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Abstract

In this paper we study the moduli stack of complexes of vector bun-
dles (with chain isomorphisms) over a smooth projective variety X via
derived algebraic geometry. We prove that if X is a Calabi-Yau variety of
dimension d then this moduli stack has a (1 —d)-shifted Poisson structure.
In the case d = 1, we construct a natural foliation of the moduli stack by
0-shifted symplectic substacks. We show that our construction recovers
various known Poisson structures associated to complex elliptic curves,
including the Poisson structure on Hilbert scheme of points on elliptic
quantum projective planes studied by Nevins and Stafford, and the Pois-
son structures on the moduli spaces of stable triples over an elliptic curves
considered by one of us. We also relate the latter Poisson structures to
the semi-classical limits of the elliptic Sklyanin algebras studied by Feigin
and Odesskii.
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1 Introduction

The framework of derived algebraic geometry, including the theory of derived
Artin stacks (see [9], [30]), has become an important tool in understanding
moduli spaces of vector bundles and their generalizations. In this paper we
study the moduli spaces of bounded complexes of vector bundles in this context.

Our main inspiration comes from the work of Pantev-Toén-Vaquié-Vezzosi
[21], where the classical symplectic structure on the moduli spaces of sheaves
over K3-surfaces discovered by Mukai is “explained” and generalized using
shifted symplectic structures. Namely, they show that the derived moduli stack
RPerf(X) of perfect complexes over a d-dimensional Calabi-Yau variety X has
a canonical (2 — d)-symplectic structure.

In this paper we consider the derived moduli stack RCplz(X) of complexes
of vector bundles over a smooth projective variety X. Our main result is that
if X is a Calabi-Yau variety of dimension d then this moduli space admits a
(1 — d)-shifted Poisson structure (see Theorem BI7). Here we use the theory of
shifted Poisson structures developed in [5] (see also [15], [16], [25], [27]).

Note that for our moduli stack we consider bounded complexes of vector bun-
dles with isomorphisms given by chain isomorphisms (not quasi-isomorphisms).
Thus, it is very different from the moduli stack of perfect complexes where iso-
morphisms in derived category are allowed. This also makes our moduli stack to
be closely related to moduli spaces of Higgs bundles, of stable pairs and triples
(see [3]) and of coherent systems (see [14]).

Our original motivation was to “explain” natural Poisson structures on mod-
uli spaces of stable triples and stable pairs over an elliptic curve C (see [23]), as
well as those on moduli spaces of complexes over an elliptic curve constructed
by Nevins-Stafford [18]. We indeed show that the relevant moduli stacks ad-
mit 0-shifted Poisson structures which have the classical Poisson structures as
their “shadows” (see Theorems 7] and B.1)). Note that Safronov in [26] gives
a similar construction of a 0-shifted Poisson structure on the moduli stack of
P-bundles over an elliptic curve, where P is a parabolic subgroup in a simple
algebraic group (the corresponding classical Poisson structure was discovered
by Feigin-Odesskii in [g]).

As an additional bonus, the derived geometry point of view clarifies the
picture with the symplectic leaves of these Poisson structures. Namely, we show
that they can be recovered from the natural map

RCplz(C) — RPerf(C) x RVect® (C)

by considering the homotopy fibers over stacky points in the target (see Corol-
lary B.2T]). More precisely, we prove that these homotopy fibers carry 0-shifted
symplectic structures. Under additional assumptions this gives a classical sym-
plectic structure on the coarse moduli spaces of such fibers. In Sections and
5.1 we show how this approach can be used to study symplectic leaves of the
classical Poisson structures associated with an elliptic curve.

In a somewhat different direction, in Section we check that the Poisson
structure on the projectivization of the space Ext'(L,O¢), for a degree n line



bundle L on C, arising from the identification with a moduli space of stable pairs,
coincides with the semi-classical limit of the Feigin-Odesskii algebras @, 1(C, 7).

One should note that the foundations of the theory of shifted Poisson struc-
tures are not quite complete at the moment. Namely, the definition of an n-
shifted Poisson structure used by Spaide [27], in terms of a Lagrangian structure
on a morphism to an (n+ 1)-shifted symplectic formal derived stack, is different
from the definition in [5]. The proof of the equivalence between the two defini-
tions should appear in a forthcoming paper by K. Costello and N. Rozenblyum.
However, one implication of this equivalence has been already proved by Melani
and Safronov [16]: they prove that an n-shifted Poisson structure in the sense
of Spaide gives rise to an n-shifted Poisson structure as defined in [5].

Our method of constructing (1 — d)-shifted Poisson structure on the moduli
stack of complexes is via constructing a Lagrangian structure on a morphism to
a moduli stack equipped with an (2 — d)-shifted symplectic structure. Thus, by
the results of [27] and [16], this will give a shifted Poisson structure with respect
to either definition.
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by the Russian Academic Excellence Project ‘5-100’.

2 Moduli spaces of complexes and perfect com-
plexes

The main purpose of this section is to briefly recall the construction of the
moduli stack of objects in a dg category, due to Téen and Vaquié [31], and to
set up some notation involving dg-categories and derived stacks that will be
used later.

2.1 Moduli of objects in dg-categories

Let k be a field of characteristic zero. We denote by % (k) the category of (un-
bounded) cochain complexes of k-modules. It carries a standard model structure
(12, Definition 2.3.3]). For L, M € ¥(k) and n € Z, let Hom" (L, M) denote
the k-module of morphisms f : L — M of graded objects of degree n. Then

€ (k)(L, M) := Hom® (L, M) = @ Hom" (L, M)
nez

with the differential induced by the differentials on L and M. This makes € (k)
into a dg-category. The model structure and the dg-category structure on € (k)



both lead to the (same) homotopy category of € (k), which carries a symmetric
monoidal structure.

Let T be a small dg-category over k. A (left) dg-T-module is a dg functor
T — %€ (k). We denote the category of (left) dg-T-module by T — Mod. By [12]
4.2.18], the category T'— Mod can be endowed with a & (k)-model structure.
Moreover, its model structure is compactly generated. For the details, we refer
to [31] Section 2.1].

To any dg-algebra B over k, we associate a dg-category, also denoted by
B with the unique object x such that the dg-algebra of endomorphisms of this
object B(x,*) is equal to B. We denote by 1 the dg-category with the unique
object x and 1(*,x) = k. The dg-category 1— M od is just € (k). More generally,
for a k-algebra B, viewed as a dg-algebra concentrated in degree 0, the dg-
category B — Mod is the dg-category of complexes of B-modules.

The category of (small) dg-categories over k, denoted by dgcaty, has a model
structure [28]. Its homotopy category Ho(dgcaty) has a natural symmetric
monoidal structure, with the corresponding internal Hom denoted by RHom and
the mapping spaces denoted by Map(—, —) (see [12] for the precise definition
of the mapping spaces). We consider these mapping spaces as objects in the
homotopy category of simplicial sets Ho(sSet). Denote the full subcategory of
T°P — Mod consisting of cofibrant objects, by T. The objects in 1 are precisely
the projective dg-k-modules. In terms of the internal Hom, we have

T = RHom(T",1). (2.1)

Denote by fpe the full subcategory of perfect objects in T (see Definition 2.3 of
[31]). The Yoneda functor
h:T—T

factors through the subcategory fpe (see section 2.2 [31]).
For a dg-category T, following [31], we consider the functor

My :sk — CAlg — sSet
A — Mapageat, (T, gpe)

where sk — C'Alg is the category of simplicial commutative k-algebras, sSet is
the category of simplicial sets and Mapggeqt,, (TP, Ape) is the mapping space of
the model category of dg-categories. We denote k — C' Alg for the category of
commutative k-algebras. By [3I, Lemma 3.1], My has a structure of D~ -stack
in the sense of [d Section 2.2].

The main theorem of [31] is the following.

Theorem 2.1. (Theorem 3.6, Corollary 3.17 [31)]) Let T be a dg-category of
finite type (e.g. T is saturated). Then the D™ -stack M is locally geometric and
locally of finite presentation. Moreover, for any pseudo-perfect T°P-dg-module
E, corresponding to a global point of Mr, the tangent complex of Mt at E is
given by

Trmr. e ~ RHom(E, E)[1].



In particular, if E is quasi-representable by an object x in T, then we have
Ty, g~ T(x, z)[1].

Remark 2.2. The definition of a dg-category of finite type can be found in [31]
Definition 2.4]. The definitions of pseudo-perfect object, locally geometric, locally
of finite presentation and quasi-representable can be found in [3I, Definition
2.7, Section 2.3, Definition 2.4]. The locally geometric condition guarantees the
existence of the cotangent complexes (by [9, Corollary 2.2.3.3]).

Remark 2.3. Theorem 2.1 is a very powerful result. However, it is rather
different from the typical existence results of moduli space using representabil-
ity criteria. We briefly explain an alternative construction of RPerf due to
Pridham, which is a natural generalization of the classical approach. In the
next section, we will use Pridham’s approach to construct the moduli space of
complexes.

Given A € sk — C'Alyg, flpe is the dg-category of perfect dg- A-modules. De-
note TgoApe for the dg-category with the same set of objects and the morphisms

being the smart truncation of that of Ape, which is an co-category. Let |flpe| be
the Dold-Kan denormalization of TSQApe, which is a simplicial category. Given
a simplicial category C, define W(C) to be the full simplicial subcategory in
which morphisms are maps whose images in moC are invertible. In particular,
W(C) is a simplicial groupoid.

For a simplicial groupoid C, taking the nerve C — BC gives an equivalence
between the infinity categories of simplicial groupoids and of simplicial sets.
The locally geometric D~ -stack RPerf constructed by T6éen and Vaquié is the
functor F : sk — C'Alg — sSet, defined by

F(A) = BOV(|Ape)))-

Pridham gives explicit criteria for when such a functor can be sheafified into a
locally geometric D~ -stack ([24], Theorem 2.10]). Using this approach, Pridham
has constructed various derived moduli stacks by checking the conditions of the
representability theorem (see [24] ).

When T = 1, M; classifies the perfect complexes of k-modules up to quasi-
isomorphisms. We denote M; by RPerf. Let a,b € Z be two integers with

a < b. We define ./\/l[la’b] C M3 to be the full sub-D~-stack consisting of perfect
complexes of k-modules of Tor amplitude contained in [a,b] (]31, Proposition
2.2]). We find that

My = MY,

a<b

and M[la’b] is n-geometric and locally of finite presentation, for n = b —a + 1.
When a = b, M is equivalent to the D~-stack of vector bundles

Vect ~| | BGL,. (2.2)



Let V.= {... = Vi - Vil — 1} be a perfect complex of k-module.
We denote Vect®" for the classifying stack of the underlying graded objects
@, V'[—i]. Note that Vect®" is equivalent to the union of the product of finitely
many copies of the vector bundle stack Vect. There is an obvious morphism
s: Vect? — RPerf, mapping @, V¢[—i] to the corresponding perfect complex
with zero differentials.

Let us denote by D~ St(k) the homotopy category of D~ -stacks, and by
St(k) the category of (higher) stacks. Considering a commutative k-algebra as
a constant simplicial commutative k-algebra gives an embedding k — CAlg —
sk — C Alg. This embedding induces a truncation functor

to : D™ St(k) — St(k),

with the left adjoint
i: St(k) - D™ St(k)
which is fully faithful.
One has natural isomorphisms
T (Mr, E) 2 Aut(E,E), m;(Mr,E)=Ext'"(E, E),

where Aut and Ext are computed in the triangulated category Ho(T°? — Mod).

The construction T' — M is contravariant in T, and gives rise to a con-
travariant functor from the model category of small dg-categories to the model
category of D~ -stacks (see [31, Section 3.1]). Moreover, it induces a functor
between homotopy categories

M_ : Ho(dgcaty)? — D™ St(k).

Let F be a locally geometric D~ -stack. The natural adjunction map i(to(F)) —
F, from the truncated stack to the derived stack, induces a map on tangent
complexes and cotangent complexes

Ti(to(F)) = TSOTF — Tp, Lp — L’i(to(F)) = TZOLF

where 720 and 7= are the (smart) truncation functors of complexes. To simplify
the notation, we will omit the functor ¢ and just write this map as to(F) — F.
For A € k — CAlg the set of A-points of the truncated stack to(F) is given by

to(F)(A) = F(A).

Definition 2.4. Fix a T°P-module E. We define xg, the stacky point repre-
senting F, as the subfunctor of to(Mr) corresponding to the subcategory of T'
consisting of objects isomorphic to F.

There is a monomorphism of stacks
xgp — to(Mr)
whose tangent map is
7= (RHom(E, E))[1] — 7= (RHom(E, E))[1].

The induced morphism on cohomology is an isomorphism for negative degree
and is zero for degree zero.



2.2 Moduli space of complexes

The goal of this subsection is to construct a geometric D~ stack RCplx clas-
sifying bounded complexes of vector bundles up to chain isomorphisms, and a
morphism from RCplx to RPerf. Our main reference of this section is [24].

Let us consider the ring of dual numbers k[e]/(e?) as a graded k-algebra,
where deg(e) = 1. Note that a graded k[e]/(¢?)-module is the same as a complex
of k-modules. Thus, we have an equivalence

Gr — k[e]/(€?) = Ch(k)

between the abelian categories of graded k[e]/(€?)-modules and of complexes of
k-modules. Alternatively, we may interpret graded ke]/(€?)-modules as quasi-
coherent sheaves on the stack [Spec(k[e]/(€?))/G,,], where € has weight 1 with
respect to the G,,-action.

Let V =@, V; be a graded k[e]/(e?)-module. We can compute the derived
endomorphisms space of V' (in the derived category of graded k[e]/(€?)-modules)
using the reduced Hochschild cochain complex of kle]/(€?) with coefficients in
the bimodule Ende(V'), where

End, (V) := @ @) Homy.(Vi, Viyn)-

n€E”Z 1€Z

This complex is given by

P Hom,, (m®", End, (V)),
n>0

where m is the maximal ideal in k[e]/(¢?) and Hom,, denotes the space of degree-
preserving k-linear maps. It is easy to see that the above complex is equal to
End>o (V) with the standard differential [e, —].

Lemma 2.5. Let K be an abelian category with all small limits and colimits.
Denote A for the abelian category Ch(K). Both Ch(A) and Ch(K) are dg-
categories with the standard dg-structures. Denote Tot : Ch(A) — Ch(K) for
the functor that takes the total complex. Then Tot is a dg-functor.

Proof. Observe the objects of Ch(A) are precisely the double complexes of ob-
jects in L. We denote an object of C' € A by a chain complex ... - C; —
Cit1... with C; € K and differential dj. Denote an object of C* € A by a
chain complex ... = C* — C**! ... with C? € A and differential d".

Given two complexes C* and D*®, the Hom complex in Ch(A) has its n-th
graded piece

Homgy,4)(C*, D*) = €P Homu(C!, D7)

= @ Zo(Hom. (C?, D™™))



Here Zo(Hom.(C?, Di*t™)) is the 0-th cycle of the Hom complex in A with dif-
ferential dj, o (—) & (=) o ds. The differential on Homg,,4)(C*, D*®) is given by
d’o (=) + (=1)"* (=)o dv.

Let f; € HomK(C;, D;+”) be a O-cycle, i.e. the equations

dnf} + (=1) T 1 0dp =0 (2.3)

hold. Because the differential on the total complex is dp + d”. It follows from
equation [Z.3] that the natural map between the Hom complex is compatible with
the differentials. o

We denote the dg category of complexes of graded k[e]/(e?)-modules by
% (kle]/(€?)). Note that it is equivalent to the dg-category Ch(Ch(k)) with
vertical dg-structures. The dg-functor Tot : € (k[e]/(e?)) — € (k) maps a graded
k[e]/(e?)-module to the corresponding complex of k-modules.

Let us denote by Y the Artin stack [(Spec kle]/e?)/G,y]. For A € k—CAlg,
let FMody (A) (resp. Fprojy (A)) denote the category of quasi-coherent sheaves
(resp. coherent sheaves) on Y x Spec A, that are flat (resp., finitely generated
projective) as A-modules. Thus, objects in Fprojy (A) are precisely bounded
complexes of vector bundles on Spec A.

The category F Mody (A) admits a dg-enhancement dgM odq,+(Y @A) con-
sisting of derived quasi-coherent sheaves on Y x" Spec A (see [24 Def. 4.6, 4.4]
for definition of category of derived quasi-coherent sheaves on derived Artin
stacks). Furthermore, the functor FMody (—) — 7°(dgModeqr(Y @Y —)) is
an open embedding (see [24) Ex. 4.15]). So we may identify FMody (A) with
the subcategory of dgMod...+(Y ®" A) consisting of complexes F for which
H (F®4B)=0forali#0andall B€ A— CAlg (where H' denote the
cohomology sheaves). In this way, F'Mody (A) inherits a simplicial structure
from dgModea,+(Y @Y A).

Let us denote by sCat the category of simplicial categories. Define a functor

M : k- CAlg — sCat,

by setting M(A) := Fprojy (A), for A € k — C'Alg. The functor M is open in
the functor
A= W(dgModeqri (Y @ A)).

For A € sk— CAlg, set dCARTy (A) to be the full simplicial subcategory of the
category of dgMod.q+(Y ®“ A) on cofibrant objects (see Definition 4.10 [24]).
Define a functor M : sk—CAlg — sCat by setting M(A) to be the full simplicial
subcategory of W(dC ARTy (A)) consisting of objects F for which F ®4 mo(A)
is weakly equivalent in dgMod.+(Y ®“ A) to an object in M(mo(A)) (see [24]
4.12]).

Pridham gives a criteria for when the nerve of hypersheafification of M is
a geometric D~ stack (see [24, Thm. 4.12]). Condition (0), (1), (3) and (4) of
[24, Thm. 4.12] will follow if M is representable by a (underived) Artin stack
locally of finite presentation. This is proved by Lieblich (see [13, Thm. 4.2.1]



E) Condition (2) holds because the groups Ext’ of coherent sheaves on Y are
equal to the groups Ext’ of graded k[e]/e>-modules, which are clearly finite
dimensional over k.
We denote geometric D~ -stack that represents M by RCplz. By the con-
struction, its A-points classify bounded complexes of vector bundles on Spec A.
By the previous calculation of Hochschild cohomology, the tangent complex of
RCplz(k) at a graded ke]/(e?)-module V is equivalent to the complex (End>o(V), [e, —]).
We denote by

q : RCplx — RPerf

the morphism induced by the Tot functor. For A € k — C'Alg, it maps an
object V' € Fprojy(A) to the underlying bounded complex of vector bun-
dles on Spec A, treated as a perfect dg-A-module. For A € sk — CAlg and
a simplicial resolution A%, the tangent map of ¢ at V is the chain map
Homy, (A% End>o(V)) — Homy (A% Ende(V)), induced by the natural em-
bedding End>o(V) — Ende(V') as a subcomplex.

For A € k — CAlg, the objects of Vect? (A) are graded vector bundles on
Spec A. The embedding of graded k-algebras k — k[e]/(¢?) induces a morphism
of derived stacks

p: RCplx — Vectd",

mapping a complex to the underlying graded object. The morphism s : Vect?" —
RPerf defined in the previous section is induced by the functor Tot, applying
to complexes with zero differentials.

3 Shifted symplectic and Poisson structures

This section is the main body of the paper. We start by reviewing the notions of
shifted symplectic structure, Lagrangian structure and shifted Poisson structure
following [21] and [27]. Then we will prove that RCplz carries a 1-shifted Poisson
structure. This result leads to the first main result of the paper (Theorem B17T)
that the moduli space of complexes of vector bundles (up to chain isomorphisms)
on a d-dimensional Calabi Yau has a (1 — d)-shifted Poisson structure. In the
second part, we analyze the d = 1 case in detail and prove the second main
result (Theorem B.I8)) that says a stacky point is Lagrangian.

3.1 Shifted Poisson structures from Lagrangian structures

Let us recall some definitions and results in the theory of shifted symplectic and
Poisson structures following [21] and [27]. Let X be a derived Artin stack over k.
We denote the tangent (resp. cotangent) complex of X by Tx (resp. Lx). We
can form the de Rham algebra DR(X) := Symg,  (Lx[1]). This is a weighted
sheaf whose weight p component is DR(X)(p) := Symg,  (Lx [1]) = (APLx)[p].

1 Lieblich proved the case of coherent sheaves on proper schemes. But the argument works
for Gm,-equivariant sheaves.



The space of p-forms of degree n on X is a simplicial set
AP(X,n) := [Homp,,,, ) (Ox, APLx [n])]

where Lg.on(x) is the oo-categorical version of the quasi-coherent category and
| - | is the Dold-Kan denormalization.

The weighted negative cyclic chain complex NCV := GBP NC™(p), whose
weight p component is

NC*(X)(p) :== (H (APY'Lx) [p— i), dLy + dpr).

i>0
The space of closed p-forms of degree n on X is
APEH(X, n) = [Homg,,, ., (Ox, NC*(X)[n — p](p))].
The natural projection
NC(X)[n = pl(p) = NLx[n] (3.1)

defines a map AP/(X,n) — AP(X,n), send a closed p-form to the “underlying
p-form”. A 2-form w : Ox — A%Lx[n] is non-degenerate if the induced map
Tx — Lx|[n| is a quasi-isomorphism. An n-shifted symplectic form on X is a
closed 2-form whose underlying form is non-degenerate.

Definition 3.1. ( Definition 2.7 [21]) Let Y be a derived Artin stack with an
n-shifted symplectic form w and let f : X — Y be a morphism. An isotropic
structure on f is a path (homotopy) h : 0 ~ f*w in the space A%< (X, n).

The relative tangent complex of f, denoted by T; is defined by the exact
triangle

Ty —— Tx —— f*Ty —— Ty[1]
Lemma 3.2. An isotropic structure on f defines a map Oy, : Ty — Lx[n — 1].
Proof. The n-shifted symplectic structure w defines a morphism
w: Ty — Ly[n].
By the isotropic condition,

% frw
Tx Ty

fLy[n] —— Lx|n]

factors through the map T;[1] — f*Ly[n] — Lx[n], whose shift defines ©;,. O

Definition 3.3. (Definition 2.8 [21]) We say an isotropic structure h is La-
grangian if ©p is a quasi-isomorphism. And we denote the simplicial set of all
Lagrangian structures on f by Lagr(f,w).

10



The following definition of n-shifted Poisson structures is different from the
one in section 3.1 of [5]. The equivalence of the two definitions was announced by
Costello and Rozenblyum. In [I6] Melani and Safronov prove that the definition
below gives rise to an n-shifted Poisson structure in the sense of [5].

Definition 3.4. (Definition 2.2 [27]) An n-shifted Poisson structure on X is
a triple (Y,w, f,h), where Y is a formal derived stack with an (n + 1)-shifted
symplectic structure w, f : X — Y is a morphism such that X,.q — Yieq is an
isomorphism, and h is a Lagrangian structure on f.

The above definition involves the theory of formal derived stacks. We refer
to section 2.1 of [B] for the details of the theory of formal derived stacks, in-
cluding the definition of the reduced stack X;.q and the definition of the formal
completion Y.

The following lemma will be our main tool of constructing shifted Poisson
structures.

Lemma 3.5. (Lemma 2.3 [27]) Let X be a derived stack andY a derived stack
with an (n + 1)-shifted symplectic structure. Let f : X — Y be a map with
a Lagrangian structure. Then X has an n-shifted Poisson structure given by
f: X —=Yx. Wesay X has an n-shifted Poisson structure over Y .

To produce new Lagrangian structures we will use the following result.

Lemma 3.6. Let S1 and Sy be two derived Artin stacks, both equipped with an
n-shifted symplectic structure, and let f; : X — S;, i = 1,2, be morphisms, such
that (f1, f2) : X — S1 x So is equipped with a Lagrangian structure. Assume
also that g : L1 — S1 is equipped with a Lagrangian structure. Let us consider
the homotopy fiber product diagram

F—X
lﬂ' lfl
Li—— 8
Then the composition F' — X — So has a Lagrangian structure.

Proof. Let w; and ws be the n-shifted symplectic forms on S; and S5. Since
(f1, f2) is isotropic, we have a homotopy
fiwr ~ —fiws.
So we have
i flwa ~ =i ffw = =77 g"wy ~ 0,

where the last equality follows from the assumption that g is Lagrangian. This
shows that f5 o1 is isotropic.

The definition of F' as a homotopy fiber product gives an identification of
the relative tangent complexes

T; ~ 7*T,. (3.2)

11



Hence, the Lagrangian structure on g induces an isomorphism
T; ~7*Lg, [n — 1].
Dually we get an exact triangle
7 Tr,[-n] = i*Lx — Lp — 7T, [1 — nl. (3.3)

On the other hand, the Lagrangian structure on (f1, f2) : X — S1 x S gives an
exact triangle

Lxn—1] = Tx — f{Ts, @ f5Ts, — Lx[n].
From this we get an exact triangle
JiTs, = Lx([n] = Tp, 1] — fiTs, [1].
Now applying the octahedron axiom to the composition
Trp —i"Tx —i*f3Ts,
we get an exact triangle
i*Ty,[—1] = T; = Ty — Ty,

Using the identification (B.2) of T;, we can identify Ty,o; with the cone of the
composition i*T s, [—1] — i*f{Tg,[-1] — 7*T,. Finally, using the octahedron
axiom for the latter composition we get an exact triangle

T‘—*TLI [_1] - Z*LX[n - 1] — ngoi — F*TLI.
Comparing it with (8.3]) we deduce the quasi-isomorphism Ty,o; ~ Lp[n—1]. O

Let (Y,w, f,h) be an n-shifted Poisson structure on X. Choose a quasi-
inverse @;1 and consider the composition

M, Ll s Ty — T |
In the case n = 0, taking the 0-th cohomology, we get a morphism
HO(IT),) : H(Lx) — H°(Tx).
We call this map the classical shadow of the 0-shifted Poisson structure (Y, w, f, h).

Remark 3.7. Definition B4 has a strong motivation from the classical Poisson
geometry. If (X, II) is a classical Poisson manifold, then IT : T*X — T'X is a Lie
algebroid. Suppose it is integrable. Then the associated symplectic groupoid
is a model for the quotient stack of X by the singular foliation given by II.
Calaque, Pantev, T6en, Vaquié and Vezzosi show that the quotient is a formal
derived stack with 1-shifted symplectic structure [6], regardless whether the Lie
algebroid is integrable.

12



3.2 Poisson structure on RCplx

First, we recall the construction of shifted symplectic structures on RPer f and
Vect®". o
Let us set
g:= TRM[_H? gO = ngr[—l].

Note that we have g ~ RHomy (E, E) (see Theorem [ZT]), or globally
g~RHom(E,E) ~EREY,

where € € Ly, s(RPerf) is the universal perfect complex.

Similarly, we have g° = @, g9 with g) ~ RHom(E", £%), where (£);cz is the
universal object in Lyq, r(Vect®").

The composition of the trace map and the multiplication map

gog-—g—> Orpery (3.4)
defines a 2-form of degree 2

2
/\ T]Rperf ~ Sym2g[2] — ORPerf[2]-

This 2-form is clearly non-degenerate. In section 2.3 [21], T6en and Vezzosi show
the above bilinear form is the underlying 2-form of the closed 2-form Ch(E)a,
the 2nd Chern character of the universal perfect complex £.

Theorem 3.8. (Theorem 2.12 [21]) The closed 2-form Ch(E)s defines a 2-
shifted symplectic structure on RPerf.

We briefly recall the proof of [21] for our convenience. The Atiyah class of
€ € Lpars(RPerf)

ag € — 5®ORM5®ORM &Yy
is the adjoint of the multiplication map
E®g—E.

In [32], Téen and Vezzosi gave a categorical construction of Chern character,
which is a morphism of derived stacks

Ch :RPerf — |[NC|, (3.5)
and its weight two piece is
Ch(E)y € HY(NC™ (RPerf)(2)) ~ mo(A>(RPerf,2)).

Here |[NC| is the simplicial set associated to NC' by applying the Dold-Kan
denormalization. We refer to [32] for the details of the construction of Ch.
Denote the closed 2-form Chy by k.

13



Composing the map with the projection Bl the underlying 2-form of «
is
t 2
@ € H*(RPerf, N*Lapery)-

Observe that
i} ERgRg—-ERG—E
is adjoint to the multiplication map g®g — g. Therefore the underlying 2-form
of k is equal to %tr om. As an abuse of notations, we will use x to denote both
the closed 2-form and its underlying bilinear form B4 (multiplying by 1/2).
Let (£%);ez be the universal object in Lya.f(Vect® ). We define bilinear
forms

a; : g) @ g) " g — Ovecter
for i € Z.
By the identification Vect ~ | |, BGL,, and section 1.2 [21],

Z(—l)iJrlai S 7T0(.A2’Cl (Mgr, 2))

%

N =

o =

defines a 2-shifted symplectic structure on Vect®. Indeed, this follows from
Theorem [B.8 by interpreting o as —s*k, where s is the map from Vect® to
RPerf defined in section 211

Combing these two constructions,

w = (k,a) € mo(A>(RPerf x Vect®,2))

defines a 2-shifted symplectic structure on RPerf x Vect®".
Recall that we have morphisms p, ¢ and s between D~ -stacks:

RCplz (3.6)

SN

RPerf ® Vect®"

Here if E be a bounded complex of vector bundles ... — E* — Eitl —» |
then ¢(F) = E (but with different set of morphisms), p(E) = (E?);. The map
s sends a graded vector bundle (E?); to &; E‘[—i]. Note that the above triangle
is mot commutative.

By abuse of notation we denote the pull-back of the shifted tangent complex
¢*Trperg[—1] (resp., p*Tyectsr[—1]) in Lyparf(RCpl) still by g (resp., g°).

Let us denote the shifted tangent complex Trepi[—1] by pT. By the calcu-
lation in section -

+ ~ 20
Pp=0="0E

where 020 is the stupid truncation of complexes, and we have natural morphisms

pt =g, pt =g’

14



Let
f:=1(g,p) : RCplz — RPerf x Vect®
with ¢, p being the morphisms of D™ -stacks in
Remark 3.9. Although RPerf is strictly speaking not a derived Artin stack,

symplectic structure can be anyway defined. We refer to [21], section 2.3] for the
explanation of this technical point.

Theorem 3.10. There exists a Lagrangian structure on f.

Proof. We split the proof to two steps. First, we show that there exists a
homotopy h : 0 ~ f*w. This is a property of the closed 2-form. In the second
step, we check that the induced map ©; is a quasi-isomorphism. This is a
property of the underlying 2-form.

To prove the existence of a homotopy h : 0 ~ f*w, it suffices to show that
f*w represents the zero class in 7o(A>“(RCplz,2)). Consider an alternative
morphism of D~ -stacks -

q : RCplx — RPerf

by sending € to @, E[—i].

INC| < RPerf : Vect®
The key observation is
(1) ¢ =sop,
(2) Ch(q(£))) = Ch(q'(€)) in wo(Map(RCplx, [NCY)).

Observation (1) is clear. Observation (2) follows from the functorial property
of Chern character with respect to the exact triangle. We refer to [32] for the
proof of this statement. Then

ffo=dr+pa=¢ck—p's'k
= Cha(q(€)) — Cha(d'(€))
=0 € mo(A**(RCplz,2)).
This finishes the proof of the first part.
We pick any path A : 0 ~ f*w. Recall that q*TRPeTf[—l],TR%[—l] and
P* Ty ecter [—1] are denoted by g, p™ and g° respectively. So f*Tgrper fxvects [—1]
is equal to g @ g°. By Lemma [3.2] there is a commutative diagram

pr—2 s g@g® —— (g@g”)/pt

lw[—l] leh[—l]

(9@ %)Y —2— (ph)V
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where (g @ g°)/pt is the mapping cone of A. Here w[—1] is the (shift) of
underlying 2-form, defined by the bilinear form k & «. The degree zero part of
A is simply the diagonal embedding of g° C p* into g° @ g°. Therefore, p* is
maximal isotropic with respect to x @ o. In other word, Trcypi, is Lagrangian
in f*Trperfxvects . It follows that Oy is an quasi-isomorphism.

O

Remark 3.11. By the exactness of the first row, there is a map from (gg®)/p™
to pT[1]. Compose it with a quasi-inverse of ©5[—1]. We get the degree one
bi-vector field ITj, : (p™)¥ — pT[1].

Remark 3.12. It would be interesting to figure out whether 71 (A%< (RCplz, 2),0)
vanishes or not. If it does not vanish then non-homotopic paths might give dif-
ferent isotropic structures.

From Theorem[3.I0land Lemmal3.5] we get the following important corollary.
Theorem 3.13. The derived stack RCplx has a 1-shifted Poisson structure.

Using the techniques developed in [21], we can pull back the Poisson struc-
ture constructed in Theorem[B.13]to the mapping spaces with Calabi-Yau source.

For X,Y € D~ St(k), denote Map(X,Y') for the derived mapping stacks
between X and Y. For its precise definition, we refer to section 2.2.6.3 of [9].
There is a natural evaluation map

ev: X x Map(X,Y) =Y.

A very useful technique to construct new shifted symplectic structure out of a
given one is by pulling back the shifted symplectic form via ev and integrating
along the fiber. For this to work, one needs some additional structures on X
called O-compactness and d-orientation. The definition of O-compactness and
d-orientation can be found in section 2.1 of [2I]. We just remark that a smooth
projective Calabi-Yau d-fold X is O-compact with d-orientation. The choice of
a d-orientation [X] is equivalent with a choice of the isomorphism wx = Ox.
We recall one of the main results in [21].

Theorem 3.14. (Theorem 2.5 [21]) Let Y be a derived Artin stack equipped
with an n-shifted symplectic form w. Let X be an O-compact derived stack
equipped with an d-orientation [X]. Assume that the derived mapping stack
Map(X,Y) is itself a derived Artin stack locally of finite presentation over k.
Then Map(X,Y) carries a canonical (n — d)-shifted symplectic structure.

The construction of the symplectic form on Map(X,Y’) can be summarized
as follows. The d-orientation [X] allows one to define a map

: NC*(X x Map(X,Y)) - NC“(Map(X,Y))[—d].
(X
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Then the symplectic structure on Map(X,Y’), denoted by f[ X% is defined to
be the composition

k[2 — n](2) —— NC“(Y) —f%O‘”(X x Map(X,Y)) & NC¥(Map(X,Y))[—d].

Using a similar idea, we may also pull back Lagrangian structure via the
evaluation map. The following theorem is due to Calaque.

Theorem 3.15. ([27, Theorem 2.9 |) Let X, Y, Z be derived Artin stacks and
f:Y = Z amap. Assume X is O-compact with d-orientation [X]. Assume
the stacks Map(X,Y) and Map(X, Z) are derived Artin stacks locally of finite
presentation over k. Then for any g : X — Y we have a map:

[ ev@)s Lagr(f.) = Lagr(fog, [ ev (@),
X] (X]
that is, from Lagrangian structures on [ to Lagrangian structures on fog.

Another important result of [2I] says that the intersection of Lagrangians in
a shifted symplectic derived stack is again shifted symplectic.

Theorem 3.16. ([21, Theorem 2.9]) Let

’TJT%

X

be a diagram of derived Artin stacks, w be an n-shifted symplectic structure on
F, and f and g be equipped with Lagrangian structures. Then the derived Artin
stack X x% Y is equipped with a canonical (n — 1)-shifted symplectic structure.

In this paper, we consider the target spaces being RCplz, RPerf and Vect
(or Vect®"). For simplification, we write Z (X ) for Map(X, Z). Thus, RCpla(X),
RPerf(X)and RVect(X) (or RVect® (X)) denote for the derived moduli stacks
of complexes, perfect complexes and vector bundles (or graded vector bundles)
on X, respectively. Note that RVect(X) (or RVect® (X)) is derived only when
dim(X) > 1.

Combining Theorems B.10] and we obtain the following result about
moduli space of complexes on Calabi-Yau manifolds.

Theorem 3.17. Let X be a smooth projective CY d-fold. Then the natural
map RCplz(X) — RPerf(X) x RVect® (X) has a Lagrangian structure. In
particular, RCpla(X) has a (1 — d)-shifted Poisson structure.
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3.3 Cased=1

Let k be a field of characteristic zero and C be a smooth elliptic curve over
k. The derived moduli space RPerf(C) classifies perfect complexes on C| i.e.
isomorphism classes of objects in D?(coh C'). And Vect(C) classifies vector bun-
dles on C'. In this case, there is a fairly clear understanding about the 0-shifted
Poisson structure on RCplz(C'). In fact, many classical Poisson structures ap-
peared in algebraic geometry and integrable system are examples of this type.
We will study them in detail in the next section.
The second main result of this section is the following.

Theorem 3.18. Let F be a vector bundle on C' and E* be a perfect complex on
C. Denote xge and yr for the stacky point in RPerf(C) and Vect(C), repre-
senting £* and F respectively (see Def.[2.4)). Then the natural monomorphisms

jz i xge = RPerf(C) and jy,:yr — Vect(C)
are Lagrangian with respect to the 1-shifted symplectic structures on the target.

Proof. We consider the second map first. The pull back of the tangent complex
of Vect(C) to yr, denoted by Tz is quasi-isomorphic to I'(C*, &nd(F))[1],
where C'°°® is a cosimplicial resolution of C. Here we choose the Cech model.
Then T'(C°°%, &nd(F)) is the Cech complex that computes Ext’(F, F).
The 2-shifted symplectic form a € A%< (Vect, 2) corresponds to a morphism
of graded complexes
a: k(2) > NC¥(Vect).

The composition

6 (2) — NO#(Veet) —5 NC¥(C x Veet(C)) ~1s NC* (Veet(C))[-1]

defines a 1-shifted symplectic structure.
Let G be a affine group scheme over k. We denote its Lie algebra by a. We
have
NC*(BG)[n—pl(p) = ([ A**a¥[n — p — 2i],d + dur).
i>0
When n = 1 and p = 2, m(A>°!(BG, 1)) vanishes for degree reason. We take

G = Aut(F). Then yr is isomorphic with BG as stacks, by The vanishing
of my implies that there exists a homotopy & : j;ac ~ 0, which shows that jy, is
isotropic. The tangent complex of yz is isomorphic to 7<°Tz ~ Ext’(F, F)[1].
And the relative tangent complex T}, is isomorphic to 72°Tx ~ Ext' (F, F)[-1].
By Lemma [3.2] we have a chain map

®h : ij ~ TZOT]: — (T<OT]:)V[1].

The Serre duality on C implies that ©y is a quasi-isomorphism.
Now we prove the first part. Denote the pull back of the tangent com-
plex of RPerf via map j, by Tge. It is quasi-isomorphic to the shift of
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Cech complex T'(C%, &nd®(£*))[1]. Recall that the 2-shifted symplectic form
k € A>Y(RPerf,2) is given by the weight 2 part of the categorical Chern
character Ch : RPerf — |NC|. The composition

ke k(2) — NC¥(RPer f) —<% NC¥(C x RPerf(C)) R NC“(RPerf(C))[~1]

defines a 1-shifted symplectic structure.
The tangent complex of xge is quasi-isomorphic to 7<°T¢.. Because

NC“(wga)ln —pl(p) = (J] A" (7=Tee)"[n — i), d + dar),
i>0

forn = 1 and p = 2, mo(A%>!(zg., 1)) vanishes for degree reason. So there exists
a homotopy [ : jixc ~ 0. The induced chain map

®l : ij ~ TZOTg- — (T<0Tg-)v[1]
is a quasi-isomorphism again by Serre duality. O

Remark 3.19. We may compare the Lagrangian structure of Theorem BI8
and that of Theorem They are of very different nature. The Lagrangian
structure in Theorem comes from an analogue of the parabolic structure
on groups, while the Lagrangian structure in Theorem comes from the
geometry of the Calabi-Yau.

Combining Theorems 317 and B.I8 with Lemma [3.6] we deduce the following
result giving more examples of O-shifted Poisson structures. For a subset S C Z
let us denote by Vectf the derived stack of S-graded vector bundles, so that

Vect = Vect® x Vect®, where § C Z is the complement of S. We denote by
p° : RCplx — Vect® the composition of p with the natural projection.

Corollary 3.20. For a subset S C Z, let xge, yrs and yrz denote the stacky
points in RPerf(C), Vect®(C) and Vect®(C), corresponding to some objects

E*, FS and F°, respectively. Denote the homotopy fiber products of the dia-
grams

RCplz(C) RCplz(C)
l(q,ps) lpg
Tge X yrs — RPerf(C) x Vect®(C) Yrs — Vectg(C')

by F, ys and Fs respectively. Then the compositions

F, s = RCplx(C) — Vectg(C), and F s — RCplz(C) — RPerf(C)xVect®(C)

are Lagrangian. Hence F, ,s and Fs have 0-shifted Poisson structures.
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Corollary 3.21. The homotopy fiber product Fy , of the diagram
RCplz(C)

|

(zge, yre) — . RPerf(C) x Vect® (C),
JzsJy

has a 0-shifted symplectic structure.
Proof. This follows from Theorem B.I8 and Theorem [B.16) O

As an analogue of the terminology in classical Poisson geometry, we call F, ,
the symplectic leaves of the 0-shifted Poisson structure on RCpla(C). Note that
in algebraic setting, the existence of algebraic symplectic leaves is in general not
known even for smooth Poisson varieties. Corollary B.21] provides a potential
way to prove such existence.

Remark 3.22. To give a link to the classical Poisson geometry, we may assume
all the stacks in the previous two corollaries are smooth schemes. Then the
Corollary 320 claims that p and ¢ are Casimir maps. If we further assume that
the intersection of the fibers of p and ¢ are smooth schemes, then Corollary [3.27]
claims that the intersections of the fibers are symplectic leaves. We will see in
the next section that Corollary[3.21]is a powerful tool to compute the symplectic
leaves of many classical Poisson structures arising from elliptic curves.

4 Example one: moduli space of torsion free
sheaves on P? and elliptic deformations

As the first application, we show that by considering 0-shifted Poisson structure
constructed in the previous section in the case of certain 3-term complexes on
elliptic curves one recovers Poisson structures on the moduli spaces of semistable
sheaves on P? and their deformations, constructed by Nevins and Stafford [1§].
In the case of Hilbert schemes, we use Corollary B.21] to study their symplectic
leaves. In this section, k is taken to be the field of complex number C.

4.1 0-shifted Poisson structure on moduli space of torsion
free sheaves on P? and elliptic deformation

Let us recall the monad construction for torsion free sheaves on complex pro-
jective plane following [I7, Ch. 2].

Let us denote c;(Opz(1)) by H. Recall that a torsion free sheaf E on P? is
called normalized if —vk(E) < ¢1(E) - H < 0. Note that for arbitrary E there
exists a unique n € Z such that F(n) is normalized. The following result is well
known (see [I7, Lemma 2.4]).
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Lemma 4.1. Let E be a normalized semistable torsion free sheaf on P2, then

HY(P?, E(—p)) =0 for p=1,2,¢=0,2
HI(P2 E(-1)®QY)=0 for ¢q=0,2.

The above lemma together with the Beilinson spectral sequence leads to the
following result (see [I7), section 2.1]). Let Q denote the twisted tangent bundle
Tp2(—1).

Proposition 4.2. Let E be a normalized semistable torsion free sheaf on P2.
There exists a complex of sheaves

Op2(—1) ® H'(P?, B(=2)) — Opa @ H'(P?, B(-1) ® Q") —— Opa(1) ® H' (P2, B(-1)),

such that a is injective, b is surjective and ker b/im a = E.

More generally, for finite dimensional vector spaces (V;), i = —1,0, 1, we call
a complex of the form

K: Op(—1)@V., 2 Op &V —2 Op(l) @ Vi (4.1)

a Kronecker complex. Two Kronecker complexes are called isomorphic if they are
isomorphic as complexes of sheaves (rather than objects in the derived category).
A Kronecker complex is called a monad if a is injective, b is surjective and the
middle cohomology sheaf is torsion free.

Let us denote the moduli stack of semistable torsion free sheaves on P? of
rank 7, degree —r < d < 0 and ¢co = —n by M*%(r,d,n). By Proposition [4.2]
M#3(r,d,n) is an open substack of the moduli stack of Kronecker complexes on
P2. By Lemma B}, the dimensions of the vector spaces V; are determined by
r,d,n via the Riemann-Roch formula. For example, if we set d = 0 then the
Kronecker complex corresponding to F € M?*%(r, 0, n) has the spaces V_1,Vp, V1
of dimensions n, 2n + r, n, respectively.

Theorem 4.3. (Proposition 9.2 [18]) Let C be a plane cubic. A Kronecker
complex on C is defined to be a complex of the form

Koe: LY®V4 —0c@Vy—— LWV (4.2)

for some line bundle L of degree 3 on C. Let K be a Kronecker complex on P?
of the form @I) and define L = O(1)|c. The restriction functor induces an
equivalence between the moduli functor of Kronecker complexes on P? and the
moduli functor of Kronecker complexes on C.

The above theorem follows from the observation that
Homp2 (O, O(i)) 2 Home (O¢, Oc(i))  for i=0,1,2.

In particular, if K is a monad then K¢ has only middle cohomology.
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We can apply Theorem B.I7 to the case when X is a smooth plane cubic
C. Given a degree 3 line bundle £ on C and finite dimensional vector spaces
V_1,Vo, V1, let y be the stacky point in Vect® (C) corresponding to (LY ®
V_1,0¢c ® Vo, L ® V1). Then the fiber F, of

p: RCplz(C) — Vect® (C)

at y is precisely the moduli stack of Kronecker complex on C with the data
(L,V_1,Vp, V1) fixed. Then by Corollary B:220, we obtain

Corollary 4.4. The moduli space of semistable sheaves M?**(r,d,n) has a 0-
shifted Poisson structure.

Now let 1 be a translation of C, and let us set £7 := (n~!)*£. For fixed
integers r > 0,d,n > 0 and vector spaces V_1, Vj, V; of dimensions determined
by r,d,n, let us set

Yy = (LV X Vil, OC X ‘/O,Ln ® ‘/1) € V€Ctgr(0)

Then the fiber F, of the map p : RCpla(C) — Vect® (C) parameterizes com-
plexes on C' of the form

KL: LYoV, —“5 000V, ——L1eW (4.3)

Therefore, the moduli stack of complexes of the form K/, carries a O-shifted
Poisson structure from Corollary

As Nevins and Stafford show, the complexes K/, are related to the monad
description of semistable sheaves on the noncommutative projective planes. Let
C be a smooth cubic in P? and £ = O(1)|¢. Fix an automorphism 7 € Aut(C)
given by translation under the group law. Denote the graph of n by I';y € C'x C.
If V.= HY(C, L), there is a 3-dimensional subspace

R=H(CxC,(LRL)(-T,) CcVaV.
Definition 4.5. The 3-dimensional Sklyanin algebra is the algebra
Sy =Skl(C,L,n)=T(V)/(R),

where T'(V') denotes for the tensor algebra of V' and (R) denotes the two-sided
ideal generated by R.

The above definition applies even when C' is singular, though we will focus
on the cases when C is smooth. By an abuse of notation, we use the same
symbol 7 to represent the point in C that defines the translation. As 7 varies
Sy, form a flat family of noncommutative algebras over the base B = C.

For fixed 7 the abelian category qgr(.S,) is defined to be the quotient category
of the category of finitely generated (right)-S,-modules by the subcategory of
torsion modules. When 7 is equal to the neutral element o € C, S, is the graded
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polynomial algebra of three variables, and qgr(S,) ~ coh(P?). We will denote
by ]P’% the corresponding noncommutative projective plane such that

qgr(Sy) ~ coh(]P’%).

Such a ]P’?, is called a elliptic quantum projective plane. A key fact is that
coh(C) =~ qgr(S,/9S,) C qgr(S,) for a central element g € S, of degree 3.
This allows us to define the restriction functor (—)|¢ as the right adjoint to the
inclusion functor.

In [I8], Nevins and Stafford extended the monad construction of moduli
space of torsion free sheaves on P? to the elliptic quantum projective planes ]P’f].
They prove the following.

Theorem 4.6. (Theorem 1.6, 1.7, 1.9 [18]) Let P} be an elliptic quantum
projective plane and fixrr > 1,d € Z and n > 0.

(1) There is a (relative) projective coarse moduli space ME (r,d,n) — C, such
that the fiber over n € C, Mﬁs(r, d,n), parameterizes semistable torsion
free sheaves in qgr(Sy) of rank r, degree d and coy = —n.

(2) There is a quasi-projective C-subscheme M¢(r,d,n) C M (r,d,n) — C,
smooth over C, such that M, (r,d,n) parameterizes stable sheaves.

(8) The moduli space My (r,d,n) admits a natural Poisson structure.

The key step in the proof of Theorem (.6l is to show that the moduli functor
of torsion free sheaves on IP’?, of rank r, degree d and co = —n is equivalent
to the moduli functor of Kronecker complexes (£3)). Then the coarse moduli
space M;*(r,d,n) can be constructed using geometric invariant theory. On the
other hand, using Corollary[3.20, we obtain a 0-shifted Poisson structure on the
corresponding moduli stack M7*(r,d,n). Below we will compute the classical
shadow HO(II;) of this O-shifted Poisson structure and show that it descends
to a classical Poisson structure on the coarse moduli space M;(r, d,n), which
coincides with the Poisson structure of Nevins and Stafford. Note that the
Poisson structure of Nevins and Stafford is only defined on the smooth part
of the coarse moduli space. So our 0-shifted Poisson structure carries some
additional information.

Theorem 4.7. For every choice of smooth plane cubic C C P? and n € C,
the moduli stack of semistable torsion free sheaves on ]P’% is a 0-shifted Poisson
substack of RCplz(C). Its classical shadow coincides with the Poisson structure
of Nevins and Stafford defined on the smooth locus.

Proof. [18, Prop. 6.20] shows that the moduli space of semistable torsion free
sheaves on ]P’f7 is equivalent, as Artin 1-stacks, to the moduli space of complexes
of the form ([3]) with certain stability condition defined in section 6 of [I§]. By
Corollary B.20, the 0-shifted Poisson structure on RCplx(C) restricts to Fy, .
Now let us compute its classical shadow.
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Let

g—f. gt g P g )

be a complex of vector bundles on C. The tangent complex Tgpe,f(c),e is quasi-

isomorphic with T'(C*,C*®), where C*® is a complex of vector bundles defined
by

ct = @%om(gi, EFY) for deZ
and differential 0 defined by

8(fid) = ¢i+dfid — (_1)dfid+1¢i7 for fid c %Om(gi, glurd).

The tangent complex Trepiz(cy,e is quasi-isomorphic to I'(C?, aZ0C*)[1].

We denote by gg : C — RPerf the map that corresponds to £ € RPer f(C).
Using the general theory of mapping stacks (|21, Sec. 2.1] for details), we can
identify Trperf(c),e and Tropia(cy,e With RHom(Oc, g¢g)[1] and RHom(Oc, gép™t)[1].
Clearly, gggﬁd gip™ are @esen‘ced by C® and 6=°C®, respectively.

Recall the commutative diagram (3.6)):

pr—L 9@ —— (g g%)/pT —— pt[1]

Hh
l(n,a) J/@h,[l

(g®g%) ——— ()"

The morphism O}, is induced by the bilinear form (x, @). Let gfx and gio
denote the pairings on C* and C°, obtained by pulling back x and a. There is
a commutative diagram of complexes of vector bundles:

EA
€20 5 e g 00— (C* @ C0) /020 —— C20[1]
3
gz<®h[—1l>l w2
(€20)"
Here C=° and C=" are defined to be 02°C® and ¢=°C*, and (C* ®C")/C=" is the

mapping cone of ggA.
We define ad : C=? — C29[1] to be the chain map

CO o Cl 62

|

c2 c1-2 ,¢0
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There is an isomorphism of complexes Cone(ad)[—1] = C* & C°, defined by

(0,0) (0,0)

Cone(ad)[—1] : o——C— % —— .
| | ]
cr ot et g0 o,
with A = < i _01 > Note that the diagram

C20 —— Cone(ad)[-1]

L

c=0 LAH:. @ O

commutes. It follows that there is a quasi-isomorphism (C* @ C°)/C=% ~ C=0.
Now we observe that g:Op[—1] : C=0 — (C=°)Y is precisely the restriction
of g#k. The degree 0 component of (gik)™!|co, is equal to t := >, ¢;, where

ti » Hom(E,EY)Y — Hom(E,EY)
is (—1)* times the natural duality isomorphism. So we conclude that
gellp, = adot.

This coincides with the map 1 defined by Nevins and Stafford in [18, Lem. 9.6].
Therefore,

H' (IL,) « B ((C=°)¥[-1]) — H'(C=9)
matches the Poisson structure in [I§] over the smooth locus of the coarse moduli
spacdg. O

Proposition 4.8. The classical shadow of our 0-shifted Poisson structure de-
scends to a classical Poisson structure along the coarse moduli functor [ :
Mf}(r, d,n) — My (r,d,n).

Proof. Let F be a stable torsion-free sheaf in qgr(S,). For simplicity, we denote
M;(r,d,n) and M;(r,d,n) by M* and M* respectively. It follows from [I8]
Lem. 7.14] that Extﬂzg,% (F,F) = 0. Therefore, the derived structure on M? is

trivial. Furthermore, the morphism f : M?® — M? is a G,,-gerbe, and there are
natural isomorphisms

T = HY(Tam),  f*Qyy = H (L)

Hence, the classical shadow of our Poisson structure is a morphism ¢ : f*Q}, —
f*Tar. But foOpnqs >~ Opys, since f is a Gy,-gerbe, so 1 descends to a morphism

2The construction of [I8] in fact produces a morphism % : H?(La¢) — H°(Taq) on the
open substack M C M3® (r,d,n), which is the preimage of the smooth locus of the coarse
moduli space.
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Bottacin constructed in [2] for every smooth projective Poisson surface S a
canonical Poisson structure on the smooth part of the coarse moduli space of
stable torsion-free sheaves over S. For S = P? a choice of a nonzero Poisson
structure on S (up to rescaling) is same as a choice of a cubic curve C' (possibly
singular). For smooth C it can be checked that the Poisson structure of Bottacin
coincides with the one obtained in Proposition 4.8 We conjecture that for other
surfaces there is a similar relation to the O-shifted Poisson structures on the
moduli stack of complexes on C.

Conjecture 4.9. Let S be a smooth projective Poisson surface and let C C S
be a smooth anticanonical divisor. Then there exists an isomorphism between
the moduli stack of semistable torsion-free sheaves on S and a Poisson substack
of the moduli stack of complexes of vector bundles on C, such that the 0-shifted
Poisson structure descends to the Poisson structure of Bottacin over the smooth
locus of the coarse moduli space.

4.2 Symplectic leaves of M;(1,0,n)

In this section we discuss the symplectic leaves of M;*(r,d,n). As before, we
consider normalized sheaves, i.e., assume that —r < d < 0. Then M;? (r,d,n)
can be identified with the moduli space of semistable Kronecker complexes

KL: LYoV, —“5 000V, ——L1e

for an appropriate stability conditions defined in [I8, Sec. 6]. It is equipped
with a O-shifted Poisson structure via the identification of M7*(r, d,n) with an
open substack of F,, for y = (LY @ V_1,0¢ @ Vo, L7 @ V7). Since a semistable
Kronecker complex has only middle cohomology, the map ¢ : F, — RPerf(C)
restricts to the map T

q: M;*(r,d,n) — coh(C)

sending a Kronecker complex to its middle cohomology sheaf. For a sheaf H €
coh(C), we denote by Fy the homotopy fiber of the stacky point represented
by H.

As M;(r,d,n) is smooth, we expect that the symplectic leaves of M; (r,d,n)
should descend to symplectic leaves for the classical Poisson structure on the
coarse moduli scheme M, (r,d,n). This is indeed the case assuming the coarse
moduli space of a symplectic leaf is smooth.

For simplicity, we denote M3 (r,d,n) and My (r,d,n) by M* and M* respec-
tively.

Proposition 4.10. Let Fy be the homotopy fiber product of

Mo (4.4)

|

x3y — coh(C)
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where x3, is the stacky point corresponding to H € coh(C). Assume Fy is
non-empty and the coarse moduli scheme FY, of Iy is smooth. Then the 0-
shifted symplectic structure on Fy from Corollary descends to a classical
symplectic structure on Fy;.

Proof. An important fact is that even though M?# is un-derived (see the proof of
Proposition [4.8), the homotopy fiber F carries a nontrivial derived structure.
Given F € M?, the exact triangle of the tangent complex of the homotopy fiber
product implies that H~(Tp,, ) = C and gives a long exact sequence

0 —— HY(Tg, 7) —— H(Trgs 7)) —— Exts(H, H) —— HY(Tp,, 7) —— 0

The existence of a 0-shifted symplectic structure on Fy implies that H! (T, ) =
C. In fact, we may identify H'(Tp,, ) with the tangent space of the Picard
stack Pic(C) at det(#), so that the map Exts(H, H) — H'(Tp,, r) is precisely
the tangent map of det : coh(C') — Pic(C) at H.

The proof of the fact that the 0-shifted symplectic structure descends to
F3, is similar to the proof of Proposition .8l We simply observe that F is a
G-gerbe over Fy, and hence, the classical shadow of the 0-shifted symplectic
structure on I, descends to Fy;. O

As a concrete example, we calculate the symplectic leaves in the case r =
1,d = 0. In this case, M;°(1,0,n) and M;(1,0,n) coincide. Also M?* is a trivial
Gn-gerbe over M®. Following the standard notation for the Hilbert scheme of n
points, we denote the coarse moduli space of M3 (1,0,n) by (]P’%)[”]. An object in
M? is a right ideal of S,,. By the proof of Theorem[4.6] the isomorphism classes
of ideals Z of co = —n are in one to one correspondence with the isomorphism
classes of stable Kronecker complexes of the form

Kc(T) : LV®Ch —% 0 @Cntl 2y rngCn (4.5)

Furthermore, by [18, Lemma 2.6], we have Z|c = H°(K¢(Z)). For a sheaf H
on C, we set ch(H) := (r(H),d(H)). Note that ch(H*(Kc(Z))) = (1,0), so we
have

HKo(T) ~Oc(-D)D T,

where D is divisor of a degree [ and T is a torsion sheaf of length [. Let
d;

k
@ (o

i=1 \ j=1

Note that [ = Ele Z?;lj -14j. We define the underlying cycle of 7" in C') by

k d;
Z(T) =Y O irij)lpil.

i=1 j=1
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It is easy to see that the endomorphism ring of @;l:l O;?;j has dimension

Z man(i, j) - rirj. (4.6)

0<i,j<d

Denote by cohy o(C) C coh(C') the substack consisting of sheaves of rank 1
and degree 0. It has a stratification by the size of the torsion subsheaf with the
strata

cohllﬁo(C) := {F € cohy o(C)|length of the torsion subsheaf of C' = 1}.

Let us set cohfé(C) = Uﬁzocohi)o(C).

By Proposition [£.10, to compute the symplectic leaves of (]P’f])["] it suffices
to compute the image of the map ¢ : M;(1,0,n) — coh(C). Here is a partial
result in this direction. Let us fix a neutral point o € C' and denote by k - 1 the
kth multiple of 7 in the group law of C.

Proposition 4.11. The projection q : (]P’f])[”] — coh(C) factors through cohfg(C).
Let H := Oc(—=D) @& T be an object in cohy o(C) such that T has length | < n.
Assume that Fy is non-empty and smooth. Then Fj has dimension at most
2n — 2l and there is a rational equivalence of divisors Z(T)— D ~ [o] — [3n - 7).

Proof. Consider the long exact sequence of cohomology groups associated to the
fiber product [@4). The dimension of Fy is equal to 2n+ 1 — dim(Ext5 (H, H)).
The dimension calculation (@8] easily implies that

dim(Extg (H, H)) = dim(Ext®(H, H)) > 21 + 1

This gives our estimate on the dimension of Fy. (Note that if 7 = Oz, where
Z is a 0-dimensional subscheme of length [, then the dimension of Fy is exactly
2n — 21 if F3 is non-empty.)

Recall that the relative moduli space M&(r, d, n) is smooth over the base C
(see Theorem F6)). Given n € C and Oc(—D) & T in the image of ¢, we need
to compute D. The class of Oc(—D) @ T in the K-theory coincides with the
class of the Kronecker complex [{3]). Its class is determined by

[Oc(=D)] + Z(T) = —n[L] + (2n.+ 1)[Oc] — n[L"]
= —n[L"] + (2n+ 1)[Oc] = 3n([L] + [n] — [0])
= [Oc] + ([o] = [3n - 7))

which gives the required relation between the classes of divisors. O

Remark 4.12. We believe that for H := Oc(—D) @& Oz such that Z — D ~
[o] = [3n - n], Fp is always non-empty and smooth. For the case of maximal
dimensional leaf (I = 0), this was proved by Nevins-Stafford (see [18, Cor. 8.10])
and de Naeghel-Van den Bergh (see [19) Lemma 5.2.1]). For [ > 0, one possible
way to prove the non-emptiness is to show that the Poisson deformation (]P’%)["]
can be obtained by contracting a (1, 1)-class with the Poisson bivector in the
sense of Hitchin [10].
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Remark 4.13. Proposition [L.11] is just the first step for the classification of
the symplectic leaves on (]P’%)["]. The next step is to determine which sheaves
can occur in the image of the map ¢ and study the geometry of the fibers. This
is quite a delicate problem, which we will explore elsewhere.

As an example, let us describe the symplectic leaves of (P?)il. Here dp
is the symbol for the fiber dimension (i.e. the dimension of the corresponding
symplectic leaf). The symplectic leaf is determined by fixing an isomorphism
class of Zz|c. We have the following possibilities:

oc 1=0,dp =6
Oc(—p) ® l=1,dp =4
Iz|lc = { Oc(—p - Q)@OpUq l=2,dp =2
Oc(—2p) ® O, ® O, 1=2,dp =0
Oc(—p—q—7)®Opugur 1=3,dr =0

The 6-dimensional leaf is isomorphic to (P? \ €)1, The 4-dimensional and the
2-dimensional leaves are isomorphic to the Hilbert schemes of points on the open
subset of the blow-up of P2 at ZNC obtained by removing the proper transform
of C. There are two kinds of 0-dimensional leaves: those with [ = 3 correspond
to points in the symmetric product C'®), while those with [ = 2 correspond to
points in the punctured Hilbert scheme supported on C.

5 Example two: Stable triples and Feigin-Odesskii
algebras

5.1 Poisson structures on the moduli space of stable triples

In this section, we prove that for the moduli space of 2-term complexes of vector
bundles with appropriate stability conditions, the 0-shifted Poisson structure
constructed in Theorem 317 specializes to the Poisson structure constructed by
one of us in [23]. For a subclass of these examples, we compute the underlying
Poisson brackets explicitly and show that they coincide with the semi-classical
limits of the elliptic algebras constructed by Feigin and Odesskii [7]. To the
best of our knowledge, the comparison between these Poisson structures has
not appeared in the literature before.

Let C' be a complex elliptic curve. We will consider moduli spaces of triples
T = (Vo, V1, ¢) consisting of vector bundles V;, i« = 0,1, on C and a morphism
d) Vo — V1.

For a real parameter o, the o-degree and the o-slope of T are defined by

deg, T

deg, (1) = deg Vi +deg Vo -+ xk(Vh), po(T) = oo

A triple T is called o-stable if for any proper subtriple 77 C T on has u,(T") <
to(T). We denote the moduli stack of o-stable triples by M,. It was proved
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in [3] that (the coarse moduli space of) M, are smooth projective varieties for
all 0.

It is clear that M, is an open substack of RC'plz(C). Let d and r be positive
integers such that r < d and ged(r,d) = 1. Now we restrict to the special case:

o Vo = O¢, Vi is arank r 4+ 1 vector bundle and o = 2d/r.

From [23] Sec. 3] we know that in this case stable triples are precisely those
for which ¢ : Oc — Vi is an embedding of a subbundle and V;/¢(O¢) is a
stable vector bundle (of rank r and degree d). Let us denote this moduli space
by N;41.4, and let U, 4 be the moduli stack of stable vector bundles of rank r

and degree d on C. We have a map ¢ : N,41,4 = Uy 4 sending { O¢ L i}
to Vi/¢(Oc¢). It is easy to check that ¢ is a smooth map. We denote by N¢
the fiber of ¢ over & € U, 4. Since Ng is obtained by fixing the first term of
a complex, together with its quasi-isomorphism class, by Corollary B:20, N
carries a 0-shifted Poisson structure.

Note that N is a G,,-gerbe over its coarse moduli space N¢ which is isomor-
phic to P(Ext'(&,.4, O¢)). Similarly to Proposition L8 we see that the classical
shadow of the 0-shifted Poisson structure on N¢ descends to Ng.

Theorem 5.1. The classical shadow of the 0-shifted Poisson structure on N
coincides with the Poisson structure defined in [23)].

Proof. In the proof of Theorem [£.7] we have calculated that the morphism IIj,
associated with our 0-shifted Poisson structure is equal to adot. This is precisely
the chain map that induces the Poisson structure in [23] (see [23, Sec. 6]). O

5.2 Semi-classical limit of Feigin-Odesskii algebras

Now we are going to recall the definition of the elliptic algebras due to Feigin
and Odesskii [7]. We will show that in the case when & is a line bundle, the
Poisson structure on N¢ coincides with the classical limit of a class of elliptic
algebras.

Let C = C/T, where I' = Z + Z7 and n € C. We denote the group of
n-torsion points of C' by

1
T, — (—F) /r:{ﬂ+97+r: al,aQEZ}CC,
n n n

Consider the function

((z) = =720 L e, (5.1)

where b € C is such that b = ("_Qﬁ + < mod %Z. The G,,,-multiplier

e1(z) =1 and e;,(2) := ((2)
defines a line bundle L¢ on C/Z 4 ZT of degree 1. Let us denote its pull back
to C by Ly, c.
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For positive integers n and k such that 0 < k < n and ged(n, k) = 1,
Feigin and Odesskii defined in [7] a family of quadratic algebras @, x(C, n) over
C. Here 7 is a complex parameter, which we should view as defining a point
on the elliptic curve C. The degree 1 piece of @, 1(C,n) is the space ©,, . of
global holomorphic sections of Ly, .. By definition, ©,, . consists of holomorphic
functions f on C satisfying

fe+1)=f(2), flz+7)=(-1)"e?™9f(z), zeC.

Let H, denote the Heisenberg group of order n®, which is the group with
generators hi, hso, € and relations

hlhg :thhl, h1€=€h1, h26:6h2, 7112 gzen: 1.

Define two operators T}, and T, on the space of C-valued functions on C by

1 _ T
(T NE) = Fe+ ) (Lo ) =6 F+ ).
It is easy to check that ©,, . is invariant under 7, and T%,,, and that
T =Tl =1 and  TyTrpn=en TppTiyp
Thus, the assignment
hi—> Tl/m ho —> TT/n (5.2)

defines a representation of H, on O, ., in which € € H,, acts by the scalar
2mi

multiplication by w = w, :=e™ .
Note that the theta function

B(z) = Y (~1)" - 2t =

neZ

is an element in ©; o. It is easy to check that

1 — 1 . al(a—n) o
Ou(2) :=0(z + %7’)9(2’ + - + %7’) L 0(z+ L - + %7’) C2milort St )

form a canonical basis for ©, »n—1. We will use the following properties of
)

functions 6, (see Appendix of [20]):
(1) Ha(z —+ %) = e%‘ria/nea(z);
1

(2) Oa(z+ ) = e 2G5 10, (2);

(3) 9,0‘(—2) — _6—27ria/ne—27rinz9a(z).
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The first two properties are equivalent to the following formulas for the H,,-
action:

2wia

Tl/nﬁa =e n

0oy Trjpba =0ay1, o €Z/nL. (5.3)

The Feigin-Odesskii algebra Q. (C,n) is defined to be the quotient of the
free algebra C(x; : ¢ € Z/nZ) by the quadratic relations

Z 05— ivr(k—1)(0) (5.4)

. — Tj—rLitr-.
e ()

In the limit as n — 0, we get the polynomial algebra Clz; : ¢ € Z/nZ]. The
semi-classical limit of Qn (C,n), denoted by ¢n i, is this polynomial algebra
[wi,2;]

et It follows from the

equipped with the Poisson bracket {z;,z;} := lim, ¢
relations (54) that for ¢ # j,

0;_;(0)  O;_y(0) 0j—i+r(e—1)(0)6(0)
Ti XTi} = J + E)) —27min | z;x; + j—itr(k—1) 0 Ti gLty
fre 73 <0ji(0) Or(j—i)(0) ! #%_i Orr (0)0;—i—p(0) 77T

(5.5)

Because the bracket is quadratic, it defines a Poisson structure on the projective
space P"~1. We call this bracket the Sklyanin bracket.

Theorem 5.2. Let & be the line bundle Ln7nT+1 defined above. There is an

isomorphism of Poisson varieties between (N¢, HO(I1p,)) and P"~1 equipped with
the Sklyanin bracket coming from qp 1.

The proof of Theorem will take up the rest of this section.

For brevity we denote the Poisson bivector HY(IIj,) on N¢ by 7. Let (U, U_)
be an open affine covering of C. We will compute the Poisson bracket associated
to m using the Cech complex and directly compare the result with the Sklyanin

bracket (&.5]).

Let t be a class in Ext!(¢,O¢) and let

0 Oc ——V, ——¢ 0

be the corresponding extension. By an abuse of notation, we use the same
symbol ¢t to denote the corresponding point in Ng. Let &nd(V;, Oc¢) denote
the sheaf of endomorphisms of V; preserving Oc. We have an identification of
the tangent space at t to the moduli space of triples with H*(C, &nd(V;, O¢))
(see [23] Lem. 3.1]), and the morphism II;, inducing the Poisson structure can
be viewed as a morphism &nd(Vy, O¢)Y — &End(Vy, Oc)[—1] in the derived
category, represented by the chain map

& — U end(v;)
ld* l
End(Vy) —L—— ¢
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where d(A) =ao Aos, d*(¢) = so01 oa. The natural exact sequence
0—— & ——&nd(Vy,0c) —— End £ Oc —— 0

leads to the following identification of the tangent space T3 N¢:
T;N¢ ~ ker <H1(C, End(Vy, Oc)) — HY(C,End &) @ HY(C, (’)C)>
~ coker (End({) @ H(C,00) — H'(C, §V)>
~ coker (t* cHY(C,00) = HY(C, §V)>

where the last equality is due to the fact that the maps End(¢) — HY(C,¢Y)
and HY(C,0¢) — HY(C,¢Y), induced by the extension class ¢, differ only by
sign. Dually, the cotangent space T;* N¢ is isomorphic to

ker (t* s HY(C,¢) — H(C, Oc)>.

We will give a formula for the map m; : T;Ne — T;N¢ on ¢ € ker(t*) C
H(C,€). We need to lift ¢ € H°(C,€) to an element of the hypercoho-
mology H'(¢Y — &nd V;). Such a lifting is represented by a Cech 1-cocycle
(a3 AL, AZ), where AL € End Vi(Uy), A_ € End Vi(U-), Y1 € £V (ULNU-),
and

—sra=Ay —A_ (5.6)

over Uy NU_. The class of (¢4; Ay, A_) lifts ¢ if
aAys =aA_s = ¢.

Let (t4,t_,by,b_) be local splittings (defined over U} and U_) of the short
exact sequence
0 Oc ——— Vi ——¢ 0
T N
where s oty + by oa =idy,. Note that we have

by —b_ = sty

for some v, € £V (U NU_) representing the class t € H1(¢Y). Tt is easy to see
that then

ty —t_ = —ta.

The function

f= W ¢) €OULNU-)
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represents the class t*(¢) = 0, where ( , ) is the natural paring between ¢ and
&Y. Hence, there exists f1 € O(U;) and f_ € O(U_-) such that

f=1e—1-
Let us set /~1+ =bi¢ty and A_=b_ ¢t_. Then we have
Ay —A_ =bygty —b_ot_.

Hence,

a(Ay — A) = —phra = —fa, (Ay —A_)s = sihiop = sf.
This gives the way to correct /~1+ and A_: setting

Ay =A + fibya—fosty, A=A _+f b a—f_st_,
we now check that

Ap = A = (b + sth)d(t— — thra) —b_dt— + (f- + f)(b- + s¢y)a— f-b-a
= (f= + f)s(t— = vwa) + f-st— = s(2f- + [)a.

Hence, (50) holds with
Vi = —(2f- + [t
Note that the image of (v+; Ay, A_) in HY(&nd V; — €) is the class (s¢+a;0,0).

Hence, m¢(¢) € coker(t.) is represented by by the Cech 1-cocycle 14. So we get
the formula for m;:

mi(¢) = —(2f~ + [ (5.7)

The kernel of Oc(Uy NU-) — HY(O¢), denoted by Oc(Uy NU-)° is the
subspace of functions with zero residue. Let P_ (resp. Py) be the projection
Oc(Uy NU-)? = €(U-) = Oc(U-) (resp. Oc(Uy NU-)" — £¥(Us) = O(Uy)
). The projection is well defined up to the addition of a constant. We may set
f-=P_(f)and fy = Py(f). Then formula (57 can be rewritten as

m(9) = —(2P-(¥1®) + )b = (Ve — 2P (Y1) )y (5-8)

For a different choice of constant in the definition of P_ (or Py ) the formula will
differ by a constant multiple of v, therefore defines the same Poisson structure
on Ng.

Now set & = Ly nia. As an open covering of C' we take (U;,U_), where
Uy =C\ D with D:={L:i=0,...,n— 1}, and U_ is the union of formal
discs centered at z = % fori=0,1,...,n—1. Note that D is precisely the zero
divisor of 8y, which is a section of LnynT#»l . Below we always use an isomorphism

Ly g —30(D):s— 2.

[
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Under this isomorphism the basis (0,,) of H O(LnﬁnTﬂ ) maps to the functions

An element g € O(Uy NU_) is a vector of Laurent series (g;)/—, with
gi € C((z)). We define a bilinear form on O(U; NU-) by

n—1
(f,g) :=tr(fg), where tr(f):= % ZReSZ:%fdz.
i=0

Fixing the standard 1-form dz on C, an element 1 € H'(O(—D)) can be rep-
resented by a vector in O(U; NU_). The induced pairing between ¢ € O(Uy)
and v € O(Uy NU_), given by

<¢7 ¢> = <¢|U+QU, ) ¢>

descends to a perfect pairing between H°(O(D)) and H'(O(-D)).
Let us define elements ¢, € H(O(—D)), for a € Z/nZ, by

796(0) ; for « n = L
9a(i/n)>l f EZ/ Z\Oa U)O- (

It is easy to see that (1o )acz/nz is a basis for H'(O(—D)). Furthermore, this
basis is dual to the basis (¢q) of H°(O(D)) with respect to the above pairing.
Indeed, for 8 # 0 we have

d)a 5:( )1

z—1i/n

(z + k/n)0y(0)
%ﬂﬁﬂ ZRGSZ 090 Z+k/n)95(0k/n)

. 0a(2)65(0) _
Z e )

2wi/n

where w = e . Similarly,

w(z +k/n) ko 0a(2)
(o, o) = ZRG Sz= o B0z 1 k/m) Zw Res,— Bol2)z = 6a0-

Let (zo,...,¥n—1) be the coordinates on H!(O(—D)) corresponding to the
basis (¢, ). We are going to write a formula for our Poisson bracket on the open
subset 7g # 0 of the projective space PH'(O(—D)), in terms of the standard
coordinates t1,...,t,—1, where t; = x;/x9. We also set ty = 1. Below we
always identify the indices with elements of Z/nZ. Let 1y = ) ., /n tee be

an element in H'(O(—D)) over this open subset. Then the differentials of ¢;,
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i=1,...,n—1 correspond to the basis (¢; — t;dg) of the cotangent space to .
Thus, from (E8) we get for ¢ # 0, j # 0,

{ti,t;} = tr([¢e(di — tido) — 2P [00e (i — tiko)]] - ¥e(B5 — tj0))-
Using the fact that {t;,%;} is skew-symmetric we can rewrite this as follows:
{tit;} = tr(Pe[he(@) — )] - (s — t:) — Pe[vu(di — ti)] - (b — 17)). (5.9)
To rewrite this further we need an explicit formula for Py (¢a¢s).

Lemma 5.3. Fori#0, j #0 and i # j, one has
06(0)6:(0) | 0i—;(2)

Py (i) = (Hj(())@i,j(()) fo() (5.10)
For j # 0 one has
Py (t60) = 0.
Also, for i # 0, one has
Py (Yogi) = —(Z;((z)’ + {ngg; - m‘n] : zo(é)) (5.11)

Finally, for any linear combination ), c;1;¢; with )", c; =0, one has

P+(Z cibigs) = 0.

Proof. Recall that we have
0; (= + %) = w0;(2),

where w = e>™/™. To prove (5.10) we have to check that for k = 0,...,n — 1,
the function , ,
0p(0)  0i(z)  65(0)0:(0) | 6i—j(2)
0j(k/n) 6o(z) "6;(0)0;i—;(0)"  6o(2)

is regular near z = k/n. But this function at most has pole of order 1 and its
residue at z = k/n is equal to

05(0)  bi(k/n)

. ( 05(0)0:(0) ). Oi—j(k/n) _
0i(k/n) Oo(k/n)  0;(0)0i;(0)"  6(k/n)
05(0)  w™0:(0) _ 65(0)6:(0), wl*

0,0) Be)  60) ) oGk

=0.

The vanishing of Py (v;¢0) = P+ (¢;) for j # 0 is clear since 1); is regular on
U_. To check (EIT)) we need to show that the difference between ¢o¢; and the
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right-hand side is regular near each z = k/n. Since ¢;(z + k/n) = w*¢;(2), it
is enough to consider z = 0. The Laurent expansion of ¢; near z = 0 has form

0i(z) _ 6:(0) 1[6;(0) 6:(0)65(0)

T Oo(z) 0,00 = [6,(0)  205(0)2

¢i(2)

Using property (3) of #-functions, one can check that

0 (0)
0,(0)

= 27in.

Hence, we can rewrite the above expansion as

0.(0) 1, {92(0) . 940)} . (5.12)

A0 R

" =50 =
The expansion of 1y¢; near z = 0 is obtained from this by multiplication with
1/z.

On the other hand, the right-hand side of (5.11]) has the expansion at z = 0,

0.0) 1, [9;(0) _m} 0,(0)

0,(0) 22" [6;(0) - 05(0)

1
z
It follows that we do get the same polar parts as for 1y¢;.
Finally, to prove the last property it is enough to check that for i # 0,
Py (idhi — Yogo) = Pi(vidhi — 1) = 0.
But ¥;¢; — ¢y has at most pole of order 1 and
06(0)  6i(k/n)

Resz:k/n(wi(bi) = Hz(k/n) : 96(}{3/’”) =1= Resz:k/nwf)u
since 0 (k/n) = 6((0). O
For «, 8 € Z/nZ, such that a # 0 and 8 # 0, let us set
_ 66(0)8a45(0) _ _ .00 _
F(a, B) = 60(0)05(0) F(0,a) = F(a,0) := 5.(0) win, F(0,0)=0.

(5.13)
Then by Lemma [5.3] with this notation we have for i # 0,

Py — tido)] = D taPr[hati] = ti Y ta Py [hato] + t:Py[thidi — o]

aFi a#0
= ZtaPJrW}a(bi] = ZtaF(OA,i - O‘)Qbifa - d);
a#i a#i

Next, we observe that the functional tr on O(U; NU_) is invariant with
respect to the action of the generator hy of the Heisenberg group that acts by
the shift by 1/n. Since h16, = w*0,, we deduce that

hi¢a = wa(bav h1vYe = Wﬁa(bav hlgb; = wa(ba-
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Thus, we have the Z/nZ-weights wt(ds) = wit(¢),) = —wt(¥s) = a, and tr kills

expressions of nonzero weight. Thus, using the above computation of P, we
can write for ¢ # 0,

tr (P (¢ — ta)] - ¥e(95 — t5))
= taF(ayi — a)tr(dima(d; — t)ie) — tr(di(d5 — t;)0e)

aFi

- Z tati-i-j—aF(aai - O‘)tr((bi—a(bjwi-l-j—a) - tj Z tati—aF(aai - Oé)
a#i aFi

= tigptr(di0%its),

where we used the identities tr(¢;—a%i—a) = 1 and tr(¢i;) = 0. Plugging this
into (B.9) we can rewrite our Poisson bracket as

{titj} =

Z tativj—al (o, j — a)tr(¢j—a@ithitj—a) — Z tativj—al' (o, i — a)tr(Pi—ajtitj—a)
a#j aFi

—t Z tatji—aF(a,j —a) +t; Z tati—aF(a,i— )
a#j aFi

+ tij[—tr(9Pithiys) + tr(@idvirs)].

Changing the summation variable in the first sum by a = j — r and in the
second sum by a =i + 7, we can rewrite this as

{tiv tj} =
Z ti—rtive F(§ — 7, 7)tr(ordithins) — Z tigrtj o F (i + 1, —7)tr(p—rdjths )

r#0 r#0
—ti Y tet; o F(rj—r)+t; > titi F(ri—r)
r#£j r#i
+ tig[—tr(Pfdibiv ) + tr(diity)]. (5.14)

The next important observation is that since our bracket on the moduli
space N¢ is given by the natural construction, it is preserved by the action
of the Mumford group of the line bundle &, which acts on the elliptic curve
and on ¢, hence on Ny = PExt'(¢,0). Tt follows that our bracket on the
projective space can be lifted to an H,-invariant quadratic Poisson bracket on
the affine space Ext! (&,0). Indeed, it is well-known that the projection from the
space of quadratic Poisson brackets on the affine space to the space of Poisson
brackets on the projective space is surjective (see [I], [22] Sec. 12]). Since this
projection is linear, the induced map between the subspaces of H,-invariants is
still surjective. Now we use the following simple general statement.

Lemma 5.4. Let {-,-} be a quadratic Poisson bracket on the affine space with
coordinates (x;), © € Z/nZ, which is Hy-invariant. Then there exists a unique
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set of constants C(«, B), a, B € Z/nZ, such that

{wnay = D Clrj—i—r)wig,w .,

reZ/nl

O(B,O[) = O(OZ,B) = —C(—O[, _ﬂ)

The corresponding Poisson bracket on the projective space is given by

{tiv tj} = Z O(ij —i— T)tiJthj*T

r#0,j—i
—ti Y C(rj =)t —t; D Clry—i—r)tigrt,
r#0,j r#0,—1

where t; = x;/xq are functions on the open affine subset xg # 0. Here we grouped
the terms in such a way that for i # j the sets of monomials in different groups
do not intersect.

Proof. The invariance with respect to h; means that

{xiaxj}: Z Cr(iaj)xi-l-rxj—ra

reZ/nl

for some uniquely determined constants C, (i, j) such that C,.(¢, ) = Cj—i— (4, 7).
Furthermore, the skew-symmetry is equivalent to the identity C..(i,5) = —C_,.(j, 7).
Now the invariance with respect to hg gives C,.(i, j) = Cy(i+1,j+1), i.e., Cr (¢, 7)
depends only on the difference j—i. Thus, we can write C,.(¢,5) = C(r,j—i—r),
which gives the first assertion. The second assertion is obtained directly from
the formula

2 J 2

{ti,t;} = {&7:10_]} _ {lvz'a;@j} - {wo, 25} it {;Ei,,fo}'
To To x§ x? a2

For example, for the Sklyanin bracket (B.5]) with & = 1 we have
Cla, B) = F(a, B),

where F' is defined by (513).

Let us denote by C'(«, 8) pr the constants corresponding to some H,,-invariant
lifting of our Poisson bracket on N¢. Then by looking at the coefficient of
titrtj—r, where r # 0, j in (5.14) we immediately see that

C(a,B)m = F(a,8) fora#0,8#0,a+ 8 #0. (5.16)
Similarly, for ¢ # j, looking at the coefficient of ¢;¢; in (5.14) we get

= F(Z,j — i)tr(d)j,igbiz/)j) — F(],Z — j)tr((bi,j(bﬂ/)i) — F(O,]) —|— F(O,’L) (517)
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Now using the Laurent expansion (5.12]), we easily find

tr(d;—ipith;) = ZEEg X
(9jz'(0) _ [94(0) — rin. 91'(0)} n 0:(0) [93—1‘(0) Cin 9;'1'(0)})
065(0) 1 65(0) 05(0)] ~ 05(0) | 65(0) 06(0)
! ! ; - — 27inb,;_; ;
AOOR (0,-i(0)8;(0) + 6:(0)8;_;(0) — 27inf; ;(0)6;(0)) .

Hence,

_ 0(0) | 85-i(0)
0:(0) ~ 0;-4(0)

Thus, recalling the definition F(0,7), we can rewrite (517 as

00) 60 8 (0) 60

2(0(07] - 7’)]\4 - C(Ovj)M - 0(07 _Z)M) = 292(0) - QJ(O) 9]71(0) 91,J(0) .

Finally, using property (3) of theta-functions, we get for o # 0,
0 (0 !
W0 L 0(0)
0-a(0) 0(0)
Hence, we can rewrite the above formula as

0._.(0 - 0’.(0
€003~ =00 = 00 0w = 4 = 4 = gl +

— 2min.

F(i,j —1) - tr(dj—ipithy)

= F(0,j —1) — F(0,5) — F(0,—1).

Combining this with (5.16), we see using (5.I5]) that our Poisson bracket on the
projective space coincides with the one induced by the Sklyanin bracket, which
finishes the proof.

Remark 5.5. It is believed that if £ is a stable vector bundle of rank k and
degree n then the Poisson structure on the projective space N¢ coincides with
the one obtained from the quadratic Poisson bracket g, ;. However, the com-
putation is much more complicated. We leave it for the future work.

Remark 5.6. Using Corollary 3.2 we can classify the symplectic leaves of
N¢ completely. Such a classification was first claimed in a seminal paper of
Feigin and Odesskii (Theorem 1 [§]). However, they only claimed certain set
theoretical bijection and the argument seems to be incomplete. We will give a
proof of this classification in a forthcoming paper [L1].
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