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Abstract

We show that a Calabi—Yau structure of dimension d on a smooth dg category C
induces a symplectic form of degree 2 — d on ‘the moduli space of objects’ M. We
show moreover that a relative Calabi—Yau structure on adg functor C — D compatible
with the absolute Calabi—Yau structure on C induces a Lagrangian structure on the
corresponding map of moduli Mp — M.
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1 Introduction

Given a smooth, proper variety X over a field k, there is a reasonable derived moduli
space of perfect complexes My on X, with the property that at a point in My
corresponding to a perfect complex E on X, the tangent complex at E identifies
with the shifted (derived) endomorphisms of E:

TE(Myx) ~ End(E)[1].

For X of dimension d, a trivialisation 0 : Oy ~ /\dT*(X ) of its canonical bundle

0
gives a trace map tr : End(E) >~ Hom(E, E ® /\dT*(X)) — k[—d] such that the
Serre pairing

Te(Mx)[=11%2 ~ End(E)®? > End(E) 5 k[—d] (1.1)

is symmetric and non-degenerate. Shifting by 2, we obtain therefore an anti-symmetric
map A°Tg(My) — k[2 — d].

When d = 2, so that X is a K3 or abelian surface, and the moduli space M is
replaced with that of simple sheaves, Mukai [18] showed that the above pointwise
pairings come from a global algebraic symplectic form. Similarly, when X is taken to
be a compact oriented topological surface, Goldman [10] showed that using Poincaré
pairings in place of Serre pairings as above gives a global symplectic form on the
moduli space of local systems on X.

Such examples motivated Pantev-Toén-Vaquié-Vezzosi [19] to introduce shifted
symplectic structures on derived Artin stacks and to show that, in particular, the above
pairings (1.1) are induced by a global symplectic form of degree 2 — d on Mx. The
main goal of this paper is to establish an analogue of this global symplectic form when a
Calabi—Yau variety (X, 6) is replaced by a ‘non-commutative Calabi—Yau’ in the form
of a nice dg category C equipped with some extra structure and the moduli space M x
is replaced with a ‘moduli space of objects’ M. More precisely, a non-commutative
Calabi—Yau of dimension d is a (very) smooth dg category C equipped with a negative
cyclic chain 6 : k[d] — HC™ (C) satisfying a certain non-degeneracy condition,
and the moduli space M parametrises ‘pseudo-perfect C-modules’, introduced by
Toen-Vaquié in [22]. More generally, we shall be interested in ‘relative left Calabi—Yau
structures’ on dg functors C — D, in the sense of Brav-Dyckerhoff [4].

The main result of this paper is Theorem 5.6, which we paraphrase here.

Main theorem Given a non-commutative Calabi-Yau (C, 0) of dimension d, the mod-
uli space of objects M ¢ has an induced symplectic form of degree 2 —d. If in addition
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f : C — D is adg functor equipped with a relative left Calabi—Yau structure, then
the induced map of moduli spaces M p — M has an induced Lagrangian structure.

In Corollary 6.2, we shall show that the above theorem about non-commutative
Calabi—Yaus allows us to say something new even for non-compact commutative
Calabi—Yaus with Gorenstein singularities. Namely, we have the following corollary.

Corollary of main theorem Let X be a finite type Gorenstein scheme of dimension d
with a trivialisation 6 : Ox >~ Kx ofits canonical bundle. Then the moduli space M x
of perfect complexes with proper support has an induced symplectic form of degree
2 —d. When X arises as the zero-scheme of an anticanonical section s € K, Yona
Gorenstein scheme Y of dimension d + 1, then the restriction map

My—>MX

carries a Lagrangian structure.

In Corollary 6.5, we shall show that the notion of relative Calabi—Yau structure and
its relation to Lagrangian structures allows us to construct Lagrangian correspondences
between moduli spaces of quiver representations, generalising examples known to
experts. We record here a special case.

Corollary of main theorem For a noncommutative Calabi—Yau (C, 6) of dimension d,
there is a Lagrangian correspondence

Me x M¢e <~ ME - Me,

where M is the moduli space of exact triangles in C.

Remark 1.1 Before proceeding, let us mention some related work. The notion of
relative Calabi—Yau structure was introduced in our previous paper, [4], where we
announced the theorem above. In [21], 5.3, Toén sketches an argument for the par-
ticular case of the main theorem when C is both smooth and proper, and describes a
version of the second corollary. In [24], Theorem 4.67, Yeung proves a version of the
main theorem for a certain substack of M. In [20], Shende and Takeda develop a
local-to-global principle for constructing absolute and relative Calabi—Yau structures
on dg categories of interest in symplectic topology and representation theory. Com-
bined with our main theorem, this gives many examples of shifted symplectic moduli
spaces and Lagrangians in them coming from non-commutative Calabi—Yaus.

We now sketch the main constructions involved in establishing the main theorem.
First, by definition of the moduli space M, there is a universal functor

Fc : C¢ — Perf(M¢)
from the subcategory of compact objects of C to perfect complexes on the moduli space

M. Applying the functor of Hochschild chains and taking S!-invariants, we obtain
a map of negative cyclic chains HC~(C¢) — HC~ (Perf(Mc)). An appropriate
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version of the Hochschild-Kostant-Rosenberg theorem (Proposition 5.3) provides a
projection map HC~ (Perf(Mc)) — A>‘(Mc, 2) from negative cyclic chains of
Perf(M) to closed 2-forms of degree 2. In particular, from a Calabi—Yau structure
of dimension d, 0 : k[d] — HC™(C), we obtain a closed 2-form of degree 2 — d as
the composite

kld] S HC(C) — HC™ (Perf(M()) — A2 (Me, 2).

While the construction of the above closed 2-form is fairly easy, it requires some
work to show that it is non-degenerate. Indeed, much of the paper consists in setting up
the theory necessary for computing this 2-form in such a way that its non-degeneracy
becomes manifest. The computation is broken into a number of steps.

First, we note that since C is smooth, the functor F is corepresentable relative
to Perf(M ) in the sense that there is a universal object E¢ € C¢ ® Perf (M)
so that F¢c = Hom 4 c (Ec, —). Moreover, there is a form of Serre duality relative
to Perf(M), formulated in terms of the ‘relative inverse dualising functor’ (see
Corollary 2.6), which in the case that (C, 0) is a noncommutative Calabi—Yau of
dimension d induces a global version of the Serre pairing (1.1):

End v, (€0)®* > End ;. (E¢) = Onel—dl. (12)

Next, we show (see Proposition 3.9) that there is a natural isomorphism of Lie
algebras of the shifted tangent complex of M ¢ with endomorphisms of E¢:

T(Mc)[—11 >~ End 4. (Ec).

In particular, the shifted tangent complex 7' (M ¢)[—1] carries not only a Lie algebra
structure, but even an associative algebra structure.

Finally, after a general study of maps of Hochschild chains induced by dg functors,
we check that under the identification 7(Mc¢)[—1] =~ End y4.(E¢), the pairing 1.2
agrees with that given by the 2-form induced by 6. (See Proposition 5.4 in the body
of the text.)

We end this introduction with an outline of the structure of the paper, highlighting
those points important to the proof of the main theorem.

In Sect. 2, we introduce notation for dg categories. The two most important points
are Corollary 2.7, which shows that certain dg functors are corepresentable, and
Lemma 2.6, which shows that the ‘inverse dualising functor’ for a smooth dg cat-
egory behaves like an ‘inverse Serre functor’.

In Sect. 3, we introduce some basic objects of derived algebraic geometry, as well
as the protagonist of our story, the ‘moduli space of objects’ M in a dg category
C. The main result of this section is Theorem 3.9, which for nice C establishes an
isomorphism of Lie algebras T (M¢)[—1] =~ End(E¢), where E¢ is the ‘universal
left proper object’. In particular, this endows the shifted tangent complex 7' (M ¢)[—1]
with the structure of associative algebra.
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In Sect. 4, we review the formalism of traces of endofunctors, which we use to
describe the functoriality and S'-action for Hochschild chains. The most import points
are Lemma 4.7, which describes how to compute the Hochschild map for a dg functor
with smooth source and rigid target, and Proposition 4.10, which establishes an S'-
equivariant isomorphism between functions on the loop space LU of an affine scheme
U and Hochschild chains H H(QCoh(U)) of the category of quasi-coherent sheaves.

In Sect. 5, we review the theory of closed differential forms in derived algebraic
geometry. In Proposition 5.3, we show how to construct closed differential forms on
the moduli space M¢ from negative cyclic chains on C, and then prove our main
result, Theorem 5.6. We conclude by discussing some corollaries and examples.

Conventions

For ease of reading, we adopt certain linguistic and notational conventions. For
example, (0o, 1)-categories are simply called categories, (oo, 1)-functors are called
functors, and homotopy limits and colimits are called limits and colimits. Similarly
for (o0, 2)-categories. Certain objects or morphisms, such as adjoints and composites,
are only defined up to a contractible space of choices and we leave this ambiguity
implicit. However, given an (0o, 1)-category C and two objects x, y € C, we do write
Map(x, y) for the mapping space between them, which should serve as a reminder of
what is not explicitly mentioned. Certain properties, like a morphism being an equiv-
alence or an object in a monoidal category being dualisable, can be checked in the
homotopy category and we do not usually mention explicitly the passage to the homo-
topy category. In particular, we simply call equivalences isomorphisms. Since there
are no new oo-categorical notions introduced in this paper, and almost all notions that
we use appear in standard references such as [17] and [16], we trust that the reader
will not have difficulty in applying these conventions.

2 Dualisability and smoothness for dg categories

In this section we review some basic definitions and results about dg categories. The
main results that we use in later sections are Proposition 2.5 and Corollary 2.7.

2.1 Dualisability in symmetric monoidal categories

In order to aid later calculations, we give a few definitions and make a few observations
about dualisable objects and morphisms between them.

We introduce some notation and recall common notions. Let C be a symmetric
monoidal category. An object C € C is dualisable if there is another object CV,
together with an evaluationeve : CY®C — 1 and coevaluationcoc : 1¢ — CQCY
satisfying the usual axioms. Given a morphism f : C — D with dualisable source,
the adjoint morphism ¢ : 1 — CY ® D is given as the composite

coc

1d ~v
19 cocY ~cYgc e

CY®D. 2.1
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Conversely, given a morphism ¢ : 1 — CY ® D, we obtain the adjoint morphism
f : C — D as the composite

c¥ecocvep~c'oce DY p. (2.2

Note that these two constructions are inverse to each other. Given a morphism f :

C — D with dualisable source and target, the dual morphism f¥ : DV — CV is

given as the composite

evé ®1dpv
—

Idev @ fRId pv Idev ® COY)
— —

DY CcV®C® DY CV®D®DY cY. (23)
Remark 2.1 Note that for a dualisable object C, the evaluation ev¢ and coevaluation
coc are dual to each other after composing with the symmetry C¥ @ C >~ C ® C".
Moreover, the endomorphism of C adjoint to ev/’ : I¢ — C¥ ® C is nothing but the

identity endomorphism Idc.
Lemma 2.2 Consider a symmetric monoidal 2-category C.

(1) Let C l> Dand D % C be morphisms between 1-dualisable objects in C. Then
we have a natural identification of composites

Idpv ® fgoev), ~ g’ ® foev 2.4)

In other words, the adjoint of the composite D Lc l) D can be computed as
g8’ ® foevi.

(2) More generally, given an endomorphism F : C — C with adjoint morphism
® : le — CY ® C, the adjoint of the composite fFg can be computed as
gV ® fod.

(3) Similarly, we have a natural identification

evpog’ @ f =evcoldev ®gf, (2.5)

both sides being adjoint to g f.

(4) An adjoint pair f : C <> D : {7 dualises to an adjoint pair (f")Y : CV <> DV :
A

Proof As these are standard facts, we make only brief remarks on the proofs.

For 1), using the definition of (co)evaluation,we obtain a factorisation Id¢ =~
coé QIdcolde ® evé. Now insert Idc between f and g, and rearrange, using
g¥ ~Idpv ®COé oldpv ®g ® Idev oevB ®RIdev.

For 2), use essentially the same argument as in 1), but replacing f with Ff.

For 3), again use the same argument as in 1), but inserting a factorisation of Idp
between g and f.

For 4), note that for a 2-morphism « : f; — f3, there is a naturally induced 2-
morphism " : f, — f,". Applying this to the unit and co-unit ff” — Idp and
Idc — f" f gives the dualised adjunction. O
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2.2 Presentable dg categories

In this subsection we discuss the formalism in which we deal with dg categories.
Mostly we follow Gaitsgory-Rozenblyum [8].

DGCatgOnt denotes the symmetric monoidal 2-category of presentable dg categories,
continuous dg functors, and dg natural transformations. Here continuous means colimit
preserving. The underlying 1-category, with presentable dg categories as objects and
continuous dg functors as 1-morphisms, is denoted DGCatqn. We denote by Fun the
relative Hom adjoint to tensor product.’ The unit with respect to the tensor product is
the dg category Vect; of dg vector spaces.

Given a dg category C € DGCatcqn, We denote its subcategory of compact objects
by C¢. A dg category C is compactly generated if C = Ind(C€). Note that for any
presentable dg category C, C¢ is a small, idempotent complete dg category. The
category of such small dg categories is denoted dgcat.

As a matter of convention, objects of DGCat¢on¢ shall be called simply ‘dg cate-
gories’, while objects of dgcat shall be called ‘small dg categories’. Let us emphasise
here that in the prequel to this paper [4], we worked with a model for small dg cate-
gories dgcat in terms of small categories enriched over cochain complexes and Morita
equivalences between them. In the present paper, it is both more convenient and also
necessary to work with DGCatqn, since we need to handle not-necessarily compactly
generated dg categories when dealing with quasi-coherent sheaves on prestacks.

The dualisable objects in DGCatcon¢ (1-dualisable objects in DGCatzom) are simply
called dualisable dg categories. Concretely, a dg category C is dualisable if there
is another dg category C and a pairing eve : C¥ ® C — Vecty and copairing
coc : Vecty — C ® CV satisfying the usual properties. Note that if C is compactly
generated, then it is dualisable with dual C¥ = Ind((C¢)°?). One shows that ev¢
and coc are dual up to a switch of tensor factors. Furthermore one shows that for a
dualisable dg category, we have a natural equivalence C¥ ® D >~ Fun(C, D), and that
under this equivalence, the composite Vecty X c ®CY ~CY®C ~Fun(C,C)
sends k € Vecty to Idc.

Given a continuous dg functor f : C — D between presentable dg categories (that
is, a map in DGCat¢qy), the adjoint functor theorem ensures the existence of a formal
right adjoint f” : D — C. When the right adjoint f” is itself continuous, we call
f:C < D: f" acontinuous adjunction. When C and D are dualisable, passing to
duals gives a continuous adjunction (f")¥ : C¥Y «<— D" : fV, by Lemma 2.2. One
shows that if C is compactly generated, then a continuous functor f : C — D has
continuous right adjoint if and only f sends compact objects to compact objects.

A dualisable dg category C is called proper if the evaluation functor C¥ ® C &
Vecty has a continuous right adjoint and is called smooth if the evaluation functor has
a left adjoint. Equivalently, C is smooth if the coevaluation functor Vecty XcecY
has a continuous right adjoint. Since Vecty is generated by the compact object k, coc
has a continuous right adjoint if and only coc (k) € C ® CV is compact if and only
if Idc € Fun(C, C) is compact. (We note in passing that the 2-dualisable objects

! In some sources, Fun is denoted Fun’, to emphasise that morphisms preserve colimits.
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in DGCat?_,, are precisely the dualisable dg categories C that are both smooth and
proper.)

2.3 Rigid dg categories and continuous adjunctions

In this subsection, we review the notion of rigid dg category, following [8], and prove
a corepresentability result (Corollary 2.7) for continuous adjunctions between smooth
and rigid dg categories. This corepresentability lemma will be important for under-
standing the tangent complex of the moduli space of objects.

By monoidal/symmetric monoidal dg category, we mean an algebra/commutative
algebra object in DGCatcop;-

Given a monoidal dg category A, we denote the tensor product functor by my4 :
A ® A — A, and the unit functor by — ® 14 : Vecty — A. Since A is an algebra
object in DGCatcon, my4 and 14 are continuous, hence for every object a € A, the
functorsa ® —, — ® a : A — A are continuous.

By A-module category we mean a (left) module C for A internal to DGCatcopn. By
definition, the action functor m¢ : A ® C — C is continuous. In particular, given
any object ¢ € C, the functor — ® ¢ : A — C is continuous. By the adjoint functor
theorem, — ®c has a (not necessarily continuous) right adjoint Hom 4 (¢, —) : C — A,
called ‘relative Hom’.

We use the notation

End 4 (c) := Hom,(c, c).

End 4 (c) admits a natural structure of algebra in A. See [16], 4.7.2.
Given an associative algebra A in a monoidal dg category A and an A-module
category C, there is a dg category of A-modules in C, denoted

A -mod(C)

The datum of an object ¢ € A-mod(C) is equivalent to giving an algebra morphism
A — End ,(c).
We shall need the following fact, proved in [8], 1.1.8.5.7:

Proposition 2.3 There is an equivalence of categories
A-mod ®4C >~ A-mod(C).

A monoidal dg category A is called rigid if the unit 14 is compact, the monoidal
product mg : A ® A — A has a continuous right adjoint m’,, and m’, is a map
of A-bimodules. It is easy to see that for A rigid, evq := Homa (14, ma(—)) :
A® A — A — Vecty induces a self-duality equivalence A >~ AY. When A is
compactly generated, the condition that m’; be a bimodule functor can replaced with
the requirement that an object is compact if and only if it admits a left and right dual.
See [8], I.1.9.
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If C is dualisable, then one can show that there is an equivalence of dg categories
CY ~ Funy(C, A) and that there is an A-linear relative evaluation functor eve JA
CY ®4 C — A exhibiting CV as the A-module dual of C ([8], 1.1.9.5.4). We say
that C is smooth over A if the relative evaluation evc,a has a left adjoint evlc /A and
proper over A if there is a continuous right adjoint evi, /A"

For a rigid dg category A, the induction-restriction adjunction

— ®14 : Vecty «<— A :Homa(14, —) (2.6)

is continuous. Tensoring 2.6 with a dg category C, we obtain a continuous induction-
restriction functor for C and C4 := A ® C, which for brevity we denote

i:C«—Cy:i".
Concretely, we have i(c) = 14 ® cand i’ (¢ ® ¢) = Hom4 (14, a) ® c.

Lemma 2.4 Let C be a dg category, A a rigid dg category, f : C < A : f"a
continuous adjunction.

(1) There is an induced, continuous A-linear adjunction

. Ids ®f ma .

(2) We have f ~ F oi and f" >~ i" o F". Applying i to the latter and using the unit
of the adjunction i, i", we obtain a natural transformation

iof ~ioi"oF" = F.

(3) Using the above natural transformation and the natural isomorphism i o ® =~
Ids ®® o i for a continuous endomorphism ® of C, we obtain a natural trans-
formation

fo®off~Foio®of ~Foldi®Poiof = Foldy®dboF"

natural in .

Proof The proofs are straightforward. Let us merely note that F' is A-linear by con-
struction. The fact that its right adjoint F” is also A-linear uses rigidity of A and is
verified in [8], 1.9.3.6. O

Next, we specialise to the case of dualisable and smooth sources and rigid target,
where standard diagram chases establish the following.

Proposition 2.5 Let A be a rigid symmetric monoidal dg category, C a dualisable
A-module, F : C <> A : F" a continuous A-linear adjunction.
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(1) Under the self-duality A ~ AV, the dual functor F" identifies with the composite

lde ®aF
—

evg/A v v v
A— C"®sC C"QuAx=C

and the dual functor F” identifies with the composite

F'®ald v COg/A
S CcesCcY =5 A

CY~A®sCY
(2) By definition of dual functor, F >~ evcya oFY ®4 Idc. Then using the above
computation of FV, F identifies with the composite

evy,  ®41d
CoAsC 25 cVesCo,C

eve/A

~CV®@sC — A.

Idc\/ RaFR41dc
— CY®r1A®,C

(3) If C is smooth over A, so that evcya : C¥ ®4 C — A has a left adjoint eVlC/A,
then we can pass to left adjoints in F >~ evc /s oF Y ® o 1dc¢ to obtain a left adjoint
Fl~ F'V ®@41Idco evlC/A. Using the above computation of F"", we find that F'
identifies with the composite

COE/A ®4 lde

CR4CYR4C —

]
eVe/a

F'@aId v @4 Id
AL CV@uC ~ AR CY@C TN

Inspecting the above composite, we find that
Fl ~1dg, , oF",

where Id!C/A is adjoint to eVlC/A (k) e CY ®4 C.

(4) When C is smooth over A, we set E := F'(14) € C and obtain that F is
corepresentable relative to A:

F >~ Hom, (E, —).

Let A be a rigid, compactly generated dg category, C a compactly generated A-
module category. An object ¢ € C is called left proper over A if Hom,(c, —) :
C — A is continuous with continuous right adjoint, and right proper over A if
Hom 4 (—, ¢)¥ : C — A is continuous with continuous right adjoint. 2

The functor Id’c /A adjoint to evlc /A (k) € CY ®4 C is called the (relative) inverse
dualising functor, since by the following corollary it behaves like an ‘inverse Serre
functor’ relative to A.

2 Here, Hom A(—, )Y is a slight abuse of notation. Strictly speaking, the formula is correct on compact
objects, and is then defined everywhere by left Kan extension.
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Corollary 2.6 Let C be a compactly generated dg category, smooth over a rigid dg
category A. Suppose ¢ € C is right proper over A, so that the functor Hom 4 (—, ¢)" :
C — A is continuous with continuous right adjoint. Then there is a natural isomor-
phism of functors

Hom, (—, ¢)" =~ Hom 4 (Id¢: 4 (), —).

In particular, Id!C/A (c) is left proper.

Moreover; applying the above isomorphism to ¢, we have Hom 4 (Idlc /A (c),c) ~
Hom (¢, ¢)¥. Composing with the dual of the unit 14 — Hom 4(c, ¢), we obtain a
trace map tr. : Hom , (Id!C/A (¢), ¢) ~ Hom 4 (c, ¢)¥ — 14. For a compact object d,

the isomorphism Hom , (d, ¢)¥ >~ Hom A (Id!c /A (¢), d) is induced by the pairing
Hom, (d, ¢) @4 Hom ; (Idc 4 (¢), d) = Hom,, (Id: 4 (<), €) 14

Proof Let F = Hom4(—,¢)¥ : C — A. By assumption, F has a continuous right
adjoint F". For each compact object d € C, we have a natural equivalence

Homx(d, ¢) ~ Homyu (14, Hom 4 (d, ¢)) >~ Hom4 (Hom 4 (d, )Y, 14)
>~ Homa (F(d), 14) = Homa(d, F"(14)),

hence by the Yoneda lemma F"(14) =~ c¢. By Proposition 2.5, F also has a left
adjoint given as F! = Id!c /aoF " and F is corepresented by F!(1,4), hence F ~

Hom 4 (Id’C/A(c), —), as claimed.
The statement about the isomorphism being induced by the pairing follows from
naturality of the isomorphism, just as in the case of Serre functors. O

Combining Lemma 2.4 and Proposition 2.5, we have the following corepresentabil-
ity result, which will be essential in understanding the tangent complex of the moduli
space of objects M in a smooth dg category C.

Corollary 2.7 Let f : C «— A : f" be a continuous adjunction with smooth source
and rigid target. Then the induced functor

F=fa:Ch— A

has a left adjoint F* and F is corepresented by the compact object E = F'(14) € Cy:
F ~Hom,(E, —).

We have isomorphisms

FF'(14) ~ FId’C/A F"(14) ~ End,(E) (2.7)
FF"(14) >~ Hom,(E, F"(14)) ~End,(E)” (2.8)
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We end this section with a computation that will be useful later for computing fibres
of certain canonical perfect complexes on the moduli space of objects in a dg category.

Lemma 2.8 Let C be a dg category, A a rigid dg category, and ¢ : A <— Vecty : ¢"
an adjunction with ¢ a symmetric monoidal dg functor. Then for objects E1, E» €
Ca = A® C, we have a natural isomorphism

¢Hom , (E1, E2) =~ Home ((¢ ® Ide)(E1), (¢ ® Idc)(E2)).

Proof First, let us note that Vecty becomes an A-module via ¢ and that with respect
to this A-module structure ¢” is A-linear. Hence the endofunctor ¢” ¢ of A is A-linear
and so determined by its action on 14, giving an isomorphism of functors

oo~ (k) ® —.

Using this isomorphism, adjunction, and A-linearity of relative Hom, we obtain the
following sequence of isomorphisms:

eHom 4 (Ey, E2)
~ Homy (¢(14), pHom 4 (E1, E2)) ~ Homu (14, ¢"9Hom, (E1, E3))
~ Homy (14, ¢" (k) ® Hom 4 (E1, E>))
~ Homy (14, Hom, (Eq, ¢" (k) ® E>))
=~ Homc, (E1, ¢' (k) ® E2) =~ Homc ((¢p ® Idc)(E1), (¢ ® Idc)(E2)).

3 The moduli space of objects
3.1 Quasi-coherent and ind-coherent sheaves on affine schemes

We review some basic notions in derived algebraic geometry that we shall need later,
mostly following [8], Chapters 2-6. For more subtle points, we give precise references.

From now on, we take k to be a field of characteristic O.

By definition, the category of (derived) affine schemes Aff is opposite to the cat-
egory CAlg,kS0 C CAlg; of connective commutative algebras in Vect.> An affine
scheme U = Spec(R) is said to be of finite type over the ground field k if H O(R) is
finitely generated as a commutative algebra over k, H'(R) is finitely generated as a
module over H(R), and H~/(R) = 0 for i > 0. The category of affine schemes of
finite type is denoted Aff f;.

By definition, the dg-category of quasi-coherent sheaves QCoh(U) on an affine
scheme U = Spec(R) is the dg category of dg modules over the commutative algebra
R. Given amap f : U — V, the pullback functor f* : QCoh(V) — QCoh(U) is

3 Since we are working in characteristic 0, it is possible to model CAlgf0 in terms of cohomologically
non-positive commutative differential graded algebras. See [16], Proposition 7.1.4.11.
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given by induction of modules along the corresponding map of rings. As such, f* is
symmetric monoidal. The naturality of pullback is expressed via a functor

QCoh(—)* : Aff? — DGCatcop.

Since we are so far considering only affine schemes, f* always has a continuous
right adjoint f.

One can show that QCoh(U) is a rigid symmetric monoidal dg category, and in
particular that ®-dualisable objects coincide with compact objects. In this case, the
structure sheaf Oy, corresponding to the ring R, is a compact generator. The compact
objects in QCoh(U) are called perfect complexes, which form a small idempotent
complete dg category denoted Perf (U). They are preserved by pullback. In the present
affine case, we therefore have Ind(Perf(U)) = QCoh(U).

Given a pullback square of affine schemes

UxwV 2 vy (3.1)

naturality of pullback gives an isomorphism ¢* f* >~ p*g*, so by adjunction we obtain
a base-change map

[« = qxp", (3.2)
which is easily checked to be an isomorphism by considering its action on the generator
Oy € QCoh(V).

For affine schemes U = Spec(R) of finite type, define the small subcategory
Coh(U) € QCoh(U) of coherent sheaves to consist of quasi-coherent sheaves with
bounded, finitely generated cohomology: F € Coh(U) if H' (F) is finitely generated
over HO(R) and H' (F) = 0 for |i| > 0. The dg category of ind-coherent sheaves is
defined to be the ind-completion of the category of coherent sheaves:

IndCoh(U) := Ind(Coh(U)).
The category of ind-coherent sheaves IndCoh(U) is a module category for quasi-
coherent sheaves QCoh(U ), with the action given by ind-completion of the action of
Perf (U) on Coh(U). For a map of affine schemes of finite type f : U — V, there is
a functor #
f': IndCoh(V) — IndCoh(U).

More precisely, we have a functor

IndCoh()' : Aff 7, — DGCatcont,

4 For an ‘elementary’ definition of f!, see [8], 11.5.4.3.
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IndCoh(U) has a natural symmetric monoidal structure, the product of which is
denoted ®', and the unit of which is wy := p'(k) for p : U — x. Using the action of
QCoh(U) on IndCoh(U), tensoring with wy gives a symmetric monoidal functor

Ty = — Qwy : QCoh(U) — IndCoh(U).

The functor Y intertwines -pullback and !-pullback: Yy f* ~ f'Yy.
More precisely, Y is a natural transformation

Y : QCoh(—)* — IndCoh(—)'

of functors from Aff y;°P to DGCatcop.
There is a self-duality equivalence IndCoh(U) =~ IndCoh(U)". The corresponding
equivalence between compact objects is denoted

Dy (—) = Coh(U)® >~ Coh(U).

One can show that there is an isomorphism of functors Dy (—) =~ Ho_mQCOh(U) (—, wy).
The functor Dy (—) can be used to define a contravariant Grothendieck-Serre duality
functor

QCoh(U)~"” — Fun®(Coh(U)?”, Vecty) =~ IndCoh(U) (3.3)

given explicitly by E — Homqconw)(E, Dy (—)) SIfEisa perfect complex, then
for any F € Coh(U) C IndCoh(U), we have isomorphisms

Homgcony)-(E, Dy (F)) =~ Hommaconw)(E ® F, wy)
~ Hommdconw)(F, E¥ Q@ wy)

hence the functor 3.3 is given on perfect complexes by
E — YT(EY). (3.4)

In particular, it is symmetric monoidal and fully faithful when restricted to perfect
complexes. More generally, one can show that Dy (—) is fully faithful on bounded
above quasi-coherent sheaves having coherent cohomology sheaves.

3.2 Prestacks and the moduli of objects

In this subsection, we fix notation by reviewing some basic constructions concerning
prestacks and dg categories of sheaves on prestacks. Our basic reference is [8,9].

We denote by PrStk := Fun(CAl gkfo, Spc) the category of prestacks on Aff. Being
a topos, PrStk is cocomplete, Cartesian closed, and colimits commute with pullbacks.
We denote the internal/local mapping space adjoint to X x — by Map(X, —), and

5 Here, QCoh(U)~ denotes quasi-coherent sheaves that are cohomologically bounded above. For more on
Grothendieck-Serre duality, see [9], 1.1.3.4.
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the global mapping space by Map(X, —). Moreover, there is a continuous faithful
embedding Spc < PrStk sending a space K to the constant prestack with value K.

The embedding Spc < PrStk is symmetric monoidal for the Cartesian monoidal
structures, so (abelian) groups in Spc map to (abelian) groups in PrStk. We shall be
especially interested in the circle group BZ = S'.

Definition 3.1 Given a prestack X, its free loop space L X is by definition the mapping
prestack Map(S', X).

The free loop space LX carries a natural action of the circle group S', which we
call ‘loop rotation’. Decomposing a circle into two intervals and using the fact that
mapping out of a colimit gives a limit, we obtain an isomorphism of the free loop
space with the self-intersection of the diagonal:

LX >~ X xxxx X

In particular, if X is affine, then the free loop space is again affine.

Mostly we shall be interested in prestacks that are /aft (locally almost of finite type)
and def (‘have deformation theory’). Roughly, a prestack X is laft if it is determined
by maps U — X with U an affine of finite type, and is def if it has a (pro-)cotangent
complex T*(X) that behaves as expected. See the next section for what we expect of
a (pro-)cotangent complex.

Recall from Sect. 3.1 the functor of quasi-coherent sheaves on affine schemes:

QCoh(—)* : Aff° — DGCatcont

Taking the right Kan extension of QCoh(—)*, we obtain a functorial notion of
quasi-coherent sheaves on general prestacks:

QCoh(—=)* : PrStk°? — DGCatcop.

Since every prestack X is tautologically a colimit over all affines mapping into it,
X = colimagr /x U, we have by definition an identification

QCoh(X)= lim  QCoh(U).
Ue(Aff /X)op

For each map of prestacks f : X — Y, we have by definition a pullback functor
f* 1 QCoh(Y) — QCoh(X). The adjoint functor theorem provides a right adjoint,
denoted f, but in general it can be poorly behaved. However, for ‘qca’ morphisms
f, f« 1s continuous and satisfies base change and the projection formula for pullbacks
along maps of affines U — Y (see Corollary 1.4.5 [7]). A morphism f : X — Y is
gca if the pullback of X along a map from any affine U — Y is a nice Artin 1-stack
with affine stabilisers. This will be obvious in the situations where we need it.

One can similarly define perfect complexes on a prestack by right Kan extension
from affines, so that in particular we have an identification

Perf(X) = lim Perf (U).
Ue(Aff /X)op
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For a general prestack X, perfect complexes need not be compact as objects in
QCoh(X), but they always identify with the subcategory of ®-dualisable objects
in QCoh(X). In particular, QCoh(X) is not always rigid, nor even dualisable in
DGCatcop. It shall therefore be convenient for us to formally introduce the cate-
gory of ind-perfect sheaves Ind(Perf (X)). Note that by construction Ind(Perf (X)) is
compactly generated and that pullback preserves compact objects, hence for a map of
prestacks f : X — Y, we have a continuous adjunction

f* : Ind(Perf(Y)) <— Ind(Perf(X)) : fi

Similarly, for a general laft prestack X, the category of ind-coherent sheaves is
defined as the limit along !-pullback over all finite type affine schemes mapping to X:

IndCoh(X):=  lim  IndCoh(U)'.
Ue(Aff 7,/ X)°P

For a map of laft prestacks f : X — Y, we have an evident pullback functor
f ': IndCoh(Y) — IndCoh(X) and a natural transformation Y : QCoh(—)* —
IndCoh(—)! of functors from PrStkEﬂt to DGCatcop given at a laft prestack X by
tensoring with wy.

Note that since mapping spaces in limit categories are computed as limits, the
functor Ty : QCoh(X) — IndCoh(X) is fully faithful when restricted to perfect
complexes, since this was true for affines of finite type. In particular, for X laft, Yy
induces an isomorphism

I'(X, Ox) >~ Homqconx)(Ox, Ox) >~ Hompuacon(x) (@x, @x). (3.5)

Remark 3.2 For maps of laft prestacks f : X — Y that are sufficiently algebraic, one
can define a pushforward functor f; : IndCoh(X) — IndCoh(Y). Beware, however,
that unless f is proper, f' is not right adjoint to f,. Nonetheless, one of the main
results of [8,9] is that in many cases x-pushforward satisfies base-change with respect
to !-pullback.

We can now define the main object of interest for this paper.

Example 3.3 The moduli space of objects M in a compactly generated dg category
C is the prestack given on an affine U by

MC(U) = Mapdgcat(ccv Perf (U)).

Note that Mapdgcat(c ¢, Perf(U)) is the space of exact functors C¢ — Perf(U) from
compact objects in C to perfect complexes on U. Equivalently, we could consider the
space of continuous adjunctions C <> QCoh(U).

When C is smooth, Corollary 2.7 ensures that functors F : C¢ — Perf(U) are
precisely those co-represented by left proper objects E € C¢ ® Perf(U), hence the
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(somewhat inaccurate) name ‘moduli space of objects’. In particular, a k-point x :
Spec(k) — M classifies a functor

@y 1 C¢ — Perf(k),

and when C is smooth, this functor is corepresented by Id’c @’ (k). By Serre duality,
we have

Homc (Id%. ¢ (k), y) =~ Homc (v, ¢ (k))*,

naturalin y € C¢, hence we have an isomorphism of functors ¢, >~ Hom¢ (—, ¢% (k))*.
Our convention is to identify the point x with the right proper object ¢ (k), so that we
have an isomorphism of functors

¢x =~ Homc (—, x)*. (3.6)

By definition of the moduli space, there is a universal exact functor C¢ —
Perf (M), or equivalently, a universal continuous adjunction

Fc : C «— Ind(Perf(M¢)) : F¢.,

so that given a continuous adjunction F : C <— QCoh(U) : F” corresponding to a
morphism f : U — M, we have an isomorphism

f*Fec~F.
By Corollary 2.7, the universal functor F¢ is corepresented by a left proper object
&c € Ind(Perf(My)) @ C.

Remark 3.4 The moduli space M¢ was introduced by Toén-Vaquié [22], where it
is shown that for C a finite type dg category, M is locally an Artin stack of finite
presentation and in particular has a perfect cotangent complex. A compactly generated
dg category C is of finite type if its category of compact objects C¢ is compact in the
category dgcat of small idempotent complete dg categories and exact functors. One
can show that finite type dg categories are always smooth. See [22], Proposition 2.14.

3.3 (Co)tangent complexes and differential forms

In this subsection, we review the notions of cotangent complex and tangent complex,
following I.1 of [9]. (In fact, the authors of [9] work with the somewhat more general
notion of pro-cotangent complex, but we shall not explicitly need that.)

Given an affine scheme U = Spec(R) and a connective quasi-coherent sheaf F' €
QCoh(U)=°, we form the trivial square-zero extension Ur = Spec(R @ F). Given
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a prestack X and a point U 5 X, the space of derivations at x valued in F' is by
definition

Mapy,,(Ur., X).

For a fixed point x, the space of derivations valued in F is natural in F' and we obtain
a functor

QCoh(U)=? — Spe, F — Mapy;(Ur. X).

When this functor respects fibres of maps F; — F> inducing surjections on H?, it
can be extended to an exact functor

QCoh(U)™ — Spc, F — MapU/(Up, X). (3.7

We say that X has a cotangent space 7. (X) € QCoh(U)™ atU % X ifthe functor 3.7
is corepresented by T (X):

Mapgconw)- (Ty (X), F) = Mapy ,(Ur, X).
Suppose X has all cotangent spaces and

v— "1 Ly (3.8)

N

X
is a commutative diagram of affines over X. Then there is a natural pullback map
[Ty — T (X). (3.9)
If 3.9 is an isomorphism for all diagrams 3.8, we obtain a cotangent complex

T*(X) € QCoh(X) = lim  QCoh(U)
Ue(Aff / X)°P

whose fibres are the cotangent spaces:
X*T*(X) ~ T} (X) € QCoh(U) ™.

Similarly, given a map of prestacks X — Y and a point x : U — X, the functor of
relative derivations at x is

F — MapU/(Up, X) XMapy/(Up.Y) *- (3.10)
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If the functor 3.10 is co-represented by an object T, (X/Y) € QCoh(U)~, the co-
representing object 7,7 (X /Y) is called the relative cotangent space at x, and if relative
cotangent spaces at different points are compatible under pullback, then we obtain a
relative cotangent complex 7*(X/Y) € QCoh(X).

Remark 3.5 One can show in particular that filtered colimits of Artin stacks have
cotangent complexes, and that Artin stacks locally of finite presentation have perfect
cotangent complexes. In particular, the moduli space M ¢ for a finite type dg category
C has a perfect cotangent complex. See [22], Theorem 3.6.

Given a laft prestack X with cotangent complex T*(X), its tangent complex
T (X) € IndCoh(X)
is defined to be the image of its cotangent complex under the contravariant dual-

ity 3.3. In particular, when the cotangent complex of X is perfect, we have by 3.4 an
identification

Y(T*(X)Y) ~ T(X)
We define the complex of differential p-forms on X to be
APT*(X) € QCoh(X).
and the space of differential p-forms of degree n to be

AP(X,n) = |T(X, APT*(X)[n])].0

When T*(X) is perfect, we have by 3.4 isomorphisms

L'(X, APT*(X)[n]) =~ Homqconx)(Ox, APT*(X)[n])
>~ Hompdcoh(x) (AN T (X)[—n], wx). (3.11)

3.4 The tangent complex of the moduli of objects

In this subsection, we compute the shifted tangent complex of the moduli of objects
T (Mc)[—1] in a finite type dg category C. Our argument is an adaptation of that of
[9], 11.8.3.3, which treats the case C = Vecty.

To begin with, we review the construction of the natural Lie algebra structure on
T(X)[—1] € IndCoh(X) for X € PrStKias—def-

6 Here || : Vecty — Spcis the ‘geometric realisation” of a complex, which is truncation above at 0 followed
by the Dold-Kan correspondence.
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Given X € PrStkyaf—def, consider the completion (X x X)” of the diagonal A :
X — X x X as a pointed formal moduli problem over X:

(X x X)"

X

Looping, we obtain a formal group Qx (X x X)” over X sitting in a pullback diagram

Qy(X xX)" I — X
FLk
X— 2 s (xxx)"
It is easy to check that the formal group Qx (X x X)” identifies with the completion
LX" of the loop space along the constant loops.
From the theory of formal groups developed in [9], I1.7.3, L X has a cocommutative
Hopf algebra of distributions in IndCoh(X) given as
Dist(LX") = mewp x» =~ A'Awx,
whose Lie algebra of ‘primitive elements’ identifies with the shifted tangent complex:
Prim(mywp xr) >~ T(X)[—1].
By [9], 11.6.1.7, there is an isomorphism of cocommutative conilpotent coalgebras
Symy (T (X)[—1]) = A'Awx. (3.12)
By [9], I1.7.5.2 and I1.8.6.1, there is a natural identification
A'Awx —mod(IndCoh(X)) ~ IndCoh((X x X)) (3.13)
where the functor A' : IndCoh((X x X)) — IndCoh(X) corresponds to the forgetful
functor and p!1 : IndCoh(X) — IndCoh((X x X)”) to the trivial module functor.
Taking !-pullback along the other factor gives another symmetric monoidal functor
can(X) : p!2 : IndCoh(X) — IndCoh((X x X)”). In particular, there is an action map
A'Aywx ® F — F natural in F € IndCoh(X), and hence by adjunction an algebra
map AAwxy — Endy (F). In particular, for a perfect complex Y (E) € IndCoh(X),

we have an algebra map

A'Aswx — Endy(Y(E)) ~ YTEndy (E).
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Remark 3.6 One can show that for a perfect complex Y (E) € IndCoh(X), the corre-
sponding action map T(X)[—1] ® YT(E) — A'A,wx @ Y(E) — Y(E) identifies
with the Atiyah class of E. Compare [11].

We shall need the following, which combines the equivalences of 3.13 and Propo-
sition 2.3.

Proposition 3.7 Let M be a module category for IndCoh(X). Then there is an equiv-
alence
IndCoh((X x X)") ®macoh(x) M ~ A'A,wx -mod(M)

Tensoring over IndCoh(X) with the functor can(X) =~ p!2 : IndCoh(X) —
IndCoh((X x X)) ~ A'A,wx -mod(IndCoh(X)), we obtain a functor can(M) :
M — A'Aywx -mod(M), endowing every objectm € M with a canonical structure of
A Awx-module. In particular, we obtain a canonical action map Al Acwx @®m — m.
Adjoint to this, we obtain a natural algebra map

A'A,ox — Endy (m) (3.14)

in IndCoh(X).

For later use, we elaborate on a particular case of the above proposition. Let C be a
smooth dg category, f : C — QCoh(U) a continuous functor with continuous right
adjoint f”, where U is an affine scheme of finite type,and £ € Cyy = QCoh(U)®C the
object corepresenting F = f ®Idy, sothat F ~ Homy, (E, —). Writing End; (E)" =~
A*p3End;; (E)Y, there is a natural map

End, (E)Y — A*A,Op (3.15)

defined by applying A* to the natural map p3End;; (E)" — A,Oy adjoint to the map
End;, (E)Y — Oy dual to the unit Oy — End, (E).

Lemma3.8 Let C and f : C — QCoh(U) be as above. Then the map A'A,oy —
YEndy, (E) in IndCoh(U) from 3.14 is Grothendieck-Serre dual to the natural map
End, (E)Y — A*A.Oy in QCoh(U) from 3.15.

Proof The assertion is clear at the level of objects. Indeed, since End;, (E) is perfect,
Dy (End;; (E)Y) =~ Endy (E) @ wy =~ YEnd;; (E). Moreover, by definition of the
duality functor Dy (—) 3.3, we have

Hompacoh(w) (F, Dy (A*AOp)) =~ Homgconw) (A* A Oy, Dy (F))
=~ Homqcoh( xv) (A«Ou, Duxu (A F))
>~ Homppdcon(w xv) (A« F, Axoy)

~ Hompaconw) (F, A'Aswy)

for F € Coh(U), hence by the Yoneda lemma Dy (A*A,Op) and A'A,wy are
naturally isomorphic.
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At the level of morphisms, writing YEnd, (E) =~ A' péTEﬂlU(E ), we have that
the map A'Aoy — TEnd;, (E) is obtained by applying A' to the natural map
Aoy — pIZTE_ndU(E) adjoint to the unit wy — A!p!QTE_ndU(E) ~ YEnd; (E).
Similarly, as noted above, the natural map End;;(E)Y — A*A,Oy is defined by
applying A* to the natural map p3End;; (E)" — A,Oy. Since the duality functor D
exchanges *-pullback and !-pullback, the assertion follows. O

We now proceed to compute the shifted tangent complex of the moduli of objects
M in a dg category C of finite type. Recall that by definition we have a universal
continuous adjunction

Fc : C «<— Ind(Perf(Mc)) : F(-
and hence by Corollary 2.7, there is a left proper object
Ec € Ind(Perf(M¢)) ® C

corepresenting Fc. In particular, we obtain an associative algebra End \4.(E¢) in
Perf (M) and hence an associative algebra TEnd \,.(Ec) =~ End . (TE¢) in
IndCoh(M).

Using Proposition 3.7 with M = IndCoh(M¢) ® C and m = Y E¢, we obtain a
natural map of algebras

A'Acore — End . (TEC)
and hence a map of Lie algebras
T(Mc)[—1] — End ;. (YEc). (3.16)

Proposition 3.9 The map of Lie algebras (3.16) is an isomorphism.

Proof Given a point x : U — M classifying a functor f : C — QCoh(U), let
E € QCoh(U) ® C be the left proper object corepresenting the functor f ® Idy :
Cy = QCoh(U) ® C — QCoh(U). Applying !-pullback to (3.16), we obtain for
every F € Coh(U) a map

Homy (Dy (F), x'T (Mc)[—11) = Homy (Dy (F), Endy; (T E)). (3.17)

Since M ¢ and LM are locally geometric and locally of finite presentation ([22],
Theorem 3.6), in particular laft-def, to show that (3.16) is an isomorphism it suffices
to check that (3.17) is an isomorphism for all 7 € Coh(U), and since IndCoh(U) is
stable, it is in fact enough to check that (3.17) induces an isomorphism on homotopy
classes of maps. We shall do this by showing that x'T(Mc)[—1] and End;, (TE)
represent the same functor at the level of homotopy categories.

By definition of the Lie algebra of a formal group, we have T (M¢)[—1] =~
s'T(LMc/Mc), hence T(Mc)[—1] represents relative derivations for LM¢ —
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M at each point U — M¢ S LMe. By definition of M¢ and of the loop
space, a point U — M¢ S LM is given by a pair (f, Idy), where f is a functor
f 1 C — QCoh(U) and Id is the identity automorphism of the functor f. Therefore
to give a relative derivation into F' € Coh(U) is to give an automorphism « of the

trivial extension f :C —f> QCoh(U) LN QCoh(UF) of the functor f together with an
identification i*or >~ Id ;.

By adjunction, the automorphism « : 7*f — 7* f is equivalent to a map £ —
T w*E >~ E® F ® E in Cy whose first component is just Idg. Such a map is
therefore determined by its second component E — F ® E. In short, homotopy
classes of derivations with values in F € Coh(U) at (f,1dy) : U — LM relative
to M naturally identify with homotopy classes of maps £ — F ® E in Cy.

We claim that such maps are naturally identified with maps Dy (F) — YEnd;; (E),
and thus YEnd,; (E) identifies with the relative tangent space for every point. Indeed,
we have

Homc, (E, F ® E) >~ Homgconw)(Ouv, HomQCOh(U)(E, F ®E))
=~ Homqconw)(Ou, F ® E_ndQCoh(U)(E))
=~ Homqcohw) (Endgcon) (E) ', F)
~ Homngconw) (Du (F), Dy (Endgeony (E)Y))
=~ Hommdconw) Dy (F), TEndgcony (E))-

m}

We conclude this section with a computation of the (co)tangent map induced by a
dg functor.

Lemma3.10 Let f : C <— D : f" be a continuous adjunction between smooth dg
categories and ¢ : Mp — Mc the induced map of moduli spaces. Then there is a
natural map of functors F, D}"é)go* — (p*]-'cflc which when evaluated on O pq,. gives
amap End \, (Ep) — ¢*End . (Ec). After applying Y, the latter map gives the
shifted tangent map

T(Mp)[—1] = ¢'T(Mc)[-1].

The fibre of the above shifted tangent map at a point x € Mp corresponding to
a functor ¢, = Homp(—, x)* : D — Vecty identifies with the map Endp(x) —
Endc(f" (x)) induced by the functor " : D — C.

Dually, there is a natural map of functors ¢*FcF¢ — FpFpe* which when
evaluated on O . gives a map ¢*End yq . (Ec)” — End 4, (Ep)". The latter map
identifies with the shifted cotangent map

e T (Mo)[1] — T*(Mp)[1].
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Proof The universal property of the moduli spaces gives a commutative diagram of
functors

C : D

= a

Ind(Perf(Mc)) —— Ind(Perf (M p))

We then have a composite of natural maps of functors Fﬁ)w* — ]-'ﬁ)w*fc]-'l ~
}"ﬁ)fp f]-"lc — fflc where the first arrow is induced by the unit Id¢ — fcflc and
the second by the counit ]—"5).7-' p — Idp. Applying Fp to this composite gives the
desired map fD]-'ngo* — }'folc ~ w*fc]-'lc. Evaluating on O 4. indeed gives
amap End \(, (Ep) — ¢*End . (E¢) by Corollary 2.7. Using Proposition 3.9 and
applying Y, we obtain a map T (Mp)[—1] — gDIT(./\/lc)[—l]. That this map agrees
with the natural tangent map follows easily from the same kind of argument as in the
proof of Proposition 3.9. Finally, the claim about the fibres follows from Lemma 2.8.

The dual statement for the cotangent map is proved dually. O

4 Traces and Hochschild chains
4.1 Traces and circle actions

We begin by reviewing the theory of traces in (higher) symmetric monoidal categories.
Our main reference is Hoyois-Scherotzke-Sibilla [12], which among other things pro-
vides enhanced functoriality for a construction of Toén-Vezzosi [23]. Other references
making use of this circle of ideas include [2] and [14]. We follow [12], but slightly
modify the notation and language to be consistent with other parts of the paper. In
particular, we call a symmetric monoidal category ‘very rigid’ rather than ‘rigid’ if all
its objects are dualisable.

Following [12], given a symmetric monoidal 2-category C, we consider the sym-
metric monoidal 1-category End(C), defined as the symmetric monoidal category of
‘oplax natural transfors’, in the sense of Scheimbauer-Johnson-Freyd [13], from the
free very rigid category generated by BN to C:

End(C) := Fun‘gla"((BN)“ig, ). 4.1)

Accordingly, we shall informally say that that End(C) is ‘oplax corepresentable’.
At the level of homotopy categories, End(C) admits the following description: an
object of End(C) is a pair (C, ®), where C € C is a 1-dualisable object and ® is an
endomorphism of x. Given two objects (C, ®) and (D, ¥), a morphism between them
is a pair (f, «), where f : C — D is a 1-morphism admitting a right adjoint " in C
and o : f® = W f is a 2-morphism. Such a morphism is usually displayed as a lax
commutative square
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LC
f/lf
v
—

D

4.2)

S0

The symmetric monoidal structure on End(C) is given ‘pointwise’. We also consider

the symmetric monoidal category 2C, whose objects are endomorphisms of the unit

1e and whose morphisms are natural transformations between such endomorphisms.
Definitions 2.9 and 2.11 of [12] give a symmetric monoidal trace functor

Tr : End(C) — QC. 4.3)

The value of Tr on an object (C, ®) is computed simply as the trace of the endomor-

ldov @®
—

phism adjoint to ®, namely, as the composite 1 ¢ 7S cvec Vel 25 1e.

ad
In other words, the trace of @ is the composite of the morphism 1¢ 2 v ® C adjoint

to C 2 C with the evaluation morphismeve : CY ® C — le:
Tr(®) = eve (P, (4.4)

Given a morphism (f,«) : (C,®P) — (D, V) in End(C), the induced map of
traces Tr(®) = Tr(W¥) is computed as the left-to-right composite of lax-commutative
squares

d,
- ove o M g o (4.5)

") ®/’ ®/
evY) l

dp
1222 . pvop & pvgp S 4

Here, we have used Lemma 2.2 to define the 2-morphisms in the left-most and
(1®¢)oevy,
right-most squares as ()" ® f oev/ ~ (Idpv ® ff") o ev), sl evy, and
o(1
c eve o(l@m) eveo(ldev @ f7 f) ~ evpo(f")V ® f, while the 2-morphism in the
central square is 1 ® «.

Lemma 4.1 Given a morphism (f,«a) : (C, ®) — (D, V) corresponding to a lax
commutative square 4.2, the induced map of traces Tr(f,a) : Tr(®) — Tr(¥)
factors as

r(Olf ) Tr(\lls)

Te(®) 3 TH@ S f) = Te(f D7) b Te(W f7) ) Tr(W)
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Proof Simply observe that the diagram

factors as

c-2,

lf/
1\

—

D

An important feature of the theory of traces developed in [12] is the naturality in
C of the trace functor Tre : End(C) — Q€. While not explicitly stated in [12], the
following lemma follows immediately from ‘oplax corepresentability’ of End(C).

Lemma 4.2 Given a symmetric monoidal 2-functor F : C — D, we have a commuta-
tive diagram of symmetric monoidal functors

F

End(C) ¢ Qe

|

End(D) 2 D

Explicitly, given an object (C, ®) € End(C), we have an equivalence

F(Tre(®)) = Trp (F(P)).
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Furthermore, if G is right adjoint to F, then for any object (D, V) in End(D), the
counit F oG = Idp induces anatural map F (Tre(GV)) >~ Trp(FGVY) — Trp (V)
and hence, by adjunction, a natural map

Tre(GY) — GTrop (V).

Similarly to the category of endomorphisms End(C), we define the category of
automorphisms as

Aut(©) := Fun®™ ((s)""¢, ©).

At the level of homotopy categories, Aut(C) admits the following description. The
objects of Aut(C) are pairs (C, ®) of a dualisable object in C together with an auto-
morphism ®. The 1-morphisms in Aut(C) are the same as those in End(C). Restricting
along BN — BZ = S', we obtain a symmetric monoidal trace functor

Tre(—) : Aut(C) — QC. (4.6)

The main result that we need from [12] is Theorem 2.14 (refining Corollaire 2.19
of [23]), which states that the trace functor Tre(—) : Aut(C) — C admits a unique
S1-equivariant lift natural in symmetric monoidal functors ¢ — D. Here Aut(C) =
Fungglax ((SHVre, @) carries the S'-action induced by that on (S')V"€, while Q@ carries
the trivial S'-action. Here we explicitly formulate the result from [12] that we shall
need later.

Proposition 4.3 Given an S'-fixed point (C, ®) € Aut(C), there is an induced S'-
fixed point structure on Tre () € QC, that is, an S'-action on Tre (®). Given a second
Sl—ﬁxedpoint (D, ¥) € Aut(C), and an Sl—ﬁxed map (f,a): (C,P) - (D, V), we
get an induced S'-equivariant map Tre(®) — Tre (V).

Moreover, given a symmetric monoidal functor F : C — D between symmetric
monoidal 2-categories, we obtain an S'-equivariant equivalence

F(Tre(®)) ~ Trp (F(D)). 4.7

The case of most interest to us will be the trace of the identity functor Id¢c on
a dualisable object C € €, which is naturally S !_fixed. In the next subsection, we
consider the special case of the symmetric monoidal 2-category of presentable dg
categories, in which case Tr(Id¢) gives a natural realisation of Hochschild chains of
C with its functorial S'-action. In the following subsection, we consider the special
case of the symmetric monoidal 2-category of correspondences of affine (derived)
schemes, and use Proposition 4.3 to identify Hochschild chains and functions on the
loop space as S'-complexes.

Remark 4.4 While the constructions above were described mostly at the level of homo-
topy categories, which is sufficient for later computations, the existence of a homotopy
coherent trace functor and its S'-equivariant lift are important for us and provided by
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[12] and [23]. As we have briefly indicated, homotopy coherence and functoriality
are handled by defining the symmetric monoidal categories End(C) and Aut(C) to be
‘oplax corepresentable’ by (BN)Y"& and (BZ)""¢ respectively.

4.2 Hochschild chains of dg categories

We now specialise to the case of the symmetric monoidal 2-category DGCat?, of
presentable dg categories. Given a dualisable dg category C € DGCathm, we define
Hochschild chains of C to be trace of the identity functor on C endowed with the

S!-action described in the last section:
HH(C) :=Tr(d¢)

Remark 4.5 There are various approaches in the literature to the S'-action on
Hochschild chains. Most classically, the S'-action is described in terms of the cyclic
bar complex, as in the book of Loday [15]. Comparable to this is the construction of
Hochschild chains in terms of factorisation homology, as in [16] and [1]. In this paper,
we always use the S!'-action coming from the 1-dimensional cobordism hypothesis,
as in [23]. While the comparison between the first two S L_actions and the third seem
to be known to experts, we so far have not found a reference.

Given a continuous adjunction f : C <— D : f” between dualisable dg cate-
gories, we obtain from the formalism of traces an induced S'-equivariant map

HH(C) — HH(D).

Recall from Sect. 2 that when C is smooth, then by definition the evaluation functor
eve : CY ® C — Vecty has a left adjoint evlc : Vecty — CY ® C. Under the
identification C¥ ® C 2~ End(C), evlc (k) corresponds to a continuous endofunctor
of C, denoted Id!C and called the inverse dualising functor of C. By definition of the
identification C¥ ® C =~ End(C), the action of Id!C is given by the composite

ldc ®ev! ®Id
d.:c “Scecvec 2 cvecec e e (4.8)

Forgetting the S'-action, we obtain the following expression for Hochschild chains
of a smooth dg category C in terms of Hom-complexes:

HH(C) = Tr(ldc) = Homg (k, eve oev (k) =~ Homevge (evh (), evi (k)
~ Homgyd(c)(IdL, Tdc). (4.9)
Using the above identification, we can compute the map on Hochschild chains for

a dualisable functor with smooth source and dualisable target and in particular for
smooth source and smooth target.
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Proposition4.6 Let f : C <> D : f” be a continuous adjunction with smooth source
and dualisable target. Given a Hochschild chain k[i] — Tr(Id¢) adjoint to a natural
transformation o : Id!C[i] — Id¢, the composite k[i] — Tr(Idc) — Tr(Idp) giving
the image of the Hochschild chain under the functor f identifies with the composite

kli] — Tr(Id!C)[l] (—C)>n Tr(Idcf Hlil
~ Tr(f 1k £ T2 o) B9 Teadp).

When D is also smooth, there is a natural unit map 1 : Id!D - f Id!c f" so that
the image of a identifies with the composite

IdD fIdC[]f ff 5 1dp (4.10)

under the isomorphism Tr(Id p) >~ Homgnd(p) (Id!D, Idp).

Proof First note that Tr(Id!C) =evco evlc (k), so there is a natural unit k — Tr(Id!C).
After suspension, that gives the first arrow. Then by adjunction, the composite

kli] — Tr(Id )i Tr(a) Tr(Idc) identifies with the original Hochschild chain
kli] — Tr(Idc) Now using Lemma 4.1, and the naturality of n : Idc — f'f,
we obtain the commutative diagram

k[i] —— Tr(dj[i]) — Tr(ld¢)

| |

Tr(dy £ f)li] — Tr(f" f)

T

Tr(f Id!C IOl —— Te(ff") —— Tr(dp)

Now suppose both C and D are smooth. Since they are in particular dualisable, we
have a natural transformation eve — evp o(f")Y ® f. Applying ele on the left and

evlc on the right of this natural transformation, we obtain a map ev’D oevc o evlc —

ele oevp o(fY® fo evlc. Post-composing with the counit ele oevp — Idp, we
obtain a map

eviyoevcoevh — (f1) ® foevh 4.11)

Since C is smooth, we have a unitk — evc o evlc k) = End(Id!C). Applying ele on
the left of this unit, we obtain a map

evhy (k) — evh, oeve oevh.(k). (4.12)
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Composing 4.11 and 4.12 and using the usual identifications, we obtain the desired
unit }
Idy, —> f1d,. f". (4.13)

The claim about the image of « then follows as in the case of C smooth and D
dualisable. O

Our main interest is in computing the Hochschild map H H (C) — H H(A) induced
by a continuous adjunction f : C < A : f” with smooth source and rigid target.
By Corollary 2.7, the induced A-linear functor F = f4 : C4 — A has a left adjoint
F':A— Cyand F is corepresentable by FI(IA) =FE € Cyq: F @ Hom,(E, —).
Thus given a Hochschild class k[i] — H H(C) adjoint to a natural transformation
Id’C[i ] 5 Id¢, we get an induced natural transformation Id!CA / Ali] d Idc, and hence

. . . FapF" ) .
an induced natural transformation F' Id!CA F[i] W FFT. Post-composing with the
counit FF" — Id4 and applying the tensor product my : A ® A — A, we obtain a
composite

FIdg, FT(10)[i] <% FF(14) — mam’y(1,).

Using the isomorphisms Tra(F Idi., F") =~ FF'(14) ~ End 4 (E) and Tra (FF") ~
FF"(14) ~ End,(E)" from Corollary 2.7, we obtain the composite

1ali] — End 4 (E)[i] — End, (E)" — mam/(14). (4.14)

where 14[i] — End,(E)[i] is the shifted unit map. Note that under the isomor-
phism End , (E)" =~ Homa(Idg., /4 (E), E), the map End 4 (E)[i] — End,(E)" =~
HomA(Id’CA/A(E), E) identifies with Hom4(—, E) applied to a4 : Id!CA/A[i] —
Idc, evaluated on E.

Proposition 4.7 Given a continuous adjunction F : C <> A : F" with smooth source
and rigid target, the image of a Hochschild chain adjoint to o : Id!C [i(1 — Id¢
under the induced map HH(C) — HH(A) is obtained by applying the functor
Homu4 (14, —) : A — Vecty to the composite (4.14) and precomposing with the unit
k[i] — Enda(14)

Proof Using the above isomorphisms and naturality of trace with respect to induction
and restriction between k-linear and A-linear dg categories, we obtain a commutative
diagram
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Tri (Id)[i] ————— Tri (Id¢)

| |

res Tra(Idg )[i] —— resg Tra(ldc,)

J |

resg Tra(F Idg,, F7)[i] — resp Tra(FF”)

res End 4 (E)[i] —— res{ End , (E)¥ —— res mg m’, (14) =~ Trx(Id)

Finally, note that the restriction functor res,/{" : A — Vecty is just Homg (14, —) O

4.3 Functions on the loop space and Hochschild chains

In order to encode the functoriality of base change maps (3.2), it is best to use the
2-category Corr(Aff) of correspondences with the symmetric monoidal structure
induced by the Cartesian monoidal structure on affine schemes Aff. At the level of
homotopy categories, the objects of Corr(Aff) are just affine schemes, a 1-morphism
in Corr(Aff) from U to V is a correspondence

with & proper.



63  Page 320f45 C. Brav, T. Dyckerhoff

Composition of 1-morphisms is given by pullback:

Z'xyZ——s7—>U,

|

7z vy

|

w

It is easy to check that all objects U € Corr(Aff) are dualisable, with evaluation
and coevaluation

AL UxU U— %

L

UxU

Applying the formalism of traces from Sect. 4.1, we obtain that the trace of Idy in
Corr(Aff) is the correspondence

UXUxUU U *

L,

U——UxU

|

*

and is endowed with a natural S'-action. Decomposing the circle S! into two intervals
glued along their endpoints, one obtains an identification Map(S', U) ~ U xyxy U ~
Trcorr(affy(Idy ), and one can identify the natural § _action on Treomr(atryIdy) with
‘loop rotation” on Map(S', U).

Remark 4.8 The formalism of correspondences makes sense for more general
prestacks, usually with some restrictions on the arrows, but we shall only need to
use it for affine schemes.

As noted in [8] 5.5.3, base change isomorphisms for QCoh give rise to a symmetric
monoidal functor between 2-categories

QCoh : Corr(Aff) — (DGCat2,,,)>~°P (4.15)

con

Concretely, QCoh : Corr(Aff) — (DGCat?, .)>~°P takes an object U to QCoh(U),

cont

a morphism V &z l> U to the functor g, f* : QCoh(U) — QCoh(V), and a 2-
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morphism i : Z — Z' to a natural transformation g;f”k = g:,ﬁ*h"‘f”k ~ gof*
induced by the unit Id ,; = h.h*.

Remark 4.9 Note the contravariance between i and the induced natural transformation.
This is the reason for the ‘2-op’ in (DGCat2,)>~°P. Note that the ‘2-op’ affects only

cont
the direction of functoriality of trace, not the trace itself.

We end this section with a comparison of geometrically and algebraically defined
S'-actions.

Theorem 4.10 For an affine scheme U, there is a natural isomorphism of S'-
complexes

I'(LU, Ory) ~ HH(QCoh(U))

where the left-hand side has the S'-action coming from the identification LU =
Treom(atry(Idy ) and the right-hand side has the S Laction coming from the identifica-
tion HH (QCoh(U)) = TrDGCatgom (Idgcon))-

Proof Apply the naturality of S'-actions from Proposition 4.3 to the symmetric
monoidal functor QCoh : Corr(Aff) — (DGCat?, )>~°P. O

cont

5 Shifted symplectic and Lagrangian structures on the moduli of
objects

5.1 Graded S"-complexes

Given a group prestack G, recall that its classifying prestack is the geometric realisation
of the corresponding simplicial prestack: BG = |---G x G § G = x|. The dg-
category of representations of G is by definition the category of quasi-coherent sheaves
on the classifying prestack BG: Rep(G) := QCoh(BG).

Consider the quotient map % BG and the map to a point BG % %. We have
adjoint pairs of functors

q" : Rep(G) = QCoh(BG) <> Vecty : g«
7 : Vecty <> QCoh(BG) = Rep(G) : m,.

In terms of representations, ¢g* forgets the G-action, g, coinduces from the trivial
group, 7 * gives the trivial representation, and . takes G-invariants. For G sufficiently
nice, the right adjoints are continuous.

More generally, given a map between group prestacks ¢ : G; — G, we have an
induced map f : BG; — BG; of classifying prestacks. In good circumstances, we
have a continuous adjunction f* : Rep(G2) = QCoh(BG;,) <— QCoh(BG)) : fx,
which we refer to as restriction and coinduction of representations. ’

7 For classical group schemes, these functors correspond to the usual (derived) restriction and coinduction
functors.
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In particular, consider the abelian group S' in PrStk. We define an S'-complex to
be a quasi-coherent sheaf on the classifying prestack BS!. 8 By [3] Corollary 3.11,
applying B to the affinisation map® ' — BG,, induces an equivalence under pullback

QCoh(B*G,) ~ QCoh(BS").

We may therefore identify S'-complexes with BG,-complexes, and we freely do so.
We shall also be interested in graded S'-complexes, which by definition are objects
of QCoh(B(BG, x Gp,)). 1°

Using the pullback square

B2G, —— B(BG, % G,,) 5.1

Pl

x* —  BGy,

and the section j : BG,, — B(BG, x G,) of p : B(BG, x G,,) — BG,,
we can define various complexes and maps of complexes functorially associated to
(graded) S'-complexes.'! By definition, the negative cyclic complex HC~(E) of an
S!'-complex E € QCoh(B2G,) is the complex of BG,-invariants:

HC™(E) := n.E € Vecty.

Similarly, given a graded S l-complf:x F € QCoh(B(BG, % Gy,)), we define its
weight-graded negative cyclic complex as the pushforward to BG,,:

HC, (F) := pyF € Vect{" >~ QCoh(BGy).

While the functors g* : QCoh(BG,,) — Vecty and i* : QCoh(B(BG, x G,,)) —
QCoh(B?G,) are given concretely by summing over the weight-graded components of
a graded (mixed) complex, for our purposes it will be more relevant to take the product
over the weight-graded components. More formally, we note that the right adjoint
functors g, : Vecty — QCoh(BG,,) and i, : QCoh(B%>G,) — QCoh(B(BG,xG,,))
can be shown to be continuous and satisfy the projection formula (using [7], Corollary
1.4.5, and the fact that the morphisms are qca), and hence themselves admit (non-
continuous) right adjoints (g«)" and (ix)", which concretely are given by taking the

8 Itis easy to show that this category of S 1 -complexes is equivalent to others in the literature, for example,
with the category of functors Fun(BS 1, Vecty).

9 Given a prestack X, the affinisation of X is by definition the prestack MapCAlgk(l“(X ,O0x),—) :
CA]ng — Spc. It is not hard to show that the affinisation of slis BGy. See [3], Lemma 3.13.

10 One can show that restriction of representations along G, — BG, % Gy is conservative and preserves
limits, so restriction/coinduction is comonadic in this case. Thus we may identify QCoh(B(BG, x Gy,))
with certain comodules in QCoh(BGy;). One can use this to identify objects of QCoh(B(BG4 % Gp))
with §! -complexes in QCoh(BGy;,), hence the name ‘graded S 1 -complex’.

1 vorsicht: Quasi-coherent base change does not hold for the pullback square 5.1.
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product over weight-graded components. There are natural transformations

4= @) (52)
1" = (l*)r

concretely given by mapping the direct sum to the direct product. Equivalently, the
natural transformation ¢* = (gx)" is adjoint to a natural transformation g.q* =
Idqcoh(BG,,) induced via the projection formula from the natural map g.¢*Opg,, —
Opg,, corresponding to the projection k[, #~!] — k of the regular representation onto
the trivial representation. An analogous construction gives the natural transformation
i* = (i)

The above long song and dance leads to the following simple and important obser-
vations.

Lemma 5.1 Given a graded mixed complex E € QCoh(B(BG, x Gy,)), there is a
natural map

HC™(i*E) — [ [ HC, (E)(p)
P

and so in particular a natural ‘pth component’ map
HC™(i*E) — HC, (E)(p) (5.3)

for each p.

Moreover, applying p. to the unit 1dQcon(B(BG, x1G,n)) = JxJ*> we obtain a natural
transformation p, = j*. Passing to weight-graded components, we obtain for each
p a natural map

HC, (E)(p) — E(p).

5.2 Closed differential forms

Given an affine scheme U, the map S I BG, induces an equivalence Map(BG,, U)
~ Map(S!, U) = LU, by definition of affinisation. The action of BG, % G,, on BG,,
then induces an action of BG, X G, on LU and hence the functions on LU carry a
natural structure of graded S'-module.'?> We thus obtain a direct sum decomposition

I(LU,OLy) = @ T (LU, OLy)(p)
p

into weight-graded components. On the other hand, we have isomorphisms

I'(LU, Ory) ~ Homqconrv)(Ory, Ory) =~ HommdconLuv)(@Lu, oLu)

12 For a more detailed discussion in the not necessarily affine case, see section 4 of [3].
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~ Homy (txoLy, 0y) ~ [ [T (W, APT*(U)Ip]),
P

where the first two isomorphisms are from (3.5) and the last isomorphism uses 3.12

and base change along the diagonal A : U — U x U. Altogether, we obtain an
identification

T(LU, Ory)(p) =T (U, NPT*(U)[p])
of the weight-graded components of the functions on LU."3

We introduce the following terminology, following [19]:
The space of p-forms of degree » on an affine scheme U is

AP(U, n) := T (LU, OLy)(p)In — pl| = IAPT*(U)[n]|
The space of closed p-forms of degree n on U is
APNU, ) == |HC, (T(LU, OL))(p)ln — pl|

The natural map HC,(I'(LU, Ory)(p) — T'(LU, Ory)(p) from the second part
of Lemma 5.1 induces a map

APU, n) - AP(U, n)

giving the ‘underlying p-form’ of a closed p-form. The constructions being functorial
in U, we obtain a map of prestacks

APCl(— n) — AP (—, n) (5.4)

on Aff.

Following [19], for a general laft-def prestack X, we define the space of closed
p-forms and the space of p-forms, as well as the map between them, by applying
Map(X, —) to 5.4:

AP (X n) = Map(X, AP (=, n)) = Map(X, AP(—, n)) = AP(X, n).

We now give the central construction of this paper.
For a prestack X, we tautologically write X = colima¢f /x) U. Then

APL(X n— p) :=Map(X, AP (=, p—n)) >~ i APl p —
(X.n — p) := Map( (cop=my= im AU p =)

~ i HC, (U)(p)[—nl|.
Ue(Alf?}X)op' w () (P)[=nl]|

13 The fact that the direct sum and direct product agree depends on the fact that 7*(U) is connective.



Relative Calabi-Yau structures II: shifted Lagrangians in... Page 37 of 45 63

Remark 5.2 In [19], it is shown that if X is a locally geometric stack, then A? (X, n) ~
IT(X, APT*(X)[n])|, so the above notion of the space of forms is at least reasonable
in this case. Since the moduli space M is locally Artin when C is of finite type, this
will suffice for our purposes. For a general laft-def prestack, it is perhaps more natural
to work directly with the Hodge filtration on de Rham cohomology.

The universal continuous adjunction F¢ : C <— Ind(Perf(Mc¢)) : F(. gives
an S! -equivariant map H H(C) — H H (Ind(Perf(M))). Composing with the natu-
ral $'-equivariant map H H (Ind(Perf(Mc))) — limyeatr/xyor HH(QCoh(U)) =~
limyeafr/xye I'(LU, Opy), taking invariants, and using Lemma 5.1, we obtain for
each p a natural map

HC™(C) > lim  HC,(T'(LU,OLp))(p).
Ue(Aff /X)oP

Truncating and shifting gives a map &, : |[HC~(C)[-n]| — AP/(Mc, p — n).
Similarly, define a map «, : |HH(C)[—n]| — AP(Mc, p — n). Functoriality of
invariants and of the pth component map 5.3 gives the following.

Proposition 5.3 Foreachn € Z, p € N, there is a commutative square of spaces

IHC™(O)[=n]| — 5 AP/ (M, p — n)

| |

|HH(C)[—-n]| —— AP(Mc, p — n)

In words: from a negative cyclic class o : k[n] — HC™(C) of degree n, we obtain
for each p a closed p-form k(a), of degree p — n on the moduli space Mc, and the
underlying p-form is associated to the underlying Hochschild class.

We now describe how to compute the p-forms on M ¢ corresponding to Hochschild
classes k[n] — H H(C), in the case of a smooth dg category C. Using the isomor-
phism 4.9, we represent a Hochschild class by a map of endofunctors « : Id!C[n] —
Id¢. Inducing the universal continuous adjunction F¢ : C <— Ind(Perf(M)) : }'g
along the symmetric monoidal functor Y : Ind(Perf(M¢)) — IndCoh(Mc), we
obtain a continuous adjunction

Fe : IndCoh(M¢) ® C <— IndCoh(Mc) : Fr

in which the left adjoint Fe is corepresentable by Y (E¢) € IndCoh(M¢) ® C.
Applying the induced map of endofunctors & : Id!C/vl [n] — Id¢ M O the object
c

.7:"2 (wpm,) followed by applying the functor ]?6 = Hom ».(T&¢, —), we obtain a
map

End v, (TE€c)[n] > End pq (TEC)".
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Here we have used the isomorphisms End y . (TE¢) =~ Fe Id!CMC ]:'g (wam,) and

End 4. (YEC)Y =~ fcfé (o) induced by (2.7). Pre-composing with the isomor-
phism (3.16) and the trace map of Corollary 2.6, we obtain a map

a1 T(M)[=1 +n] = End \ (TEC)n] 5 End py (TE)” % wpge. (5.5)

Proposition 5.4 Let C be a smooth dg category. Given a Hochschild chain k[n] —
H H (C) corresponding to a map of endofunctors o : Id!c [n] — Id¢, the correspond-
ing I-form of degree 1 — n on Mc is (dual to) the map ay from (5.5), while the
corresponding p-form kp(a) of degree p — n is (dual to) the composite

Sym? (T(Mc)[~1D[n] — T(Mc)—11%7[n] > T(Mc)[~1[n] - o,

where the map Sym? (T (Mc)[—1]) — T(Mc)[—11%7 is symmetrisation, the map
T(M)[—11%7 > T(Mc)[—1] is the p-fold multiplication in the associative alge-
bra structure on T (Mc)[—1], and the map T (M¢)[—1][n] LS @M, IS induced by
the trace map of Corollary 2.6.

Proof The maps are defined globally, so to check that the composite is dual to that
giving the p-form «, (), it is enough to check this by restricting along each map
U — Mc from an affine U of finite type. For such a map, we use Lemma 4.7 on
Hochschild maps with smooth source and rigid target. Taking the Grothendieck-Serre
dual of this map as in Lemma 3.8 and using the isomorphism 3.12 completes the
identification of the p-form «,(c). O

5.3 Symplectic and Lagrangian structures on the moduli of objects

Recall from [4] that a Calabi-Yau structure of dimension ¢ on a smooth dg
category C is an S'-equivariant map 6 : k[d] — HH(C) (equivalently, a map
k[d] - HC~(C) = HH(C)S l) such that the corresponding map of endofunctors
Id’c[d] — Id¢ is an isomorphism. More generally, given a continuous adjunction
f:C < D: f" between smooth dg categories, a relative Calabi-Yau structure of
dimension d on the functor f is amap 7 : k[d] — fib(HC~(C) — HC™ (D)) such
that in the induced diagram

1d[d] — f1dy.[d] f" — cof (5.6)
fib I Idp

all vertical arrows are isomorphisms.!'# Here let us note that the map Id’D[d] —
f1dL.[d]f" is that given by 4.13.

141y [4], this was called a ‘left relative Calabi—Yau structure’. Since ‘right Calabi—Yau structures’ do not
appear explicitly in this paper, we drop ‘left’.
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In particular, a relative Calabi—Yau structure on 0 — D of dimension d is just a
Calabi—Yau structure of dimension d + 1 on D. We are especially interested in relative
Calabi—Yau structures giving an absolute Calabi—Yau structure on C.

We have the following easy lemma, which will be used in the proof of the main
theorem below.

Lemma5.5 Let C and D be compactly generated smooth dg categories, f : C —
D : f" a continuous adjunction equipped with a relative Calabi—Yau structure of
dimension d, and x € D a right proper object so that Fp = Homp(—, x)* : D —
Vecty has continuous right adjoint F,. Then we have a commutative diagram

Fpld}, Fld]—— Fp f1dL. f"Fjp[d] —— Fpcof F},

N

FpfibF}, ————— Fp ff"Fj, ————— FpF},

of endofunctors of Vecty induced by applying F|, on the right and Fp the left of the
diagram 5.6. When evaluated on k, we obtain a commutative diagram

Endp (x)[d] — Endc¢ (f" (x))[d] —— cof (5.7)

T

fib —— Ende (f7 (x))* —— Endp (x)*

in which the upper left horizontal arrow is induced by applying the functor f" : D —
C and the lower right horizontal arrow is dual to that induced by f".

Proof If we define Fc := Fp f, then for any compact object y € C, Fc(y)
Homp(f(y),x)* =~ Homc(y, f"(x))*, naturally in vy, hence F¢
Hom¢ (—, f"(x))*. The other assertions then follow easily from Corollary 2.7.

o 1l

We are now ready to prove the main theorem of this paper.

Theorem 5.6 (1) Given a smooth dg category C with Calabi—Yau structure 0 :
k[d] — HC™(C) of dimension d, the corresponding closed 2-form k,(0) €
A%l (Mc, 2 —d) is non-degenerate. In words, a Calabi—Yau structure of dimen-
sion d on a smooth dg category C induces on the moduli space of objects M¢ a
symplectic form of degree 2 — d.

(1) Given a continuous adjunction f : C <— D : f" between smooth dg categories
equipped with a relative Calabi—Yau structure n : k[d] — fib(HC~(C) —
HC™ (D)) of dimension d that agrees with the absolute Calabi—Yau structure 9,
there is an induced Lagrangian structure on the map of moduli spaces

MD —> Mc.
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Proof The proof of 1) is immediate from Lemma 5.4: the pairing T (M¢)[—1] ®
T (Mc)[—1] = o [—d] givenby the underlying 2-form is exactly the Serre pairing
of Corollary 2.6, after using the isomorphism End . (YE) ~T(Mce)[-1].

For the proof of 2), we have to describe the induced isotropic structure. For this,
we use naturality of the map |HC ™ (—)[d]| — AZCl(M_, 2 — d) to obtain a diagram
of fibre sequences

fib(HC~ () — [HC~(O)[—dl| LD o=y

l L s

fib(¢*,) ——— A2 (M, 2 —d) —— A2 (Mp,2 —d)

| L,

fib(p*) —— A2(Mc,2 —d) —2— A2(Mp, 2 —d)

The relative Calabi—Yau structure k. — fib(|HC~(C)[—d]| — |HC~(D)[—d])])
determines a point in fib(|H C~(f)|), which maps under the upper left vertical arrow
to a point in fib(¢*;), determining an isotropic structure.

To prove non-degeneracy of the isotropic structure, note that the maps of functors
from Lemma 3.10, together with the relative Calabi—Yau structure, induce a commu-
tative diagram of functors

Fpld'y Frld] — ¢*Fc ld, FLld] — fib

| F

cof ———— @*FcF ——— FpF),
Evaluating this diagram on O ,, and applying Y gives a commutative diagram

T(Mp)[—1+d] —— ¢'T(Mc)[—1 +d] —— T(Mp/Mc)ld]

| l |

YT*(Mp/Mc) ——— @' YT*(Mc)[1] ——— YT*(Mp)[1]

in which the upper left horizontal arrow is the shifted tangent map and the lower right
horizontal arrow is the shifted cotangent map.

It remains to see that the outer two vertical arrows in the above diagram are isomor-
phisms. Since M p is laft, it is enough to check isomorphisms on fibres over k-points
x € Mp, which by definition of the moduli space correspond to right proper objects
x € D giving dg functors Fp = Homp(—, x)* : D — Vect, with continuous right
adjoint. By Lemma 3.10, the fibre at x of the upper left horizontal arrow is the map
Endp(x)[d] — Endc(f"(x))[d] induced by the functor f” : D — C and the fibre
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of the lower right horizontal map is dual to that, up to a shift. That the fibres of the
outer two vertical maps are isomorphisms now follows from Lemma 5.5. O

6 Applications and examples

In this section, we apply Theorem 5.6 to a number of examples of relative Calabi—Yau
structures on functors C — D to produce Lagrangian structures on the corresponding
maps of moduli spaces M p — M. The example of local systems on manifolds with
boundary and some version of the example of ind-coherent sheaves on Gorenstein
schemes with anti-canonical divisors are also treated by Calaque [5], using different
methods. The example coming from A,,-quivers was known in some form to experts.
See for example [21], 5.3.

6.1 Oriented manifolds and Calabi-Yau schemes

Given a closed oriented manifold M of dimension d, Cohen-Gantra [6] constructed
an absolute Calabi—Yau structure on the dg category Loc(M) of local systems on M.
More generally, given an oriented manifold N of dimension d 4+ 1 with boundary
dN = M, Theorem 5.7 of [4] gives a relative Calabi—Yau structure of dimension
d + 1 on the induction functor

i1 : Loc(dN) — Loc(N). (6.1)

Applying Theorem 5.6 to this relative Calabi—Yau structure, we obtain the following.

Corollary 6.1 The relative Calabi—Yau structure on the functor 6.1 induces a
Lagrangian structure on the corresponding map of moduli spaces

Mioc(ny = MLocan)-

Similarly, given a finite type Gorenstein scheme X of dimension d together with
a trivialisation 0 : Ox =~ Kx of its canonical bundle, Proposition 5.12 of [4] gives
an absolute Calabi—Yau structure of dimension d on IndCoh(X). Given a Gorenstein
scheme Y of dimension d + 1 with an anticanonical section s € K ! having a zero-
scheme X of dimension d, there is an induced trivialisation 8 : Ox ~ Ky, and
Theorem 5.13 of [4] gives a relative Calabi—Yau structure of dimension d + 1 on the
pushforward functor

iy : IndCoh(X) — IndCoh(Y).

Applying Theorem 5.6 to this relative Calabi—Yau structure, we obtain the following.

Corollary 6.2 The relative Calabi—Yau structure on the functor 6.2 induces a
Lagrangian structure on the corresponding map of moduli spaces

My - My
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6.2 Lagrangian correspondences and exact sequences

One of the basic examples of a relative Calabi—Yau structure, treated in [4], Theorem
5.14, comes from the representation theory of quivers of type A,. Specifically, there
is a natural functor

Lt Vecty — Mod(A,)

with a relative Calabi—Yau structure of dimension 1. Denoting the moduli space of
objects in Vecty by M and the moduli space of objects in Mod(A,) by M,, Theo-
rem 5.6 endows the induced map

M, — l'[l’-l:]l./\/ll

with a Lagrangian structure.

Let us explain the case n = 2 in more detail. For the quiver A,, we have two simple
modules S1 and S>, which we denote schematically by k — 0 and 0 — k respectively,
and the extension P of S; by S>, denoted schematically as k — k.

The functor

L3, Vecty — Mod(Ay).

taking the first copy of k to the simple module S;, the second copy of k to P,
and the third copy of k to the simple module S, carries an essentially unique
relative Calabi—Yau structure. Indeed, there is an isomorphism of §'-complexes
HH(LI?’:l Vecty) >~ k@dk@k given by the classes of the three copies of k, and similarly
anisomorphism H H(Mod(A;)) =~ kék given by the classes of S1 and S,. With respect
to these isomorphisms, the exact sequence H H(Mod(Aj), Lll.3=1 Vecty)[—1] —
HH (LI?: | Vecty) — H H(Mod(A»)) identifies with the exact sequence

1
() (419)

k—>2@k@k%k@k.

By examining the action of the relevant functors on the simple modules of A5, it is not
hard to check that the identification k >~ H H(Mod(A»), LI?=1 Vecty)[—1] satisfies
the non-degeneracy necessary for a relative Calabi—Yau structure.

Now consider the induced map My — Mj x M| x M. A k-point in My is
a continuous functor Mod(A;) — Vect, with continuous right adjoint. The image
of the exact sequence S, — P — S; under this functor essentially determines the
functor, and so we can consider M as the moduli space of exact sequence, with the
first and last factor of M — M| x M| x M picking out the beginning and end of
the sequence and the middle factor giving the middle term of the sequence.

Note that the Lagrangian structure on the map M, — M| x M| x M is with
respect to the degree 2 symplectic form (w, —w, @) on the target, where w is the
standard degree 2 symplectic form on M.
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We consider now a generalisation of the above construction to the moduli space of
Ay -representations in a Calabi—Yau category C of dimension d.

Lemma 6.3 Given dualisable dg categories C and D, there is a Kiinneth isomor-
phism HH(C ® D) ~ HH(C) @ HH(D) of S'-complexes. When C and D are
smooth, the underlying k-linear Kiinneth isomorphism factors as HH(C ® D) =~
HomEgnd(ceop) (Id!C@,D, Idcgp) =~ Hompua(c) (IdL, Idc) ® Homgaa(p)(Id}y, Idp) =~
HH(C)® HH(D).

Proof The general Kiinneth theorem for traces follows from the trace formalism that
we reviewed in Sect. 4.1. The underlying k-linear isomorphism comes from the iden-
tification (C ® D)¥ ® (C ® D) ~ (DY ® D) ® (CY ® C) and the corresponding
identification evcgp = eve @ evp. In the case of smooth categories, passing to left
adjoints gives a corresponding identification Id!C oD = Id!c ® Id!D, whence the second
claim follows. O

Proposition 6.4 Given smooth dg categories A, B, and C with a relative Calabi—Yau
structure 91 € Homgqi (k[d], HH (B, A)) of dimension d| on a functor f : A — B,
and an absolute Calabi-Yau structure 6, € Homg (k[d2], H H(C)) of dimension da,
the tensor product f @ Idc : A ® C — B ® C has an induced relative Calabi—Yau
structure 01 ® 0 of dimension dy + d».

In particular, setting A = 0, we see that the tensor product of two dg categories
with Calabi—Yau structures has an induced Calabi—Yau structure.

Proof This follows easily from the Kiinneth formula of Lemma 6.3. O
We state explicitly an important special case of Proposition 6.4.

Corollary 6.5 Let (C, 0) be a non-commutative Calabi—Yau of dimension d and set
C, =Mod(A,) ® C. Then the functor

utle - ¢,

induced by tensoring 6.2 with (C, 0) carries a relative Calabi—Yau structure of dimen-
sion d + 1, and the induced map of moduli

n+1

Mcn — 1_[ ./\/lc

i=1

carries a Lagrangian structure with respect to the degree 2 — d symplectic structure
15
on Mc.

15 Note: The exact form of the relative Calabi—Yau structure on 6.2 introduces a sign into one of the factors
of the symplectic structure on ]_[l'fill Mec.
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