do the following:

— Take the zero locus’ of the moment map:

Z(p) —— *
[
X —— g'[n]

— Take its quotient by the induced action of G:

Xred = [Z(m/(;]

— Construct a symplectic structure on X,.q with a symplectic structure w
such that p*w = 1*wx with:

iz > [P iz - X

In classical geometry, this procedure only exists under some assumptions (ensur-
ing the existence of the zero locus and quotient). However, in derived geometry
these constructions are always possible and generalize the classical constructions.

Definition 4.3.4 ([AC21, Definition 2.3]). We define the symplectic reduction of X
along the n-shifted moment map p : X — g*[n] to be the fiber product:

Xiea — BG

! l

Y] 5 [0Vl

Since it is a derived intersection of Lagrangian in a (n + 1)-shifted symplectic
derived stack, it is naturally n-shifted symplectic.

IThis can be generalized to taking the pre-image of any coadjoint orbit of g*[n] (see [Cal2l,
Section 2.1.2]). We are not going to consider this degree of generality.
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REMARK 4.3.5. Taking this pullback took care of all 3 steps of the classical con-
struction at once. Indeed, from Proposition 4.1.19, this pullback is equivalent
to:

[X X g*[n] VG]

Therefore X,.q is exactly the quotient of the fiber of ;1. And the symplectic struc-
ture comes for free from the fact that it is a derived intersection of Lagrangian
morphisms (Propositions 4.3.1 and 4.1.28).

Moreover, since the Lagrangian structure on BG — [g [n}/G} is the zero struc-

ture, and the Lagrangian structure on the moment map is given by the symplectic
structure on X, the symplectic structure on X,q is in some sens “induced” by the
symplectic structure on X.

The following proposition is one of the main observation that will motivate the
definition generalizing of the notion of moment map for Lie algebroids in Section
4.3.2. Moreover Sections 4.3.2 and 5 will motivate the fact that these Lagrangian
correspondences will be the defining feature of a generalized notion of symplectic
reduction (Definitions 5.1.3 and 5.1.4), viewed as a procedure to obtain symplectic
stacks from quotients of “almost derived critical loci”.

Proposition 4.3.6 ([AC21, Remark 2.4]).
If - X — g*[n] is a n-shified moment map, there is a Lagrangian correspondence:

Z ()

RN

Xred X

ExaMPLE 4.3.7. If we consider the moment map p : 7*X — g* from the cotangent
action of G on 7" X. Then its symplectic reduction is given, thanks to Proposition

11206y T [ X5

Following the ideas from Section 2.2, it turns out that we can construct moment
maps by a “Lagrangian intersection” procedure and that symplectic reduction
commutes with these Lagrangian intersections. To sketch the main ideas, [AC21,
Definition 2.8] gives us a notion of derived symplectic reduction of a Lagrangian struc-
ture on L — X.

To express this definition, we will use the 1-category of Lagrangians over the (n+1)-
shifted point’, Lag; (x,.1) (see Section 2.2.3). We can rephrase their definition as
follows:

'We consider the 1-category of Lagrangians over the point. Objects are then n-shifted symplectic
stacks and morphisms are (equivalence classes of) Lagrangian correspondences.
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Definition 4.3.8. A Lagrangian reduction of a Lagrangian structure on L — X is
given by a factorization L,.q € Lag;(*n+1)(*n+1, Xrea) of L € Lag; (xn41) (%5, X)
by Z(:u) S Lagl (*n)(Xreda X)

* X, red X

REMARK 4.3.9. [AC21, Definition 2.8] is spelled out differently but is in fact equiv-
alent to asking for this factorization. Moreover, thanks to Proposition 4.2.27, the
Lagrangian reduction is obtained as a quotient for an action of G on L:

Lyeq =~ [L/ G}

Theorem 4.3.10 ([AC21, Theorem CJ).

Let v : X — g*[n]| be a n-shifted moment map. Let L, L' be Lagrangians in X and
Lyea, Ly derived symplectic reductions of L and L'. Then the moment map on X induces
a structure of moment map on:

pot L xx L' — % Xgep % = g*[n — 1]
Moreover there is a natural equivalence of (n — 1)-shifted symplectic stacks:
L;ed

(L Xx L/)red ~ Lred XXred

EXAMPLE 4.3.11. The derived critical locus of a G-equivariant function is equipped
with a (—1)-shifted moment map:

Crit(f) = g'[~1]

Indeed, the induced action on 7*X admit a moment map p : 7" X — g* whose
symplectic reduction is 7™ [X/G] (see Example 4.3.7) and the Lagrangians 0, df :
X — T X have a symplectic reductions given by the natural Lagrangian structures
on [0] and d|[f]:

Xred 1= [X/G:| - (T*X)red ~T" [X/G:|

where the last equivalence is a consequence of Proposition 4.1.29. Then Theo-
rem 4.3.10 implies that Crit(f) — g*[—1] is a (—1)-shifted moment map and its
symplectic reduction is:

Crit(f)rea > Crit([f])
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4.3.2. For Lie algebroids.

We want to generalize the definition of a moment map for infinitesimal actions of
Lie algebroids. As we are working with Lie algebroids again, we will assume that
X = Spec(A) satisfies Assumptions 3.2.2.

The goal is two-fold, we want to recover the infinitesimal counterpart of Section
4.3.1 (moment maps for groups actions) and extend it to infinitesimal actions
of Lie algebroids. The critical example is given by the dual of the anchor map
p* : T*X — L* (Proposition 4.3.17) which we think of as an analogue of the cotan-
gent moment map p : T°X — g*.

Given a map y : Y — L*[n] of derived stacks' over X, with Y — X where Y is
affine almost finitely presented and X satisfies Assumptions 3.2.2, we ask ourself
how to define a structure of an infinitesimal n-shifted moment map on ;. when ¥
is a Lie algebroid over X.

The naive approach would be to try to mimic directly the definition for group
action by asking for a Lagrangian structure on the infinitesimal quotient. This
fails immediately as we do not have a natural infinitesimal action of .Z on L*[n]
giving an analogue to Lemma 4.1.25, and there is also no obvious choice of an
infinitesimal action of .2 on Y.

However, it turns out that for p : 7*X — L* the dual of an anchor, the fiber Z (1)
of the infinitesimal moment map admits a natural infinitesimal action of £ (up
to homotopy) given by Proposition 4.2.34. Using this fact and Proposition 4.3.6
leads to the following definition:

Definition 4.3.12. Take .Z a Lie algebroid on X, and a map p : Y — L*[n] of
stacks over X where Y is affine almost finitely presented and X satisfies Assump-
tions 3.2.2. We suppose that the fiber of the moment map, denoted Z (1), is also
affine of almost finite presentation”. Then the structure of an infinitesimal n-shifted
moment map on Y, where Y is n-shifted symplectic, is the data of:

—_——

— A weak infinitesimal quotient [Z ('“)/g}

IRecall that by convention L = Ax (%) and L* := Ax(Z").

2For example if Y = Ax (&) with & non-negatively graded and finitely presented, 1 is a lin-
ear map of linear stacks and .Z is non-positively graded, then Z(u) is affine of almost finite
presentation.
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— A Lagrangian correspondence:

/\

&2
In that case, the infinitesimal symplectic reduction of 1 is defined to be:

—_—~—

Yied :i= [Z(M)/g]

REMARK 4.3.13. If Z(u) satisfies Assumptions 3.2.2, then we can instead ask for
an action of .Z on Z(u) — X and take:

2] = [P0

REMARK 4.3.14. In this definition, the structure of Lie algebroid does not play any
role on L*[n]. In fact we can generalize this definition to any map p : ¥ — Z
where Z is a linear stack (or more generally, to any derived stack over X together
with a choice of a “0 section”)’.

REMARK 4.3.15. In general, the symplectic reduction is part the data of the moment
map /¢ due to the non-uniqueness of weak infinitesimal quotient.

ExampLE 4.3.16. If ;1 : X — g* is a moment map, then it is an infinitesimal mo-
ment map. We view g as a Lie algebroid over the point x, then g acts infinitesimally
on g* and X (induced by the actions of GG) and therefore the fiber Z(1) also has
a canonical infinitesimal action on Z(u).

This is exactly the infinitesimal version of Section 4.3.1, and we will see with
Lemma 4.3.31 that the infinitesimal version of the Lagrangian correspondence of
Proposition 4.3.6 is a Lagrangian correspondence:

/ \
20 70y x g

This gives ;1 : X — g* the structure of an infinitesimal moment map. This is ex-
actly the infinitesimal action we obtain by applying Theorem 4.3.30 to the moment
maps for group actions.

1The requirement of this “0 section” is there to make sense of the fiber Z ().
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Heuristically, the anchor map . — Tx is supposed to represent the infinitesimal
action of .2 on X. Similarly to the fact that for a group action, the map 7* X — g*
is a moment map, we want to prove that the map 7*X — L* is an infinitesimal
moment map.

Proposition 4.3.17. Assume that X satisfies Assumptions 3.2.2 such that Lx is non-
negatively graded and finitely presented. Suppose that £ is a non-positively graded, almost
Sfinitely presented Lie algebroid that integrates well. If the canonical closed 2-form on

T* [X/ g} is symplectic', then the dual of the anchor p* : T*X — L* can be equipped

with the structure of an infinitesimal moment map with weak infinitesimal quotient given
by:

(T"X)rea =T [X/g]

Proof. We can show that Z(p*) ~ Ax(Lx ®° £V[-1]). The assumptions on Lx
and .Z ensure that Z(p*) is affine of almost finite presentation so it makes sense
to speak of moment map structure.

Moreover, Proposition 4.2.34 shows that Z(p*) admits a weak infinitesimal quotient
given by:

—_—

[Z(/)*)/g] ~ T [X % g}

It has a canonical symplectic structure.

We now only have to find the structure of a Lagrangian correspondence:

T [X/g} T X

Ut is in particular the case if . integrates to a smooth Segal groupoid thanks to Proposition
4.3.32.
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Both symplectic structures being the canonical ones, their pullback are in fact
equal’, and we can choose the 0 isotropic correspondence. To show the non-
degeneracy, we need to show that the following square is a pullback:

Tz(p*) _— g*TT*X

| !

Pl — Lzey
Taking the fiber of this commutative diagram we can show that we have:

Y —— &

! |

f*TT*[X/j] e LZ(/)*)

where the fiber on the left is computed thanks to thanks to Corollary 4.2.22 (since
Z integrates well) and the fiber on the right is computed using connections on
T*X and Z(p*).

In general the fiber of a pullback in a stable category are equivalent if and only
square on the right is a pullback:

fib(A — B) > A >

Fd

fib(C' — D) C—

~

We can see that by considering the following diagram:

fib(A — B) ~ fib(C' — D) > A > C
0 > B > D

Then the left square is a pullback and the outer square is a pullback if and only if
the fibers are equivalent. Then it is a general property of the pullback in a stable

'In the model given by:

20 = tx (rp ) = Ax (e (x @7 271-1)
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category that if the outer square and the left square are Cartesians then the right
square is also Cartesian. 0J

Now we are going to see that similarly to the situation for group action, this notion
of moment map is well behaved with respect to Lagrangian intersections. To do
so we will need an analogue to the notion of symplectic reduction of a Lagrangian
morphism (Definition 4.3.8).

Definition 4.3.18. Consider a Lagrangian L; — Y with a Lagrangian structure
and L, affine of almost finite presentation. An infinitesimal symplectic reduction of
the Lagrangian L, — Y with Y equipped with an infinitesimal n-shifted moment
map 4 : Y — L*[n], is the data of a factorization of the Lagrangian morphism
Ly € Lag, (*(n11)) (*n, Y) by Z (1) € Lagl(*(n+1))<Yred, Y) (see Definition 2.2.17).

/\

(Ll red

/\/\

REMARK 4.3.19. Definition 4.3.18 is exactly the same as Definition 4.3.8. We can
however describe more explicitly the important features of this definition.

By definition, an infinitesimal symplectic reduction of a Lagrangian L; — Y with
an infinitesimal n-shifted moment map p : Y — L*[n] is the data of:

— A factorization of L, — Y
Ly —— Z(p) — Y

— A weak infinitesimal quotient (L), of the map Ly — Z(u) compatible
with Z(u) — Xieq according to Remark 4.2.21.
— A Lagrangian structure on:

(L1)1eq = [Z(u)/g} — Xred

We are now able to prove that the “Lagrangian intersection” of a moment map is
a shifted moment map:

Theorem 4.3.20. Let i : Y — L*[n] be an infinitesimal n-shifted moment map and
Ly =Y and Ly — Y Lagrangian morphisms with infinitesimal symplectic reductions.
Then the infinitesimal moment map 1 induces an infinitesimal moment map:

—1 - L1 Xy L2 — L*[n— 1]
such that the reduction is given by:
(Ll Xy L2>red = (Ll)red XVied (LQ)red
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Proof.
— We need a weak infinitesimal quotient of Z(p_1). Since Ly, Ly and Z(u)
all have a weak infinitesimal quotient, then from Proposition 4.2.30 and
Remark 4.2.31, their pullback defines a weak infinitesimal quotient' such

that:

—_—

(Ll Xy L2)red = [Z(M_l)/g] = (Ll)red X Yred (LQ)red

Moreover, this is a derived intersection of Lagrangians and therefore it is

(n — 1)-shifted symplectic.
— We are in the situation of Theorem 2.2.23:

The maps (L;), 4 — [Z(“)/g} are Lagrangian and from Definition 4.3.18

we have the equivalences:

(14) LZ = (Li)red X [Z@;//y] Z(:U’)
Moreover the vertical morphisms on the left and right sides are all clearly

Lagrangians. Therefore we get a Lagrangian correspondence:
(Etdrea X200 ] Z (1) X (200, ] (E2)rea

(L1)ea X[ZG‘\);Z'} Z(N)) XE ((LQ)red X[A(AH);{] Z(N))

(L1)yea X1y 1 (L2)rea <

22

This is a weak infinitesimal quotient of L;, Ly and Z(u) and by extension also of X.
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— Using Equation (14) we get the equivalences:

Z(p) % 7)) (L2) eq

Z(:u) ><Z(u) Z(:u) X [ZCJ//X]

(Ll)red X [Z(

(Ll)red X[ (“)/g]

ZLl X Z () LQ
~Z(pi-1)

22

(LQ)red

— Using again Equation (14) we get the equivalence:

<(L1)red X[Z@/g} Z(ﬂ)) Xy ((LQ)red X[Z(Mx)//j] Z(,LL)) ~ L1 Xy L2
— Using Remark 4.3.19 and Proposition 4.2.30 we get:

(L1),oq X[Z@E//y] (L2)yeq l/cf} [Z(u) 2 [Lyg]

~ [ L1 Xz L2/$]

P

-Z<:u—1)/$i|

12

In short we get the following Lagrangian correspondence:

Z(p-1)

(Ly Xy Lg),oq =~ [Z(M”)/g] Ly Xy Lo

OJ

ExAMPLE 4.3.21. Take .Z a Lie algebroid over X an affine stack satisfying As-
sumptions 3.2.2 such that . integrates well, and consider L; = Ly, = X with
Lagrangian morphisms s, df : X — T*X where 5 is the zero section. We have
that X has an infinitesimal symplectic reduction (for both Lagrangian morphisms),
with respect to the infinitesimal moment map structure on p* : 7*X — L* given
by Proposition 4.3.17, if and only if the map:

X—>T*X—>L*
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is homotopic to zero'. Under that condition, we have factorization of Lagrangians:

X / g
/ % / \
x Xea = T [ X/ o] T X
where d}"’ is the natural factorization of df obtained thanks to the condition p*odf ~

0. This square is a pullback because the outer and the right squares (see Lemma
4.2.33) in the following commutative diagram are pullbacks:

X——2Zp") — X
| | |
V| — T [V — [V

It follows from Definition 4.3.18 that X — 7™ X is a Lagrangian morphism with
infinitesimal symplectic reduction given by:

alf): [ g 1 [ Xy

This also works similarly for sy and we can use Theorem 4.3.20 to show that:

— The map Crit(f) — L*[—1] is an infinitesimal (—1)-shifted moment map.
— Its infinitesimal symplectic reduction is given by:

Crit(f)q = || %gupo ) [N | = Crit(£)
4.3.3. For groupoids.

We will now give a definition of a moment map for actions of Segal groupoids and
then see that “infinitesimal” moment maps from Section 4.3.2 are the “infinitesi-
mal version” of the moment maps for Segal groupoids (see Theorem 4.3.30).

The critical examples we want to recover are the moment maps for a group actions

(Example 4.3.24) and the dual of the anchor 7*X — L*[n] (Proposition 4.3.25) of
a Lie algebroid.

The same condition is necessary for sy to have a Lagrangian reduction, but this is automatic.
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REMARK 4.3.22. Recall that for any Segal groupoid ¢° over X a derived stack, such
that the cotangent complexes of each " exists, then we can define the anchored
linear stack:

L= Ay (TX/[X/%

In this degree of generality, we do not know if this is a Lie algebroid, but in order
to mimic the role of L*[n] in the previous section, having just an anchored linear
stack is enough.

])—>TX

The notion of moment map in this situation can be directly adapted from the
infinitesimal case.

Definition 4.3.23. Take ¢° a Segal groupoid over X such that the cotangent
complexes of each 4" exists, and p : Y — L*[n] a map of derived stacks over X,
where L is the linear stack of Remark 4.3.22. Assume that Y is n-shifted symplectic.
Then the structure of a n-shifted moment map on p is the data of:

— An action of ¢° on Z(u) (Definition 4.1.15).
— A n-shifted symplectic structure on [Z (M/g]

— A Lagrangian correspondence:

Z (1)
[Z(M)/g}/ \ Y

In that case, the symplectic reduction of i is defined to be:
Yied := [Z(M)/g]

EXAMPLE 4.3.24. In the situation where ¥°* := G** seen as a groupoid over x,
we consider a smooth action of G on X a derived Artin stack with moment map
i X — g* (in the sens of Definition 4.3.2). Clearly, g is the Lie algebroid
associated to G**. Since G acts on both X and g*, it acts on Z(u), and Proposition
4.3.6 gives (1 the structure of a moment map in the sens of Definition 4.3.23.

Proposition 4.3.25. If we have a Segal groupoid 4° over X as in Definition 4.3.23
and L as in Remark 4.3.22. Then the dual of the anchor map v : T*X — L* has

a moment map structure such that its symplectic reduction is T [X/g} whenever the
canonical closed 2-form on T* [X/g} is symplectic'.

Proof- Notice that there is an equivalence Z () ~ Ax (p*IL,[ X /g]> (thanks to Propo-
sition 4.1.20) and therefore Z(y) is part of the pullback diagram:

This is the case whenever ¢* is a smooth Segal groupoid since the quotient is Artin.
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Z(p) ——— X

| |

(V] — (%4

Therefore from Lemma 4.1.16, there is an action of ¢ on Z (1) whose quotient is

T [X/g} . We are left to show that there is a Lagrangian correspondence:

T [X4g] X

It is not hard to see that the pullbacks of the (canonical) symplectic structures to
Z(u) coincide on the nose and therefore we can consider the 0 isotropic corre-
spondence. We want to show that it is non-degenerate. This amounts to showing
that the following square is Cartesian:

Tz — W' Ty

| !

i*TT*X e LZ(N)

X/%]

Similarly to the proof of Proposition 4.3.25, taking the fiber of the horizontal mor-
phism we get in both case 7*.Z. Indeed, from the pullback describing Z(u) we
get:

TZ(;L)/T*[X/{A ~ T TX/[X/g] =T g

O

Now we are again going to see that moment maps are well behaved with respect
to Lagrangian intersections using a direct analogue of the notion of infinitesimal
symplectic reduction of Lagrangian morphisms:

Definition 4.3.26. A symplectic reduction of a Lagrangian L; — Y with Y
equipped with a n-shifted moment map p : Y — L*[n]| (for an action of ¥°)
is the data of a factorization (L;), 4 € Lag; (%, Yiea) of the Lagrangian morphism
Ly € Lag; (xn, X) by Z(u) € Lagy(Yied, Y):
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/\

Ll red

/\/\

REMARK 4.3.27. Definition 4.3.26 is exactly the same as Definition 4.3.8. We can
describe more explicitly the important features of this definition.

Thanks to Lemma 4.1.16, a symplectic reduction of a Lagrangian L; — Y with a
n-shifted moment map p : Y — L*[n] is the data of:

— A factorization of L; — Y
Ly, —— Z(p) — Y

— An action of 4° on L; such that the map L; — Z(p) is equivariant. In
particular, the groupoid on L, is coming from an action of the groupoid on
Z(p) (itself coming from an action on Y'). Therefore there is an equivalence
(Lemma 4.1.16):

Ly = Z(n) %y | L]

— A Lagrangian structure:

(L)ea = [FVig] = Yo = [ZU0)]

Theorem 4.3.28. Let i - Y — L*[n| be a n-shifted moment map and L, — Y and
Ly — Y Lagrangian morphisms with symplectic reductions. Then the moment map
induces a moment map:

M1 : Ll Xy LQ — L*[n — 1]
Moreover, there is a natural equivalence:
(L1 Xy La)oq 2 (L1) g X Lrea (L2)eq
Proof.
— We need an action of .Z on Z(u_,). We have:
Z(lu*1> 2(Ijl Xy LQ) X(XXL*['IL]X) (X XX X)
~I, X Z (1) Lo

Since Ly, L, and Y all have an action of ¢°, by pullback of actions of
groupoids (Proposition 4.1.19). We get a pullback action of 4°® on Z(1_1).
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— We have thanks to Proposition 4.1.19:
|21 g) = [T Xz Loy

~ [Ll/g} X[z(u)/ 4] [Lz/gq}
~(L1)eq XViea (L2) e

This is a derived intersection of Lagrangians by assumption therefore it is
(n — 1)-shifted symplectic.
— We are in the situation of Theorem 2.2.23:

AN

(L1) e
L T ¢
(L2)eq Ly

We have that the maps (L;),.4 — [Z ('“)/g] are Lagrangian morphisms
and thanks to Remark 4.3.19 and Lemma 4.1.18 we have:

(15) LZ = (Li)red X [Z(N)/(A Z(,M)

Moreover, the vertical morphisms on the left and right sides are all La-
grangians by assumption and from Definition 4.3.18

Therefore we get a Lagrangian correspondence:
(Eadrea X [2085,] Z (1) X [2005,] (E2)rea

— i

(L1) e X (2] (L2)rea ((Ll)md X [20] Z(N)) Xy ((Lz)md X [204] Z(H))
— Using Equation (15) we get:
(Lo X [20n),] 200 X (201 ] (L2)rea

~(L1)eq X [Z(u)/

4

12 (1) Xz Z (1) X (7)) (L2);eq
ZLl XZ(M) L2
~Z(pi-1)
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— Using again Equation (15) we get:
((Ll)red X (2] Z(N)) Xy <(L2)red X 2] Z(M)) ~ Ly Xy Ly
— Using Remark 4.3.27 and Proposition 4.1.19 we get:
~ [L L
(Et)rea X [2),] (P2)rea = | 1/%} X [2n))] [ 2/%]
~ :Ll X 2(u) L2/g]
~ _Z(,U—l)/g]

In short have a Lagrangian correspondence:

/\

[ (11— 1/g Ly xy Ly

O

Corollary 4.3.29. Let 9° be a smooth Segal groupoid over X. The Lagrangian maps
s0,df : X — T*X have symplectic reductions given by:

sod[f): [Xg] =1 [ Xy

as soon as f is G-invariant. Using Proposition 4.3.25 and Theorem 4.3.28, we get a
(—1)-shifted moment map Crit(f) — L*[—1] whose symplectic reduction is exactly the
& -equivariant derived critical locus, Crit([f]).

Proof. Since f is equivariant, df factors through Z(u) (idem for sy) and we have
the diagram:

X

SN - N

T X / Cj
The square is clearly a pullback from Lemma 4.1.18 and the maps:
%] -7 [%4]

are either d [f] or the zero section (and therefore they are Lagrangian).
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Therefore df and sy both have a symplectic reduction.
We have seen in Proposition 4.3.25 that 7 X — L* is a moment map with symplec-

tic reduction 7™ [X/g} and using Theorem 4.3.28, we get a (—1)-shifted moment
map:
p—q : Crit(f) — L*[-1]

whose symplectic reduction is:

Crit(f)ea = [Vig] %7 pv,) [Vg] = Crinif)
H

Following the idea of Section 4.2.1 where we want to explain that infinitesimal
quotients by Lie algebroids are formal completions along the projections to the
quotients by groupoids. Similarly, we have that infinitesimal symplectic reductions
are formal completions of symplectic reductions and more generally all the con-
structions of Section 4.3.2 are “infinitesimal versions” of the constructions of the
current section.

Theorem 4.3.30. Let £ be a Lie algebroid over X, an affine stack satisfying Assump-
tions 3.2.2. We assume that £ integrates well and we pick G° a good integration of £
(see Definition 4.2.13). Take : Y — L*[n] a n-shifted moment map for9* and L; — X
(i = 1..2) Lagrangian morphisms with symplectic reduction for G such thatY, L; and
Z (1) are all affine of almost finite presentation. Then we have the following:

(1) 1 has a canonical infinitesimal moment map structure with symplectic reduction
given by the weak infinitesimal quotient obtained as the formal completion:

P

7] = 70y

(2) The infinitesimal symplectic reductions of L; (fori = 1..2) are given by the weak
infinitesimal quotients obtained as the formal completions of the symplectic reduc-
tions of L;:

[bve] = ],

(3) The infinitesimal shifted moment map obtained by Lagrangian intersection (The-
orem 4.3.20):

H_1: Ly xy Ly — L*[TL— ]_]

is the moment map obtained by the first construction applied to shifted moment
map obtained via Lagrangian intersection for groupoids (Theorem 4.3.28).

Therefore, the infinitesimal symplectic reduction of the derived intersection is
the formal completion of the projection to the symplectic reduction of the derived
intersection.
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Lemma 4.3.31. Take Z and Y two affine stacks of almost finite presentation. Let G be
a groupoid over Z and take a Lagrangian correspondence:

Z
X Y
then there is a canonical Lagrangian correspondence:

A

N

Xz Y

Proof- Recall from Lemma 1.3.20 that there is a factorization:

Z—>)/(\Z—>X

where the first map is a formal thickening and the last map is formally étale. We
get the diagram:

7N
e

X

Pulling back the symplectic structure along 7 gives again a symplectic structure
because ¢ is formally étale. Therefore the isotropic correspondence can be chosen
to be the same. Then since the non-degeneracy condition only depends on the
tangent and cotangent complexes, ¢ being formally étale implies that the isotropic
correspondence we obtained is also non-degenerate. O

Proof of Theorem 4.3.30. The proof is based on taking formal completions to define
weak infinitesimal quotients:
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(1) With Lemma 4.3.31, we need to show that the formal completion is a weak
infinitesimal quotient. Consider the following commutative diagram:

| 1
SN

| l

] —— %]

First from Corollary 4.2.7 (since ¢* is a good integration of .Z’), we have
the equivalence:

—

V]~ [V,

The outer square is a pullback because of Lemma 4.1.18. The lower
square is a pullback because of the equivalences:

[2(@ 2 :Z(M)/g: X[, , 2o
0]y (] )
~[Z(m),, <[], 20| xpo,) Xon
=[] <, Xon
~ |21, ] LZ] [ /s g} X[yl PR
= 7] xpy [@X

Therefore the upper square is also a pullback and [Z (/“‘)/g] » is both
Z(p
a weak infinitesimal quotient and the symplectic reduction for the infini-

tesimal moment map thanks to Lemma 4.3.31.



201

(2) We have the commutative diagram:

"], — 1)

L; Z(p)

J |

() — [0

where all squares are pullback squares (for the same reason as in the
proof of (1)). Moreover, it is not hard to see (using again that the lower
vertical maps are formally étale, as in the proof of Lemma 4.3.31) that the
maps:

] =[], ~ [P0

have Lagrangian structures canonically determined by the Lagrangian struc-
tures on

]+ [0

Moreover, {Lyg] is a weak infinitesimal quotient for exactly the same
L;

_—

reason than [Z (N)/g} in the proof of (1). This gives L, the structure

Z(p)
of an infinitesimal Lagrangian symplectic reduction with reduction given
by [Lyg}b'

(3) Consider the diagram where all squares are pullbacks:

L ——— 5 Z(p) +——— L,

| | |

o — — o —

), — [, [P,

Ly Z(p)

J | J

) —— [*0] —— |4
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The idea is that taking the fiber along the horizontal morphisms produces
the Lagrangian intersections we are looking for, and the formal comple-
tion of the pullback morphisms is the pullback of the formal completions
(Corollary 1.3.13).

More precisely, the moment map structure on:

M1 : Z([L_l) ~ Ll X Z (1) L2 — L*[—l] ~ X X [* X

is given by the pullback action (Proposition 4.1.19) and gives us a La-
grangian correspondence:

Z(p-1)
O

[Z(Mﬂ)/g} Ly Xy Ly

with:
[Z(,u _1)/g} ~ [Ll/g] X [2(0)) [LQ/g}

Then the infinitesimal moment map induced by first construction is
given by the same underlying map p_;, the same fiber of the moment
map, Z(j—1), and we only need to find the weak infinitesimal quotient. It
is given by the formal completion which can be computed as (again thanks
to Corollary 1.3.13):

([Ll/%] X[Z(N)/g] [LQ/g])Zwl) :([Ll/g} X[Z(M)/g] [LQ/g])LMZ(u)L?
= [Ll/g] Iy 8 [Z(‘@zm [[&/54] b2

But the last term is exactly the weak infinitesimal quotient obtained by
Lagrangian intersection of the infinitesimal moment maps by the infinites-
imal Lagrangian reductions described before.

OJ

To compute the particular example of this construction applied to the dual of the
anchor map 7" X — L* (with respect to a groupoid action), we use the following
proposition:

Proposition 4.3.32. Let X be an affine stack satisfying Assumptions 3.2.2. Take &L
a Lie algebroid over X that integrates well to a good groupoid 4. Then there is an
equivalence:

—

[Vl = (1 [Y)),,
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Proof- We consider the following morphism:

Vel [V, 5 [V
Then we have a commutative diagram such that all squares are pullbacks:

Z(p) » X

! |

— —

T [X/%] = (T* :X/gDZ(u) 7 {X/f} = { /g}x
| |
T [X /g_ ; [X/g}

The outer square is clearly a pullback square since there is an equivalence:

L, = Ly 0 21

For the lower square, o*T™ [X/g} is the pullback by definition.

From Corollary 4.2.7, since .Z integrates well, we get the equivalence:

—

%)= [V,

—

Finally using Corollary 1.3.13 this shows that (T* [X/g] ) 200 is also the pullback
o

of the lower square.

Using Lemma 1.3.20, the map:

%l > 1%
is formally étale. Therefore there is an equivalence:
o T [X/g} o~ [X/g}
O]
In particular if . integrates well to ¢°, then this proposition shows that 7™ [X/ g}

is canonically symplectic if and only if 7™ [X/g] is also canonically symplectic.
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5. DERIVED PERSPECTIVE OF THE BV COMPLEX

The classical BV construction is a mean to build an algebra of classical observables
associated with a space of fields X together with an action functional f taking into
account some symmetries of the system. There are two different approaches to
construct these algebras:

CoNsSTRUCTION 5.0.1. The idea for the first construction is given by the following
two steps:

(1) First, take S a “space of solutions” to the Euler-Lagrange equation. In our
setting it amounts to solving df = 0.

(2) Then take a “infinitesimal quotient” of S by a Lie algebroid of “maximal
symmetries” so that this infinitesimal quotient is (—1)-shifted symplectic.

This is the approach corresponding to the construction in [FK14] which we will
discuss in more details in Construction 5.1.1.

CONSTRUCTION 5.0.2. The second approach takes these operations in reverse:

(1) First take a Lie algebroid “of symmetries” on X. In particular, f must be
equivariant with respect to the infinitesimal action of this algebroid and we
geta maplz

Lf] : [X/g} — Ay

(2) We take the derived critical locus of the equivariant map viewed as the
(derived) space of solutions of the Euler-Lagrange equations.

This is similar to the approach of [CG21] which is going to be studied in more
details in Section 5.3.3 (in a restricted setting).

The goal of this section is to provide a setting fitting and generalizing both con-
structions. We will argue that both constructions are intances of a notion of “gen-
eralized derived symplectic reduction” of the derived critical locus by a choice of
given infinitesimal symmetries.

Moreover, we will discuss a variation of this construction for symmetries which
are not infinitesimal but given by Segal groupoids of symmetries.

Finally, we show in Section 5.3 that any groupoid or Lie algebroid of “off-shell

symmetries” induces a canonical BV construction by symplectic reduction of a
canonical (—1)-shifted moment map on the derived critical locus.

1Or rather “being” equivariant is the data of such a map (see Definition 4.2.24).
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5.1. BV as a Generalized Derived Symplectic Reduction.

In this section, we start in Section 5.1.1 by explaining in more details Constructions
5.0.1 and 5.0.2 and show that they are both instances of a notion of “generalized
symplectic reduction” of the derived critical locus (see Section 5.1.2).

In Section 5.2.1 we try to explain to what extent this general construction still
resembles the usual BV constructions. We will in particular see that we get the
same kind of algebras (Proposition 5.2.3). However, in general we cannot strictify

the (—1)-shifted symplectic structure as it may admit “higher” terms (Theorem
5.2.8).

5.1.1. Context and construction for infinitesimal actions.

Through all of Section 5, we will take X = Spec(A) a smooth affine algebraic
variety’ and a map f : X — Al. We start by describing the BV algebra as
constructed in [FK14]:

CONSTRUCTION 5.1.1.
(1) The first step is to pick a resolution of the strict critical locus. We take a

semi-free resolution called the Koszul-Tate resolution (Construction 1.2.22)
of the strict critical locus of a function f (denoted by KT(f)). We have:

KT(f) := (Sym, (Ta[l] & Zkr[2]), 0kr)

where Zkr is projective concentrated in non-positive degrees. Zxr and
Okt are chosen so that the cohomology of this complex is concentrated in
degree 0 and giving in degree 0 by:

Y (df.X, X € Ty)

(2) From here we consider the following graded algebra (with no differential):
BV = Sym, (Tall] © Zer[2] @ Zr[-1))

where the symbol — means that we take the completion along the Chevalley—
Eilenberg terms, 2/ [—1] (see Notation B.2.5).

(3) This graded algebra is (—1)-shifted symplectic together with the canonical®
symplectic structure.

(4) By an inductive procedure, we can construct a BV charge ([FK14, Theorem
4.5]), Q € (BV%y), satisfying the Classical Master Equation:

{QQ}=0

'In particular, X satisfies Assumptions 3.2.2

2Canonical is the sens that it is induced by the canonical symplectic structure on Crit(f)
(induced by the Poisson pairing between B and Tg[1]) and the canonical pairing between Lk (2]
and 21 [—1]. This is the strict structure from Definition 5.2.6
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This can be equivalently phrased as finding a differential dpx on BVﬁFK
that is Hamiltonian, dpx = {@, —}. This differential also respects the filtra-
tion given by the symmetric power in .#"[—1]. Moreover, this differential
restricts to the Koszul-Tate differential defining a map, BVyx — KT(f),
of algebras. We get the full BV algebra:

BVFK = (BV%‘Kv {_7 _}7 Q)
We will try to rephrase this construction as follows:

— Start by taking the derived critical locus whose algebra of functions’ is
Sym 4 T 4[1] with differential ¢4 (thanks to 1.2.21). Then taking the Koszul-
Tate resolution amounts to adding “anti-ghost fields” (see Remark 1.2.23)
generating .Zkr|[2| that will kill the higher cohomology of the derived crit-
ical locus, in other words, kill the symmetries of f. Note that there is a
natural map:

KT(f) — Crit(f)

— We can pullback the sympletic form of the derived critical locus to a pre-
symplectic form on KT(f) and the “kernel” of this pre-symplectic form is
essentially given by Zxr, in other words the “anti-ghost fields generating
the symmetries”.

— We add “ghost fields” dual to the anti-ghost fields to kill this kernel, and
we get a symplectic structure. Adding these ghost fields amounts to taking
the Chevalley—FEilenberg algebra of a £ .-algebroid of maximal symmetries
over the Koszul-Tate resolution.

It also turns out that the use of KT(f) is to restrictive if we want to recover

Construction 5.0.2. Indeed, in most case, this second construction cannot recover
a full resolution of the strict critical locus. This construction is given by:

CONSTRUCTION 5.1.2.

(1) Start with a Lie algebroid (or .Z.-algebroid) .Z over X of “infinitesimal
symmetries”, i.e. such that f is .Z-equivariant, and we have a map:

[f] : [X/g] — Al

(2) Take the derived critical locus Crit([f]) who is naturally (—1)-shifted sym-
plectic.

Heuristically?, the first step amounts to considering the Chevalley—Eilenberg alge-
bra of the Lie algebroid of symmetry we start with (which amounts to first add the
ghost fields).

IThis is also called the Koszul complex, to which we then add the Tate terms, Zk to produce
the Koszul-Tate resolution.

2As we have seen in Sections 3 and 4, this heuristic is not really clear. In practice the Chevalley—
Eilenberg algebra is use as a model for derived invariant although its relationship to infinitesimal
quotient is not clear.
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Then taking the derived critical locus amounts to adding the anti-fields and anti-
ghost fields. Let us have an incorrect motivating discussion. We somehow look at
the derived critical locus of a functional on the Chevalley—Eilenberg algebra. We
would think that its algebra of functions would be like:

Symeg(#) Tepe) (1] = Sym, (Ta[l] & Z[2] & £7[-1])

and we would recover the general shape of the BV algebra from [FK14]. However,
the differential on this algebra would be the contraction ¢4;) and linearization of
the Chevalley-Eilenberg differential which cannot account for all the correction
terms of the Koszul-Tate differential on .Z[2] (in particular the terms increasing
the symmetric power cannot appear).

The correct way to view the relation between the second and first constructions
is discussed in Sections 5.3.2, 5.3.3 and 5.3.4. However, this discussion motivates
a generalization of Construction 5.1.1 where we add anti-ghost fields, but not
necessarily making it a resolution. This procedure of adding anti-ghost fields
corresponds to choosing an almost derived critical locus (Definition 1.2.24).

5.1.2. Generalized BV construction.

The idea that we had so far boils done to taking an almost derived critical locus
S < Crit(f) and then take its quotient to make it (—1)-shifted symplectic. This
is the general idea behind symplectic reduction, and we will describe the BV con-
struction in those terms. This motivates, by analogy with Definition 4.3.12, the
following definition of generalized symplectic reduction and generalized infinites-
imal symplectic reduction.

Definition 5.1.3. Let Y be a n-shifted symplectic derived stacksand g: S — Y
a map. Then a generalized symplectic reduction of Y along g is the following data:

— A Lie groupoid ¢ over S such that V.4 := [S/g} is n-shifted symplectic.

— A Lagrangian correspondence:
S
Y
Definition 5.1.4. Let S be affine of almost finite presentation and Y a n-shifted

symplectic derived stack. Take g : S — Y a map. Then a generalized infinitesimal
symplectic reduction of Y along g is the following data:

§/red

— A n-shifted symplectic “infinitesimal quotient” of S denoted:

Yied := [S/ g}
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— A Lagrangian correspondence:
S
Y

Convention 5.1.5. Note that the notion of “infinitesimal quotient” in the previous def-
inition is unclear. We have the following possible notion of infinitesimal quotient:

}/red

(1) The first naive notion that mimics Construction 5.1.7 is to consider a perfect L. -
algebroid £ on S and define:

Yiea := Spec(CE(Z))

However, the natural projection S — Yicq needs not be a formal thickening,
therefore the adjective “infinitesimal” is not really fitting.
(2) We can could consider the formal completion of the previous example:

—_—

Yied := Spec(CE(ﬂ))S

From Lemma 4.3.31, if Spec(CE(Y)) is part of a Lagrangian correspondence,
then so is its formal completion. Moreover, this formal completion is a formal

thickening of S.

(3) In a similar idea, we can also consider infinitesimal quotients of the form:

Yied := Spf 4(CE(Y))

(4) In Section 3.2.17, we define the notion of infinitesimal quotient of a Lie algebroid.
If S satisfies Assumptions 3.2.2, we can define:

Yied := MCy =~ [S/g}

For example, S satisfies Assumptions 3.2.2 if S = KT(f), but S will not
satisfy these Assumptions in the context of Construction 5.1.2.

(5) S admits a map S — X where X satisfies Assumptions 3.2.2 and £ is a Lie
algebroid on X. We can consider the weak infinitesimal quotients (Definition
4.2.19) associated to L.

We will typically use this notion of weak infinitesimal quotient in the situation
where we have “off-shell symmetries” (Definition 5.1.74).

Claim 5.1.6. The different notions of infinitesimal quotients given in Definition 5.1.5
are related as follows:

— Any infinitesimal quotient in the sens of (1) induces an infinitesimal quotient in
the sens of (2) by formal completion. A generalized symplectic reduction for (1)
induces a generalized symplectic reduction for (2). Therefore the second definition
is strictly better as it is a formal thickening.
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— We have a natural morphism:

—

SpfA(CE(.;?))pre — Spec(CE(Y))s

— If S satisfies Assumptions 3.2.2, then any Lie algebroid over S acts on S along
the identity S — S. Then the infinitesimal quotient of S is a weak infinitesimal
quotient. Therefore infinitesimal quotients in the sens of (4) are weak infinitesimal
quotients in the sens of (9).

We can observe that there are essentially two kinds of infinitesimal quotients. The
ones based on the Chevalley-Eilenberg algebra, which are useful to relate these
quotient with BV-like algebras as we described before.

The other ones are infinitesimal quotient as discussed in Sections 3 and 4 which
we claim to be a more geometric approach to infinitesimal quotients.

We believe that in order to reconcile the two pictures, we need to remember the
graded mixed structure on the Chevalley-Eilenberg algebra (at least when the Lie
algebroid is perfect). The correct notion of infinitesimal quotients and the tools
to manipulate them still need to be improved on.

We have said multiple times in Section 4.3 that the equivariant derived critical lo-
cus Crit([f]) is the symplectic reduction of the derived critical locus. As Crit([f])
is supposed to represent the BV-construction (following Construction 5.0.2). In
particular Crit(f) itself should be viewed as the simplest derived critical locus.
Then we argue that adding ghosts and anti-ghosts fields geometrically corresponds
to taking a generalized symplectic reduction, motivating the following definitions:

Definition 5.1.7. A BV construction for f is the structure of generalized derived
symplectic reduction on S, an almost derived critical locus, along the map:

S — Crit(f)

Definition 5.1.8. An infinitesimal BV construction for [ is the structure of gener-
alized infinitesimal derived symplectic reduction on .S, an almost derived critical
locus of almost finite presentation, along the map:

S — Crit(f)

Again, this definition depends on the choice of a notion of infinitesimal quotient
as in Definition 5.1.5.

REMARK 5.1.9. Given an almost derived critical locus S on f, the existence of a
BV construction (infinitesimal or not) for that S is not obvious. A large class of
examples of BV constructions will be given in Section 5.3.

Given an almost derived critical locus S on f and assuming that it admits a gener-
alized symplectic reduction (infinitesimal or not) there is a priori no reason to have
a unique such reduction associated to S and f. There is in fact a full topological
space of such structures which needs not be contractible or even connected.
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REMARK 5.1.10. It is worth noticing that any two BV constructions are related by
a Lagrangian correspondence:

S X Crit(f) So

. / \52
B\/l/ \Crit(f)/ \ng

Viewed those Lagrangians as admissible morphisms, this defines a neither full or
faithful sub-category of Lag; (%) /crit(f)-

REMARK 5.1.11. Our abstract definition of BV construction (infinitesimal or not)
might be “too general” a priori and have nothing to do with what a BV algebra
usually “looks like”. Although our objects are in fact much more general than the
classical construction mainly due to the added flexibility of homotopy structures,
we will see argue in Section 5.2.1 that our construction still “looks like” the classical
BV construction.

REMARK 5.1.12. The construction from [FK14] and [CG21] are both infinitesimal
BV constructions. Some ideas behind global (non-infinitesimal) BV construction
for group actions are discussed in [BSS21]. Our definition however works in a
more general context including Segal groupoid actions.

We will conclude this section by showing that infinitesimal BV constructions are
the formal completions of “good'” BV constructions following the same ideas as
developed in Section 4.2.1 and with Theorem 4.3.30.

Theorem 5.1.13. Let S be an almost derived critical locus satisfying Assumptions 3.2.2.
Take a good BV construction on S, that is:
— An action of a “good” Segal groupoid ° on S.

— A Lagrangian correspondence:

S
[S/g} Crit(f)

From Corollary 4.2.7, the infinitesimal quotient of S by the Lie algebroid associated to 9
is the formal completion of the projection p.

Then, [S/ﬁg} is an infinitesimal BV construction.

1By good we mean that the Segal groupoid acting is such that each 4™ is a formal stack. These
are the good Segal groupoids of Definition 4.2.13.
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Proof- We use Corollary 4.2.7 and Lemma 4.3.31 to get a Lagrangian correspon-
dence:

S

N

Y, Crit(f)

This defines the structure of infinitesimal BV construction. O

We will see a more general version of this when discussing “off-shell symmetries”
in the following section.

5.1.3. Off-shell symmetries.

In this Section, we are going to discuss BV constructions that arise from an action
(infinitesimal or not) on X such that f is equivariant with respect to that action.

Definition 5.1.14. We say that an action on an almost derived critical locus S is
an action by off-shell symmetries if:

— It is offshell, that is, it comes from an action (in the sens of 4.1.15) of a
groupoid ¢ over X on 7g: S — X.
— f is 9-equivariant in the sens of Definition 4.1.12.

Definition 5.1.15. Let S be an almost derived critical locus of almost finite pre-
sentation. Then an infinitesimal quotient Y4 is a weak infinitesimal quotient by
off-shell symmetries if:

— There is an algebroid . on X such that f is Z-equivariant (Definition
4.2.24).
— Yieq is a weak infinitesimal quotient of S along S — X.

If S satisfies Assumptions 3.2.2, we instead require that the quotient comes from
an infinitesimal action of . on S — X.

Definition 5.1.16. An off-shell (infinitesimal) BV construction is a (infinitesimal) BV
construction whose symplectic reduction is obtained either by:

— a quotient of S by a groupoid of off-shell symmetries.
— or a weak infinitesimal quotient coming from an algebroid of infinitesimal
off-shell symmetries.

REMARK 5.1.17. Not only there are plenty of examples of such off-shell symmetries,
but we will see in Sections 5.3.3 and 5.3.4 that for any Lie algebroid of off-shell
symmetries (infinitesimal or not), we can construct an (infinitesimal or not) BV
construction essentially given by the equivariant derived critical locus.

Proposition 5.1.18. Letd be a smooth groupoid of off-shell symmetries over X satisfying
Assumptions 3.2.2. Then its associated Lie algebroid £ is a Lie algebroid of infinitesimal
off-shell symmetries.
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Moreover, any smooth off-shell BV construction on S induces an infinitesimal off-shell BV
construction.

Proof. Similarly to the proof of Theorem 4.3.30, we consider the following commu-
tative diagram:

L o
Fal, — ()= %],
l l
%] ——— [%4]

Just like in the proof of Theorem 4.3.30, all the squares of the diagram are pullback

squares and [S/g] ; defines a weak infinitesimal quotient.

Moreover f is .Z-equivariant because the following diagram commutes:

—

Therefore, £ and [S/g} p define an off-shell infinitesimal symmetry. Moreover if

[S/g} is part of a Lagrangian correspondence making it an off-shell BV construc-

—

tion, then by Lemma 4.3.31, [S/g] is also part of a Lagrangian correspondence,
S

making it an off-shell infinitesimal BV construction. O

5.2. Strictification and BV Charge.

The goal of this section is to compare the infinitesimal BV construction to that
of [FK14]. One of the main difficulty to compare our construction to the classical
one is that we define an infinitesimal quotient stack while they only construct the
associated Chevalley—Eilenberg algebra.

Unfortunately, the tangent and cotangent complexes of the Chevalley-Eilenberg
algebras are complicated to compute mostly because it is unclear how to take a
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cofibrant resolution of this algebra even for perfect Lie algebroids. We expect that
working with the graded mixed Chevalley-Eilenberg algebras instead might sim-
plify this issue.

In order to still be able to still discuss the comparison between our geometric
description of the BV construction and the algebraic construction, we will need
to restrict ourself to an underived setting. In this section only, we will consider
underived construction. In particular, tensor product, direct sums, Hom functors
will not be derived in this section.

We will adopt a framework similar to the one described in [PS20, Section 3.2]. We
will consider perfect Lie algebroids concentrated in non-positive degrees over an
almost derived critical locus S = Spec(R) with:

R = ((Symy Ta[l] ® Z5[2]), ds)

We will restrict to non-positively graded perfect Lie algebroids, consider the un-
derived tangent complex, .75 defined as the underived module of derivations of B.
Since A is cofibrant, we have that .74 ~ T 4. We will keep writing T4 bearing in
mind that we use the model given by 7.

Since we take a perfect £ -algebroid .Z, its Chevalley-Eilenberg algebra is the

completion of a semi-free algebra. Up to picking a connection, we have that:
Tek(2) = CE(Z) @4 (T4 & Z1[1])
together with a differential making it a module over CE(.Z’). We also have:
W Tonz) = Ta @ Z[1]
with h : CE(.Z) — A. Note that this is exactly the same as h*T[X/,z’]’

We will consider an underived analogue to the de Rham algebra defined as:
DR(B) := (s/yEB OL[-1], D = dug + 53)

where (2}, is the module of Kihler differentials whose dual is 7.

Just like the derived version, this algebra is filtered complete and d4g increases the
weight by 1 while dp preserves the weight. Then (closed) p-forms of degree n on
CE(.?) are defined similary to Proposition 1.4.17 by:

(B, n) ~ [DR(p)(B)[n + pl| o

/"(B,n) = [FPDRP(B)[n + p]| , = | [ [ DR(p + )(B)[n + p]

i>p

A
We refer to [PS20, Section 3.4] for the more explicit description of these forms.
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5.2.1. Strictification.

In this section we will consider an infinitesimal BV construction as the following
data, fixing an almost derived critical locus S of almost finite presentation and
assuming that it admits an infinitesimal BV construction:

— Y := Spec(CE(.¥)) where .Z is a perfect Lie algebroid on S concentrated
in non-positive degree.

— wy a (—1)-shifted symplectic structure on Y.

— 1y the data of the Lagrangian correspondence defining the generalized sym-
plectic reduction.

Such a tuple will denoted (L, S, wy, 7). Moreover, we are going to consider S of
the form S = Spec(R) with:

R = (SymA (TA[l] b 35[2]) ,55)

We will be interested in understanding these infinitesimal BV constructions only
up to the following notion of equivalence:

Definition 5.2.1. An equivalence (.Z, S,wy,v) — (£, S,w},7’) is the following
data:

— An equivalence between the Chevalley—Eilenberg algebras:
[ CE(¢") = CE(Y)

Note that this induces an equivalence between the “infinitesimal quotient
stacks”, Y 5 Y.
— A homotopy between closed 2-forms:

Wy ~~ f*wy/
— A homotopy between the Lagrangian correspondences:
v~

For now let us chose S that admits a generalized symplectic reduction and (.Z, S, wy, )
be an infinitesimal BV construction.

Lemma 5.2.2. The non-degeneracy condition of the Lagrangian correspondence implies
that there is a quasi-isomorphism:

O:R®4y gg[—?] = gv[—Q]

Proof- Consider the following commutative diagram, obtained by using a connec-
tion on Crit(f) and on R, viewed as semi-linear stack on X = Spec(A) (for
simplicity we will omit the notation V and keep in mind that the differential in
the following diagram are non-trivial):
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(16)
R®y 2 [-2] Tr R®y (Ta®La[-1])
1d :.;VPQ] R®4 (Ta®La[-1]) & £V[-2| R®4 (Ta®La[-1])
1d
R@a ZLJ[-2] ——1—— Tr® L[] ~ I Top) R®4 (Ta@La[-1]) ® Z[1]
\\sx It
ZY[-2] Qpl—1] & LV[-2] = h* Qg ) [—1] Qgl-1]

We have that:

— All sequences from left to right are fibered.

— The rightmost square of the front and back faces are homotopy Cartesian.

— The plain maps from the front to the back face are related through the
symplectic structures and the natural quasi-isomorphism obtained from
the Lagrangian correspondence.

— Therefore dashed maps obtained by universal properties are weak equiva-
lences.

O

Using the results of Section 3.4, we can transfer the .Z, -algebroid structure from
Z to R ® Zs such that their Chevalley-Eilenberg algebras are equivalent (via an
oo-quasi-isomorphism). Pulling back the symplectic structure and the Lagrangian
correspondence along this equivalence we get:

Proposition 5.2.3. (£, S,wy,") is equivalent in the sens of Definition 5.2.7 to:
(5Zs, o wy, d™7)
With s : S — X. In particular, the Chevalley—FEilenberg algebra of this equivalent
Zo-algebroid is given by:
Sym, (Tall] @ Zo[2) @ ZJ[-1))
where we use Notation B.2.5 to denote the completion with respect to the Chevalley—
Eilenberg terms given by 4 [—1].

Proof- Using the equivalence ¢ between perfect £, -algebroids, this implies that
the associated Chevalley—Eilenberg algebras are equivalent since the Chevalley—
Eilenberg functor preserves weak equivalences between .Z, -algebroid whose un-
derlying module are cofibrant (A-cofibrant £, -algebroids). O]
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REMARK 5.2.4. There is this curious observation that 75.%s is a .Z-algebroid on
S although .Zs is a priori not a an algebroid over X. If Zs is itself a £, -algebroid,
we are going toward the idea of off-shell symmetries.

From now we will work with (75.Zs, ¢*wy, ¢*y) and drop the ¢* notation. Now we
will try to describe the symplectic structure we obtain.

Lemma 5.2.5. h*w is" part of the following commutative diagram where rows are split
exact sequences:

R®@a (L [-2] @ Ls[l]) — h*Topz) 2 R@a (Ta @ La[-1] ® L5 [-2] © Ls[1]) — " Torin(s) = R@a (Ta ® La[-1])

H lh*wu li*WCrit(f)

R (LS [-2]® Zs[1]) » 1" Qg p)[-1] = R4 (Ta © La[-1] & LY [-2] @ Ls[1]) » i* Qe [—1] = R @4 (Ta & La[-1])

In particular, h*wy ~ i*Werir(s) + wg with wy the part of h*wy corresponding to the
identity of R ® 4 (L5 [—2] ® Zs[1])).

Proof- Using connections and Diagram (1), the bottom face gives us the diagram:

! [ |

LY[~2] — W Qg1 = R®4 (Ta ® La[-1] @ Ls[1]) & LY[-2] — Qh[~1] = R4 (T4 ® La[~1]  .Zs[1])

Using ¢ to replace £ by R ®4 Zs via Lemma 5.2.2, we get:

R®4 fg[—?} — h*%g(g) ~R®x (TA @]LA[—H @35\/[—2] @XG[”) — i*yCrit(j') DR®y Xq[l] ~ R®a (TA @]LA[—” @Xq[l])

| I |

R@a ZJ[-2]» WQtp(ZL)[-1] = R@a (Ta @ La[-1] & Ls[1] & LY [-2]) ——— Qp[-1] ~ R@4 (T4 & La[-1] & Zs[1])

Taking the fiber of this whole diagram object-wise at the natural projection to the
diagram:

R®4 % s 0 R®4 ZLs[1]

|

R®4 %s > 0 > R®Ags[1}

~

we get exactly the diagram from the Lemma and it follows from Diagram (1) that
the vertical morphism are the identities. O

Here h*wy is the map induced on the pullback h*wg : h*Tcgy) — h*Log(g)[—1]. It should
not be confuse with the pullback of the 2-form, denoted h*wy given by the composition:

Tr — W Tery) — M Lege)[—1] — Lg[—1]
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Definition 5.2.6. We define a (necessarily strict) symplectic 2-form w* of degree
—1 on CE(Z)? by the following map of graded space:

Tesz) = (CE(L) @r i"Texin(y) ® CE(L) @4 (L4 [-2] & Zs[1)))
— (CE(Z) ®g i"Lony(n) [~ 1] @ CE(L) @4 (LY [-2] & Zs[1)))* = (Qbpie)’ [-1]

given by the identity plus i*warit( p)- This is a (—1)-shifted symplectic form when
we forget the differential on A (denoted by the * symbol).

REMARK 5.2.7. We define w™ as the identity plus the canonical symplectic structure
from Crit(f), and therefore its pullback, h*w*, is exactly given by i*wcrit(f) + w-
This is compatible with the result of Lemma 5.2.5. However, nothing ensures us
that w™ is compatible with the differential so it might not even be a 2-form on

CE(.Z) itself.

Theorem 5.2.8. The (—1)-shifted symplectic form w on'Y can be described by':
w=uw'+0

with h*w™ = i*werie(r) + we and h*o = 0.

Proof- From the following Lemma 5.2.5, we know that h*wy = h*w™. Now, it follows
that w — w®* = @ is such that h*@w = 0. O

In the end, we find that although our construction has similarities to the classi-
cal construction of BV, working up to homotopy and with almost derived critical
loci adds so much more flexibility that we cannot completely recover a notion of
“uniqueness up to equivalence” of the BV construction as can be found in [FK14]
for example.

Moreover, our construction does not provide a BV charge and we do not have a
good way to phrase this condition in a meaningful homotopy invariant way. How-
ever, even if we do not have a BV charge, the infinitesimal quotient we obtain is
(—1)-shifted symplectic with a symplectic structure compatible with the differen-
tial on the algebra of functions. We do not think that a BV charge should exist in
such degree of generality.

Nevertheless, it turns out that a rather large class of example of BV construction
admits a BV charge. As we will see, a BV construction is Hamiltonian as soon as
the symplectic structure is given by w* (without the extra terms).

INote that neither summand is actually a 2form as they might not be compatible with the
differential.
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5.2.2. Hamiltonian vector field and BV charge.

The goal of this section is to prove that if we have a BV construction (7§.%s, wy, )
such that wy = w™, then there is a BV charge and we can give a formula for the
BV charge provided by the homological perturbation lemma.

The BV charge is nothing but a Hamiltonian vector field for the natural differential
on the Chevalley-Eilenberg algebra, CE(75.%s), associated to the Lie algebroid
of symmetries on S. To simplify the notations, in this section, we will denote
L = 15Zs the £ -algebroid over R. The key insight that will make this section
work is the following proposition:

Proposition 5.2.9. There is an isomorphism (we are considering the strict construction
of these graded mixed algebras) of graded mixed algebras:

Pol(CE(£), —1) = DR #(CE(Y))
such that:

— Pol(CE(Z), —1) denotes the graded mixed complex of (—1)-shifted polyvector
fields on CE(.Z) with mixed differential given by [II°, |\, where the bracket is
the Schouten—Nijenhuis bracket, and 11°* is the bivector field defining the (strict)
Poisson structure dual to w™.

— DR®" is the graded mixed version of DR described at the beginning of Section
9.2.

— The map induces the identity of CE(.Z) in weight 0 and sends a derivation
X € gc]g(g) to LX(,USt € QICE(E)[_H'

Definition 5.2.10. A vector field X € Jg(y) of degree 1 is called Hamiltonian if:
X = [1%,Q]

for some () € CE(.Z) (the part of weight 0). In particular this is equivalent, using
Proposition 5.2.9, to saying that (xw™ = dar@Q.

If we consider dcg € Jcr(y) of degree 1. Then finding a BV charge amounts to
show that ¢5.,w™ is dqr-exact. First we will see with Theorem 5.2.25 that we have
a strong deformation retract:

DR(R) # DR(CE(%2)) th

Then t5.,w™ is exact for the total differential if and only if p(1s.,w™*) is exact for
the total differential. We will see in Corollary 5.2.14 that p(5.,w™) = darf and
restricted to the weight 0 part, given by A, the total differential is D = d4 + dqr =
dar. Therefore we have that:

tocpw™ = Dlico(f) + hoo(tscsw™))

st
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Moreover, in Lemma 5.2.29 we show that i, preserves the de Rham weight and
ho decreases it by 1. Since ¢5.,w™ has de Rham weight at most 1 (since it is valued
in QEE(,%))’ we have that:

Q = oo (f) + hoo(tsenw™) € CE(Z)
Moreover, () is of degree 0 and therefore () € CE(.Z). This implies that:

DQ = dqr@ + 6ceQ

Since the de Rham weight of ¢5.,w™ is exactly 1 and dcg(® has de Rham weight 0,
this implies that dcg@ = 0 and we get:

Liopw™ = dar@
We have proven the following:

Theorem 5.2.11. A BV construction as above with strict symplectic structure has a BV
charge given by the formula:

Q = ioo(f) + hoo(ts5w™) € CE(Z)

We now need to state and prove the claims we used to prove this theorem. First
recall that the Chevalley—Eilenberg differential respects the Chevalley—Eilenberg
filtration and can therefore be decomposed in weight components:

Ock =00+ 01+ -

In what follows we will consider two different filtrations:

— The filtration coming from the de Rham algebra we will call the de Rham
weight. It is denoted as before by FPDR(CE(.Z))

— The filtration induced by the Chevalley—Eilenberg filtration that we will
call the Chevalley—Eilenberg weight. 1t is denoted by F,DR(CE(.Z)).

We refer to Definition 5.2.21 for more details on those filtrations.

Lemma 5.2.12. We have the following:

(1) by restricted to R is exactly the differential on R, .
(2) The restriction of & to Ls(2] is such that (15,)| 252w € FL,DR(A)
(3) For g € A, 144 is a derivation on Sym , T 4[1] and Lig,W = ddrg.

Proof- The first claim is clear by definition of the Chevalley—Eilenberg differential.

For the second claim, (Jg)| g is zero on element generated by A and T4[1] and
non-zero on .Zs[2]. Such a derivation is a linear combination of elements of the

form a2 for 7 € £ and a € R. But ¢, » w* = aw™ (-2, ). Since w** pairs .Z[2]
om ag- om

and .£V[—1] € F'DR(A), it shows that aw(;&, —) € F'DR(A) N FLDR(A).
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For the last claim, everything happens as if we are working on Crit(f) with its
canonical symplectic structure. By definition we have:

biggWo = wg<Ld9)
We want to translate the problem in the Poisson setting. To do so we recall that
wpy and II" are inverses of each other. Applying Il to the equality ¢, W0 = dg, we
obtain:
HbLLdeO = I’ (dg)

But I, 40 = 11w} (tag) = tag- Therefore we are left to prove that:

ldg = Hb(dg) = {97 _}
But on Crit(f), the Poisson structure is on Sym, Tx[1] and is induced by the
pairing (f, X) = X(f) because it is the Poisson structure associated to the canoni-

cal symplectic structure. Therefore {g, —} sends an element of Ox to 0 and sends
X € Tx[1] to X(g) = dg.X = 144X, which shows that 14, X = {g, X }. O

The lemma above describes ¢5,w**. We now turn to the description of the terms of
higher filtration 0>;.

Lemma 5.2.13.

ts,,w™ € Fy,DR(CE(Y))
Proof- Since 9>, is valued in F, DR(CE(Z)) then so is 5, w™. O
Corollary 5.2.14.

P(tsepw™) = dar f
Proof. We use Lemma 5.2.12 and Lemma 5.2.13 in combination with Lemma 5.2.18
saying that:
FyDR(CE(£)) C ker(p)
This shows that:
Ptsepw™) = pldar f) = dar f

5.2.3. Deformation retract of de Rham algebras.

The goal of this section is to compute the de Rham complexes of linear and
Chevalley-Eilenberg stacks. This is a purely technical section that is required
for the proof of Theorem 5.2.11.

For linear derived stacks

Let X = Spec(A) with A cofibrant of almost finite presentation and .# € Perf(X)
concentrated in non-negative degrees. The linear stack associated to .# can be
represented by B = Sym .7 € cdga=" endowed with the differential 5 = 54 +
(5yv.
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Notation 5.2.15. In this section we will use the following notations:

Brok =B NN By
Bl w=DB1i N ANBit ABigai A+ A By,

We will write:

DR®(B) ~ Sym® La[—1]
And the mixed structure of DR"®" is the de Rham differential. Moreover, using a
connection on .%, we have:

QOp ~ 1 (F @V Ly)
Then we get:
DR(B) Sy La[-1] @4 Symy F[~1] @4 Sym,, F
~ Sym,, (H:ﬂ—\l] ®FV[-1] ® ,%‘V)
Where the differential on the right hand side is describe by the following:

Lemma 5.2.16. The total differential is given by:
Dp =dgr +dzv + 0 + 0% + 0y
with:
— dgr the de Rham differential.
— Y the vertical differential on DR(A) extended by zero on 7" [—1] and F".
0% =04+ 6L,

— 0% the differential on 7V [—1] coming from the differential 6 zv on F" extended
B-linearly and by 0 on L o[—1] and 7" .
— dgv = dp — 04 is the differential on F" .
— Oy the part of the differential induced by the connection, valued in:
Sym,, La[—1] ®, Sym3' .FV

Proof- By definition we have Dp = dqr + 0} the decomposition in de Rham and
vertical differential. Moreover 0% restricted to B is 0p itself and 0% on Lp[—1] is
the natural differential on L[—1]. Using Proposition 1.2.39, we have:

Lp[-1] ~ B®a (La[-1] &Y .7"[-1])
where the right hand side is the A-module with differential given by
g+ 0%y + 0L, + dv

Moreover dp+01, = 0v+0" and dy is the part of the differential sending .7V [—1]
to an element in (La[—1] ® 4 .#") [—1] via the covariant derivative. O

We are now ready to define the maps we need for the deformation retract. Before
that we want to define two filtrations:
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— The de Rham filtration, denoted FPDR(B), given by the complete filtration
associated with the graded mixed structure on DR(B). This is the filtration
associated with the ideal generated by L4[1] and .#"[—1] (see Example
B.2.4).

— The .7 filtration denoted F,DR(B) induced by the natural filtration on
Symp .#" of the symmetric algebra, generated by the terms .# " and .# ¥ [—1]
in DR(B).

Definition 5.2.17. There are maps:

SN
DR(A) &= DR(B) D h
with:

— ¢ is the map induced by the projection A x(.#) — X and therefore respects
the total differentials. This map preserves both the de Rham filtration and
the .#filtration.

— p is the map induced by the 0 section X — A x(.%#) and therefore respects
the total differentials. It also preserves both filtrations.

— hisadegree —1 derivation defined on homogeneous elements, f € B, a; €
La[-1,i=1---p,d& € FV[-1],i=1---mandn, € F",i=1---m' by:

1 o .
— D enfary AdE)T L AE A

=1

h(foq., A(dE)1m N heony) =

With ¢, obeying the sign rule for i a degree -1 derivation:

i—1 m
= (=" = (51D + Y (g + 1)l
j=1 j=i+1

In short, A turns a d¢ to a . Therefore & preserves the .#filtration and
reduces the de Rham weight by 1.

Lemma 5.2.18.
— —>
ker(p) = [ SympLs[-1] @5 Sym;, .ZV[-1] ®p Symz?.F" := FLDR(B)
p+g=>1

Proof. In other words, we need to show that the kernel of p is the ideal of DR(B)
generated by .#" and .#"[—1]. Since p is the map induced by the 0 section of
the linear stack, it corresponds to the projection Symy.#" — B and induces the
projection:

DR(B) =~ Sym,, (LA[—1@V[—1] ® yv) s Sym, La[—1] ~ DR(A)

Therefore the kernel of this map is indeed the ideal generated by .#" and .#"[—1].
O



223

Theorem 5.2.19. i, p and h define a deformation retract:

DR(A) —= DR(B) _ Dn

p

Proof- 1t is straightfoward that p o i = id. We need to show that & is an homotopy
between id and i o p that is id — i o p = [d, h]. On generator of DR(B), denoted
by f € B, a; € Ly[-1],i=1---p,d§; € FY[-1],i=1---mandn € F"',i=
L---m/, we get:
(id—iop)(far.,®1®1)=0
(id —1 Op) (dflm A 771~~m’) = dflm N m...m’ if m + m' ?é 0

It is straightforward to check that [d, h](fa;..,,) = 0 since h sends S/yEB QL[—1] to
zero. We only have to check this equation on terms of the form d&;...,, A 1.

m

1 = :
dar © h(d&1.on A M.ony) = dar (m g epdéy..., NEN Th---m/>

i1

1 m
T omtm (Z AE a1 + ,; 2; candEl_ . m)
with:
a= (D" m=m+ ) (G +D+ D (14 + D&+ 1)
j#i J=i+1
i—1 m m
=Y (I5/+1)+ Z &1+ DI&l+ (&1 + D+ Y g1+ DlGl+ > 161+ 1)
Jj=1 Jj=i+1 J#i Jj=i+1 Jj=i+1
=2 x ) (1§ +1) +2 x Z (11 + DI&]
i j=it1
Since this number is even, ¢; = 1 and we have:
Z 1AL My = M X A1 ey
i=1
Now we consider €g,:
k—1 k—1
can = (=)' nan =ty (1§1+1) +!&!+Z sl g 1)+l (e +1)
J#i Jj=1
we get
i—1 m k—1

= G+ 3 (VIR D (6113 l(n+2)+ i +1)

j=1 j=i+1 j=1 Jj=1
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Now for h o d:
hod(dym AMyoa) = h (Z €ad€q.m A dnkn’f__m,>
k=1
with:
m k—1 k—1
==, na=Y (15+1)+ D Il + > Inil(Ime] + 1)
j=1 j=1 j=1

Therefore we get:

1 m/ m m - -
hOd(dflm/\nlm/> = ; (Z €2d£1...m VAN m...m/ + Z Z Ghddgimdnkgznlfm/>

m m
T k=1 i=1 k=1

We have:

m k—1
&=(=1)",  na=ng+ Y (1EI+ 1)+ [nllml
j=1 j=1

m m k—1
ny =Y (1¢]+1 +Zlml+2\m e+ 1)+ > (&1 + 1)+ > gl el
Jj=1 j=1 j=1
k—1
=2 X Z(Iij\ +1)+2x ) [nil(Iml + 1)
i=1 i=1

since n, is even, €5 = 1 and:

m/

> €ad€imn Ay = X A A1
k=1

Finally we have:

i—1
ena = (—1)"™,  mpa=na+ > (&+ 1)+ > (1&]1+DI&]+ (&l (ml +1)
j=1

j=i+1
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i—1
Npd —Z &1 +1)+ Z |n;] + Z 5l (el + 1) + Z(KJ‘ +1)
J=1 j=1 j=1
+ Y (51 + D&+ &l Amel +1)
j=i+1

k—1 i—1

=061+ D+ 3 gl el +2) + S (11 + 1)
J=1 j=1 1

+ ) (&1 + DG+ €1 (mel + 1)
j=i+1

Now to show the result, we need to show that n,; = ng, +1 mod 2 but a straight-
foward calculation show that:

Npg — Nap = 1

This shows that:

[d, h] (&1 A Tcoy) = 1

m—+m

—((m+m') X d€1m A1) = A1 ANy
O
Theorem 5.2.20. (p,i,h) forms a strong deformation retract. In other words we have:
ph=hi=h*>=0

Proof- Using the same notations as before, we have:

i=1

1 e Iy :
PR(AE ooy ) = D <m — > endel , NEA nl...m,> =0

For o a pform of degree n on B:

1 n T .
hz(dfl...mnl.‘.m/) =h ( ; Z Ehdfim VAN fl A 771...m/>

m—+m i—1
1 m -1 m’ -
" (m+m')? > en (Z AL " A& NG Ny + Y €ad€ily NENE N m...m/>
i=1 k=1 k=i+1
with
k—1 m

a=D" =y (51D + Y (161 + DIg] - (6

j=1 j=k+1
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k— m
&= (—1)", Z (&1 + 1) =&l =1+ D (&1 + DIgl + 14l

Jj=k+1
Note that here n; = ny(i, k’) and ny = ns(i, k)

i—1 m
en=(=1)", =Y (&+ 1+ Y (& + 1)l
j=1 j=it1
i—1 m m
nit s mod 2= (IG1+ 1)+ > (15 + DI&GI+ Y (&1 + DIé] — 16l
j=k Jj=i+1 j=k+1
i—1 m m
=D (GI+D+ D UG+ DG+ Y (4] +Dlal +1
j=k+1 j=it1 j=k+1
k—1 m
o+ mod 2= (|G +1) = [&] =1+ Y (1&]+ DI + |&lI&]
j=i j=k+1
+ > (gl + D&l
j=i+1
= Z (&1 + 1)+ > (& + Dlgl + l&dl&] + > (&1 + D&l
j=i+1 j=k+1 Jj=i+1

The term in (i, k) for k < i is then:

(—1) IR GETE A e A A = (—1)EIE s (1) GETE A€ A At
The term for (k, ) is then given by:
(— 1)t EDGERT A €A €A
But it turns out that:
(n1 + 1) (6 k) + 1&l[6k] = (n2 +na)(k, @) + 1
This proves that (—1)(”1+”h)(i’k)m NENEL ANy = —(—1)("2+"h)(k’i)m A
& N E Ay for all k < ¢ and therefore the sum over all 7, k£ must be 0. O

For Chevalley—Eilenberg algebras

Take this time .#" a perfect £, ,-algebroid concentrated in non-positive degree over
X = Spec(A) with A cofibrant of almost finite presentation. We denote:

B = CE(Z) ~ Sym,.2"[~1]
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with differential 05 := dcg = 9 + 01 + --- the weight decomposition of the
Chevalley—Eilenberg differential for the standard filtration on CE(.Z). Under the
conditions described at the beginning of Section 5.2, we have:

DR(B) ~ Sym, (£Y[~1] ® L[-1] & .2"[-2])
together with a differential described in Lemma 5.2.22.

Definition 5.2.21.

— We define the Chevalley—Eilenberg filtration' of DR(B) the filtration in-
duced by the Chevalley-Eilenberg filtration on CE(.Z). :

— —>n v ——2>p—n
F!DR(B) := H Sym, Lx[—1] ®4 Sym, Z'[—2] ®4 Sym 4

n>0

L[]

In particular we have again that F,DR(B) C ker(p) for all i > 1.
— |DRJ(B) is also naturally endowed with the usual de Rham filtration in-
duced by the de Rham weight:

F7.DR"(B) := [ [ DR(B)(i)
izp
Lemma 5.2.22. The differential is given by:
Dp =dar + (dcg —04) + 04 + p" + 0y g + 01 + Oy
with:

— dgr the de Rham differential. It has Chevalley—Eilenberg weight 0 and de Rham
weight 1.

— 0Y the vertical differential on S/yEA La[—1] = DR(A) extended by zero on
2V [-2] and £V |—1]. It has de Rham and Chevalley—Eilenberg weight O.

— dcp—04 = Ogvi_1)+01+0z+- - - is the differential on B (minus ) 4) extended by
0 onlLp[—1] and LV [-2]. d ¢v[_1] has de Rham weight 0 and ; has Chevalley—
Eilenberg weight 1.

- 557%[72] is the differential on £V [—2] induced by d ov[_1) = 0o — 0. It has de
Rham and Chevalley—Eilenberg weight 0.

— p* La[—1] —» ZY[-2] is A-linear and extended by 0 on £V [—2| and £V [—1].
It has de Rham weight 0 and Chevalley—Eilenberg weight 1.

— 0, is the part of the differential induced by (01 — p*odagr) + 0o+ - on LV][-2].
In particular it is valued in F2, B and increases the Chevalley—Eilenberg weight
by 1 or more.

— Oy the part of the differential induced by the connection, valued in:

— —2>1
Symy La[—1] ®4 Sym, £V[-1]
and having de Rham and Chevalley—Eilenberg weight 0.

This is the analogue of the .Zfiltration from before.
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We recapitulate these properties by:

dar | (6ce —04) | 0% P v o oy
CE weight | 0 >1 0 1 0 >1 0
DR weight | 1 0 0 0 0 0 0
Valued in | F* F), F'F'NFL |FI'NnF, |F'NFL | F'NF,

Proof- By definition we have Dp = dqr + 0} the decomposition in de Rham and
vertical differentials. Moreover §% restricted to B is dp itself and 0% on Lg[—1] is
the natural differential on Lp[—1]. Using the description of Tcg(«) given at the
beginning of Section 5.2, we have:
Lo[-1] = B @4 (La[-1] & 2"[-2)
where the right hand side is the B-module with differential given by
514—'—(53?/\/[_1]+5LB+5V+51+52+"'

where §; is the part of the differential on Lp[—1] induced by §; (it increases the
Chevalley—Eilenberg weight by 7).

e~

Note that 8, = p* o d + &; and p* o d is exactly p* : La[—1] — ZV][-1].
We get o) = P+ 51 where 4, is valued in F?DR(B).
Then we can define:
R N
It increases the Chevalley-Eilenberg weight by at least 1 and is valued in F2DR/(B).
Moreover we have:

O + 0L, = 0gv—1 + 0y + 01+ 02+

with 0y + 3 + -+ = dp — 04 = dcg — 04 and Oy is the part of the differential
sending .% "[—1] to an element in L 4[—1] ® 4 .#" via the covariant derivative. [J

Lemma 5.2.23. In this situation the augmentation CE(.Z) — A only have a section
when “forgetting” the terms Chevalley—Eilenberg differential that increases the Chevalley—
Eilenberg weight. Doing this gives CE®" (L) and it gives the completion of the algebra of
function of a semi-linear stack. With the same formulas as in Definition 5.2.77, we have

the maps:
DR(4) 7 (DR(BY’,&) Dh

where the underlying algebra DR.(B)* is endowed with a differential given by the parts of
the differential described in Lemma 5.2.22 that preserve the Chevalley—Eilenberg weight:

(S/ = ddR + (ng?V[,l} + 521 + (Szjgv[_g] + (5V
In particular, it forms a strong deformation retract thanks to Theorems 5.2.79 and 5.2.20.
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Lemma 5.2.24. ©h respects the Chevalley—Eilenberg filtration.

Proof- We can see from the formula defining A that it sends an element of Chevalley—
Eilenberg weight m + m’ given by foy..,d...nf1..ny to a sum of elements of
Chevalley-Eilenberg weight also m +m’ (or 0 if m = 0 which is also of Chevalley—
Eilenberg weight m + m’). O

Theorem 5.2.25. We obtain a new strong deformation retract:

DR(A) == DR(B) __ D

p

with:
i =i+hoY (Ah)foAoi

hoo =h+hoY (Ah)FoAoh

REMARK 5.2.26. Since p is induced by the projection B — A (which respects the
differentials), p respects the total differentials on the nose and therefore we will get
P = p. However, as there is no natural map B — A respecting the differentials,
¢ needs to be deformed in order to respect the differentials.

Proof- This new strong deformation retract is obtained by the homological pertur-
bation Lemma for the strong deformation retract of Lemma 5.2.23. We obtain:

DR(A) £ DR(B) __ D

Poo

With DR(A) endowed with the differential Dp .
We have that D = ¢’ + A with A that can be described using Lemma 5.2.22.
Then the formulas for the homological perturbation Lemma give us (see [Cra04]):

poo:p+poZ(Ah)kvoh
i =i+hoY (Ah)foAoi
he =h+ho> (Ah)FoAoh

DBpO:DB—I—pOZ(Ah)kOAoi

We just need to show that Dy, = D4 and p,, = p. It is enough to prove that
po > (Ah)¥ o A = 0, which follows from the fact that A increases the Chevalley—
Eilenberg weight, and therefore is valued in F', B C ker(p) and the fact that h
preserves the Chevalley—Eilenberg weight (Lemma 5.2.24). O]

Corollary 5.2.27. The de Rham cohomology of CE(.ZL) is isomorphic to the de Rham
cohomology of the base A.



230

Corollary 5.2.28. A closed element a € DR(CE(.Y)) is exact if and only if p(f) is
exact in DR(A). Moreover, if p(f) = Dgb, we have:

a = Da(ie(b) + hoo(a))

Proof. If a is exact then so is p(a) since p respects the differentials. Moreover if
p(a) = Dpb then we have:

A =l O Poo(@) + Dp 0 hoo(a) — hoo © Da(a)
=ls 0 Db+ Dy o hy(a) — hy o Da(a)
= Da(iso(b) + hoo(a))
]

Finally we need to understand the behavior of all the maps with respect to the de
Rham weight.

Lemma 5.2.29. We have the following:

— 1 preserves the de Rham weight.

— p preserves the de Rham weight.

— h reduces the de Rham weight by 1.

— A increases the de Rham weight by at most 1.
— ioo preserves the de Rham weight.

— hoo decreases the de Rham weight by 1.

5.3. Examples of BV Constructions.

In this section we will show that our framework encompasses and generalizes many
of the already existing constructions (within the restriction of our framework). In
particular we recover the two classes of constructions given by:

— The BV construction on the Koszul-Tate resolution of f.
— The equivariant derived critical locus for a functional with off-shell sym-
metries (infinitesimal or not).

For the second type of construction, we will see that this recovers the BV formal-
ism for group actions as discussed in [BSS21], the infinitesimal BV formalism for
off-shell actions of Lie algebroids and in the most general case, the BV formalism
for off-shell actions of groupoids.

We will also see that for off-shell actions, the heuristics described in Constructions
5.0.2 and 5.0.1 coincide.

5.3.1. BV construction for the Koszul-Tate resolution.

We are going to explain how the construction in [FK14] fits in our framework (see
Construction 5.1.1). More precisely, their construction is a BV construction for
the almost derived critical locus given by a Koszul-Tate resolution of the strict
critical locus.
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In this section we will take S := KT(f) the affine stack given by a Koszul-Tate
resolution of f and assume that the module Zkr is perfect. Moreover, for this
example, we need to put ourselves in the setting described at the beginning of
Section 5.2 and consider underived tangent and cotangent complexes.

The second step of the construction ensures that the (—1)-shifted symplectic struc-
ture we consider is in fact the strict symplectic structure, w** as described in Defi-
nition 5.2.6 on the graded algebra (without differential):

Sym,, (TA[l] & L2 @ .,stTT[\—u)

Then Step (4) amounts to finding a .Z,-algebroid structure on 75. %kt whose as-
sociated Chevalley—Eilenberg algebra has a differential not only compatible with
the symplectic structure but also Hamiltonian'.

Now from the construction of the BV charge, we now that the cdga BVpy is the
Chevalley-Eilenberg algebra associated with a % -algebroid structure on 7* %kt
over KT(f). We will consider the infinitesimal quotient from Definition 5.1.5 given
by the formal completion of the spectrum of this Chevalley—Eilenberg algebra.
Then the associated infinitesimal BV construction is:

[KT(f)/ﬂ:gKT = BVgg = SPeC(C@T))KT(ﬁ

We then want to prove that this is a generalized infinitesimal symplectic reduction,
which is exactly the content of the following theorem. For this theorem, we need
again to be able to compute h* .7y, which is the pullback of the tangent complex
of a Chevalley—Eilenberg algebra of a Lie algebroid over an affine base. From the
setting described in Section 5.2 we have:

h*g[KT(f

~ % P Lxr[l
Voo gpen] = T @ Zicr 1]

Note that in this context, all the notions (except for (5) which is a weaker notion)
of infinitesimal quotient of Definition 5.1.5 are equivalent. Then we have:

1Using the discussion in Section 5.2, it turns out that the main input of the construction is not
that there is a BV charge, but rather that there exists a Lie algebroid compatible with the strict
symplectic structure.
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Theorem 5.3.1. There is a Lagrangian correspondence’:

KT(f)

N

BVrx Crit(f)

Proof- The pullback of the canonical symplectic structures are equal in KT'(f) and
therefore we can chose the 0 isotropic correspondence structure. To conclude that
this is a Lagrangian correspondence, we observe that the following diagram is
homotopy Cartesian:

Tkr(f) » D" Tewit(f) = P Qopie(r) [~ 1]

! !

h* Ty = h*QIIBVFK[_l] — Q%(T(f)[_l]

From our assumptions we have that:
P Tavex = T B m° L[l

And a connection on the semi-linear presentation of the stack KT(f) — Crit(f)
gives an equivalence:

gKT(f) = i*ﬂcm(f) @V W*D%IgT[—Q]
Plugging these equivalences in the diagram proves that it is Cartesian. O]

This implies that BV is an infinitesimal BV construction in the sens of Defini-
tion 5.1.8 for the inclusion KT(f) — Crit(f) of a Koszul-Tate resolution of the
strict critical locus. In particular, it is a BV construction where a/l the symmetries
of f are taken into account.

5.3.2. Group actions and moment maps.

This section motivates a notion of BV construction for group actions instead of
the infinitesimal actions of their Lie algebras. The idea is that such a construction
would remember the global action of the group and therefore global phenomena in-
duced by the group action. This idea is discussed in more details in [BSS21] where
they study the G-equivariant derived critical locus as a model for such a refined
notion of BV construction. We argue that this is an instance of BV construction
in our sens, and it is a particular example of the more general construction in
Section 5.3.4.

'In this setting mixing derived and underived constructions a Lagrangian correspondence in
defined using the symplectic geometry as defined in [PS20]. In particular the non-degeneracy
condition tells that the sirict tangent and cotangent complexes are part of a homotopy Cartesian
square.
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We are interested in the BV construction where the action on S is given by an ac-
tion of a group G. Again, given an arbitrary almost derived critical locus, nothing
ensures the existence of such a BV construction. However, we will see that given
a group action of off-shell symmetries (Definition 5.1.14), we can always construct
an almost derived critical locus S whose generalized symplectic reduction is given
by a quotient of S by an action of G.

Let G be an affine algebraic group acting on X such that f : X — A} is G-
invariant. Then there is moment map p : 7*X — g* (Definition 4.3.2) whose

symplectic reduction is 7™ [X/G} (Example 4.3.7).

From Example 4.3.11, we know that by taking the Lagrangian intersection of i,
we have a (—1)-shifted moment map p_; : Crit(f) — g*[—1] whose symplectic
reduction is Crit([f]). We will show that Crit([f]) is a BV construction for the
inclusion Z(u) — Crit(f). All we are lacking is to show that Z(x_;) is an almost
derived critical locus:

Lemma 5.3.2. Z(u_1) is an almost derived critical locus.

Proof. Consider the following diagram where all squares are pullbacks:

Z () > X > %

I

T X T gxX —g*
The left most square is a pullback of linear stacks over X therefore we have:
Z(p) = Ax(Lx Xgeoy Ox) = Ax(Lx & ¢"[-1] ® Ox)

In particular, since X = Spec(A), it is affine and its algebra of functions is
Sym, (A®g[l] @ Tx).

Now consider the commutative diagram:

X Y prx e x

| | |

X 25 g x X2 X

X X X
This diagram is commutative because f is G-equivariant and taking the limit of

this diagram either first horizontally and then vertically or vice versa, we get an
equivalence:

Z(,u_l) = Crlt(f) X g [—1]x X X~X X Z(u) X
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The right hand side is clearly affine with algebra of functions:

A @gym, Toer Awgl] A = Sym 4 (Ta[l] & A ® g[2])
and the differential restricted to T,[1] is the contraction t4. This shows that
Z(p—1) is an almost derived critical locus. O

This lemma together with Example 4.3.21 shows the following:

Theorem 5.3.3. Let X be an Artin stack and G' an affine group of off-shell symmetries
acting on X. Then Crit([f]) is a generalized symplectic reduction of Z(j1—1) — Crit(f)
and is therefore an off-shell BV construction on f (with S = Z(u_1)).

We have seen with Proposition 4.2.6 and Example 4.1.8 that [Z<“—1>/X % g] is
the formal completion of the map Z(u) — [Z(/Ll)/G} .

Corollary 5.3.4. IfY = [S/G] is a BV construction obtained by an action of off-shell

symmetries (that is a BV construction as in Theorem 5.3.3) such that G acts on X. Then
the formal completion

is an infinitesimal BV construction in the sens of Definition 5.1.8.

Proof. This is a direct consequence of Theorem 5.1.13. 0J

REMARK 5.3.5. One of the intersecting feature of the BV construction for a G-action
on X of off-shell symmetries is that it can be understood both from the point of
view of Construction 5.0.1 and of Construction 5.0.2. For the first point of view, it
is given, by definition, by a quotient of an almost derived critical locus (fitting in
a Lagrangian correspondence). For the second point of view, we have shown that

this is also the derived critical locus of the quotient map [f] : [X/G] — Al (ie.

the equivariant derived critical locus):
Crit(1) = [X6] xr.pog) V] = [P bl

5.3.3. Lie algebroid action and moment maps.

In the previous section we had the BV construction from a group action of off-shell
symmetries. In this section we will show that a similar construction can be made
from an infinitesimal action of a Lie algebroid of off-shell symmetries.

We know from Example 4.3.21, that if .# is a Lie algebroid of off-shell infinitesi-
mal symmetries on X (Definition 5.1.15), then Crit(f) — L*[—1] is a (—1)-shifted
moment map with infinitesimal symplectic reduction given by the .Z-equivariant
derived critical locus Crit([f]).
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Just like in Lemma 5.3.2, we can show that Z(y_) is an almost derived critical
locus if .Z is of almost finite presentation and concentrated in non-positive degrees
(see Proposition 4.2.34 knowing that X is a smooth algebraic variety).

This proves the following:

Theorem 5.3.6. Given a Lie algebroid of off-shell symmetries £, then Crit([f]) is an
infinitesimal BV construction (for S = Z(p*,)).

Again, this infinitesimal BV construction from a Lie algebroid of off-shell symme-
tries on X can be understood both from the point of view of Construction 5.0.1
and of Construction 5.0.2. For the first point of view, it is by definition a weak infin-
itesimal quotient of an almost derived critical locus Z(p* ;). For the second point

of view, this is the derived critical locus of the quotient map [f] : [X/ .Z} — AL,

5.3.4. BV construction for groupoid action.

This section provides the most general BV construction for off-shell symmetries.
It is very similar to both Sections 5.3.2 and 5.3.3.

Theorem 5.3.7. Let 9* be a smooth' Segal groupoid of off-shell symmetries on X and
take a moment map, p : T*X — L*, for this action according to Definition 4.3.23. Then
there is a moment map obtained from Corollary 4.3.29:

p—q : Crit(f) — L*[-1]

whose symplectic reduction is Crit([f]), making it an off-shell BV construction:

Z(p-1)

N

Crit([f]) Crit(f)

Proof- This is essentially a consequence of Example 4.3.21 and the fact that Z(u_)
is again an almost derived critical locus. [

Recall from Proposition 5.1.18 that any good (in the sens of Definition 4.2.13 Se-
gal groupoid of off-shell symmetries over X induces a Lie algebroid of off-shell
infinitesimal symmetries with weak infinitesimal quotient the formal completion:

—
—

[Zn)g) o~ Onitl[ e

Z(p-1)

Hn fact this can be generalized to any ¢° such that the canonical 2-form 7 [X/g} is symplectic.
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Morover, from Proposition 5.1.18, it is an off-shell infinitesimal BV construction:

Z(p-1)

<N

Crit([fly) z(u) Crit(f)

Proposition 5.3.8. Let X be an affine stack satisfying Assumptions 3.2.2. Take £ a
Lie algebroid over X that integrates well to a smooth' groupoid 4. Then we have an
equivalence:

Crit([f],) = Crit([fly) 2 )

Proof- Recall from Proposition 4.3.32 that we have an equivalence:

™ V] ~ (- [¥4])

Then we have the equivalences:

Z(w)

—

Crit([f]y)z(u_r) =Crit([fly) Xcrit((fly)on Z(H-1)DR
(%] v [V

- < X/q (T* %)) n [X/g]DR

~Crit([f],)
where the fifth equivalence follows from Proposition 4.3.32 and Corollary 4.2.7. [
This proposition implies that if % integrates to a smooth Segal groupoid, then
the infinitesimal BV construction obtained via Proposition 5.1.18 out of the BV
construction given by Crit([f],) is equivalent to the infinitesimal BV construction

given by Crit([f],) from Theorem 5.3.6.

'In fact this can be generalized to any good integration ¢° such that the canonical 2form
T {X/%] is symplectic.

7 IDR

> (XpR X Z0n XDR)

XDR)
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APPENDIX A. MODEL CATEGORICAL SETUP

A.1l. Good Model Structures.

In this section, are are going to define the notion of “good” model structure. First,
recall that Mod, is equipped with its projective model structure where weak equiva-
lences are quasi-isomorphims and fibrations are degree-wise surjective morphisms.
Moreover, Modj, satisfies the monoid axiom' as well as some other properties en-
suring that we have a model structure on commutative monoids in Mod;, (namely
commutative differential graded k-algebras) and on modules over those. We for-
malize these properties to define the notion of good model structure.

Definition A.1.1 ([CPT"17, Section 1.1]). Consider .# a closed symmetric monoidal
Mody-enriched (with tensor and cotensor) combinatorial model category. In other
word, .# is a symmetric monoidal Mod;-model algebra as in [Hov99, Definition
4.2.20]. Moreover, [CPT"17, Proposition A.1.1] shows that .# is stable. Then .#
will be called a good model category if it satisfies:

— The unit 1 is a cofibrant object in .Z.
— For any cofibration j : X — Y in .#, any object A € .#, and for any
morphism v : A ® X — C in ./ the strict push-out square in ./:

¢ —— D

I I

ARX —— AQY

is a homotopy pushout square.

— For any cofibrant object X € .#, the functor X ® — : .# — .4 preserves
weak equivalences (i.e. X is ®-flat).

— . is a tractable model category, that is, there are generating sets of cofi-
brations /, and trivial cofibrations .J in .# with cofibrant domains.

— Equivalences are stable under filtered colimits and finite products in .#.

Notation A.1.2. Given a symmetric monoidal category .#, we denote by cdga ,
the category of unital commutative monoids in .# and we will call them algebras
in .. For the categories of graded algebras, filtered algebras, complete filtered
algebras, graded mixed algebras and weak graded mixed algebras (see Appendix
B and C), we will write cdga®, cdga™, cdga™, cdga®®" and cdga ¢ respectively.

Definition A.1.3. A (left)-module N € A over an algebra A € cdga , is a (left)
action p : A ® M — M satisfying the usual axioms of a module.

IThe monoid axiom in a symmetric monoidal model category .#Z ([SS00, Definition 2.1]) is
an axiom on the model structure given in [SS00, Definition 2.2] which gives some results ([SSO0,
Theorem 3.1]) on the model structure on modules and algebras over a commutative monoid in

M.
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The category of A-module is denoted Mod. For the categories of graded mod-
ules, filtered modules, complete filtered modules, graded mixed modules, weak

graded mixed modules, we will use the simpler notations Mod?, Modglt, Modfl,
Mod # and Mod's "®" respectively.

Proposition A.1.4. Take # a good model category then:

— M satisfies the monoid axiom and therefore the category cdga , has a canonical
model structure (defined via the free-forget adjunction).

— For any A € cdga ,, the category of A-modules is endowed with the structure of
a symmetric monoidal combinatorial model category, for which the equivalences
and fibrations are defined in A . In particular, fibrations and weak-equivalences
are detected in .4 . Moreover, Nlod-Y carries a model structure making it a good
model category (see the introduction of [CPT"17, Section 1.3.1]).

— For any equivalence A — A’ in cdga ,, the extension-restriction Quillen adjunc-
tion:

Mod: ¥ = Mod%
is a Quillen equivalence.

REMARK A.1.5. Since Mod is a good model category we can take again com-
mutative monoids and module in Mod:{ which essentially gives us A-algebras in
A and their modules.

REMARK A.1.6. In [Lur07, Theorem 1.5.14], it is shown that there is an equivalence:
Mod:¥ ~ Stab (cdga‘/ﬁ)

Moreover, [Lur07, Remark 1.5.17] tells us that if the tensor product is exact in
each variable, then taking N € Mod¥ then its image under the composition:

Mod ¥ —=— Stab (cdga‘//ffl) BTN cdga‘//f[4
is given by the square zero extension AH N — A defined in A.2.1.

Given F' : .# — /' a symmetric monoidal functor between two good model
categories. Then it naturally induces functors:

F:cdga , — cdga . F : Mod¥ — Mod‘;ﬂ/@)

ExaMmPLE A.1.7. We have the following good model categories:

— Mody, is a good model category and we will denote:
cdga := cdgayag, Mod 4 := Mod'y*%

for all A € cdga. Thanks to Proposition A.1.4, for all A € cdga we have
that Mod 4 is a good model category.
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— Given .# a good model category, the category of graded mixed objects in
A , denoted .#“7%" is again a good model category for its injective model
structure (see Appendix C).

In particular for .# = Mod;, we get graded mixed complexes, algebras
and modules denoted by Mod; *', cdga®®" and Mod’, ® for A € cdga®".

AsSUMPTION A.1.8. In what follows, we will use two extra conditions on our good model
structure:

(1) The tensor product is exact in each variables.
(2) The tensor product commutes with coproducts.

All the examples of good model categories we consider satisfy these two additional condi-
tions.

A.2. Cotangent Complex in ./ .

Let .# be a good model category satisfying Assumptions A.1.8. We are going
to recall the construction of the tangent and cotangent complexes in such a good

model category .#. We will also discuss some functoriality properties with respect
to the choice of .Z.

Definition A.2.1. Given any B-module N, we can construct the trivial square
zero extension (see [TVO08, Section 1.2.1]), BH N, given by the direct sum as a
B-module, and with the product defined by the following map:

(FA@ FM)® (FA® FM)
(FAR FA)@ (FA® FM)® (FM ® FA))® FM @ FM
lﬂA@(P«MJFNM)@O
FA® FM
This defines a functor B H —:

Modg — cdga‘f///B

M +—— BBHM

ExampLE A.2.2. If . # = Mod, then A H M is the commutative algebra with
product:

(a,m)(a’,m") = (ad',am’ + a'm)
The main point of this definition is to get the following description of derivations:
Lemma A.2.3. There is an isomorphism of B-modules':
Hom, gy, (B, BE M) = Der{ (B, M)

IThis can in fact be enriched either in Mod‘gl or in Modp.
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Definition A.2.4. Given f : A — B, the cotangent complex of B relative to A is
defined as the B-module ng/ , representing derived A-linear derivations:

Homp (L4, M) = R Der (B, M)

CONSTRUCTION A.2.5. Thanks to [CPT"17, Lemma 1.3.4 and Remark 1.3.6], the
functor:

BH - :Modp — cdga‘f//B
has a derived left adjoint L/ and by definition we have:
L#,=L"A—~ B% B)

Definition A.2.6. In general, the relative tangent complex of f : A — B is the
B-module of derived A-linear derivations of B:

T4 := RDer{ (B, B)
Using the defining property of the cotangent complex we get:
T4 ~ Homy (L4, B)

Proposition A.2.7. As explained in Proposition A.1.4, given a morphism f : B — B’
of A-algebras, we get an adjunction:

f*:Mod¥ —= Mod% : f.
Then we get a map of B'-modules:
fLya = Ligoya
Moreover the cofiber of this map is L4, /B

Proof Any derivation ¢ : B’ — M restricts to a derivation ¢ : B — f,M inducing
a map' Derp/(B’, M) — Derg(B, f.M). This induces a morphism:

HOIDB/(]LB//A7 M) — HOII]B(]LB/A, f*M) ~ HOHIB/(f*LB/A, M)

and therefore induces a morphism f*Lp/4 — Lps/a.
To compute the cofiber, we compute the fiber after applying Hompg (—, M):

Cdga‘fi/B, cdgaf?/B

ﬁber( Hom (B',B'H M) — Hom (B,BEHf*M))

IThis is induced by the restriction map:

Hom (B',B'B M) — Hom (B,BH M) ~ Hom (B, B # f, M)

cdga*/”é, Cdga'/B, cdga‘/B
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In other words, this is the fiber of the map that sends a derivation ¢ : B — M to
its restriction ¢ : B — f.M. But this is exactly the same as the fiber:

ﬁber( Hom (B',B'H M) — Hom (B,B'EE!M))

cdgafi/B, cdgaA“”//B,
which is given by derivations ¢ : B’ — M such that ¢;z ~ 0, and therefore ¢ is

valued a B-linear derivation. This proves that this fiber is equivalent to:

Hom (B',B'H M)~ HomY; (Lg/g, M)

cdgaB‘/”/ /B

O

Corollary A.2.8. Given [ : A — B and g : B — C, we have a homotopy fiber
sequence:

IL/B/’/A QR C —— Lé///A — Lé’?B

In particular for A = k we write JL‘B///,C = L# and we get:

LY ®pC » LA » L s
Proposition A.2.9. Consider the following pushout diagram:
AL, B
bl
c—5D
then we have a pushout diagram:

| |

L ——— L
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APPENDIX B. FILTRATIONS AND COMPLETIONS

B.1. Filtered and Complete Filtered objects.
Essentially, a filtered object valued in .# a good model category is a sequence of
maps:

o s FWV S FV - F7'V — ...
which we view as a decomposition of colim F?V in “sub-objects’”.
Definition B.1.1. Let (Z,>) denote the category associated to the ordered set
Z in which there is a unique morphism 7 — j if and only if ¢ > j. The category
of filtered objects in a good model category .# (Definition A.1.1), is the functor
category:

MM = Fun ((Z,>), 4)

An object in .#™ will be denoted by F*V, or simply F'V, with FPV € .# being
the evaluation of the functor at p € Z.
A filtered object is called non-negatively filtered if F~?V = 0 for all p > 0.
CoNsTRUCTION B.1.2.

— Since .# is symmetric monoidal, then so is .#™* and the tensor product
of A and B in .#"™ is defined by:

n>—>_],__Li><j B )
(Z,2) 5 (2,2) x (2,2) 2B bt x 25

— To each filtered complex ['*V , we can associated its colimit:
V := colim F*V

pE(Z,>)

This is left adjoint to the constant functor? :

colim : AN —— 4 : k

— To each filtered objects F'V we can define it associated graded Gr(FV') €
ME, defined as:

CrP(FV) =V iy,
This defines a functor:
%ﬁlt N
called the associated graded to a filtered object.

We say “sub-objects” because these maps are often considered as cofibrations (up to take a
cofibrant replacement in the category of filtered objects).

2Sending an objects V' to the filtered object with constant filtration given by FPV = V for all
p € Z.
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Proposition B.1.3. .#"" is a closed symmetric monoidal Mod, enriched combinatorial
model category. Moreover, from [CCN21, Remark 2.18], 1 is cofibrant.

REMARK B.1.4. . is enriched over Mod}" by setting:

FPHom™ (FV, FW) := Hom(F*V, FPW)
it W

The Modj-enrichment is given by:

Hom(FV, FW) := colim Hom™ (FV, FW) := colim, Hom(F?V, F*WV)
T A Y

REMARK B.1.5. The usual notion of filtered complex is a sequence of monomor-
phisms of cochain complexes:

e FWV S PV 5 WV

It turns out that these are exactly the cofibrant objects! in Mod}". Up to taking a
fibrant replacement, we can always assume that our filtered complexes are of that
form.

Lemma B.1.6. The colimit functor is symmetric monoidal:
colim(FA® FB) ~ colim(FA) ® colim(F'B)
Proof- The goal is to compute:
co}bim @ FPA® FB
p+g=n

The direct sums are finite direct sums and therefore they are coproducts. We need
to compute the following colimit over the diagram Z x Z with a unique morphism
(i,7) = (i, 7') if and only if |i' —i| + |7/ — j| < 1.

colimFPA® FIB

P,qEZ

Since tensor product of modules commute with direct sums, we get:

colimFPA Q F9B ~ colimFPA ® ColiZquB ~ARQ B

D,QEZL pEZ qe<

OJ

A filtered object F'V can be though of as a collection of sub-object FPV of its
colimit V. As p goes to infinity, /”V becomes smaller and smaller. We want to
consider those filtration where F’?V converges to zero and is also “complete”:

IMore generally, cofibrant objects in .2t are weight wise cofibrant objects with cofibrations
between them: FPT'V — FPV.
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Definition B.1.7. A filtered objects F'V € .#"" is called complete if there is an
equivalence (with V' := colim F'V):

VS odim VY
peér,ls) PV
The full sub-category of complete objects is denote by .# .. The inclusion .#*' —
A has a left adjoint called the completion functor:

(/—\) Y A /A )
Given a filtered complex [V, its completion is given by the filtered object:
FV ::IhIlV;pr‘/ FPV = hnﬂlrp‘i(Fw‘/

pEZ p=>q
CONSTRUCTION B.1.8.
— We have a left adjoint functor ([Mou2l, Definition 3.2]):

Mode" —Xots Mod!

where Tot sends a graded complex (V' (p)),ez to the complete filtered com-
plex given by:

Tot(V) :@V(p) FPV = H Vig—p)

pEZL <0

— The functor Gr defined on filtered objects restricts to a functor on complete
filtered objects.
— We can define a functor:

. I
colim : AP — /™ X" gz

This is a composition of a left adjoint with a right adjoint.

— Similarly to Remark B.1.4, complete filtered objects in .# are enriched
over filtered complexes, and even in complete filtered complexes thanks to
the proof of [CCNZ21, Proposition 2.6]. Moreover it is also enriched over
Mody, using the colim functor.

— The tensor product does not restrict to the category of complete filtered
objects. However, we can define a completed tensor product ® on .Z"
given by:

—

FVRFW := L(f‘\/) ® L(ﬁ/)

This makes ® a closed symetric monoidal structure on .#Z"' and (/—\)
becomes symmetric monoidal functor (see [CCN21, Proposition 2.6]). In
other words, the natural map:

FA® FB — FARFB

is an equivalence.
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Proposition B.1.9. For .# a good model category, there is a model structure on ./ "
given by:
— weak equivalences being morphisms f : FA — F B such that the map:
Gr(f): Gr(FA) — Gr(FB)

is a graded weak equivalences'.
— The fibrations are morphisms inducing a fibration® of graded objects:

Gr(f): Gr(FA) — Gr(FB)

— A cofibration f : FA — F'B is a an admissible cofibration. In other words, each
map FP A — FPB is a cofibration, and the maps:

FPA [ FP'B— F"B
FrtlA
are also cofibrations (see [CCN21, Lemma 2.17]).

This is a closed symmetric monoidal Mody-enriched, combinatorial model structure.

Proposition B.1.10 ([CCN21, Proposition 2.6]). The adjunction:
(/—\) N A /A E)
is a Quillen adjunction between symmetric monoidal model categories.

Definition B.1.11. Given F'A and F'B two (complete) filtered complexes, then
we can define their direct sum to be the (complete’) filtered complex given by:

FP(FA® FB)=FPA® FPB
We are giving a few consequences of this result:

Lemma B.1.12. The underlying complex of a direct sum of filtered complexes is the finite
sum of the filtered complexes:

colim(FV & FW) ~ colim(FV) @ coim(FW) ~V ¢ W

Proof. Since the direct sum of cochain complexes is their coproduct, it commutes
with colimits and we have:

colimFP(FV @& FW) = coimFPV & FPW ~ coimFPV @& colimFPW ~V & W
PEL pEZ PEZ PEZ
0

IThese are weak equivalences in M#", that is, weak equivalences in each weight.

A fibration f : V — W of graded objects in M8 is a weight-wise fibration, that is each
fp: V(p) = W (p) is a fibration.

The direct sum of a finite number of complete filtered complexes can be shown to also be
complete.
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Lemma B.1.13. The completion of a finite direct sum of filtered complexes is the finite
direct sum of their completions:

FV & FW ~ FV & FW
Proof- Using Lemma B.1.12, we must compute the following limit:
li;n Vo W/va ® FPW = li}r)n V/FPW & V/FPW

Finite direct sums of complexes coincide with the finites products of the same
complexes and therefore commute with limits:

FV @& FW ~1imV/poy @ W/ poyy = FV @ FW
p
It is not hard to see using the same manipulations that the complete filtration on

FV & FW coincide with the natural complete filtration on FV & FW. [
B.2. Filtered and Filtered Complete Algebras.

This is the goal of the section to present the necessary elements on filtered alge-
bras, that is commutative monoids in filtered objects.

Proposition B.2.1. The category of filtered (complete) algebras admits a model structure

whose fibrations and weak-equivalences are detected by the forgetful functor cdga™ —

Modzlt. Moreover, there is a free-forget Quillen adjunction:

Mod®* —— cdga

Proposition B.2.2. The completion-inclusion adjunction for filtered complexes can be
lifted to a Quillen adjunction of filtered algebras:

(/—\) ccdga™ —— cdga™
Moreover, the following diagram of left adjoints commutes':

Mod® — = Mod™

I

cdgaﬁ1t —>(_) cdgan1

Proposition B.2.3. The colimit-constant adjunction for filtered complexes can be lifted
to an adjunction of filtered algebras:

colim : cdga™ =— cdga : &

Because the diagram of right adjoints easily commutes.
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Moreover, the following diagram of left adjoints commutes':

i
Modft <, Nod,

! |

i
cdga® 2, cdga

In particular the last two propositions imply that the colimit functor from com-
plete filtered algebras to algebras commutes with the forgetful functor to (filtered)
modules.

ExamPLE B.2.4.

— Take F' an A-module. We can consider the non-negatively graded filtration
on Sym, F' given by

FPSym, F = Sym7" F := @Sym’}‘F

n>p

These are the polynomials in /" with coefficients in A. This can be extended
for F' a quasi-coherent sheaf on a derived stack X by replacing A by 0.

— Given A a commutative algebra and / an ideal of A, we consider the fil-

tration given by F?A = I? and its completion is defined as:

A —limA
This corresponds the the topological completion for the /-adic topology on
A. Given a morphism B — A, we can consider 9 the augmentation ideal
defining a filtration on B. This gives the completion of B — A denoted
B,

— k[t] can be viewed as the symmetric algebra on a single generator, ¢, with
coefficients in k. From that point of view, its completions is the algebra
of formal power series k[t]. We obtain the same result by considering the
I-adic completion for I = ().

More generally, the symmetric completion is equivalent to the com-
pletion of the symmetric algebra Sym, I’ by the ideal generated by F),
I = (F'). We denote that completion by:

Sym, F

Notation B.2.5. Consider a A-module ' = F; @& F5. We want to consider the
completion along 5 only. In other words, we consider the completion along the
ideal generated by F, in Sym 4 F. This completion will be denoted by:

SymA(Fl D Il7\2)

Because the diagram of right adjoints easily commutes.
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Moreover we have that:
SymA(Fl () FQ) ~ SymA Fl Xa SymA FQ
Notation B.2.6. If we consider a A-module F'. Then Sym, F' can be given the

structure of a graded algebra. We denote by Sym® F the (non-negatively) graded
algebra where the weight p part is given by:

Sym’ F

This is the natural associated graded to the natural filtration on the symmetric
algebra described in Example B.2.4.
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APPENDIX C. GRADED MIXED OBJECTS

C.1. Graded Mixed Complexes.

We are going to give the relevant results and constructions on graded mixed
complexes. We follow the grading convention of [CPT"17] and recall that our
good model categories (Definition A.1.1) are exactly the categories introduce in
[CPT*17, Section 1.1]. Essentially, given a good model category .#, we look at
graded objects on .#, introducing a “weight grading” and then add a “mixed
differential” that will increase that weight.

Definition C.1.1. We consider the category of graded object in .# denoted by
A% . Tts objects are families (V(p)),ez of elements in .# and its morphism are
the weight preserving morphisms.

REMARK C.1.2. Graded objects in .# can be viewed as the functor category Fun(Z, .#)
where the only morphisms in Z are the identities. As such it comes with the projec-
tive model structure where fibration, cofibration and weak-equivalences are defined
object-wise.

REMARK C.1.3. .Z# is clearly enriched in Mod}" (since .# is enriched in Mody)
by taking the weight-wise enrichment ./ .

Notation C.1.4. Take F € .Z*".

— The weight p part of E is denoted E(p)
— We denote by E((q)) the graded object whose weight grading is shifted by
g such that:

E((¢)(p) == E(p —q)

In particular, if V' is concentrated in weight 0, then V' ((—p)) is concen-
trated in weight p.
— A morphism f : E — E’ is the data of a collection of morphisms in each
weight denoted:

fo: E(p) = E'(p)
Definition C.1.5. A graded mixed complex F in ./ is given by:
— A graded object £ € .Z¥".
— A morphism called the mixed differential:
e: E— E((-1))[-1]
such that €2 = 0. This decomposes into maps:
e E(p) = E(p+1)[—1]
increasing the weight by 1.

We denote by .#Z“78" the category of graded mixed complexes whose morphisms
are weight-preserving morphisms that respect the mixed differentials.
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From the assumptions on .#, .# < #" is enriched in Mod; *" (denoted by Hom“™#"(—, —))
{/ﬂe—gr
but also in Mody, by defining:

Hom (FE, F') := ker (e : Hom“ ®(E, F')(0) - Hom“ ®(E, F)(l)[l])
%e—gr (//e—gr %e—gr

Lemma C.1.6. Denote 1]e] := 1B 1((1))[1] the square zero extension of 1 by 1((1))[1]
viewed as a module over 1 of weight —1 and degree —1. Then a graded mixed complexes
is exactly a graded 1[e]-module:

A >~ Modj
Moreover the projection 1[¢] — 1 induces an adjunction:

M8~ MOdl[e} <:> MOdgl;r ~ N

Proof. The projection 1[¢] — 1 induces a forgetful functor’:

Modfy, = Modf' ~ .Z*

We get this way the collection of objects (E(p)),ez. The structure of 1[e] ~ 1 H
1((1))[1]-module on E is given by a product 1((1))[1] ® E — E which is given by
amap ¢: E — FE((—1))[—1]. The square-zero product is equivalent to saying that
e = 0. 0

Proposition C.1.7. There is a model structure on A %" whose weak equivalences and
cofibrations are defined through the forgetful functor:

Ue: M5 = M

Definition C.1.8. The hom-tensor adjunction (applied to the unit 1 , and using
the Mod;, enrichment) induces the following adjunctions:

Mody, —/——= A : |—|

Mod; " ——= #“ % : |—|
where |—| are called realization functors. In particular, for .# = Mod; *' the first
adjunction defines a realization functor:
|—| : Mod}, " — Mody,
Proposition C.1.9 ([CPT*17, Proposition 1.5.1]). When .# = Mody, then we have:
|—| := Hom(k, —)

This is the derived internal Hom which is computed by taking a cofibrant resolution k — k
in the projective model structuré’. In particular we get:

IThis functor forgets the mixed differential.
2The projective model structure is the model structure on graded mixed complexes induced by
the projective model structure on Mody.
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|E| := Hom(k, E) ~ [ [ E(p)

p>0

where the right hand side is endowed with the total differential Dy = dp + €.

REMARK C.1.10. It will turn out that graded mixed complexes can be seen as com-
plete filtered objects (see Section C.2). Under this fully-faithful inclusion, denoted
by Tot, we have that:

|E| := Hom (Tot(k), Tot(E))
Mod®P!

where Tot (k) is in fact a fibrant cofibrant complete filtered object such that FPk =
k if p > 0 and O otherwise. Then we can also use Definition C.1.12, Corollary
C.1.13 and Remark B.1.4 to prove the proposition.

This avoids the difficulty of taking a cofibrant replacement for k.

REMARK C.1.11. Similarly, if k((—q)) — k((—¢)) is a cofibrant resolution we we
can define:
FP |E| := Hom(k( ~[[E®
p2q

where the right hand side is again endowed with the total differential Dy = dg +e.
As the notation suggests this define a filtration on |E| which coincide with the
natural filtration by taking the Hom functor from Remark C.1.10 but enriched in
complete filtered objects.

Definition C.1.12. First observe that the derived hom gives us for all ¢ € Z:
Hom(k((=¢)), k(=g — 1))) = k

Picking 1 € k corresponds to taking a collection of maps k((—¢q)) = k((—g — 1)).
They induce, for all p € Z, the following maps:

FPrYE| — FP|E)|

defining a filtered object whose colimit is | £| itself. This filtration is complete and
we denote by Tot(E) this filtered object, which defines a functor:

Tot : Mod; # — Mod™
This generalizes the functor of Construction B.1.8.
Corollary C.1.13. IfE € Mod; *' is non-negatively weighted, then we have:
colim Tot(FE) ~ |E)|

REMARK C.1.14. In general colimo Tot is called the Zate realization of E (see
[CPT*17, Definition 1.5.2]).
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We have seen in Example A.1.7 that if .# is a good model category then .Z“#
is also a good model category and therefore its category of commutative monoids
has a natural model structure, and modules over those also form good model
categories (see Section A.1).

Notation C.1.15. We denote by cdga’,* the category of commutative monoid in

METE
Given A € cdga’,®’, we denote by Mod, ® the category of commutative monoid
in /7.

C.2. Weak Graded Mixed and Complete Filtered Objects.

We observed thanks to Definition C.1.12 that graded mixed complexes give com-
plete filtered object. But the functor Tot is not an equivalence and its essential
image is given by the filtered objects whose differential has a weight decomposition
concentrated in weight 0 and 1.

If the following we will define a notion of weak graded mixed complex whose
mixed differential increases the weight by an arbitrary degree, so that the complete
filtered realization of those will recover all complete filtered objects.

Definition C.2.1 ([CCN21, Definition 2.23]). A weak graded mixed complex in A
is a weight graded complex £ € .Z*®" equipped with maps in .# of weight £ and
degree 1 for all k£ > 1:

0 : E— E((—k))[-1]

<d+25k)2=o

k>1

such that:

with d the differential on F£.
This condition can be rephrased as:

dody+dpod+ Y 6;00;=0
it+j=k
We denote by .Z"<#" the category of graded mixed complexes whose morphisms

are morphisms of graded objects that commute with dy.

We have seen in Lemma C.1.6 that graded mixed complexes are modules over
1[e]. It turns out that weak graded mixed complexes are module over a cofibrant
resolution of 1[e|.

Lemma C.2.2. Consider1[e; | i > 1] the semi-free commutative monoid in .# generated
by €; in degree 1 and weight i with differential given, for all k > 1, by:

d(ex) = — Z €i€j
itj=k

Then this is a quasi-free resolution of 1[e|.



253

Lemma C.2.3. The category of weak graded mixed complexes is equivalent to the category
of graded modules over 1[¢; | i > 1].

Proof- The proof is essentially an adaptation of the proof of Lemma C.1.6. O

REMARK C.2.4. This description of weak graded mixed complexes makes it a good
model category as it is a category of modules over the good model category .Z#".

Corollary C.2.5. The inclusion of strict graded mixed complexes in weak graded mixed
complexes is an equivalence:

M8~ Modi] — Modﬁq i) M e

This equivalence is part of the extension-restriction of scalars adjunction associated to the

weak equivalence 1[¢; | i > 1] — 1[e]. Therefore this is a Quillen equivalence thanks to
Proposition A.7.4.

In a similar way to homotopy algebraic structures (such as L-algebras or alge-
broids for example), weak graded mixed complexes come equipped with a notion
of co-morphism between weak graded mixed objects.

Definition C.2.6. An co-morphism between weak graded mixed complexes E and E' is
the data of a collection of maps ¢, : £ — E’ of degree 0 and weight k£ such that
for all £ > 0 we have:

D (et + dieg) =0

i+j=k
where ¢; = d by convention. We denote by .#/<"¢" the category of weak graded
mixed complexes with the co-morphisms.

REMARK C.2.7. From [CCN21, Remark 2.26], E//O’zf_gr has almost a model struc-
ture and the inclusion .#"<"8 — _#"“"# induces an equivalence between the
oo-categories obtained after localizing at the weak-equivalences.

The totalization functor of Construction B.1.8 and Definition C.1.12 can be ex-
tended to an equivalence from weak graded mixed complexes.

Proposition C.2.8 (|[CCN21, Proposition 2.27]). The functor:
Tot : Mod"# — Mod™

sending E to the complete filtered cdga whose underlying filtered graded module is given
by Construction B.1.8 to which we add the total differential D = d + ) ;| €k, induces
an equivalence of co-categories.

REMARK C.2.9. The realization functor of Definition C.1.8 extends to weak graded
mixed complexes. Moreover, if .# = Mod;, we get an analogue of Proposition
C.1.9 expressing the realization as:

Bl =~ [ Ew®)

p=>0
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together with the total differential Dy = dp +€; + €3+ ---.

Lemma C.2.10. If E is a non-negatively weighted weak graded mixed object, then:
colim Tot(FE) ~ |E)|

Proof. This is a direct consequence of Remark C.2.9. O

Lemma C.2.11. We have a commutative diagram:
e—gr Tot cpl
Mod, * ——— Mod,
Fom lGr
Mods"

where Forget is the functor that forgets the mixed differentials ¢; fori > 1 induced by the
scalar extension along 1le; | i > 1| — 1. It is similar to the adjunction in Lemma C.1.6.
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APPENDIX D. FORMAL MoDULI PROBLEM AND KoOszuL DuALITY CONTEXT

This section aims to describe the notion of formal moduli problems. In Section
3.1, we talk about the formal moduli problems under a base corresponding to a Lie
algebroid. It is similar to the well known correspondence between Lie algebras and
(commutative) formal moduli problems. We are going to present the general the-
ory behind such correspondences and the essential definitions and tools involved
to understand them.

D.1. Formal Moduli Problems.

This section is about axiomatizing the notion of deformation functors. The idea
is that deformations can be understood as functors sending a class of “small pa-
rameter objects” called “Artinian”, to a space of deformations along such objects.
For example such a deformation functor assigns for each choice of Artinian local
algebra A an oco-groupoid of deformations of X along Spec(A). As the category
of local Artinian algebras and the notion of “infinitesimal” object will play an im-
portant role, we will start, following [Lurl1], [CG18] and [CCNZ20], by defining a
general framework in which we can speak of deformations along such objects.

D.1.1. Artinian and small algebras in a deformation context.

The general idea behind Artinian algebras is to have a class of algebras considered
“small” so that deforming along those algebras amounts to consider infinitesimal
deformations, that is, looking at the formal neighborhood of what we want to
deform. We will always assume that our ambient category .27, in which we will
define the notion of Artinian object, has a terminal object. This leads to the
general framework of deformation context:

Definition D.1.1 ([Lurll, Definition 1.1.3]). A deformation context is a pair (%, { Es}q)
where ¢ is a presentable’ co-category and {F,}, is a set of objects in Stab(<)?,
the stabilization of <.

Intuitively, { £, }, correspond to the first-order objects we want to deform along.
To compare with the classical picture, we take .7 to be the category of algebras.
Then first order deformation are deformations along k[e], and we take it as the
underlying object of the spectrum E = (--- , klea], k[e1], k[eo], - - - ), where kl[e;] is
the 2-dimensional k-augmented algebra with |¢;| = —i and €2 = 0.

In our situation, the family {F,}, will always contains only a single spectrum
object. Here are some other examples of deformation contexts.

Lo is presentable if it is generated by a small set of “small objects” under homotopy colimits.

2Recall that objects in Stab(.7) correspond to spectrum objects on ., i.e., a sequence E =
(- ,ag,a1,a9,a_1,---) of pointed objects of <7, such that a, is equivalent to the loop space Qa;1.
For n > 0, we denote Q°~"F = q,,.
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ExampPLE D.1.2.

— For &/ = Mod, (with A € cdga), we can defined the deformation context
(Mody, {E£'}) with only one spectrum object ([CG18, Example 2.2]):

E=(ABAnR]), .,

— Given A € cdga, we consider .&/ = cdga ,4 and and we can define the
following deformation context!:

(cdga,a, {E = (AB A[n)),cz})

where AEHA[n] is the square zero extension of A by A[n] ((CG18, Remark
2.5]). We will call this deformation context .27 4.

From a deformation context, we can define the notion of “small” objects and mor-

phisms using (2°°~"E, as building blocks.

Definition D.1.3 ([Lurll, Definition 1.1.14]). Given a deformation context (<7, { E, }aer)
we say that:

— A morphism f : B — B’ is called elementary if it is given by a pullback of
the form:
B — «

| !
B —— Q> "(E,)

for some o € T'and n > 1.
— A morphism f : B — B’ is called small if it is a finite composition of
elementary morphisms.
— An object B €  is called Artinian, if the morphism &/ — * is small®. We
denote by Art,, the full sub-category of 2 given by small objects.

ExampLE D.1.4. Going back to the example of A-augmented algebras, we have
Q*°"E = AH Aln| so that in order to compute the homotopy pullback of x —
(2~ "E, one can replace the point x = A by the algebra A H (A[n| & Aln — 1))
(notice that n > 1), with differential induced by the identity A[n] — A[n — 1].
The strict pullback exhibits therefore B as a square zero extension of B’ along
Aln —1].

We will now specialize these definitions to the deformation contexts we are inter-
ested in, namely .7/ 4.

Proposition D.1.5. The category Art, 4 is the smallest full sub-category of cdga, 4 such
that:

- AB A[n| € Art )y foralln >0

INote that Stab(cdga,,) ~ Stab(cdgay/ 4) ~ Mod4.
2Artinian objects can be though as “small” objects. In fact they are called “small” in [Lurl1].
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— For any B € Art;s and any map B — A B A[n] with n > 1, the homotopy
pullback B X smapn) A is also Artinian:

B X ABA[n] A— A

| |

B—— ABAn]

Proof. By definition, we have that AH A[n] is Artinian since the map AHA[n] — A
is elementary, given by the pullback:

ABAR — A

! |

A——s ABAln+ 1]

Moreover, the map B X gmajn,) A — B is elementary, therefore if B is Artinian, then
the composition B X g4 A — B — 0 is small as well. Therefore o7/, satisfies
the properties given in the proposition. It is the smallest such category because
any Artinian object can be obtained by definition from some A B A[n] in finitely
many pullbacks along A — AH A[n] for n > 1. O]

D.1.2. Formal moduli problems.

The main idea is that a “formal moduli problem” is a functor sending B to an
oo-groupoid of deformations. For example, given an object X, we will be inter-
ested in studying the functor that sends an Artinian object A to the “space of all
deformations” of X along A.

Definition D.1.6 ([Lurll, Definition 1.1.14]). Given a deformation context (.27, { E }acr),
a functor between oco-categories:

F:Art, - Gpd,

is called a formal moduli problem if it satisfies the following conditions:
— Deformations along the point (terminal object) are trivial:

F(*) ~ %

— Any pullback in Art, along a small morphism ¢ : A — B is sent to a
pullback in Gpd__:

A —— A F(A") —— F(A)

F l lqs = l F(9)

B —— B F(B') —— F(B)
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The oco-category of such functors will be denoted FMP (<7, { E, }aer) or FMP,,
for short if the choice of the collection of spectrum objects E, is clear. For the
deformation context we are interested in, we will use the notation®:

FMP, := FMP,,

Definition D.1.7. For any B € cdga,, the following functor is a formal moduli
problem:

Spf ,(B) : Art;y — Gpd,
C —— Map (B,C)

cdga, 4

Moreover we get a functor cdga,, — FMP 4 sending B to Spf 4(B).
Spf 4(B) is called the formal spectrum of B over A.

Proposition D.1.8. Following [Lurll, Lemma 1.1.20], a morphism f : B — C
between Artinian algebras, B,C € Art,, is small if and only if it induces a surjection of
commutative rings H°(B) — H°(C'). Therefore the second condition of Definition D.1.6
can be rephrased as follows:

Any pullback in Art ;s such that H'(B) — H°(C) or H°(B') — H(C) is surjective
is sent to a pullback in Gpd,_:

A —— A F(A') —— F(4)
o Y S
B — > B F(B') — F(B)

1t recovers the classical Schlessinger condition (see [Sch68]).

It is an old heuristic that (commutative) deformation problems (over k) are clas-
sified by Lie algebras and it is due to a kind of duality (Koszul duality context)
that is in fact related to the Koszul duality of the Lie and commutative operads
(see [CCN20]). This heuristic is formalized by the following theorem:

Theorem D.1.9 (See [Lurll] and [Pril0]). There is an equivalence of co-categories:

MC: Alg;, —— FMP: T[-1]

This should be though of as the commutative formal moduli problems over A or under Spec(A).
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WARNING D.1.10. For g a Lie algebra, the one thinks of MC as the functor assign-
ing to an Artinian algebra A the space space of Maurer—Cartan elements’. Un-
fortunately, this space does not generally define a formal moduli problem, but is
not far from doing so. Indeed, on finite dimensional g, the Maurer—Cartan functor
gives the correct functor. The functor MC generalizes the Maurer—Cartan functor
in order to circumvent this problem.

D.2. Formal Moduli Problems and Koszul Duality.

The goal of this section is to make sensee of the generalization of Theorem D.1.9
to an arbitrary Koszul duality context while discussing the specific example of
formal moduli problem under Spec(A) and Lie algebroids.

D.2.1. Tangent complex of a formal moduli problem.

The goal of this section is to explain that the algebra controlling a given formal
moduli problem is in some sens the “tangent” of this formal moduli problem. This
explains why first-order deformations and obstructions to lifting deformations are
controlled by the tangent complex.

To motivate the following definition, we will start by explaining the example of
the formal spectrum (Definition D.1.7) of an A-augmented commutative algebra
B. We have that

Spf 4 (B)(C) = Map (B,C)

cdga, 4

In the case of first order deformations, C' = A[e], this mapping space corresponds
to the tangent complex of Spec(B) at the point f : Spec(A) — Spec(B). It is
shown in [TV08, Proposition 1.4.1.6] that the geometric realization of connective
truncation of Ty y ~ f*Tp is given by:
(17) Spf,(B)(AB Aln]) ~ Map (B, AH A[n]) ~ Mjp(A, [*Tgln]) ~ | f*Tgn]|

cdga/A
Indeed the map f : B — A induces a map:
Map (A, AB M) — Map (B,AB M) ~ Map (B,BH f.M)

cdga, 4 cdga, 4 cdga ;4

The right hand side is represented by f*Lp and with M = A we recover the claim.
This motivates the definition of the “tangent” as the evaluation of the formal mod-
uli problem functor at all “first-order elements” of a given deformation context.

!The space of Maurer—Cartan elements of a Lie algebra g is the space of elements z € g
satisfying the Maurer—Cartan equation:

1
dw+§[:ﬂ,:p] =0

2Recall that such “first-order” objects correspond to the elements in {Q>°~"(Ey) }oeT nen, for
example the square zero extensions A H A[n] in the case of A-augmented algebras.
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Definition D.2.1 (Tangent Functor, [Lurll, Section 1.2]). Given a deformation
context (<7, {F,}a), we define the tangent complex of a formal moduli problem F
at o to be the spectrum object:

F(E,) € Sp := Stab(sSet)
which we denote' T in case there is only a single o € 7.

This spectrum object verifies Q*° " F(E,) ~ F(Q>*"E,) for alln > 0 (see [Lurll,
Remark 1.2.7]). Notice that the tangent complex Ty is not actually a cochain
complex but rather only a spectrum object a priori. These two categories are
related by the composition:

(18) Mods 5" Mod, % Stab(sAb) %' Stab(sSet) = Sp
Proposition D.2.2 ([CCN20, Lemma 2.15]). 4 formal moduli problem I’ € FMP 4
has a unique pre-image in Mod 4 under the functor (18), which we also denote by T .
Moreover for any n > 0, we have an equivalence:

Map (A[—n], Tr) ~ F(A B A[n])

Mod 4
It turns out that the associated spectrum object to f*T (given by the composition
(18)) coincides with the spectrum object given by the collection of Spf ,(B)(A H

A[n]) so that the cotangent complex f*Tp is the representative of tangent functor
Tspt ,(B), thanks to the equivalence (17).

D.2.2. Koszul Duality Context.

Going back again to the setting of a general deformation context .<7, we are looking
to identify an oo-category of algebraic objects % to FMP,,.

The formal spectrum Spf from in Definition D.1.7 is a functorial way to construct
formal moduli problems out of objects of .27. Assuming the existence of the desired
equivalence, we could construct a functor:

9. 7 L EMP,, 3 2.

This functor should be interpreted as a “weak duality” functor, which is not an
equivalence, but at least its restriction to Artinian objects should behave as an
equivalence into a subcategory of # given by “good” objects.

In this section, we introduce the notion of Koszul duality context as the appropriate
axiomatic framework that enables us to obtain the desired equivalence, which we
give with Theorem D.2.11.

L This notation is by analogy to the tangent complex but is a priori only a (collection of) spectrum
objects. However, we will see that T can be “represented” by an actual tangent complex.
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Definition D.2.3 (Dual Deformation Context, [CG18, Definition 2.11]). A pair
(B, {F.}acr) is called a dual deformation context if 2 is a presentable oo-category
and .%,, € Stab(#P).

We say that an object (resp. morphism) of % is good if it is Artinian when consid-
ered in (%°P, {F,}acr)'. We denote by %5 the full sub-category of good objects
of A.

ExampPLE D.2.4.

— If A € cdga. Then (Moda, (A[n]),;) is a deformation context and since
taking the opposite category exchanges the suspension and desuspension
functor, we get the dual deformation context (Mody, (A[-n]), ;)

When A is bounded and concentrated in non-positive degrees, [CG18,
Lemma 2.16] tells us that an element M € Mod,4 in this dual deformation
context is good if it is perfect and cohomologically concentrated in positive

degrees (see also [CG18, Remark 2.17])

— There is a dual deformation context:
(LieAlgd 4, {Free(0 : A[—n] — T4)}nez)

Note that every good Lie algebroid have underlying cofibrant A-module
and is finitely generated (when forgetting the differential) over T4 (see
[Nuil9b, Lemma 6.10]).

Definition D.2.5 (Koszul Duality Context, [CG18, Definition 2.18]).
A weak Koszul duality context is the data of:

— A deformation context (&, {E,}acr)
— A dual deformation context (8, {F,}aer)
— An adjunction:

Do T BP:D
such that for all n > 0, there is an equivalence Q* " E, ~ D' (Q>*""F,).

It is called a Koszul Duality context if the following hold:

(1) for every object B € %%, the counit morphism DD'A — A is an equiva-
lence.
(2) For each «, the functor

Oy : A — Sp
sending B € 4 to the spectrum object given by:
(Map,@(QminEom B))nEZ € Sp

'Here (%P, {Fy}aer) is generally not a deformation context since Z°P will in general not be
presentable. However the definition of Artinian object still makes sensee in %°P.
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is conservative and preserves sifted colimits.

REMARK D.2.6. A weak Koszul duality context together with condition (1) gives us
a weak deformation theory according to the terminology of Lurie, [Lurll, Defini-

tion 1.3.1]. A Koszul duality context is an example of a deformation theory according
to [Lurll, Definition 1.3.9].

ExAMPLE D.2.7. Let A € cdga=" bounded. We have a Koszul duality context given
by the dualization ([CG18, Example 2.20]):

(—)¥ : (Moda, (A[n]),.e) == (Mod, (Al-n]),c;) : (—)"

ExampLE D.2.8 (|CG18, THEOREM 3.9] AND [NUI19B] ).

With the (dual) deformation context of Examples D.1.2 and D.2.4, if A is cofibrant
non-positively graded, almost finitely presented and eventually coconnective (in
other words satisfies Assumption 3.2.2), then we have a Koszul duality context:

CE : LieAlgd, T (cdga )™ : D

Proposition D.2.9 ([CG18, Proposition 2.22]).
Given a Koszul duality context (with the same notations as in Definition D.2.5), we have
the following:
- D (Q°"E) ~ Q°"F foralln > 0.
— For every Artinian object A € Art,,, the unit map A — D'"D A is an equivalence.
— The adjunction ® D" induces an equivalence:

D:Art, — (%gd)Op D

—-IfM € Art, and f: A — B is a small morphism in </ then © sends the

pullback diagram:
P—— A
I
M —— B
to a pullback diagram.

Corollary D.2.10. Given a Koszul duality context, we can construct the following func-
tor:

V: B —— Fun (%°,Gpd_) —2- Fun («,Gpd,)
Then ) factor through FMP (o7 | {E,}) and we get a map:
U: % — FMP(«,{E,})

It turns out that the definition of Koszul duality context ensures that the map
U : % — FMP(</,{E,}) is in fact an equivalence.
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Theorem D.2.11 ([CG18, Theorem 2.33] or [Lurll, Theorem 1.3.12]). Given a
Koszul duality context as above, the functor V is an equivalence:

U: % — FMP(o, {E,})

Proposition D.2.12 ([CG18, Proposition 2.36]). We have the following commutative
diagram:

B v s FMP (o, {E,})

N A

Sp

REMARK D.2.13. This diagram shows that 7'F" is equivalent to ©(Tr) with Ty € A
so that this tangent functor has more structure that being just a spectrum object.
Moreover when &7 = /)4 and F' = Spf(B) then Ty = f*Tp with f : B — A (see
Lemma 1.3.27).
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