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Introduction

The workshop “Mirror Symmetry and Tropical Geometry” took place in Cetraro,
Italy on July 2-8, 2011. The idea was to bring together mathematicians and
physicists who worked on both topics or in related areas.

Homological Mirror Symmetry, here abbreviated as HMS, is the area of mathe-
matics revolving around several categorical equivalences connecting symplectic and
holomorphic (or algebraic) geometry. This mathematical approach to Mirror Sym-
metry goes back to the work of Maxim Kontsevich (1993). Further developments of
Kontsevich’s program was the subject of many talks at the workshop. This theme is
therefore present in several papers of this volume.

Works related to Homological Mirror Symmetry include the paper on HMS for
Landau—Ginzburg models by H. Ruddat, the paper of N. Sibilla on HMS for curves,
the paper of Kontsevich and Y. Soibelman on complex integrable systems, and
the paper by D. Favero, F. Haiden, and L. Katzarkov on the phantom categories
which appear in HMS. The variety of methods ranging from homological algebra
to delicate questions of symplectic topology and algebraic geometry illustrates the
complexity of the subject.

The second topic of the workshop was Tropical Geometry. Roughly speak-
ing, Tropical Geometry studies piecewise-linear objects which appear as certain
“degenerations” of the corresponding algebro-geometric objects. The relationship of
Tropical Geometry with Mirror Symmetry goes back to the work by Kontsevich and
Y. Soibelman (2000) where methods of non-archimedean geometry (in particular,
tropical curves) were used for the purposes of Homological Mirror Symmetry.
Combined with the subsequent work of Mikhalkin on a “tropical” approach to
Gromov—Witten theory and with the work of Gross, Siebert, and several others,
Tropical Geometry has become a useful tool for people working in Mirror Symme-
try.

On the other hand, “tropical” analogs of many notions of classical symplectic
and algebraic geometry are interesting and nontrivial objects by themselves. The
paper by G. Mikhalkin and I. Zharkov, which is devoted to the tropical analog of the
intermediate Jacobian, is a good illustration of this statement. Methods of tropical
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geometry are also used in the paper by Kontsevich and Y. Soibelman devoted to the
study of Donaldson—Thomas invariants and corresponding wall-crossing formulas.

The volume also contains several papers which are related to the main topics
of the workshop in an indirect way. For example, the paper by S. Guillermou
and P. Schapira is devoted to the application of the microlocal theory of sheaves
developed by the second author jointly with M. Kashiwara to the displaceability
problem in symplectic topology. It should be compared with attempts of several
mathematicians to describe the Fukaya category (one of the main objects on the
“symplectic” side of Homological Mirror Symmetry) in terms of constructible
sheaves and corresponding dg-categories.

Two papers are devoted to various aspects of the moduli stacks of bundles. In
the paper by O. Ben-Bassat and E. Gasparim the stack of vector bundles on a
formal neighborhood of a rational curve in a surface is studied. In the paper by A.
Soibelman the “very good” property introduced by Beilinson and Drinfeld in their
work on the Geometric Langlands Program is generalized to the case of arbitrary
parabolic bundles on a curve and then applied to the additive Deligne—Simpson
problem.

A. Neitzke gives a nice review of his joint work with D. Gaiotto and G.
Moore on the construction of hyperkihler metrics. Their approach is based on the
thermodynamical Bethe Ansatz-type integral equation proposed by them, as well as
on the “Kontsevich—Soibelman wall-crossing formulas”. There are many interesting
and nontrivial analogies between the paper by Neitzke and the paper by Kontsevich
and Y. Soibelman in this volume.

S. Gukov and P. Sulkowski propose a way to quantize spectral curves. Then they
discuss the relationship of arising “quantum spectral curves” with the topological
recursion of Eynard—Orantin as well as with other topics such as A-polynomials of
knots.

The paper by M. Kapranov, O. Schiffmann, and E. Vasserot is devoted to the
Hall algebra of the “compactified Spec(Z)” interpreted as a curve. The “category of
vector bundles” on such an object is described in Arakelov terms, as the category of
metrized lattices. The (spherical) Hall algebra of this category is a shuffle algebra,
similar to Hall algebras of the corresponding categories for “usual” curves. The
relations in the algebra are described in terms for the (full) zeta-function.

We believe that the present volume represents a rather complete update about the
state of the art in the field, and we hope that it shall become an important reference
for graduate students and researchers who want to enter this exciting new field.
Papers in this volume represent a tiny portion of the variety of topics discussed at
the workshop. In order to give to the reader an idea about the latter we finish the
Introduction with the list of talks presented at the Cetraro workshop.
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Moduli Stacks of Bundles on Local Surfaces

Oren Ben-Bassat and Elizabeth Gasparim

Abstract We give an explicit groupoid presentation of certain stacks of vector
bundles on formal neighborhoods of rational curves inside algebraic surfaces. The
presentation involves a Mobius type action of an automorphism group on a space of
extensions.

1 Introduction

A fundamental question in algebraic geometry is to understand how rational maps
on a variety X affect the moduli of vector bundles on X, that is: suppose X and
Y birationally equivalent, then what is the relation between the various moduli
of vector bundles on X and Y ? Here we focus on the case of surfaces, in which
case rational maps are obtained by blowing up (possibly singular) points. Suppose
m:Y — X is the blow up of a point x in X, with £ = 7~ !(x). Considering
pullbacks, one can then study the relative situation of the moduli of vector bundles
on X mapping into the moduli of vector bundles on Y. Since 7 is an isomorphism
outside £ clearly the heart of the question lies in the geometry of moduli of bundles
on a small neighborhood of £. This question was addressed from the point of view
of moduli spaces of equivalence classes of vector bundles in [15] for the case when
x is a smooth point, and the geometry of the local moduli was used to prove
the Atiyah—Jones conjecture for rational surfaces. In this paper we consider the
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2 O. Ben-Bassat and E. Gasparim

moduli stacks of vector bundles in formal neighborhoods of ¢, and give explicit
groupoid presentations of such moduli stacks. The stacky point of view, besides
clarifying several delicate issues about the local moduli also has the advantage that
it generalises to the case of singular surfaces, where £ is a line with self-intersection
{?> = —k < —1. We develop the study of stacks of bundles on (completions of the)
local surfaces Z; = Tot(0(—k)) and give presentations of certain stacks of rank
2 bundles over these surfaces. The most interesting aspect of these presentations is
the “Mobius” transformation (17) discussed in Sect. 2.3.

2 Local Surfaces and Vector Bundles on Them

Notation 1. In this paper we will work with (associative, commutative, unital) C-
algebras. Therefore, affine scheme will mean the spectrum of such an algebra, and
all varieties, schemes, and formal schemes are considered over C. We will work
over the site of affine schemes or C-algebras with the faithfully flat topology. The
schemes we will consider are quasi-compact and quasi-separated. For any positive
integer k, we have the algebraic variety

Z; = Tot(Opi (—k)) = Specp (@ Opi (ik))

i=0

and € = P! its zero section, so that {*> = —k. Let I; be the sheaf of Oz, ideals
defining £. We write Z]((")for the n™ infinitesimal neighborhood of { and Zr = Z]((oo)

for the formal neighborhood of £ in Zy,. Zr = (£, lim, Oz, [/ 1}) is the formal scheme
given as the formal completion of Zy along . It is a (an inductive or direct) limit in
the category of ringed spaces over P'. There is a presentation

ze=(ul )/~

where we will always use the charts U = C2? with coordinates (z,u), and V = C?
with coordinates (§,v), with U NV = (C—{0}) x C where the equivalence relation
~ is given by the change of coordinates (£,v) = (z~',7°u). Note that the zero
section £ is given in these coordinates by u = 0 in the U-chart and v = 0 in the
V-chart. It is easy to see that I, = O'(k). In fact, I is the line bundle associated to
the divisor —{ and since u = £*v,

diviu) =L+ kf
where f is the fiber defined by ¢ = 0. We similarly have

U™ = Spec(Clz, ul/ (" *"))
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and
V" = Spec(C[E,v]/ (V' T)).

As above, we have

7" = ((n)Lle))

and
29— 7 = (0]]7)/ ~

where U and V are the formal scheme completions of U and V along £.

Remark 1. Unless we explicitly state that # is finite, in each usage of the spaces
Z ,i") we are including the case that n = oo.

These presentations are helpful for describing vector bundles. For instance by
the answer to Serre’s famous question (proved by Seshadri [22] and in further
generality by Quillen [20] and Suslin [23]), U = Spec(Clz, u]) has no non-trivial
vector bundles; similarly this is true for U™ and U by Theorem 7 of [10]. In
contrast, vector bundles on Z ,(( 2 were studied on [1-3, 14]. All the schemes we have
mentioned up until now are Noetherian and Z; is a Noetherian formal scheme. If T
is an affine scheme such that Pic(T) is trivial then

Pic(Z; x T) ~ Pic(Z" x T) ~ Pic(P' x T) ~ Pic(P') ~ Z;

we will use the symbol O(j) for the line bundle with first Chern class j coming
from P! in any of these spaces. If E is a rank 2 vector bundle of first Chern class
zero on Z]((n) then the splitting type j > 0 of E is the integer such that the restriction
of E to £ is isomorphic to O(j) ® O(—j). For a vector bundle on Z,((n) x T we say
that it has constant splitting type j if its splitting type is j over everyt € T (C).

For our explicit presentations of stacks, we will need the following basic results
about rank 2 bundles on Z ]((") , which we generalize from [13].

Lemma 1. Let S be any scheme over C and E a rank 2 vector bundle on Z ]i") x S
of constant splitting type j > 0. Then for any s € S(C) there is an open subscheme
T of S containing s and such that the restriction of E to Z(n) X T has the structure
of an extension

0— O0(—j)— E| — 0(j)— 0.

zM"xT

Proof. By [12], Theorem 3.3 E| can be written as an algebraic extension

ZMx{s}

0—0(—j)— E| - 0(j)—0

Z x{s}
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where j > 0. Consider the leftmost injective map as a nowhere vanishing element

of the space of global sections HO(ZIE") x {s}, EIZ(’”x{s} ® O(j)). The pushforward
k

s« (Elexs ® O(j)) is a vector bundle on S and we have chosen a non-zero point

in the fiber over s. Choose T open in S and containing s and an extension of the
above section to an element of

HY(T', (w5x(Elexs ® €())r7) = H'UXT', Elexr ® 0(j))

such that this chosen global extension does not vanish on £ x T’ and hence does
not vanish on Z ,i”) x T’, and passes through our chosen element of the fiber over s.
This gives us an injective map of constant rank leading to a short exact sequence on

Z,((”) x T’

0—>0(—j)— E

Z,((n)XT/ — L — O

where L is a line bundle on Z ,i”) x T' isomorphic to &(j) over every geometric
point of 7’. By the see—saw principle there is a T open in T’ and containing S such
that the restriction of L to Z ,((") x T is isomorphic to & (). Therefore the restriction
of the above short exact sequence to Z ,i”) x T gives the desired result.

Remark 2. An alternate approach to the Lemma 1 is to start with any vector bundle

which has nowhere zero map of &(—j) to E over £ x T for some affine scheme T
and use the fact that H'(€ x T, 1}%;) = 0 for m > 0 to extend this map order by

order to a map over Z ,i") x T which must be nowhere zero.

Lemma 2. Let T be an affine scheme and E an algebraic extension of ﬁz(”’xr
k

modules
0—>0(—j)—> E—0O()—0,

over Z ,i”) x T which splits over £ x T for j > O then, in the chosen coordinates E
can be described by a transition matrix of the form

7 p
0z
on (U™ N V™) x T, where

min([(2j=2)/k].n)  j—1 )
p= Y Y O

i=1 I=ki—j+1

and p;; € O(T).
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Proof. A Cech cohomology calculation (performed in Theorem 3.3 of [12]) shows
that

Clz. 2" ul /(")
7/ Clz7Y, 5 u)/ ((ZFu)r 1) + 2 Clz, u]/ (u+1)

Ext, (0()). O(=])) =
k
by flat base change for the diagram

AR —

7 ——{}

and the Leray spectral sequence for 77 we have
k

Ext!

Ly o O ). 7 O(=)) = H(Z{" x T.7%,,(0(=2)))
k k

) @
Zk Zk

= HYT, le*n;im(ﬁ(—Zj )

= HYT,0r @ H'(Z", 6(-2))))
= HY(T.0r ® Ext), (0()).0(=))- @)

Remark 3. As a consequence of the above two Lemmas 2 and 1, we see that any
rank 2 vector bundle on Z ]i") x T (or Zj X T) takes a special form locally on 7" and
in this form it is clearly the restriction (completion) of a vector bundle on Zj. The
theorem on formal functions implies then that

Exty  (V.W) = ExthAk (V).
Notation 2. Let
N ={G.Dlki—j+1=<1<j—1 and 1 <i <min([(2j —2)/k].n)}.
Consider the algebraic variety over C
W% = Spec(Cl pia | G.1) e N{Y1) ©

For any fixed j, k it remains finite dimensional even for n = oco. If we pass to the C
points then we get

Wi (©) = {p € Extl(0(). 0=))) | ple=0}.
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Let

L2j=2)/k]  j—1 ‘
R;n]z _ @ @ Ctu c oU™ V™). 4)

i=1  I=ki—j+1
of course R;n]z is the set of C points of Wj(;? but we distinguish them because of the
different notions of automorphisms of R;nlz and WJ(',? .

Remark 4. Note that in our chosen form of transition matrix from Eq. (1) we have
explicitly chosen p € R(."]z.

Definition 1. Consider the open cover {U ™ x W(”) Vo x W(") yof ZM x Wj(',? )
We define E, sometimes called the big bundle, to be the bundle '

E
(n) ()
Zy X Wi
on Zj X Wj(,']? defined by transition matrix

J
(Z {’.) e H((U™D n V™) x W, ozut(62?)).
0z 7/ J.

Let T be an affine scheme and p a morphism from 7 to W(") We denote by E, the
bundle (also described in Lemma 2) given by the pullback (1d p)*E of E via the
map

Z(”) B

(idzl(cn)sp)
Z"xT 5z xw).

Lemma 3 ([4, Thm. 4.9]). On the first formal neighborhood Z'", two bundles E
and E' with transition matrices

7/ P\ and 7/ lﬁ
0z7/ 0z7/

respectively are isomorphic if and only if p| = Ap; for some A € C*.

Remark 5. 1t follows from this lemma that the coarse moduli space of bundles
0r21AZ k]il)z coming from non-trivial extensions of &'(j) by & (—j) is isomorphic to
P =r=
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Example 1. On higher infinitesimal neighborhoods we need to consider far more
relations among extension classes then just projectivisation to obtain the moduli of
bundles. The simplest of such examples occurs in the case when k = 1 and j = 2,
so that our extension classes have the form

p = (pro+ pri2u+ prizu’.

The set of equivalence classes of vector bundles is then C3/ ~ where the
equivalence relation is generated by

(P10, P11, P2.1) ~ (Ap1o, Apra, ApS ) if (pros pii) # (0,0), A #0,
(0,0, p21) ~ (0,0,Ap21), A #0.

Note that pé’l is does not depend on p, and that the quotient topology makes the
entire space the only open neighborhood of the split bundle, which is the image of
the origin in C.

2.1 Stacks of Vector Bundles

We now define the stack of bundles 9i; (Z]((") ), the main object we seek to
understand in this article.

Definition 2.
m;(Z ,((")): Schemes — Groupoids
given by
T + Hom(T, M, (Z"))
where

ob(Hom(T, M, (Z ,i”) )) = {rank 2 vector bundles on Z ,i”) x T which have
splitting type j and first Chern class O for every  (5)

restriction to Z]((") x {t},t € T(C)}
and

mor(Hom(T, 2 ; (Z")(V1, V2) = Isom(Vi, V5).



8 O. Ben-Bassat and E. Gasparim

This is a stack [17] with respect to the faithfully flat topology on schemes
(C-algebras). Notice that there is automatically a universal bundle & over Z ]i") X
Mm;(Z ,((”) ). We can similarly define the stack 91; (Z\k). We similarly have the stacks

M(Z ,i”) ) of bundles where we drop the condition on splitting type.
There is an inverse (or projective) system of stacks of finite type over C:

s (2 - M (2P - mjZ) - M (Z20) = m; (Y (6)

whose inverse limit in the category of algebraic stacks is 90; (Z\k). Alternatively we

can consider the inverse system 9; (Z ,i') ) to be an pro-stack of pro-finite type. This
type of approximation is studied in [21]. It seems difficult to compute invariants of

the stacks 90t (Z ]i") ) using only the definition above so we will find a more explicit
description below.

2.2 The Structure of Vector Bundle Isomorphisms

Consider the bundles £, defined in Definition 1. There is a exact sequence
0 — Hom(E,, Ey) = End(O(—j) ® O(j))
— Ext!(0(=)) © 0(j), 0(=]) ® O(j)) = Ext'(Ep, Ey) = 0. (1)

We now explain the structure of isomorphisms between families of bundles coming
from extensions by constructing an explicit splitting for the first non-trivial map in

this sequence. If the bundles £, and E,» on Z ]i") x T, given by maps
’. (n)
p,p:T— Rj’k

are isomorphic (see Eq. (4)) then necessarily they have the same splitting type, and
in such case we can represent them by transition matrices on

UDNy®™yxT

0z 0z
given by a pair of invertible matrices

_ ay bU
4= (CU dU)

o (2P Z p : - i i
y -] and respectively. An isomorphism between E, and E is
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regularon U™ x T and

ay bV
B =
(CV dV)
regular on V" x T, such that:

J
B(% 7
0z7/
or equivalently

7 p 7/ —p
B = ] A f
(O z_/) ( 0 z

_ (au +77/pley 27by + 2 (p'dy —av p) —pp’cU)
ey dy — 7/ pcy '

J /
(ZO 7 ,) A, (8)

(€))

Definition 3. We use the notation Y * to denote the terms in Ye &/(U™NV M)xT)
that are not regular on V" x T and Y 2%/ denotes the terms in Y that are not
regular on V) x T and have power of z greater than or equal to 2; .

Lemma 4. Suppose that j > 0. Then any isomorphism (A, B) between E, and
E, on Z]in) X T has the form

(A,B) = (My, My) + (Py(M), Py(M)) (10
where
M = (My, My) € Aut,, (6() ® O(=))).
ab
My = (QU QU)
and

op () = [Pt = (@ (P —ap) —prley) =
) 0 7 pey)t

depends only on p, p’ and M and satisfies

[P'd —ap—="pp'ey) = 0 € Exty (0(). O(=))). (1D
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Proof. First suppose that such an isomorphism exists, between £, and E . Then

we have
7 p 7 p
|A—B ] =0. 12
(0 z‘f) (0 z_f) (12)

The left hand side comes out to be

(p’cU +(ay —ay)7z dyp’ —ayp + /by —z_jbv) (13)

cvzl — ey 77 (dy —dy)—cyp

The lower left corner of (13) implies first of all that ¢ must be a section ¢ of (2j).
We need to arrange for the vanishing of all terms in (13). Therefore, we need to
solve the equations:

ay —ay =—77plcy
by —777by = —dyp' +ayp
dU — dV = ngVp.

Becasue H'(Z ,i”) x T, 0) vanishes, the first and third equations have solutions which
are unique up to global functions. Let

ay =a— (7 p'ey)”t
and
dy =d+ cyp)?.

These solve the first and third equation. If we substitute into the second equation,
it reads

dby—7by == eyp)tp + (@ pey)t +7 pley)p—dp +ap
=—dp' +ap+z'ppcy.

(14)
This implies that

[P'd —ap—=7pp'ey) = 0 € Exty (0()). O(=))).

Conversely, suppose that these conditions are satisfied by some «a, d, ¢, p, and p’,

let us record the general form of an element of Isom (Ep E p/)._It remains only

zM"xT
to determine the expression for by . By the assumptions we already know that

(& (p'd —ap)—pp'ey) ™™
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is regular on V'™ x T. Hence

by =by - (& (p'd —ap)—ppcy) .
Finally, since u divides p and p’, we know that A is invertible if and only if My is

and therefore the isomorphism (A, B) is invertible if and only if the automorphism
M is invertible.

Remark 6. We conclude that the expression of the element (A4, B) of Hom(E,, E /)
under the decomposition (43)

Hom(E,, E,7) = Hom(0(j), 0(—j)) ® ¢ (ker(d" ")) & ¥ (ker(dy*))

from the appendix is satisfied if we take b € Hom(&'(j), O(—j)),

Yu(c) = (_(Z_j plegp)t Y (PP’QU)+’22j)

Cy (7 pey)t

and

0 d

oula,d) = (g 7Y (Zj(p/i_gp))+,zzj) |

2.3 Bundle Isomorphism Viewed as an Equivalence Relation

Although we have worked out the structure of the space of isomorphisms between
two given bundles, this does not yet give a criterion for when two bundles are
isomorphic nor does it provide any understanding of the equivalence relation on

WJ(',? given by isomorphisms of vector bundles. We show that there are algebraic

groups G;"lg acting on WA(;? so that the orbits of this action are identified with
the equivalence classes. This action (17) takes on the familiar form of a Mdbius
transformation. Lange studied in [16] (see also Drézet [11]) the question of universal
bundles over the projectivized space of extensions. In a specific example we study
here a more difficult problem, the difference being that we do not remove the origin
and we consider all vector bundle isomorphisms, not just those that correspond to
scaling the extension. First we need to define the structure of a scheme on the sets
Autzl((n)(ﬁ(j) @ O(—j)) for n finite.

Definition 4. Consider the functors from schemes to sets given by

T Amz}{”xr(ﬁ(j) ®0(-j)).
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These functors are C-groups (sheaves of groups in the faithfully flat topology
on schemes) and are easily seen to be representable by reduced schemes. These
schemes are in fact affine, being defined inside the finite dimensional affine space

End, (0() & 0(=)))

defined with coordinates as in Remark 8 as the complement of the pre-image of 0
by the morphism

deto : End ) (0(j) ® (=) — 0(Z") — Spec(Cls)).

sending s to the restriction of the determinant to £. When we pass to C points we
get the standard determinant followed by restriction to £

dety : End ) (0()) @ O(= ) — 0(z") - 0z =C,

We denote these finite dimensional algebraic groups by G("]() . These form a directed
system of C-spaces (sheaf of sets for the faithfully flat topblogy on the category of
C-algebras) and their direct limit as a C-space (see [9] for this yoga) is representable
by an infinite dimensional algebraic variety,

—_—

_ ()
Gir = Gj,k

which has Aut ) (0(j) @ O(—J)) as its underlying set of C-points. In fact, é\];
k

is an infinite-dimensional algebraic group. The sequence G;',g

RN Gf,z — GfZ — G}lz? — G;f’lg = Autpi (O(j) ® O(—))) (15)

is an pro-finite-type pro-scheme. We often write elements of Hom(7, G;}.le) as
matrices. '

Consider the following direct sum decomposition of the vector space of functions
0NV =6 60" NV &0 ,uwU™ NV")400u
k k k

®O,mU™ Ny
k

where the sector named “good” corresponds to the terms appearing in Lemma 1,
and also

ZO,wU NV cow™)
k
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and
! OmU V)T Ccow™)
4= qgoa =4~ +q".
As in Eq. (8) we write elements of
Hom(T.G\})  HY(Z{" x T.0%* & 0(2j) & 0(-2j))

in the form

ab
e=(t4) ao

with b = (b, by) and by, holomorphic on U™ x T, etc. First of all notice that the

group Hom(7, G;f'k)) acts on the functions p on U™ N V™ x T which vanish on
the zero section by the formula

ap—7by

_ 17
d—z77pcy an

8P =

A special case (where b and ¢ are taken to be zero) of this action was observed
for general varieties and bundles in [11]. For » finite, such functions vanishing
on { belong to uClz,z|[u]/(u" "), in the case n = oo such functions belong
to uC|z, z7'][[u]]. The action p + gp does not preserve the finite dimensional space
R ]n]z which was written in (4). This means that we need to somehow correct the

morphism (g, p) — gp. This will happen in the next definition.

Definition 5. Define a morphism
(n) (n) (n)
Gy xRy — R

by

ap—2z'b ap—2b, \~ ap—2b, \~
(g.p)r>gop= 12U —(‘p ‘U) —(—‘p ‘U)

d—z7/ pcy d—z7 pcy d—z7 pcy

_ ( ap—2by )
a i_z_j Py good

This morphism will become one of the structure maps of a groupoid (see Eq. (40)).
It is not the action of a group.

(18)
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Consider
A (p) = a— (& pey)t by -z (zi ((ge p)i_gp) —p(ge P)QU)JF'ZZj
g v d+@eygep)?
(19)
and
B,(p) = a+ @ pey)t by +( ((ge p)d —ap) - p(g ‘P)Qu)+’<2j
) v d—(7cy(gop)t
(20

They are regular over U" x T and V™ x T respectively because they satisfy
(A¢(p). Bg(p)) = (My, My) from Lemma 4 in the case that p’ = g e p. That is
to say, they satisfy

By(p) (Z(; St ,) = (Z(; v ) Ag(p) 1)

and so the pair (4,(p), B¢(p)) provides an isomorphism between E, and Ege,.
We have shown the following Lemma.

Lemma 5. There is a morphism
(n) (n) (n)
Gj’k X Rj,k — Rj’k
(&.p)—>gep (22)
such that for two bundles E, and E , of constant splitting type j,

Isom (Ep,Ep) = {g € Hom(T, G;”k)) | gep=7p}

Z,((")XT
(23)

= {g € Hom(T, G;f[k)) | 11 is satisfied}.

Consider the isomorphism

(Agl(gZ ° p)Agz(p)v Bgl(gZ ° p)Bgz(p))

between E, and Eg e(gep). In Lemma 4, we defined an element

g1e,8 €GO

such that this isomorphism equals (Age,g,, Bgje,g,)- Similarly, the isomorphism
(Ag(p)~!, B¢(p)™") between Ege, and E, corresponds to a an element

g™ e Gl (24)
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From here it is clear (since both A, < (p) and B, o) ( p) are the identity matrix) that
] k

ge, gl = egm = g e, g (25)
Js
Definition 6. Define g », g» and gV to be the elements of G! ,3((C) correspond-

ing via Lemma 4 to the isomorphisms (Ag, (g2 ® p)Ag, (), Bg, (g2 ® p)Bg,(p)) and
(Ag(p)~", B¢(p)™") described above.

The elements g| e, g, vary algebraically with g and g, and give a morphism of
schemes

(n) (n) (n) (n)
Gj’k X Gj’k X Wj’k — Gj!k
(81,82, P) > g1 9, 2.

The restriction to p = 0 in Wj(']? gives us back the standard multiplication but in
general this structure does depend on p.
Therefore by definition we have

By, (820 p)Bgz(p) = Bgl'pgz(p)' (26)

(and also Ag (g2 ® p)Ag,(p) = Agje,g,(p)). An immediate consequence of this
together with (21) is

g1e(g20p)=1(g19,8)ep, 27
and we also have
B(gieem 8200083 (p) = Bgregyepz (g3 ® p)Bg,(p)

= B, (g20 (g3 p))By,(g3 @ p) By, (p)
= By, (20 (230 P))Bgre,:(P) = Bgie, (520,55 (P)  (28)

and similarly for A¢(p). Because every isomorphism (A4, B) which takes one of our
chosen transition matrices corresponding to a bundle E, to another transition matrix

of the same form corresponds (7) to a unique g € Hom(7, Gﬁ",g) we conclude that

(81 9(g50p) 82) ®p 83 = g1 9, (820, g3). (29)

This will be used to verify the associativity of the groupoid structure. A direct
inspection of (18), (19) and (20) shows that identity matrix e M satisfies
Jjik

egm®p=p (30)
Jik
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for any p and corresponds to the identity map from E, to itself. Therefore we of
course have

eG;.f’,z opg:g:go],ecyjk) (31

for any p.

3 An Explicit Groupoid in Schemes

In this section we describe an explicit groupoid in schemes and show that its
associated stack is isomorphic to the stack of rank 2 vector bundles of splitting

type j and first Chern class 0 on Z ,((") .

3.1 Review of Groupoids in Schemes and Their Sheaf Theory

We begin with a review of the definition of a groupoid in schemes and the notion of
a sheaf on a groupoid in schemes. Recall that a groupoid

4 =(A,R,s,t,m,e,t)

in schemes consists of schemes A (the atlas) and R (the relations), morphisms
s, t,m,e,l

(32)
R, X4 R —"=R

and
R—>R
which satisfy some conditions which we write below. Here

R x4 sR ={(r1,r2) € R x R|t(r) = s(r2)}.

Let pi, p, be the first and second projections

P1.p2
R; x4 sR — R
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and let A be the diagonal

RxR<-R.
The morphisms then must satisfy
m o (m,idg) = m o (idg, m) (33)
on all composable elements of R x R x R,
tom=top, som=sop (34)
on all composable elements of R x R
mo (1,idg) oA =eos, mo(idg,t)oA=ceos 35)
on R, and also
mo (idg,eot)o A =idg, mo(eos,idg)o A =idg (36)
on R. Notice that for any scheme S that by taking the set of morphisms of schemes
from S into R and A one gets a pair of sets and these naturally form a groupoid in
sets using the obvious maps. We denote this groupoid in sets by
Hom(S,%9).
A (coherent/locally free of rank r) sheaf of modules on the groupoid consists of

a (coherent/locally free of rank r) sheaf . of &4 modules on A together with an
isomorphism f of sheaves of &y modules over R

fis*S > t*S
which satisfies
pyfopif=m"f (37
and
e* f =id. (38)

To make sense of this equality, one must use the identities

sop,=som, and top,=tom.
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3.2 Stacks from Groupoids

Let¥ = (A, R,s,t,m,e, 1) be a groupoid in schemes.
We associate to it a stack [¢] defined as the stack on the fppf site associated to
the prestack pre-[¢] which associates to any test scheme 7' the groupoid in sets

pre-[4](T) = Hom(T,¥).
Notice that such a morphism consists of a map from maps from 7" to A, and T to R

which satisfy the obvious compatibilities.

Remark 7. In the case that R = G x A and the groupoid structure is just given by
a group action of G on A, we may denote the associated quotient stack by [A/G],
leaving the structure implicit.

There is an equivalence [17] of Abelian categories of coherent sheaves which
takes vector bundles to vector bundles

Coh(¥) —=> Coh([¥]). (39)

Definition 7. We denote by [.¥] the sheaf on [¢] corresponding to a sheaf . on ¢
under the equivalence (39) given above.

3.3 Groupoid Presentations for Stacks of Rank 2 Bundles

We define a groupoid in schemes to be called ¢ ;1) . The atlas of ¢ ](']? is W](']? and the
relations are Gﬁ"k) x Wj(,']?.
The arrow s is given by the projection

Js Jk
defined by
(& p)—p.
The arrow 7 is given by the map
t
Gl < Wi > Wi (40)

defined by

(& p)—>gep.



