COHERENT SHEAVES ON RATIONAL CURVES
WITH SIMPLE DOUBLE POINTS AND
TRANSVERSAL INTERSECTIONS

IGOR BURBAN and YURIJ DROZD

Abstract
We study the derived categories of coherent sheaves on some singular projective
curves and give a complete description of indecomposable objects using the technique

of matrix problems.
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1. Introduction

This paper is, in particular, motivated by the recent research in homological mirror
symmetry (see [18], [24]). It is well known that any object of the derived category
of coherent sheaves on a smooth elliptic curve is isomorphic to a direct sum of shifts
of vector bundles and skyscraper sheaves. Indecomposable vector bundles on elliptic
curves were classified in the paper of Atiyah [1] (see also [22] and [24] for a descrip-
tion via étale coverings). An essential feature of this description is that an indecom-
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posable vector bundle is described by two discrete parameters, rank » and degree d,
and one continuous parameter, a point of the curve. Suppose now that a family of
elliptic curves degenerates into a cycle of projective lines. A natural question is, what
happens with the derived category of coherent sheaves under this degeneration?

As we shall see, the derived category of coherent sheaves on a cycle of projective
lines resembles the situation in the smooth case. There are three types of indecom-
posable objects: shifts of skyscraper sheaves at a smooth point of the curve, and the
so-called bands #(w, m, A) and strings . (w). A band %(w, m, A1) depends on one
continuous parameter 4 € k*, on a natural number m € N (which can be interpreted as
a “thickening” of an object), and on a quite complicated discrete parameter w. Strings
. (w) can be viewed as degenerations of bands. For example, all vector bundles are
bands. Torsion-free sheaves, which are not vector bundles, are strings. In fact, strings
are exactly indecomposable complexes from D~ (Cohy) of infinite homological di-
mension.

Suppose that a family of elliptic curves degenerates to a cuspidal curve. It was
shown in [11] that the category of vector bundles on a cuspidal curve “explodes”:
for any natural number n € N, there are families of indecomposable vector bundles
depending on n continuous parameters. In the language of representation theory, it
means that the category of vector bundles is wild. The category of skyscraper sheaves
at the singular point is also wild (see [9]). It agrees with the fact that the category
of semistable torsion-free sheaves of degree zero is equivalent, via Fourier-Mukai
transform, to the category of torsion sheaves (see [13], [27]).

In the case of a smooth curve, knowing vector bundles, one also knows all co-
herent sheaves; they are just direct sums of vector bundles and of skyscraper sheaves
Oy /mfc, where & is the structure sheaf, x is a (closed) point, and m, is the &,-ideal
of functions vanishing at x. The situation is quite different in the case when a curve
is no longer smooth. Then first there are indecomposable sheaves that are “mixed”
(neither torsion-free nor skyscraper); second, the structure of skyscraper sheaves is
much more complicated (cf. [15], [19]).

The aim of this paper is to describe all coherent sheaves in this case. Moreover,
we describe all indecomposable objects in the derived categories of coherent sheaves
over tame curves.

2. Vector bundles on cycles of projective lines

Recall some facts about the classification of vector bundles on projective curves. As a

rule, it is a wild problem in the sense that it contains the description of representations

of all finitely generated algebras. The cases when it is not so are the following:

. projective line P! (see [16]) and configurations of projective lines with
transversal intersection and with the intersection graph of type A (a chain of
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lines); in this case, indecomposable vector bundles have rank 1 and are classi-
fied by their (multi)degree (see Fig. 1);

Figure 1

. elliptic curves (smooth curves of genus 1) (see [1]);

. rational curve with one node (see Fig. 2);
Figure 2

. configurations of projective lines of type A (a cycle) (see Fig. 3).
Figure 3

Let us briefly recall the description of vector bundles on cycles of projective lines
(see [11]). Let X = X be a cycle of s projective lines (in the case of s = 1, it is
just a rational curve with one simple node), & = Ox. Then we have Extlﬁ(ﬁ, 0) =
H!(0) = k. Hence we have a unique nonsplit extension

0— 0 — % — 0 — 0.

Repeating the arguments of [1], we obtain that the subcategory consisting of iterated
extensions of the structure sheaf & consists of direct sums of & = .%;, %>, ..., where
each .%,, is inductively defined by an extension

0— F — Fp — Ty — 0, m=2.



192 BURBAN and DROZD

The bundles .%,,, m > 1, are called unipotent.
Let us note that a line bundle on a cycle of projective lines is determined by its
multidegree d and continuous parameter A € k*.

THEOREM 2.1 ([11, Th. 2.12]; see also [6])
Suppose that char(k) = 0. Let X be a cycle of s lines, let

Pn t Xns —> X
be an étale covering of degree n, and let
d=didy---dsds11dsy2---dos - - din—1)s+1d(n—-1)s+2 - - - dns,

di € Z, i = 1,...,ns, be any nonperiodic sequence of integers. Nonperiodicity
means that d[t] Zd forallt =1,...,n — 1, where

d(1] =ds11dsy2 -+ - dos - - du—1)s+1d(n—1)s+2 - - - dnsdrdy - - - ds,

d(t] = ([t — 1D[1]. Let & = Z(d, 1) be a line bundle on X,s of multidegree d.
Then

is an indecomposable vector bundle of rank mn on the curve X;. Moreover, each
indecomposable vector bundle on the curve X is isomorphic to some vector bundle
AB(d, m, 1). For the sake of convenience, we denote (0, m, 1) = F,,.

The construction via étale coverings has the disadvantage that it does not work in the
case of char(k) = p > 0. We now give the description, which does not depend on the
characteristic of k.

Let X be a cycle of projective lines, let 7 : X —> X be its normalization, let
0= n«(0%),and let ¢ = Annﬁ(é/ﬁ) be the conductor.

Let & be a vector bundle on X. Denote & = 747 *(&); then we have a canonical
inclusion & —> &, which induces an inclusion i : & ® 6/ f — & Qs o 7.
It was shown in [11] that a vector bundle on a cycle of projective lines is completely
determined by its normalization & and inclusion i.

Example 2.2

Let char(k) = 0, let X = X be a rational curve with one node, and let 73 : X3 —>
X1 be an étale covering of degree 3. Let .¥ = Z((1, 1,0), 1) be a line bundle on
X3; the degree of . is 1 on components with number 1 and 2, and 0 on the third
component, and 4 glues fibers of . at the point of intersection of the first and third
components. Let

& =B((1,1,0),m, 1) = 13.(ZL) ®p B0, m, 1).
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Then
&~ 5’(1)2'" o) ﬁm.

The map i is just a k-linear map of a k-module into a (k x k)-module; hence it is
given by the two matrices i (0 : 1) and i(1 : 0). Doing basis transformation, we can
reduce them to the form of Figure 4.

I 1 ).
I 1 I
I, 0 S5
i(0:1) i(1:0)
Figure 4

It turns out that we can define our bundles %(d, m, 1) by means of these gluing
matrices i. This description is independent of the characteristic of the field k.

Remark 2.3

Let char(k) = 0, let X be a cycle of s lines, and letd = dd; - - - d,s be periodic; that
is, let d = ee- - -e (k times), where k|n and e is a sequence on Xy, . Then we can
still consider a locally free sheaf

‘%(da 15 /1) = pn*g(da l)a

where p, : X,; —> X is an étale covering of degree n. However, it decomposes into
a direct sum

k
2, 1,7) =P Ble. 1,8),
i=1
where &1, &, ..., & are all kth roots of A.

3. Description of indecomposable complexes
Let X = X, be a cycle of s lines. In order to describe indecomposable complexes of
the derived category D~ (Cohy), we define the following combinatorial data.

Definition 3.1
@))] The alphabet 2 consists of the following symbols (letters):
(a) ng, where n, k € Z (we call them 0-letters);
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(b) x;, y¢» where n € N, k € Z (we call them, resp., x-letters and y-
letters).

We write i (a) = k, where a is one of the letters above.

The set of active indices of a letter a is defined as follows:

(a) if a = ny, it is {k};

(b) ifa=xjory/, itis {k,k+1}.

A word is a mapping w : Z — % such that

(a) if all O-letters are omitted, x-letters and y-letters alternate;

(b) any two neighbor letters have a common active index, and every active
index of a letter is also an active index of one of its neighbors.

We define the functions J,, and j,,, both Z — 7Z/sZ, by the following rules:

(a)  if there is m’ > m such that w(m’) is a y-letter and all w(m”) with
m < m” < m’ are O-letters, then J,,(m) = —1; otherwise, d,,(m) = 1;

(b) Jw(©) =0and j,(m + 1) = j,(m) + d,,(m) for every m.

If s = 1, then both functions j,, and J,, are trivial.

A string & (w) is given by a word w satisfying the following conditions:

(a)  thereis an integer K such that i (w(m)) > K for all m € Z,;

(b) for every integer k, the set {m € Z |i(w(m)) = m} is finite.

IfI € N, we define the [-shift w' of a word [ setting w!(m) = w(m+1),m € Z.

We call this shift admissible if j,,(0) = j, ().

A cycle is a word w such that w! = w for some admissible shift. The smallest

! with this property is called the period of the cycle w. Evidently a cycle of

period [ is completely defined by its segment w(0)w(1)---w(l — 1), and we

often identify them. Note only that if s > 1, not every finite word defines a

cycle; the condition j,, (0) = j, (/) is rather restrictive.

A band # = A(w,d, 1) is given by a triple (w,d, A1), where d € N, 1 €

k* =k \ {0}, and w is a cycle.

We denote by w° the opposite word; that is, w°(m) = w(—m).

We call two strings .7 (v), .%(w) equivalent if there is an admissible shift v’

such that v/ = w or v} = w°.

We call two bands ZA(w, d, 1), Z(v, d, u) equivalent if there is an admissible

shift o/ such that either w = v’ and 4 = 1, or w° = v’ (not all letters in w are

O-letters) and p = A~ L.

The functions j,, and J,, have the following interpretation: j,, (0) indicates the compo-
nent of X we start with (i.e., w(0) is supported on the j,,(0)th component); J,, shows
the direction of “jumping” from a component of X to one of its neighbors; j,,(m) is
the number of the component, where w (m) is supported.
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THEOREM 3.2

There is a one-to-one correspondence between isomorphism classes of indecompos-
able objects of the derived category D~ (Cohy) and equivalence classes of strings
and bands.

This theorem is proved in the following sections. Nearby we show how one can con-
struct a complex corresponding to a string or band. For the sake of simplicity, we
consider only the case of an irreducible curve. Then s = 1, so the function j,, plays
no role; in particular, any shift is admissible. (In the general case, one only has to place
each bundle over X on the corresponding irreducible component). To explain the rule,
note that in [11] vector bundles over X were encoded by bands such that corresponding
cycles contain only 0-words with £k = 0 (so we omit this index). If ng, ny, ..., n;—1
defines such a cycle, the vector bundle corresponding to it can be described as a gluing
of vector bundles over the normalization. Namely, take @f;(l) O(n;)?, choose its local
trivializations, which give bases of fibres at every point, and identify the fibres at zero
with the fibres at co in the following way (for details, cf. [11, Th. 2.12], especially
Figs. 2 and 3 after it):

. if 0 <i <[ — 1, the basis at co of ﬁ(ni)d is identified with the basis at zero
of O(ni1)?;

. the basis at oo of ﬁ(nl_ 1)d is identified with the twisted basis at zero of
O (no)?, where the twist is given by the d x d Jordan cell J; (1) with eigenvalue
A.

Quite analogous gluing can be done for the derived category. Indeed, let
w(0)w(1)---w( — 1) define a cycle w. Replace

. every O-letter ny by the kth shift of the vector bundle % (n)4 over X;
. every x-word x; by the kth shift of the complex (5’(—11) 5 5’)‘1;

. every x-word y” by the kth shift of the complex (& (—n) 2 o).
y & Y p

Here & (—n) x—n> 0 and 0 (=n) )—n> 0 are locally free resolutions, respectively, of the

skyscrapers % /mg and % /m’ . Take the direct sum of all these complexes, fix local

trivializations, and identify the fibres at zero and at co. Namely, let i be the common
active index of w(m) and w(m + 1) (note that w(l) = w(0)), and let 6 = J,,(m). Then
follow these rules.

(1)  If 6 = 1, glue the basis at co of the ith component of the mth complex defined
above with the basis at zero of the ith component of the (m + 1)st complex
(twisted by the Jy(1) if m =1 —1).

(2) If 6 = —1, glue the basis at zero of the ith component of the mth complex
with the basis at co of the ith component of the (m + 1)st complex (twisted by
the Jy(1) ifm =1—1).
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3) Glue the remaining bases at zero (originating from y-letters) with the remain-
ing bases at co (originating from x-letters) in any way, keeping only the “par-
allelogram rule,” which means that if you glue bases of two complexes corre-
sponding to the letters x;’ and y; at the kth component, then the same must be
done at the (k + 1)st, too. The alternating condition (3.a) from Definition 3.1
guarantees that such gluing is always possible.

Remark 3.3
This construction should be modified in the case when X = X, s > 3. In order to
get a complex of locally free sheaves on X, we should add some trivial complexes of

O-modules & -, 0 to the gluing data. See Section 6 for further details.

One can easily see that as a result we obtain in each component a vector bundle over
X, and the differential of the complex over X induces homomorphisms between these
bundles; so we get a complex of vector bundles over X which defines an object of the
derived category.

Here are some examples. Consider the band #Z(w, 1, 1), where w = 30x§yll -
22x]3 yé. The corresponding complex is in Figure 5. In Figure 5 (as well as in the

3
Aeg——————o
~
\ -
-
\ -
e I e e )
RN ; \
~ A \
G——8 — | >0———— \
P E
- \
L - \
o« T2 \
- \
- \
_ ;
- 3 \
o — e—-— »
3> E \
N
3 ~ ! \
A ~ 3 \

e —|>6—
Figure 5

next ones) solid lines show the line bundles on the normalization; their left (resp.,
right) ends symbolize the fibres at zero (resp., at co). The superscripts show the de-
grees. Vector bundles in the same column correspond to the fixed component of the
complex. (In this example the very right is the O-component, and the very left is the
2-component.) Horizontal arrows show the differential: it is given by x" (resp., by y™)



COHERENT SHEAVES ON RATIONAL CURVES 197

if the left ends (resp., the right ends) of the corresponding lines are bullets. Note that
the absolute degrees of these line bundles play no role: only their difference n (shown
by the inserted number) matters. The twist by 4 is shown near the corresponding end.
Dashed lines show the mandatory gluing according to rules (1) and (2) above; dotted
lines show the arbitrary parallel gluing of “free” ends according to rule (3). These
ends are encircled.

One can easily see that this complex does not correspond to any coherent sheaf.
Indeed, it has nontrivial cohomologies in degrees 0 and 2 corresponding to the lone
solid lines on the first and fourth levels. We can also write down a locally free repre-
sentative of this complex,

#((=2,0,0),1,1) — 2((0,0,1,3),1,1) — 2((3,1,2), 1, 2),

and differentials are those as it is shown in Figure 5.

Remark 3.4
Let & and .# be two locally free &-modules, and let & and .Z be corresponding
O-modules. We have a canonical embedding

Homg (&, %) — Homﬁ(@a, ﬁ).

Differentials in the figures are homomorphisms of &-modules. They lie in the image
of the normalization map and hence define homomorphisms of £-modules.

The following example is the string .¥(w), where w = - - - y31x21y11x6’y6"x11y21x31 cee
which corresponds to a skyscraper sheaf (to k(p), where p is the singular point if
n = m = 1). The complex defined by this string is in Figure 6. Its locally free

e —|>0—%
—— ,

: / . g %
L/ Ry 4 Lo
7 # Fe
k N
o——p —|>0—"—p o—e —m>0—0
; Yy
7 /., 7
= sk . -
/ : % ,
«—o o —]1>&—0
Figure 6

representative is

-— 2%((1,0,0,1),1,1) — £((1,0,0,1),1,1) — Z((n,m), 1, 1).
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The band #(w, 2, 1), where w = —3000yéxgygx800, defines a mixed coherent
sheaf, that is, one that is neither torsion-free nor skyscraper. The corresponding com-
plex is in Figure 7. Double horizontal lines reflect the fact that each line bundle must

J2(2)

~

-3
~

Figure 7

be taken twice. The twist by the Jordan cell is marked at the corresponding place. A
locally free representative of this complex is

#((0,0),2,1) ® 2((0,0),2,1) — %((-3,0,1,2,4,5,0),2, 1).

Note that this time we could trace dotted lines another way, joining the first free
end with the last one and the second with the third (see Fig. 8). It gives an isomorphic
object in D~ (Cohy),

#((0,0,0,0),2,1) — £((-3,0,1,5,0),2, 1) ® B((2,4),2,1).
The last example is an object of D~ (Cohy) which does not belong to D?(Cohy).
It is the string & (w), w = - - - y22x11—2 1y800x3 y1212 - - -. This string has 0-letters with

all indices, which immediately implies that all cohomologies are nonzero. The corre-
sponding complex is in Figure 9. Its locally free representative is

e — %((—2, 1,2,0,0),1, 1) — %((0, 2,3),1, 1).
4. Main construction

In what follows, we denote by the same letter F the derived functor D™ (&) —>
D™ (%) induced by a functor F : &/ —> 2. In particular, ® denotes the derived
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functor induced by the tensor product.

Let X be a projective curve over an algebraically closed field k. We always sup-
pose that X is connected (although it may be reducible). We use the following nota-
tion:

. 7 : X — X the normalization of X ;

. 0 =0y andé’:n*ﬁg;

. S = Sing X the set of singular points of X and S=r"1! (S);

. Fy = F, Rp O, where .7, is a complex of locally free &-modules;

. J = Amg 5’/6’, the conductor of & in 78
o =0) Fandod =0/ ¢;
. j. = ﬂ:. ®z o , where 9;. is a complex of locally free ﬁ—modules;
. //Z. = Me Ry o , Where ., is a complex of locally free .«/-modules.
Note that <7 and <7 are skyscraper sheaves, and note that Supp &/ = Supp o =
Sing X.
Since the morphism 7 is affine, we can identify &'z-modules and &-modules.
We also identify the derived category D~ (Cohy) with the category of quotients
K~ (VBx)[Q~!], where VBy is the category of locally free sheaves of ¢-modules
(or, equivalently, vector bundles over X), and Q is the set of quasi-isomorphisms.
We have canonical homomorphisms 6 — & —> o, 0 —> 4. Since the for-
getful functor Coh,; —> Cohy is exact, it induces an exact functor D~ (Coh/) —>
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<9
\\ 7/
\\ J/
/\\
/
o— 0 G—Ft—0 —3>C0—— 0
- = / -
_ .
~ e g
- e -
. X -
~ 4 L ~0
- o | >&—— o - - = °
. . -
o £
R g B . - .
N S
N ~
—_ o—
[ e ~ 2—=>
>
~ N
-~ - 1 N\
Y
Figure 9

D~ (Cohg). Its action on objects does not require any choice of special representa-
tives, so we identify objects of D~ (Coh/) with their images in D~ (Cohg).
We have a commutative diagram of functors

D~ (Cohgz) — D™ (Cohyy)

l i

Di(COhé)  —— Di(COh{J)

We want to reconstruct a complex .#, € D™ (Cohy) from its images in D~ (Coh ;)
and D~ (Coh,y).

Definition 4.1
Define the category of triples of complexes TCy in the following way.
. Its objects are triples (Eé., M, i), Where
- G, isa (right bounded) complex of locally free 0-modules;
- M., 1s a (right bounded) complex of locally free .<7-modules;
- i is an isomorphism .Z, ®, o — 9, @ é & in the category
D~ (Coh ;).
. A morphism (4,, A,,i) — (4., #,i’) is a pair (®, ¢), where @ : 4, — ¥/
is amorphism in D~ (Coh ;) and ¢ : .#, — .#, is a morphism in D~ (Coh,)
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such that the diagram

M ®y T — > G @

¢®Ml l®®m

///./®(Q¢4a7~ — gf@éd
l/

is commutative in D~ (Coh ;).

. We define the functor F : D~ (Cohyx) — TCyx which maps a complex .%, of
locally free sheaves to the triple (ﬁ’., Fe®o A, iz,), Where i z, is the natural
isomorphism

(g\.@ﬁé))@éﬁ;; 9.@@422—1(?.@@%)@@7&5.

Note that any quasi- 1som0rph1sm of complexes .#, — % in K~ (VBy) in-
duces quasi-isomorphisms J. — 3‘7 Land F, Qp o — F. Q¢ . Therefore
the functor F is well defined on the derived category.

THEOREM 4.2
The functor F is dense (i.e., epimorphic on the set of isoclasses of objects) and reflects
isomorphisms; that is, if ¥#, ~F¥.Z], then F, ~ F.

Remark 4.3

On the other hand, this functor is not faithful, though it is an equivalence on the full
subcategory of D~ (Cohy) consisting of the images of locally free coherent sheaves
under the natural embedding Cohy — D~ (Cohy).

Proof
The main ingredient of the proof is, given a triple (,?., My, 1), how can we recon-
struct %4 ?

The exact sequence

0— /ﬁ.—)j‘,—)j}@ﬁﬁ—)O
in Coh(Cohy) gives a distinguished triangle
/j. —> Fe —> Fa ®ﬁ~4217—> /j.[—l]

in D~(Cohy). Let i : .#, —> .#, be the composition of i with the canonical map
My —> Mo Ry .
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The properties of triangulated categories imply that there is a morphism of trian-
gles

I Fe—> Gy —> T @5 A —> 7 Fu[~1]

{or

J T Fe M S F[-1]

where #, = cone(#, — _# #,[—1])[1]. Taking a cone is not a functorial opera-
tion. It gives an intuitive explanation why functor F is not an equivalence.

The properties of triangulated categories imply immediately that the constructed
map (not a functor!)

G : Ob(TCx) —> Ob (D~ (Cohy))

sends isomorphic objects into isomorphic ones and satisfies GF(.%,) = .%,. Now we
have to show that FG(.%,, #,, i) = (F,, M, ). O

LEMMA 4.4
For every triple T = (9, My, i) from TCy there is a triple T' = (4], #,1") such
that i’ is an isomorphism of complexes and T ~ T’ in TCy.

Proof

Note that coherent sheaves of 2/-modules can be identified with modules over the
finite-dimensional algebra A = [], ¢ 4%, and also note that coherent sheaves of o -
modules can be identified with modules over A = D, cs ;. Moreover, considering
D~ (Cohg ) and D™ (Coh ;), we can (and shall) always consider complexes of projec-
tive modules. Denote by J and J, respectively, the radicals of the rings A and A. We
call such a complex .#, of A-modules (or the corresponding complex of .o7-sheaves)
minimal if Imd,, € JM,,_ for each n; this is the same terminology we use for com-
plexes of A-modules and .<7-sheaves. Since these algebras are commutative, J C T
hence if .#, is minimal, so is //Z. = Me QA A. Tt follows easily from [2] that each
complex .#, € D~ (Coh) is a direct sum .Z @ /!, where .Z!" is a minimal
complex and ./ is a trivial one, that is, a direct sum of short trivial complexes of the

form--- — 0 — M —> M — 0 — ---. We call A" and ], respectively, the
minimal and the trivial part of the complex .Z,.

One can easily see that
. the embedding .#]" — .#, is a quasi-isomorphism;
. any quasi-isomorphism of minimal complexes is indeed an isomorphism.

It is easy to see that (Z,, .#,, i) is isomorphic to (Z,, AT, where i
//Z,’" — ﬁ_’j” is the component of i : My — F. By what was said above, i is an
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isomorphism of complexes. Now observe that complexes .%,, .#™ are locally free.
Hence .7 is locally free, too. So it is a direct sum of complexes of type ,Qf;” — ,Q{;”.

. id R ~ =
Lift each of them to &/ - &/'. Thus we can assume i : .#, — %, to be an
isomorphism of complexes. O

Consider the pullback diagram in the abelian category Com(Cohy):

¥

Oﬂfj. «g.o <ﬂo 0
T
OH/Q;. j.”g‘:. 0

Just as in [11], establish that
€))] F4 is a complex of locally free &-modules;
2) (D,9) : (e Qp O, Fo Q0 A, iz,) — (Fu, Mo, i) is an isomorphism in
the category of triples.
The following example shows that F is not faithful. Let

Sl-1l=-- —0— & —0— ---
—
1
and
Fe="—>0—> F —0---
——
0

be two complexes (% and & are vector bundles). We have Hom(.%,, &[1]) =
Ext!(Z, &). The map

Hom - (cony) (Fe. Gl 1]) = Exty, (F, &) —> Ext%x (Z,E)
= Homrc, (F(%),F(¥))

is not always a monomorphism: for instance, Extl(ﬁ;ﬂ, Op) = H L1, Op1) =0,
but H'! (X, Ox) = 1 for curves of arithmetic genus 1. So our functor is not faithful.

5. Coherent sheaves on a rational curve with one node
Let us consider first the case of the rational curve with one simple node. Suppose that
its equation is zy> — x> — x%z = 0. Then its normalization is X = P! and we may
suppose that the preimages of the singular point are (0 : 1) = 0 and (1 : 0) = oo (see
Fig. 10).

What does the result of Section 4 mean? As a data structure, a complex %, from
the derived category D~ (Cohy) is uniquely defined by some triple (F, Mo, ).
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(0:1)

(1:0)

Figure 10

What is .%,? The category Cohpi has global dimension 1. It means (see [7]) that
indecomposable objects of D™ (Cohp1) are

&lrl:++—0— Op(n) —0—0— ---
—_——
and
Fhxls] 1o+ — 0 — Op1(—kx) = Opt — 0 —> ---.
~—

N

A complex j. is just a direct sum
Fo Z P (GIr1Y7) @ (Tials]Moh)).

Now let us explain what .#, and i are. &/ is a skyscraper sheaf k,, (with the stalk k
at the singular point p), and o = (k x K) p- This means that the categories Coh ;
and Coh_, are semisimple. So .Z, ® o/ o = (H, (//Z.), 0) and we get, moreover, a
commutative diagram

M Z

b e

- Ho() -
Ho(<%o) - Ho(yo)

The map Hy (i) : Hy (My) —> Hi(FW) is simply a map of two (k x k)-modules.
This implies that Hy (i) is given by two matrices Hy(i|0) and Hy(i|oo) (intuitively,
one corresponds to the point zero, the other to co). Moreover, both of these matrices
have the same size and are nondegenerate.

Consider the images of the complexes &[n] and J, [n] after applying &) é o

é(”)@ﬁ”ﬁ:ko@koo
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Letx =0=(0:1). Then

4 4y o).

Tix ® 5 4 = (Op1(—kx) — Op1) @ 5 o = (ko@koo — ko ® koo

This complex is quasi-isomorphic to

Ko —> ko.

Let x = oo = (1 : 0). In the same way, we obtain

~ 0
%x@ﬁ%;km—)koo-

All other skyscraper sheaves vanish after tensoring with ) & o

10
(ﬁpl(—kx) — ﬁpl) ®/}v &Zi: (k() @koo M} kO @koo) =0.

Let us consider morphisms in the derived category D?(Coh &)= Db (Cohpr).

M

2

Let n < m. Then we have a morphism O(n) LN O (m), given by a homo-
geneous form p = p(xg, x1) of degree m — n. The induced map modulo the

conductor is
diag(a,b)
ko ® koo — ko @ Koo,

wherea = p(0:1),b = p(1:0).
Let n < m. Then we have a morphism 7,0 — ;,0:

G(—m) —— ¢

Xy pi lP
xn

O(—n) s o
where p is a homogeneous form of degree m — n, which induces

ko *0>k0

where A = p(0: 1).
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3) Let n < m. We also have a morphism 7,0 —> Z,0:

m
X0

O(—m) o

PT Tx(()mn)p
n

O(—m) S O(n —m)

L,

O(—n) G

where this map is a composition of an inverse to a quasi-isomorphism and a
map of complexes. It induces

ko 40>k0

|
ko —= Ko
where A = p(0: 1).
@ In the same way, we can consider all other cases. Let ny < nj, m; > m»

be natural numbers, and let k; < k; be integers. Then we have a chain of
morphisms, which induce nonzero maps modulo the conductor:

Toll] — Fpoll] — O(ka) —> O(k1) —> Tmyo —> Tmao :

np
%0

O(ky) — O(n2 + ka)

-
G(ks) —== 6(n, + k2)
O (k)
O(kr)
é(—ml)Lﬁ
Gemy 2
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(®)] The same holds, of course, at the point (1 : 0) = oco.
©6) Finally, let us consider the case of endomorphisms of indecomposable objects
of D?(Coh &) An endomorphism of % (n) is scalar and hence induces

diag(a,
Ko ® Koy 2@ 1 Bke. ack

An endomorphism of (Op1(—k0) <> Op1) always induces a map of the type

ko ——> ko
ok
0
ko —=Kko
Remark 5.1
Let

Fo = PGl & (Fixls]s))

be a direct sum decomposition of an object Fo € Ob(D?(Coh £))- An endomorphism
O : ﬁ’. — ﬁ. is an isomorphism if and only if the induced endomorphism of each
component &, [r1Vnr and Ty [s]Mxks is an isomorphism.

Choose trivializations of each component of T in neighborhoods of the points zero
and co. They induce some basis in H, (ﬁ_.). Choose some basis in Hy (.#,). With re-
spect to such a choice, the map H, (i) is given by a collection of matrices in Figure 11.

There are two types of blocks: those which came from vector bundles and those
which came from skyscraper sheaves or, equivalently, from complexes Zo[s] and
Tkools]. The blocks are numbered by integers and natural numbers, respectively. This
numbering defines some “weights” of the blocks of vertical matrices. Blocks corre-
sponding to the same skyscraper or vector bundle are called conjugate. Conjugate
blocks have the same number of rows. Indeed, all but finitely many blocks of Hy (i]0)
and Hy (i|oo) have zero size. But if one of the conjugate blocks is nonempty, then the
other one is nonempty, too.

Now we should answer the following question: which triples (Z,, .#., H,(i))
correspond to isomorphic complexes .%#,? Surely, we have to consider the automor-
phisms of ZF and ./, and look at what they induce in homologies. As a result, we
get the following matrix problem:

D we can do any simultaneous elementary transformations of columns of the
matrices Hy (i|0) and Hy (i|o00);

(2)  we can do any simultaneous transformations of rows inside conjugate blocks;

(3)  we can add a scalar multiple of any row from a block with lower weight to
any row of a block of a higher weight (inside the big matrix, of course); these
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2 2
0, 0!
,,,,,, 24 -2 I\
1 -1
,,,,, 2 b -2 N
_1 } )
1 1
0 0
—1 —1
2 72 N
1 -1
2 i 2 DN
1 -1
1 1
0" 0
Hy(i10) Hy(i]oo) Hy(i10) H1(i ]| 00) Ho(i10)  Ho(i|o0)
Figure 11

transformations can proceed independently inside Hy (i]|0) and H(i|oo) (see
Sec. 6 for more details).

These types of problems are well known in representation theory. They first
appeared in the work of Nazarova and Roiter [19] about the classification of
(k[[x, yil/(x y))-modules. They are sometimes called Gelfand problems in honor of
I. M. Gelfand, who formulated a conjecture (at the International Congress of Mathe-
matics in Nice, 1970) about the structure of Harish-Chandra modules at the singular
point of SL; (R) (see [14]). This problem was reduced to a matrix problem of this type
(see [20]).

The strict categorical formulation and then a solution of this type of problem
was done by Nazarova and Roiter [20] and by Bondarenko [4] (see also [21, App.
A]). It means that these matrices correspond to the objects of some category and
that these objects are isomorphic if and only if one matrix can be transformed into
another one by the above set of transformations. Certainly, it is enough to describe the
indecomposable objects.

Let us recall a combinatoric of the answer in this case. There are two types of
indecomposable objects: bands and strings. We give the definitions in Section 6. Here
we want to stress that a band object depends on one continuous parameter and sev-
eral discrete parameters. A string object depends only on discrete parameters. Let us
consider some examples (the same examples we considered in Sec. 3).
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Example 5.2

The data A(w, 1, 1) (band), where w = 30x§y11-22xfy6, define an object of the
bounded category D?(Cohy) which is not a coherent sheaf. The corresponding triple
(Fo, Ma,i) is

Fo = E2[-21® T~ 11D Tiool—11® To0 ® Tioo ® &,
A TG N e

and i is given by matrices in Figure 12.

©:1) (1:00 (©:1) (@(1:00 (©O:1) (1:0)

Figure 12

Example 5.3
The data .#(w) (string), where w = ---ylxlylxfymxlylel. .. define the
skyscraper sheaf at a singular point. The corresponding triple (Z,, 4, i) is

Fo =P (Fi0l=i11® Ticol—i1) ® Ts0 ® Toos
i=1

M= — LKLk
and matrices defining i are in Figure 13.

Example 5.4
The data #A(w, 2, 1) (band), where w = -3000yéx§y8x800, define a mixed sheaf
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Tloo[_3]
T10[-3]
Tloo[_z]
Tyo[-2]
Tloo[_l]
Tro[—1]

Tmoo

Tho

0:1) (1:0) 0:1) (1:00 (0:1) (1:0) (0:1) 1:0(0:1)(1:0)
4 3 2 1 0

Figure 13

(sheaf that is neither torsion nor torsion-free):

Fo=T20® T50® Tioo ® Thoo ® 3@ &,
My =K 2K,
and matrices are in Figure 14.

Example 5.5

The data . (w) (string), where w = ---y%xll—ZlySOOxgylzlz .-+, define an object
of the category D~ (Cohy) which is not an object of the bounded derived category
D" (Cohy):

Fo=-—> E[-21® Tio[—11® Droc[—11® E2[— 11D To0 ® Tao ® 0,
M= — kLK LK

and matrices are in Figure 15 on page 212.
Let us now consider a general case.

6. Reduction to the matrix problem

Consider the case when X is a configuration of projective lines of type A, (n > 1); if
n = 1, then X is just an irreducible rational curve with one simple node. At the end
of this section we explain the difference that occurs in the case of A, (which is a bit
simpler).
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Thoo | il I
T1oo I 6}
Tos I I
To2 I I

1 I I
Ey

2 I I
E_; I Fr(A)

0:1) (1:0) ©:1) (1:0)
1 0
Figure 14

We keep the notation of Section 3; in particular, 7 : X — X is the normaliza-
tion, and S is the set of singular points of X. X consists of n irreducible components
X1, Xa, ..., Xn We identify them with irreducible components Xy, X», ..., X,, of
X. The set S consists of n points x1, x2, ..., X,. These points and components can be
arranged so that, for any i < j,

i if =i+,
XiNnX;=1x, ifti=1, j=n,

¢ in all other cases.

For any integer k, we set x4+ = Xr, Xptk = Xk, )~(n+k = )~(k. Set also n_l(xi) =
{xlf,xlf’} so that x € X;, x/ € )Z',-.H.

The category Cohy is equivalent to [[/_; Cohg, and the same is true of their
derived categories.

Choose the coordinates on each line X; in such a way that the preimages of the
singular points are either (0 : 1) or (1 : 0). We can interpret coherent 0;-modules
just as Cohp1. By _#; we denote the restriction of the conductor _# onto X;. Then
Fi is just the ideal sheaf of points (0 : 1) and (1 : 0). Both .o and o are skyscraper
sheaves with support in the singular points of X. The canonical morphism &/ — o
is then the diagonal morphism

kxkx: - -xk— (kxk)x (kxk)x--x(kxKk).



212 BURBAN and DROZD

©:1) (1:0) ©:1) (1:0) (0-: 1) (1:0)

Figure 15

Let (j., M, 1) be some triple. Then Fy = 91. ® ?2. @D jn., where
;4 € D~ (Cohy,) = D~ (Cohpi).

How do we get a matrix problem in this case? Cohp1 has homological dimension
1, which implies that every indecomposable object of D~ (Cohp1) is isomorphic to
some object of the type

= 00— F —0— -,
~—
i
where .# € Ob(Cohp1) is indecomposable. Indecomposable objects of Cohp1 are

known: line bundles Opi1(n) and skyscraper sheaves Opi . /mY.
The skyscraper sheaf Op1_, /mY has a locally free resolution

0 — Op1(—n) — Op1 —> Op1 /m} —> 0,

which means that, in the derived category, (Op1(—n) —> Op1) = Oy /m’} holds.
Choose trivializations in neighborhoods of singular points of each component of
the complex Z. The map H (i) : Hk(//i.) —> Hi(Z,) is given by n matrices,
corresponding to singular points of X. Each of these matrices itself consists of two
nondegenerate components of the same size.
The question is, which transformations can we do with the matrices defining the
homology. From the definition of the category of triples, it follows that we have to
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consider automorphisms @ : j. — 541. and ¢ : .#y —> .M, which make the
diagram
- H.() -
Ho(Me) — Ho(F,)
iH. @) iH.@)
- HJ() -
Ho (M) — Ho(F)
commutative.

Since the description of indecomposable objects can be done by ignoring the
shifts, we restrict ourselves to the complexes whose highest nonzero component is a
Zero component.

To each configuration of projective lines we can associate a partially ordered set.
Let w_; < wy < wp be three cardinal numbers. (This means that nw_| < mwg <
kw1, Yn,m,k € Z.) The algorithm is now the following: consider the set of pairs
(L,a), where L is a component of X and a € L is some preimage of the singular
point.

(1) To an object

%a[s]:"'—>0—>ﬁpl(—na)% ﬁpl — 00— ...
—_—

N

we set in correspondence two symbols E(; q)(s,nw_1) and E (s +
1, —nwy).
2) An object

Glr]:-+ —0— Opp(n) —0—0— ---
—_—
r
corresponds to E(z 4)(r, nawp).

Note that skyscraper sheaves i, [s], where x is not a preimage of a singular
point, do not take part in the “gluing” of complexes. (They become equal to zero after
tensoring with the conductor and taking a homology.)

On the sets E(z,4)(i) = |J E(z,) (i, %), we get a total order in the following way:
we say that £1 < Ej if there is a morphism of corresponding objects of the derived
category D™ (Cohpi) inducing a nonzero evaluation map in a. To each triple (L, a, i)
corresponds also a set F(;, 4)(i) consisting of one element.

Consider the union of all points

EUF:( U E(L,a)(i))u( U F(L,a)(i)).

(L,a),i (L,a),i

In this set, let us introduce the following equivalence relations:
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(D Eq,a(i,no_1) ~ Eq q)(i + 1, —nw),i > 0,n > 1 (which means that the
points are coming from the same skyscraper sheaf);

2) E( )i, mwg) ~ Er,q)(i, mayg), i > 0, m € Z (which means that the points
are coming from the same vector bundle);

3)  Fra@ ~ Fra@.i>0.

Example 6.1
We have a rational curve with one node (see Fig. 16).

Figure 16

Example 6.2
We have a transversal intersection of two lines at one point (the A-case) (see Fig. 17).

Example 6.3
We have a transversal intersection of two lines at two points (the A~2-case) (see Fig. 18
on page 216).

What we have is called a bunch of chains (see [5]; see also [11]), which encodes a
matrix problem. The number of matrices can be infinite, but this does not disturb the
general theory.
Specifically, the matrix problem is the following.
(1) Each triple (L, a, i) (L is a component of X,aeL,i>0the integer num-
ber) corresponds to some matrix M (L, a, i). These matrices are divided into
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Figure 17

horizontal blocks, numbered by the points of E(; 4)(i). Since F(z 4) consists
of only one element, we do not have a vertical division in this case. Indeed,
some blocks may have zero size, that is, be empty.

(2)  Blocks corresponding to conjugate points from E have an equal number of
rows; blocks corresponding to conjugate points from F have an equal number
of columns.

3 We have a partial order on the set of points. Let us say that the horizontal
blocks are supplied with some “weights,” and the weight of one block is bigger
than the weight of another block if the point corresponding to the first block is
bigger than the point corresponding to the second one.

“4) We can do the following transformations with our matrices:

(a) simultaneous: elementary transformations with the columns of matri-
ces M(L,a,i)and M(L',a,i);
(b) simultaneous: any elementary transformations inside conjugate blocks;
(©) independent: adding a scalar multiple of any row from a block with
lower weight to any row of a block of the higher weight.
In our case, there are some additional restrictions on our matrices.

H All big matrices are square and nondegenerate.

2) If one of the conjugate blocks is nonempty, then the other one is nonempty,
too.

There are two types of indecomposable objects: bands and strings.

(D Band data Z(w, m, 1) are given by two discrete parameters, a word w and a

natural number m, and one continuous parameter 4 € k*. A word w is just
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Figure 18

a sequence of points of EUF, x; — xp ~ x3 — x4 ~ --- — xy, connected
by the symbols of two types, — and ~. The symbol ~ should stand between
conjugate points, and — only between a point of the type E(; q)(*,i) and a
point F(;,_4)(i). If one link was —, then the next one should be ~, and vice
versa. In band data a word w should be closed: x5 ~ xi. This means that
it can be written as a cycle. We require that w not be a power of some other
word.

String data . (w) depend only on some full word w. Full means that w con-
tains each point x; the same number of times as its conjugate. In the case of a
cycle of projective lines, a word w must be infinite. We require, however, that
each point x; appear only a finite number of times and that there be k € Z such
that w does not contain any elements from F(;, (i) fori > k.

Let us briefly recall the algorithm, giving a concrete description of matrices, cor-
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responding to band and string data.

)

2

Let the band data be Z(w, m, ). We count the entrance of each class of conju-
gate points. Let point x; occur k; times. The block corresponding to x; should
be divided into k; strips. We have a division of a big matrix M (L, a, i) into
smaller blocks. Let us now look at the subwords x; — x;11. Suppose that we
have the kth appearance of the class [x;] and the /th appearance of the class
[xi+1]. One of the points x;, x;11 belongs to E, the other to F. If x; 1 # xy,
then we put the identity matrix 7, (here our second discrete parameter ap-
pears) in the entry with the coordinates (k, /) (with respect to the subpartition
of the (x; X x;41)-submatrix). If x; 1.1 = xu, then we put, on the corresponding
place, the Jordan block J,, (1). All other entries are zero.

Let the string data be . (w). The algorithm is basically the same as in the case
of bands. The only difference is that we have to put in the (I x 1)-matrix 1
instead of I, or J,, (1).

Example 6.4

Let X = C; be a cycle of two lines. Let L1, L; be its irreducible components, and let
ay, ap be its singular points. Consider the following band B(w, 1, 1):

w = E(L],al)(oa 10)()) - F(L],al)(o) ~ F(Lz,al)(o)

= E(1y.41)(0, =201) ~ E(1,.41)(1, 200-1)

= Fiy,a)(D) ~ Firy,a)(D) — E@wya) (1, lo—1) ~ E1y,4))(0, —1e1)
= F(r1.a1)(0) ~ F(r,.4)(0) — E(1,.a)(0, 000) ~ E(L,.a,) (0, Owp)

= F(L3.a)(0) ~ F(1,a7)(0) — E(L,.a,) (0, lavp).

The corresponding triple (Zu, My, i) is

Fo = (61(1) @ (61(—1) > 61(0))
® (62 @ (62(~2) 2> 6,00)).
Mo = kal —O> kzl @ kap

and i is given by matrices in Figure 19.

Let us mention that we can code our word w in a more economical way. First note

that expression E' — F(/ 4(i) ~ F(17 4 (i) — E” just means that local parameters

corresponding to E’ and E” have to be glued at the point a. Here E’ (E”) belongs

to the ith component of a complex of ﬁL/-modules (@Lw—modules). So the symbols

F(,q) can be skipped. We represent a complex 5’L(i)[k] just as i, (ﬁL (=) x—j>
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Ly
aj as

aj as
Ly

Figure 19

~ ; - i .
O1)[k] by x,ﬁ, and (O (—)) RN O1)[k] by y,ﬁ. We can also skip the index L. The
word w from Example 6.4 is transformed to the form

2.1
w = 19yyxo00,

which is the segment of a cycle in the notation of Section 3. We just have to determine
precisely that 1¢ lives on the first component. Then we can uniquely reconstruct our
initial word w. In this representation of w, we just get the description of indecompos-
able objects given in Section 3.

Remark 6.5
Let X = Cy,n > 3,let Z(w, m, 1) be aband, and let (%,, .#,, i) be the correspond-
ing triple. It is possible that different components of

F. € Ob (D™ (Coh ) = ( (HCoh ))

have different rank. In order to glue them 1nto a complex of locally free &-modules,

we have to add some trivial complexes 7 LN 0; and then glue everything using the
“parallelogram rule” from Section 3. The same concerns strings, of course.
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Example 6.6

Let X = C3 be a cycle of projective lines, and let .#, = #(w, 1, 1), where w = xgyé
G (xg) = 1), be a skyscraper sheaf at a singular point. Then the normalization of .%,
is

(61(=2) 25 61) & (Ga(-1) > ).

We add the trivial complex (O3 LN 03) and glue everything using the “parallelo-
gram rule.” We get a resolution

#((0,0,0),1,1) — 2((1,2,0), 1, 4).

Remark 6.7

Let X be a chain of projective lines. The only difference with the case of cycles of
projective lines is that we have finite strings in this case (for instance, vector bundles
are finite strings). The combinatoric of the answer remains the same.

THEOREM 6.8 (see [5])

(1)  All representations B(w, m, 1), L (w) are indecomposable. Each indecom-
posable representation is isomorphic either to some band representation
B(w, m, L) or to some string representation . (w).

2) The only isomorphisms between these objects are
(a) S (w) = L (w°), where w° is the opposite word;

b))  Bw,m, ) = Bw',m,N), where w = ag —ay; ~ ap — -+ — ap,
w = apk — App42 ~ App43 — - - — aok—1 is a cyclic permutation of w,
and 2 = 1 for k even and ' = 2~ for k odd;

(©) B(w°,m, ) = B(w, m, 2~"), where w° is the inverse word.

So the main result of this paper can be formulated as the following.

THEOREM 6.9

Let X be a cycle of projective lines. Then there are the following types of indecompos-
able objects in D~ (Cohy):

. shifts of skyscraper sheaves O, /W', where x is a regular point of X,

. bands B(w, m, A), where w is a closed noncyclic word, m is a natural number,
and . € k¥,

. strings . (w), where w is a full word, with properties described above.

We now want to illustrate the convenience of our description of the complexes in
the derived category D~ (Cohy). Let .%, and ¥, be two objects, given by triples
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(Fo, Mo, i) and (“a, N, J). We can ask which triple corresponds to the tensor prod-
uct of complexes .7, ®%,. As one can easily see, it should be (91. ®€¢~., MeQ@ N, i ®
7

By the Kiinneth formula, we have a functorial isomorphism (since the homolog-
ical dimension is zero)

P (He(A) ® Hi(A)) BUEHOSH))

k+Il=n

Hy (Mo @ N3).

This means that we can compute the matrices corresponding to the tensor product
of complexes.

7. Description of coherent sheaves, vector bundles, torsion-free sheaves,

mixed sheaves, and skyscraper sheaves
Now we want to show what corresponds to coherent sheaves. Let complex .%#, be
given by a triple (%, .4, i). We have to write the conditions H;(%,) = 0 (i > 1)
in the language of matrices. Recall that we have the following diagram:

P2 F F S F-1]
idT T(D T{' idT
I P Te Mo I Fa[-1]

Write the long exact sequence of homologies associated with this morphism of
triangles:

0 <—— Ho(Fy) < Ho(Fy) < Ho(_F F) <—— H|(Fy) <—

o T

0<— Ho(AMy) <— Ho(F,) ~— Ho(fg}.) ~— H{(M)<~— -

We get that H; (%,) = 0 (i > 1) is equivalent to the following two conditions:

(1) composition Hy(.#y) —> Hi(F.) —> Ho( B Z,) is a monomorphism;

(2)  composition Hyy1(.#) —> Hiy1(Fs) —> Hi( 7 Z,) is an isomorphism
fork > 0.

Let us give a combinatorical interpretation of these conditions (for both bands
and strings). Let w be a parameter either of (w, m, 1) or of . (w). These conditions
imply the following:

(D) a word w does not contain any ng, k > 1, n € Z;
2) w does not contain any x;, /', k > 2,n € N;
(3) aword w does not contain any subword of type xk1 y,l, y,lx,l , k>2.
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This gives us the following description of coherent sheaves:
(D all the bands Z(w, m, 1) such that the word w does not contain letters ny, x,i,
y,{ with k > 1;
2) strings . (w) with the following properties:
(a) there are no letters x;/, y/, k > 2,n € N;
(b) w does not contain any subword of type x,} y,l, y,lx,l, k > 2; note that
the condition of fullness of w together with the restrictions above im-
ply that w is infinite and looks like - - ‘x31 yzlxlluyllxz1 y31 -+, where the
subword u contains only letters a with i (a) = 0.
In a similar way, we can describe the bounded derived category D”(Cohy); the
conditions H;(Z,), i > 0, can also be described in a similar way.
In particular, we get a description of
(1) vector bundles (we get just the matrix problem from the work of Drozd and
Greuel [11]): bands Z(w, m, 1) with w not containing xf, yt@ = 1,lLm
arbitrary;

2 skyscraper sheaves: bands and strings defining a coherent sheaf and not con-
taining n;,i > 0,n € Z. (This follows from the observation that .% and
F Q¢ O have the same support.)

We see that for a coherent sheaf .# either we have .7 or[ﬁ(? ,)=0fori > 1
or it is nonzero for all i > 2. As a corollary, we see that the homological dimension
of an object of Cohy is either 0 or 1 or oo (which coincides with the result of the
Auslander-Buchsbaum formula).

We are going to do the last step in our classification: we describe, among all
coherent sheaves, torsion-free sheaves. Those that are not vector bundles have infinite
homological dimension, and hence we should look for them among strings. Let .#
be a coherent sheaf on X. It is torsion-free if and only if all its localizations .Zy
are torsion-free Oy ,-modules. At regular points, this condition is obvious. But we go
further; .%, is a torsion-free O’y ,-module if and only if its completion ,Q%x is a torsion-
free ﬁAx,x-module. But in our case, if x is singular, then ﬁx,x = K[[x, y]l/(xy). The
indecomposable torsion-free modules are known in this case; they are either K[[x]] or
K[[y]] or the regular module k[[x, y]]/(xy) (see [3]).

Now, let us mention that in the same way we have dealt with curves, we
can deal with the local ring Kk[[x, y]]/(xy). Namely, we consider its normalization
K[[x]] x K[[y]] and the conductor J = (x, y), and we just repeat the construction of
the category of triples. As a result, we get the matrix problem in Figure 20 (see also
the appendix).

Let x € X be singular. Consider the functor Cohy — (Ox , — mod) —
(k[[x, y1]/(xy) — mod) (composition of the localization and completion). This func-
tor is exact and so induces the functor between the derived categories D~ (Cohy) —>
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Figure 20

D~ (K[[x, y]]/(xy) —mod). What does it look like on triples? Obviously, (ﬁi., Me, i)

is mapped to ((Zs) o (///\.) x> ix). So the image of the triple is described by the same
matrices! But surely there is one important difference: blocks corresponding to vec-
tor bundles are united, and there are no relations between them anymore. But we
know how the modules k[[x]], k[[y]], and k[[x, y]]/(xy) are given in the language of

triples. Let us denote T, : k[[x]] Lﬂ) k[[x]], Tpy : K[[y]] AN Kk[[y]]. Then K[[x]]
is given by the normalization

kIl @ (€D Ty (-1 @ Tial—i — 11)

i=0

and matrices are in Figure 21.

Figure 21

Hence we can deduce the answer: torsion-free sheaves, which are not vector bun-
dles, are strings .¥(w), where w does not contain any xlk , yik withi > 1,k > 2.
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Moreover, each xl.l, yi1 can occur in word w at most one time. Hence w looks like
1.1.1,.1.23
..-y3x2ylux1y2x3 .. ,

where u contains only letters nf), i eZ.

8. Concluding remarks

In a recent paper A. Polishchuk [23] showed a connection between the structure of the
derived category of the coherent sheaves D?(Cohy), where X is a projective curve of
arithmetical genus 1 with nodal singularities, and the trigonometric solutions of the
classical Yang-Baxter equation. The main role in this construction is played by the
so-called spherical objects.

Definition 8.1 ([25, Def. 2.9])

Let 2 be a triangulated category over a field k such that all spaces Hom(X, Y) are

finite-dimensional. We have Hom' (M, N) := Hom(M, N[i]). An object M is called

n-spherical if

(1)  Hom!(M, M) =0, Vi #0,n, and Hom®(M, M) = Hom" (M, M) = k;

2) for all F € Ob(2), the composition map Hom! (M, F) x Hom" ™ (F, M) —
Hom" (M, M) = k is nondegenerate.

One can easily show that the skyscraper sheaves &, /m, (x is regular) and simple
vector bundles are 1-spherical. Simple vector bundles on tame curves were explicitly
described in [6]. An interesting problem is to describe all spherical objects in the
derived category D (Cohy) (see [23]).

Another interesting problem is to describe the group of exact autoequivalences of
the derived category D?(Cohy).

A. Appendix: Finite-dimensional (k[[x, yll/ (xy))-modules

Let R = K[[x, y]]/(xy). We can apply our construction to describe the derived cate-
gory of finitely generated R-modules D~ (R — mod). Again, we consider the embed-
ding R — R, where R = K[[x] x k[[y]] is the normalization of R, J = (x, y).
Then R/J =k, R/J = k x k, and the canonical map R/J —> R/J is the diag-
onal embedding. In the same way we dealt with coherent sheaves, we can work with
R-modules. Moreover, the computation of the matrix problem is almost the same, so
we skip it.

An indecomposable complex form D~ (R — mod) is a gluing of the complexes

0 — K[[x]] — O, 0 — K[[y]] — 0,

0 — K[[x]] <> k{[x]] — 0, 0 — K[[y]] EAN K[[y]] — 0.
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It is convenient to describe a gluing of the complexes using the notation from Fig-
ure 22.

K[[x]] - K[[x]] = o —n—>e o,

(e}

® —m—> 0O

Ki[yl] 2> kl[x]] =
K[[x]] = :
Ki[yl] =

(e}

Figure 22

Example A.1
Consider the gluing diagram in Figure 23. The dashed line shows the “gluing” of

e—— 0 —)2>———— 0
~
\ ~ 1
\ \\
\ \\
\ o ~¢—2>0 — o
\ ~
1 |
\ -~
-~
\ ~
-
\ [ ] o
\
\
\
o e —3>0 ° o °
~ -
2 7 2 7
- -
- -~
- -
- -
° o—)l>e o
Figure 23

K[[x]] and K[[y]] into K[[x, y]]/(xy). We can easily write down the corresponding

complex of R-modules:
y3 0 Ax
R—~— R®R —> RDPR.

As a consequence of our construction, we get the description of indecomposable
finitely generated (k[[x, y1l/ (xy))-modules.
(1)  We have continuous series .Z (d, s, 4):

N M)
—_—

0— RS RN — #@@,s, 1) — 0,
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2

3

where
xnlls 0 0 ymNJs(ll)
y’”' Iy x™I 0 - 0
M(,s, ) = 0 y™mI; x™I 0
0 0 YN[ XN I

and d = (nymi)(nomy) - - - (nymy) is a nonperiodic sequence. In the case of
N =1, it should be rewritten in the form

0_) RS (xnlx_ym-]x(}v))

RN — ,///((n, m), s, i) — 0.
We have the first discrete series .7 (d):

y 0

00

x 0 -
2 (Oy) R? 0x RN+1 —>S(d) RN—><7(d)—>0,

where d = (nym1)(nama) - - - (nymy),

xMoym 0 0 .- 0
0 x™ ym 0 ... 0

S(d) = 0 0 x" ym 0
0 0 0 - x™W ym

The continuous and first discrete series are finite-dimensional modules. There
are also discrete series of finitely generated R-modules, which are not finite-
dimensional.

We have the second discrete series Z(d):

0 —> RV 2@, gN+1 — 2(d) — 0,

where d = (nymy)(namz) - - - (nymy),

x"oym 0 0o .- 0
0 x™ ym Q0 ... 0
D(d) = 0 0 x™ ymo... 0

(‘) O 6 e an yr;lN
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@ There are also discrete series of finitely generated and infinite-dimensional
modules of infinite homological dimension, & (d) and &) (d) (third discrete

series):

S OO0

X X

R R N B pN

where d = (nym1)(nams) - - - (ny—1my—_1)my,

y" o0 0
XM ymz 0
Ex@=| 0 x%= y™
0 0 x"N-1
and
0
0
v Ey(d)
L RS RAIL RV 2D RN

where d = (nym1)(nomy) --- (ny—1my—1)nn,

x™ 0 0

ymo xn2 0

E@=| 0 =
6 0 YN

Remark A.2

& (d) — 0,

&y(d) — 0,

Let M be a finite-dimensional (k[[x, yv1l/ (xy))—module. Then it is given by a pair
of mutually annihilating nilpotent matrices X and Y. It is not difficult to get these
matrices from the minimal free resolution of a module. For example, let M be given

by its presentation

x2 Ay
y3 &2
R e

0 — R?

R — M —0.
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Then M as a k-vectorspace is given by a basis

() (0)

-(5)-(5)C)(2)- () (2)-(7)

The actions of X and Y are just given by multiplication with x and y. Writing down
the matrices, we get an answer in the form obtained in the classical paper of Gelfand
and Ponomarev [15].

Acknowledgment. 1. Burban thanks G.-M. Greuel and B. Kreussler for helpful discus-
sions of the results of this paper.
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