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1. Introduction

In the seventies, Horrocks showed that every vector bundle £ on P2 and P3 ad-
mits a certain “double-ended resolution” by line bundles that he called monads.
Monads appear in a wide variety of contexts within algebraic geometry, and they
are now one of the most important tools that permit us to construct vector bundles
with prescribed invariants (e.g., rank, determinant, Chern classes) and to study
them with the methods of linear algebra. A large number of vector bundles on P”
are the cohomology of monads, and most of them can be constructed as cohomolo-
gies of quasi-linear monads (see Definition 2.9). Indeed, any vector bundle on P3
is the cohomology of a quasi-linear monad, and any instanton bundle on P?/+!
is also the cohomology of a quasi-linear monad. On the other hand, in the mid-
sixties Mumford introduced the concept of regularity for a coherent sheaf F on
a projective space P". Since then, Castelnuovo—Mumford regularity has become
a fundamental invariant—in both commutative algebra and algebraic geometry—
for measuring the complexity of a sheaf. In [4; 5] we generalized the notion of
Castelnuovo—Mumford regularity for coherent sheaves on projective spaces and
also introduced a notion of regularity for coherent sheaves on other projective va-
rieties (as multiprojective spaces, Grassmanians, and hyperquadrics Q,, C P"*!)
that is equivalent to the Castelnuovo—Mumford regularity when the variety is a
projective space P".

The main goal of this paper is to bound the regularity of vector bundles E on
P" and Q, defined as the cohomology of quasi-linear monads. As a by-product,
we obtain a bound for the regularity of any vector bundle on P3, the regularity
of any instanton bundle on P?'*!, and the regularity of any instanton bundle on a
hyperquadric Q4 C P?/*2.

The paper is organized as follows. In Section 2, we briefly recall the notion of
regularity for coherent sheaves on projective varieties and summarize its main for-
mal properties. We also recall the use of monads for constructing vector bundles
and introduce the notion of a quasi-linear monad. Sections 3 and 4 are the heart of
the paper. In Section 3, we give effective bounds for the regularity of any coher-
ent sheaf on P” that is the cohomology of a quasi-linear monad (see Theorem 3.2).
In particular, we bound the regularity of any vector bundle on P3 as well as the
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regularity of any instanton bundle on P2"*!; at the end of the section, we prove
that the bounds obtained so far are sharp. In Section 4, we bound the regularity
of any coherent sheaf on a hyperquadric Q,, C P"*! that is the cohomology of a
quasi-linear monad. We also give a bound for the regularity of any instanton bun-
dle on Q,, and by means of an example we will see that the bound is sharp (for
the definition and existence of such bundles see [6]).

NortaTION. Throughout this paper, X will be a smooth projective variety defined
over the complex numbers C, and we denote by D = D?(Ox-mod) the derived
category of bounded complexes of coherent sheaves of Ox-modules. Notice that
D is an abelian linear triangulated category. We identify, as usual, any coherent
sheaf F on X to the object (0 — F — 0) € D concentrated in degree 0, and we
will not distinguish between a vector bundle and its locally free sheaf of sections.

2. Regularity of Coherent Sheaves on Projective Varieties

Here we recall, for coherent sheaves on projective varieties, the definition of regu-
larity with respect to an n-block collection; we then gather the main formal prop-
erties that it verifies. More information on the subject can be found in [4; 5].

Let X be a smooth projective variety of dimension n. Let 0 = (&y,..., &),
& =(El,...,E éi), be an n-block collection of coherent sheaves on X that gener-
ates D, and let H,, := {&;};cz be the helix associated to o. For any j € Z, denote by

7 :(HOsHl,”'»Hn)’ H (Hls" Hl)

the right dual n-block collection of o; = (&}, ..., £j4,) (see [5] for the precise defi-
nitions). That is, ajv is the n-block collection that is uniquely determined by Hy =
Ej+n and the orthogonality conditions

Hom?(H!,EF) =0 forany p >0 2.1

except for
Ext*(HF, E"™%) = C. (2.2)

In [5], the goal was to extend the notion of Castelnuovo—Mumford regularity for
coherent sheaves on a projective space to coherent sheaves on an n-dimensional
smooth projective variety with an n-block collection of coherent sheaves on X that
generates D. With notation as before, let us now recall the precise definition.

DEerINITION 2.1.  Let X be a smooth projective variety of dimension n with an
n-block collection o = (£0,&1,...,E0), & = (Ef,..., EL), of coherent sheaves
on X that generates D. Let H, = {&;};cz be the helix of blocks associated to o,
and let F be a coherent Ox-module. We say that F is m-regular with respect to o
if, for ¢ > 0, we have

@, ExtY(H;?,F) =0 for —-n < p < —1,
@y ExtY(E;" F)=0 for p=0,

where (Ho, Hi, ..., Hn), H; = (HL, ..., Ho’li), is the right dual n-block collection
of o_—n = (E—p—n,--.,E—m). We define the regularity of F with respect to o,
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Reg,(F'), as the least integer m such that F' is m-regular with respect to 0. We set
Reg,(F') = —oo if there is no such integer.

REMARK 2.2. Roughly speaking, F is m-regular with respect to o if the spectral
sequence ’"””Elpq = 0 given in [5, Thm. 3.10], situated in the square —n < p <
0 and 0 < g < n, collapses at E,. This fact motivates our definition of regularity
and justifies the use of that notation.

ExampLE 2.3. Consider the n-block collection 0 = (Opn, Opr(1), ..., Opn(n))
on P” and the associated helix H, = {Opn(i)};cz. The right dual n-block collec-
tion of an n-block collection o; = (Opn (i), Opn(i + 1), ..., Opn(i + n)) is

0" = (Opn(i +n), Ten(i +n=1), ..., N Toali 41— j), ..., N Tpa(i)).
Hence, for any coherent sheaf F' on P", our definition reduces to: F is m-regular

with respect to o if Ext( A\ T(—m + p), F) = HY(P",QP(m — p) ® F) =
0 for all g > 0 and all p, where —n < p <0.

In [13, Lec. 14], Mumford defined the notion of regularity for a coherent sheaf
over a projective space. A coherent sheaf F on P” is said to be m-regular in the
sense of Castelnuovo—Mumford if H!(P", F(m —i)) = 0 for i > 0. The Castel-
nuovo—Mumford regularity of F, Reg"™ (F), is the least integer m such that F
is m-regular. It is important to remark that, for coherent sheaves on P”, the o-
regularity in the sense of Definition 2.1 and the Castelnuovo—Mumford regularity
agree. Indeed, we can make the following statement.

PROPOSITION 2.4. A coherent sheaf F on P" is m-regular in the sense of Castel-
nuovo—Mumford if and only if it is m-regular with respect to the n-block collection
0 = (Opn, Opn(1),...,Opn(n)). Therefore,

Reg,(F) = Reg™(F).
Proof. See [4, Prop. 4.6; 5, Prop. 4.11]. O

To emphasize that the new notion of regularity generalizes the original definition of
Castelnuovo—Mumford regularity, in [5] we proved that its basic formal properties
remain true in this new setting. More precisely, by [5, Prop. 4.14 and Prop. 4.15]
we have the following result.

PROPOSITION 2.5.  Let X be a smooth projective variety of dimension n with an
n-block collection of coherent sheaves o = (£o,&1,...,En), & = (E/,..., Eéj),
that generates D. Let F and G be coherent Ox-modules.

(a) If F is m-regular with respect to o, then the canonical map
@y Hom(E;", F)® E;" - F
is surjective and F' is k-regular with respect to o for any k > m.

(b) If 0— Fy — F, — F3 — 0 is an exact sequence of coherent Ox-
modules, then

Reg,(F,) < max{Reg,(F1), Regs(F3)}.
(¢) Reg,(F & G) = max{Reg,(F),Reg,(G)}.
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The following technical result, which establishes the regularity with respect to
o =(&,&,...,E,) of any coherent sheaf E; € &;, will prove to be useful.

PROPOSITION 2.6. Let X be a smooth projective variety of dimension n with an
n-block collectiono = (€9, &1, ...,&,), & = (Ej, e, Eij), that generates D, and
let Hy = {Ei}icz be the associated helix. Then, for any i € Z and any E, € &;,
Reg,(E}) = —i.

Proof. See [5, Prop. 4.9]. O

We will end this section by recalling the definition of and some basic facts about
monads.

DEerINITION 2.7.  Let X be a smooth projective variety. A monad on X is a com-
plex of vector bundles

M. 0—>ASBE =0

that is exact at A and at C. The sheaf E := Ker(8)/Im(«) is called the cohomol-
ogy sheaf of the monad M,.

ReEMARK 2.8. Clearly, the cohomology sheaf E of a monad M, is always a co-
herent sheaf, but more can be said in particular cases. In fact: E is torsion free if
and only if the localized maps «, are injective away from a subset ¥ C X of codi-
mension 2; E is reflexive if and only if the localized maps «, are injective away
from a subset Y C X of codimension 3; and E is locally free if and only if the
localized maps o, are injective for all x € X.

Amonad0 — A% B ¢ — Ohasa display, which is a commutative dia-
gram with exact rows and columns:

0 0
0 A K E 0
0 A—— B [0) 0;
B
Cc ——=C
0 0

here K := Ker(f) and Q := Coker(«). From the display one easily deduces that,
if a coherent sheaf E on X is the cohomology sheaf of a monad M,, then
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(i) tk(E) =rk(B) —rk(A) — rk(C) and
(i) c/(E) = ci(B)e(A) e, (C)7"

DEFINITION 2.9. A monad on X is called guasi-linear if it has the form

o

0— @jzlﬁ;. — D, L LR D, L] — 0,
where L;, E}, L7 are line bundles on X.

Quasi-linear monads appear often in the literature. For instance, Horrocks proved
that any vector bundle on P? is the cohomology of a quasi-linear monad, and
Okonek—Spindler proved that any instanton bundle on P?/*! is the cohomology of
a quasi-linear monad (see Section 3 for the precise statements). The goal of the
sequel here is to bound the regularity of the cohomology bundle of a quasi-linear
monad on a projective space P” and on a hyperquadric Q,.

3. Regularity of Sheaves on P”

In [11] Horrocks proved that any vector bundle E on P3 is the cohomology of a
quasi-linear monad

0 — D, Ops(ai) — D; Op:(b)) — D, Op3(cy) — 0.

The goal of this section is to give effective bounds for the Castelnuovo—-Mumford
regularity of any rank-r vector bundle £ on P” that is the cohomology of a quasi-
linear monad

0 — @i, Opn(ai) — B Opn(br) — B, Opnlcj) — 0

in terms of the integers a;, by, and ¢;. In particular, we will bound the Castelnuovo—
Mumford regularity of any vector bundle on P3 and the Castelnuovo—Mumford
regularity of any mathematical instanton bundle on P2"*!, since mathematical in-
stanton bundles are the cohomology of a quasi-linear monad of the type

0 — Opun (=D — O — Opani (DF — 0.

REMARK 3.1. According to Proposition 2.4, all the bounds of the Castelnuovo—
Mumford regularity of a coherent sheaf E on P" are valid for the regularity of E
with respect to o = (Opn, Opr(1), ..., Opn(n)) and vice versa.

Let us now prove the main result of this section.

THEOREM 3.2. Let E be a rank-r vector bundle on P" that is the cohomology of
a quasi-linear monad

0 — @), Opnlar) = @i Opulbr) 2> @1_, Onlc;)) — 0,

witha; < -+ <ag,by < -+ < b, s1y,andc; < -+ < ¢;. Let ¢ := Z;'=1Cj~
Then E is m-regular for any integer m such that

m > max{(n — )c; — (b1 + -+ biyy) —n+c+1,—ay, —by}.
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Proof. Consider the short exact sequences
0— K — @5 Opn(br) — @B, Opn(cj) — 0, )
0— P;_Opn(a;) > K—>E—0
associated to the monad
0 — @), Osnlar) > By Opn(br) 2> B, Opnley) — 0,

where K := Ker(8). Using the cohomological exact sequences associated to them,
it can be easily seen that, for any p > max{—b; — n, —a; — n},

H'(E(p)) = H'(K(p)) =0 for 2 <i <n;

also, for any p € Z we have HI(E(p)) = H'(K(p)). To see for which p the equal-
ity H Y(K(p)) = 0 holds, consider the Buchsbaum—Rim complex associated to

F =@t Opnlb) £ 6 = @', Opa(cy) — 0,

that is, the complex
0— STH7Igre NP E Sr+s—2g*®/\r+s+l—lj:_>

— S26*® /\t+3}- G /\t+27_- N /\H'l}‘

— FQ Opn(c) — G Q Opn(c) — 0.
We cut this complex into short exact sequences as follows:

0— K®Opn(c) = FQOpn(c) — G & Opn(c) — 0,
0— Ky — N"'"F— K®Opi(c) — 0,
0— K3 — G*ONTF — K, — 0,

0— K, — S" 2" N""'F - K,_, — 0,
0— Kpp — S”_lg*@)/\“’"]—"—) K, — 0.

We then consider the cohomological exact sequence associated to these short ex-
act sequences tensored by Opn(p — ¢):

- — H' (N F® Opi(p — ¢)) — H'(K ® Opi(p))
—> HZ(K2®O]P>N([7—C)) —> Hz(/\t+1f®0[pn(p—c)) —_ ...

- — HY(S7'G" @ N1 F @ Opn(p — ¢))
— HY(Ky ® Opn(p — ) = HT'(Ky41 ® Opn(p — ©))
N H“l(Sq*lg*@ /\t+q]_-® Opn(p — C)) —_ .,
Observe that, for any g > 0,



Monads and Regularity of Vector Bundles on Projective Varieties 423

S7IG* @ N F ® Opa(p — ¢) = @), Opn(d),

where d; = (b, + -+ +by,,,) — (cjy++-+c¢j, )+ p—cwith j; <+ < j,4
andk; < -+ < ksy4. Hence, forany p > (n — D¢, — (b1 + -+ b;n) —n +c,

R (K(p)) = h*(Ka(p —¢)) = -+ = hi"(K,(p — ©))
< hn(Snflg* ® /\t+n F® O[Pn(p _ C)) —0.

Therefore, forany p > (n—1)¢;, — (b1+- - -+b,4,) —n+c,wehave H'(E(p)) =
0 and hence, for anyi > O and m > max{(n — )¢, — (b1+---+b;yn) —n+c+1,
—ay, —by},

H'(E(m —i)) = 0;

that is, E is m-regular. O

As a by-product we obtain an immediate proof of a result concerning the regu-
larity of mathematical instanton bundles on P27+l (See [7] for n = 1 and [2] for
n > 2; see also [10] for better bounds for general instanton bundles on P3)

COROLLARY 3.3. If E is a mathematical instanton bundle on P*"*' with quan-
tum number k, then E is k-regular.

Proof. 1t was proved by Okonek and Spindler [14] that any mathematical instan-
ton bundle on P?**! is the cohomology of a quasi-linear monad of the type

00— Op2n+l(—l)k — O]}Z)g;ﬁk — O[PZnJrl (l)k — 0.

Hence, the result follows from Theorem 3.2. O

REMARK 3.4. Arguing as in Theorem 3.2, we can see that any Schwarzenberger
type bundle is 0-regular—that is, any vector bundle E on P” arising from an exact
sequence of the type

0 — Opn(—1)° — 08, — E —0

is O-regular.

We would like to know how far is the bound given in Theorem 3.2 from being
sharp. We will end this section by showing cases where the bounds obtained in
Theorem 3.2 are sharp.

ExampLE 3.5. (1) Let a, b, c be integers such that b # c(n + 1). Any vector
bundle E on P" with H%(P", E) = 0 and that is the cohomology bundle of a
quasi-linear monad of the type

0 — Opi(—=1)* — Ok, — Op:i (1) — 0

has H'(E) # 0 (see [8] for the existence of such bundles). Indeed, using the dis-
play associated to the monad together with the fact that H°(P", E) = 0, we easily
deduce that h'(P", E) = c(n 4+ 1) — b # 0. So, any vector bundle E on P" with
H(P", E) = 0 and that is the cohomology of a quasi-linear monad of the type
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0 — Op:(—D* — (’)f;m — Op(D? >0

is 2-regular but is not 1-regular. Hence, the bound in Theorem 3.2 is sharp. In
particular, the bound of Theorem 3.2 is sharp for any mathematical instanton bun-
dle E on P?'*! with quantum number k = 2. Indeed, any mathematical instanton
bundle E on P?*! with quantum number k = 2 is the cohomology bundle of a
quasi-linear monad of type

0 — Opun(=1)* — 0N — Opaa(1)> — 0,

and the condition H°(P?*! E) = 0 follows from [1, Lemma 3.4] if / > 2 and
from the stability of £ if [ = 1.

(2) By [7, Prop. IV.1], the bound given in Theorem 3.2 is sharp for certain math-
ematical instanton bundles on P* with quantum number k > 1. In fact, any math-
ematical instanton bundle E on P? associated to k + 1 lines on a smooth quadric
verifies h'(E(k — 2)) # 0 and is the cohomology bundle of a quasi-linear monad
of the type

0 — Op:(—=D* — 025" — Ops (D' — 0.

Therefore, E is k-regular but is not (k — 1)-regular, and the bound given in Theo-
rem 3.2 is sharp. More generally, by [2, Thm. 3.6] it follows that, for any special
symplectic instanton bundle E on P?/*! with quantum number k and for any ¢ with
—1 <t <k—2,wehave H'(E(t)) # 0 and that E is the cohomology bundle of
a quasi-linear monad

0 — Opuni(—D)F — O — Opan()* — 0.

Hence, for any special symplectic instanton bundle E on P?'*! with quantum num-
ber k, the bound given in Theorem 3.2 is sharp.

4. Regularity of Sheaves on Hyperquadrics

In this section we will restrict our attention to coherent sheaves over Q,, C P"+L,
We will bound the regularity of vector bundles that are the cohomology of quasi-
linear monads, and in particular we will bound the regularity of mathematical
instanton bundles on Q1.

Let n € Z be an integer and let Q,, C P"*! be a smooth quadric hypersurface.
In [12], Kapranov defined the locally free sheaves ¥; (i > 0) on Q, and consid-
ered the Spinor bundles on Q,, ¥ if n is odd and X, ¥, if n is even, to construct
a resolution of the diagonal A C Q, x Q, and to describe the bounded derived
category Db((’)Qn—mod). In particular, he found that o = (Fy, Fi, ..., F,;) where

Fj=0g,(—n+j) for1<j<n,

(Z1(=n), To(—n)) ifniseven,

(2(=n)) if n is odd

is an n-block collection of locally free sheaves on Q, that generates D [12,

Prop. 4.9]. Dualizing each bundle of this collection and reversing the order, we
get that o := (&, &1, ..., Ey) Where

|
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& =0g,(j) for0<j<n-—1,
{ (Zi(n—=1),Z,(n—1)) ifniseven,
(X(n—-1)) if n is odd

is also an n-block collection of locally free sheaves on Q,, that generates D.
In order to define the right dual n-block collection ajv of any subcollection

oj = (517 5i+la s gj-H’l)

of the helix H,, = {€;}iez associated to oy, we shall give an elementary descrip-
tion of the locally free sheaves v; and their basic properties (for more details the
reader can refer to [12]). With notation as before, we will collect the cohomolog-
ical properties of the Spinor bundles we need later.

n =

LEMMA 4.1. Letn =2l +ecZ (e = 0,1) be an integer, let Q,, C P" be a
smooth quadric hypersurface, and let j be an integer with 1 < j < n.

(1) Foranyi suchthat 0 <i < n and forallt eZ,

H (Q2141, (1) = H'(Q2, Z1(1)) = H'(Qa1, Za(1)) = 0.
(i) Forallt <O,
H%(Q2141, 2(1) = H%(Qa1, T1(1)) = H%(Q21, Z2(1)) =0

and

B2(Q2141, 2) = h°(Qa, T1) = h%(Qay, Tp) = 21TV,
. 0 ifi#]
) Ext(S( ). ) —
(iii) Ext'(X2(j), %) {(C iz

: A o 5
(iv) Ext'(X2()), X1) = Ext'(X1()), o) = { AR

C ifi=jand j =1mod?2.

(V) Ext(S1(j), £1) = Ext/(2()). 52) {0 vozor = imed
v) Ex 1(J), 21) = EX 2(J), 22) = C ifi=jand j=0mod2.

Proof. The assertions (i) and (ii) follow from [15, Thm. 2.3]. The assertion (iii)
follows by induction on j, using (i) and (ii), the fact that ¥ is an exceptional vec-
tor bundle, and the long exact sequence

- — Ext (O, (/)22 ) —s ExtN(T(j — 1), %)
— Ext/(2(j), ) — Ext'(Op,(/)*" V% %) — ...
obtained by applying the functor Hom(-, ¥) to the exact sequence
0— Z(j—1) — Op,(HN*"V?2 — 5(j) — 0.

The assertions (iv) and (v) follow by induction on j, using (i) and (ii), the fact
that (X, X,) is an exceptional pair of vector bundles, and (for 1 < m,k < 2) the
long exact sequences

- — Ext T (Op, (), i) — Ext T (,(j — 1), 2p)
— Bxt/(Z4(j), £x) — Ext!(Op,(j)?, T4) — - --
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and
L — Bxt' (0, (), Z) — Ext'T(Z(j — D, )

— Ext'(Z4(j), Zn) — Ext'(Og,(j)*, Z) — ---
obtained by applying the functors Hom(-, X;), 1 < k < 2, to the exact sequences
0 — X(j =) = Og, ()" — Ta(j) — 0

and

0— 2(j — 1) — Op,()* — i(j) — 0. O

From now on, we set Q/ := Q]{;,Hl and define v; inductively as

Yo :=0p,,  ¥1:=2'Dlog,-

For all j > 2, we may define the locally free sheaf ; as the unique nonsplitting
extension '
0— Q/(NDlo, = ¥ = ¥j—o—0

(note that Extl(wj,z, Q7(j)lg,) = C). In particular, Yjyo = ¥ for j > n and
¥, = B(=12E/21,
The locally free shaves v; have the following cohomological properties.

LEMMA 4.2. Letn =21+ e € Z (e = 0,1) be an integer, let Q, C P""' be a
smooth quadric hypersurface, and let j be an integer with 1 < j < n. Then, for
p,i with1 < p,i <n — 1, the following statements hold.

(i) Ifi=1mod2and p #1,...,i then, foranyl e Z,
HP(y;i(1)) = 0.
(i) Ifi =1mod2and p e{l,...,i}, then
0 ifl#—pand p=1mod?2,
HP(Yr:(1)) = { ,
0 ifl #—p+1land p=0mod2.
(iii) Ifi =0mod2and p #1,...,i then, foranyl €Z,
HP(y(1)) = 0.
(iv) Ifi =0mod2and p e {l,...,i}, then
0 ifl#—pand p=0mod?2,
HP(Yi(1) = { .
0 ifl#—p+1land p=1mod2.
Forp=0,nand1 <i <n-—1:
W) H(w; (1)) = 0 foranyl < 0;
(vi) H*(y;(1)) =0 foranyl > —k.
Proof. First we consider the cohomological exact sequence
s — HP(QU i+ 1)) — HY(Q'(G +1Dlg,)
— H"N QI +1-2) — -+ (4]
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associated to the exact sequence
0— Q/(j —2) — QI(j) — Q/(j)lg, — 0.
Using Bott’s formulas, from (4.1) we deduce that, for any / € Z,
HP(Q/(D)]g,) =0 if p#jorj—1,
H™N Qi +1)]g,) =0 if 1 # —i+2,

H(QUi+1D)]g,) =0 if I #—i, 4.2)

H"Q'(i+Dlp,) =0 if I > —n,

HYQI(G+1D]p,)=0 if I <0.

Assume that i = 1 mod 2 (we leave the case i = 0 mod 2 to the reader). If i =
1 then, by definition, (/) = Q1+ )|, - Hence the result follows from (4.2).
For i > 3, consider the cohomological exact sequence

o — HY(Q'( +Dlg,) = H (Y1) — H'(Yio(1)) — -+ (4.3)
associated to the exact sequence
0 — Qi +Dlg, — ¥i(l) — Yi_a2(l) — 0.
The result follows if we argue by induction on i, using (4.2) and the exact se-

quence (4.3). O

REMARK 4.3. According to Lemma 4.2, forany | < p < n —1and k €
Z\{0,-2,...,—j},if j=0mod2and k e Z\{—1,-3,...,—j}if j =1 mod?2,

then
HP(Qn, ¥ (k) = 0.
PROPOSITION 4.4. Let n € Z be an integer, let Q, C P"*! be a smooth quadric
hypersurface, and let H,, = {E;}icz be the helix associated to
oo = (Og,,0p,1),...,0p,(n —1),&,),
(Z1(n—1),Z(n—1)) ifniseven,
En = { (=(n — 1)) if n is odd.
Then the following statements hold.
(i) The right dual base of o is
(Ho, Yn—1(n), Yu—2(n), ..., ¥1(n), Yo(n)),
(Z1(n—1),Z2(n—1)) ifniseven,
o= { (S(n —1)) if n is odd.
(ii) Forany j (1 < j < n), the right dual base of the n-block collection
oj = (OQn(j)7 cees OQn(” -1), En—j,
0p,(n),0g,(n+1),...,00,(n+ j—1)),
{ (Z1(n—1),Z2(n — 1) ifniseven,

5n—j = . .
Z(n-1)) if n is odd
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(Og,(n+ j = VWi + j = Do U7 (0 + j — 1),
HisYn—j—1(n+ ), ... ¥o(n + j)),
Ein+j—=1),Z(n+j—1) ifniseven,
= { (E(n+j—1) if n is odd.
(iii) For any A € Z, the right dual base of the n-block collection
Orin+1) = (Og,(An), Og, (1 4+ An),...,Op,(n — 14 An), Exnt)+n)s
(X1(n — 1+ An),E(n — 1+ An)) ifniseven,
5/\(n+1)+n = { . .
(2(n—1+4+ An)) if nis odd
is
(Ho, Yu—1((A + Dn), Yo (A + Dn), ..., ¥1((A + Dn), yo((A + Dn)),
(Zi(n =1+ Ain),Zr(n — 14 Ain)) ifniseven,
Ho= { (Z(n —14n) if n is odd.

(iv) Forany j (1 < j < n) and any A € Z, the right dual base of the n-block
collection

Ojrrintn = (O, (j +An),...,00,(n — 14+ An), Exuyy+ns
Op, (A +1Dn),...,00,(j =2+ (A 4+ Dn),
Og,(j — 14 (A + Dn)),
(Zi(n—14xrn),Zo(n—14Ain)) ifniseven,

& n n =
HokD+ { (Z(n — 1+ An)) ifn is odd

is
(O, (A +Dn+j—=D,yi(A+Dn+j—D,...,
V(o D+ j = DMy Yo joi (A + D),
Vo((A + Dn + j)),
E(A+Dn+j—D,Z(A+Dn+j—1) ifnisevenand

j =0mod2,
Hi=1 G +Dn+j—-D,Zi((A+Dn+j—1) ifnisevenand
j =1mod2,

E(A+Dn+j-1) if nis odd.

Proof. The case of n odd is proved in [4, Prop. 4.2], so let us assume that n is
even. Since the proof is similar in all the cases, we will prove (i) and leave the re-
maining cases to the reader. The orthogonality conditions (2.1) and (2.2) uniquely
determine right dual basis, so the collection

(H),HY),H!,H?,...,H")
= (Z1(n = 1), Za(n = 1), Y1(n), Y—2(n), ..., Y1(n), Yo (n))
is the right dual base of
(E),El,EL,....ElE}) = (Op,, 0,1, ...,0p,(n — 1), Zi(n — 1), Z5(n — 1))
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if and only if, for any i, j, k, [,
Ext’(H,Ef)=0 for p>0

unless Ext*(H kK E i”*k ) = C—that is, if and only if, for any p > 0, the following

1
conditions are satisfied.

(a) Ext"(wn_k(n),OQn(n —k))=Cforl <k <n.

(b) Hom(Z(n — 1), Z;(n — 1)) = C.

(¢) Hom(Z,(n — 1), Z2(n — 1)) =C.

(d) ExtP(Z(n—1),21(n —1)) =0.

(e) Ext?(Zi(n —1),2(n—1)) =0.

(f) Ext’(Z1(n —1),0(k)) =0forO0 <k <n—1.

(g) Ext?(Xy(n —1),0(k)) =0for0 <k <n-—1.

(h) Ext?(Y,—;(n),0p,(k)) =0fork #n—jorp# j(1=j=n).

(1) Ext’(Y,—j(n), Z1(n —1)) =0forl < j <n.

() Ext’(Y,—j(n), Ea(n — 1)) =0forl < j <n.

Conditions (a)—(h) follow from Serre’s duality, Lemma 4.1, and the fact that
(X4, X) is a strongly exceptional pair of vector bundles. On the other hand,
by [12, 4.8 and Prop. 4.11] we have that

(Os I/fika I/f;’ LR} I/f:71’ ET(]), E;(]))
is an exceptional collection. Thus, forany p > 0,1 < j <n,andi = 1,2,
Ext’(y;, Zi(—=1) = 0,
and this proves (i) and (j). O

IA

According to Proposition 2.5(c) and Proposition 2.6, ifa; < --- <a,,b; < ---
bs,and ¢; < --- < ¢, then

max{Rego, (D7, Op, (@), Rego, (D=, Op, (b1)), Rego, (Diz; Op,(co))}
= max{—(a; + 1), —(by +up), —(c1 + v1)},

where a; = Ijn 4+ ry, by = uin + s, and c¢; = vin + k; for some integers 0 <
r1,81, k1 < n—1. Keeping this notation, we can state the main result of this section
as follows.

THEOREM 4.5. Let n € 7 be an integer, let Q, C P"*! be a smooth quadric
hypersurface, and let E be the cohomology of a monad

0 — @, Og, (@) = @y Og,b1) 2> B, g, (cr) — 0
witha; <---<a,,by <---<bg,c;<---<c,andy =c1+---+c¢;. Let
m=—a(n+1)—j—n=max{—(a;+ 1), —(br + u1), —(c1 + v1)}
for some integers a and j (1 < j < n), and assume that
on+n—2)y¢;,—b1+---+biyy)+y+j—14+n<0.

Then E is m-regular with respect to the n-block collection
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o0 = (0g,,.00,(1),...,0p,(n —1),E,),
£ (Zi(n—1),Ta(n — 1)) ifniseven,
" { (Z(n— 1)) if n is odd.

Proof. Denote by 0¥, . = (Ho,...., Hn), H; = (H},..., H} ), the right dual
n-block collection of 6_,—,, = (E_j—n, ..., E—m). We need to show that, for any
iand hwithO <i<pandl <h <aq;,
HYEQ® H*)=0, gq>0.
Toward this end, consider the short exact sequences
0— K — @lvzl OQn(bl) - @/i:l OQn(Ck) - 0’ (4 4)
0— P/_,0p,(a)— K—E—0, '

where K := Ker(8). By assumption,

m > max{Regq,(P;_, Op,(a))),
Reggo(ea;:] OQ” (bl))7 Regﬂo(@llczl OQH (Ck))}

As a result, according to Proposition 2.5(a), @;_, Op,(a:), D,_, Op,(b:), and
D._, 0o, (cr) are m-regular with respect to o. Hence, for any ¢ > 0 and any i, i
withO<i<nandl <h <q;,

H((@iz1 O, (@) ® H;) = H((Diz) O, (b)) ® Hyy)
= H'((Dy=1 O, (c0) ® H,") = 0.
Considering the cohomological exact sequences
- — HY(Di_, Op, (@) ® H") — HIUK @ H;")
— HYE ® H*) — H"'(D_, 0p,(a;) ® H¥)
and
- — H (D)2 Og, (cr) ® HyY) — HUK ® H;*)
— HY(DL Op,(b) @ Hy') — -+
associated to (4.4), we obtain
HYE® H*) = H(K ® H}*), q >0,
HYK ®@ H*) =0, ¢q>2.

Therefore, we now need only show that, for any i and 7 with 0 < i < n and
1 = h =,
HY(E® H}*) = H(K ® H*) = 0. 4.5)

So consider the Buchsbaum—Rim complex associated to

F = @f:l Og, (b)) — G = @2:1 Og, (cx) — 0;
that is,
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0— S IGFONF - S22 N F— -
— S2g*® /\t+3j_— — g*® /\t+2f — /\t+1j_—
— F®0O0p,(y) = G0, (y) — 0.
We first cut the complex into short exact sequences:
0— K®0p,(y) = F®0Og,(y) > G &0, (y) — 0,
0— K, — /\l+l]-"——> K®0Op,(y)— 0,
0— K3 — g*®/\t+2}"——> K, — 0,

0 N Kn N Sn—2g* ® /\t-‘rn—lj_- _ K”71 _ O,
0— Kpy — S"'G*ONT"F — K, — 0.

Then we consider the cohomological exact sequence associated to these short ex-
act sequences tensored by H,* ® Op,(—y):

= HI(STIGFQ N F @ HiF ® Og,(—7))
— HY(K, ® Hi* ® Og,(—y)) — H™' (K11 ® H* ® Op,(—7))
— H™(ST7IG" @ N F @ Hi* @ Og,(—y)) — -+ .
Observe that, for any g > 0,
STIGF@ N F® Op,(—y) = @, 0o, (d)),

where d; = (bjl +"'+bjz+q) — (Ckl +'-~+qu_l)—)/ withk; <... < kq_l and

jl < .. <jt+q-
Hereafter we distinguish two cases according to the equivalence of —m — n
modulo n 4 1.

Case 1: Assume that —m — n = 0 mod (n + 1); thatis, —m —n = a(n +1).
In this case, by Proposition 4.4(c) we have
(Hoy ..., Hyp)
= (Ho, Yu—1((a + Dn), Yy—2(( + Dn), ..., y1((e + Dn), Yo((a + Dn)),
(Zi(n—1+an),Xr(n — 14+ an)) if niseven,
Ho= { (Z(n —1+an)) if n is odd,

and (by assumption) an + (n —2)c; — (by+- - -+ bs1) + ¥y —1+n < 0. Hence,
by Lemma 4.1 and Remark 4.3, the following statements hold.

e Foranyl <g <n-—1,
H%Og,(d)) @ Hy)
H" 9(Z(an —1—d;)) = H" 9(Zs(an — 1 —d;)) =0 ifniseven,
| H S @n-1-4d)) =0 if n is odd.
e Foranyl <g <n—1landi withl <i <n,

HY(Og,(d)) ® H;") = H" (Y, —i(an — dy)) = 0.
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Therefore,

H($7'g* @ N F @ H* @ det(G)*)

— HQ+1(Sq—lg* ® /\l+(1+] F® H}ll* ® det(g)*) =0
and hence

WK ® Hi*) = h*(K, ® H* ® det(G)*) = --- = h"(K,, ® H}* ® det(G)*)

S hn(Sn—lg* ® /\t+n ]:-® H}Il* ® det(g)*) — O
It then follows that H'(E ® H}*) = H'(K ® H/*) = 0, which finishes the proof
in this case.

Case 2: Assume that —m —n = j mod (n + 1) with 1 < j < n; thatis, assume
—m —n =o(n—+1)+ jforsomel < j < n. In this case, by Proposition 4.4(d)
we have

(Ho, ... Hy) = (Og,((@+Dn+j—D,¥yf((a+Dn+j—-1,...,
vi(@+Dn+j—D,Hpnja((@+Dn+ ), ...,
Vo((@ + Dn + j)),
2 Eila+Dn+j—1,Z(e+Dn+j—1) ifniseven,
Tl e+ Dn+j—1) if n is odd,

and (by assumption) an + (n —2)¢; — (by+ -+ biyn) +v +j—14+n < 0.
Hence, by Lemma 4.1 and Remark 4.3, the following statements hold.

e Foranyl <g <n—1landi =0,
H%(Og,(d) ® H;") = H(Og,(d; = (a+ hn = j + 1) = 0.
e Foranyl <g <mn—1landi withl <i <j—1,
HY(Og,(d)) ® Hy") = HI(Yi(d; — (« + Dn — j +1)) =0.
e Foranyl<g <n—1landi = j,
H(0p,(d)) ® H}")
H'" 9(Zi((a+Dn+j—1—4d;)) =0 ifniseven,
={ H" 14X+ Dn+j—1—d;)) =0 ifniseven,
H' 1(Z(a+D)n+j—1—-4d;))=0 ifnisodd.
e Foranyl <g <n—1landiwithj+1<i <n,
HY(Og,(d)) ® Hy*) = H" (Y, _i(an + j —d)) = 0.
Therefore,
HI($77'g* @ NT F ® Hi* ® det(G)*)
= H!Hl(Sqflg* ® /\t+q+1f ® H;;* ® det(g)*) =0
and hence
(K ® Hi*) = h*(K, ® H]* ® det(§)*) = --- = h"(K, ® H}* ® det(G)*)
<h"($"'g*®@ N™"F ® Hi* ® det(§)*) = 0.
Asaresult, H(E ® H;;*) =HY (K Q® H;;*) = 0, which finishes the proof. O
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In [6] we introduced the notion of an instanton bundle on hyperquadrics Q, C
P+ (see [6, Prop. 4.7] for the existence of such bundles). Extending the ideas
used in Theorem 4.5, we obtain a lower bound for the regularity of instanton bun-
dles on hyperquadrics. The bound that we obtain in the next theorem is better
than any we could obtain as a consequence of Theorem 4.5 because, with linear
monads, we have better control of all the cohomology groups involved. By means
of an example we will see that the bound obtained so far is sharp.

THEOREM 4.6. Let E be a mathematical instanton bundle on Q, (n = 21 + 1)
with quantum number k, and let m = —a(n + 1) —n — j > 2 be an integer for
some o, j € Zwith0 < j < n. Assume that m + o > k. Then E is m-regular with
respect to the n-block collection

oo = (OQZI+1’ OQZI+1(1)’ EERE) OQ21+1(21)’ X(21)).

Proof. Any mathematical instanton bundle E on Q, is the cohomology bundle of
a quasi-linear monad

0 — Ogy, (—D¥ 2 0242 L o) )k — 0. (4.6)

02141

Denote by ¢”,,_,, = (Ho, ..., H,), the right dual n-block collection of o_,,_, =
(E-m-ns---»E—m). We must show that, for any i with 0 <i < n,
HYWE®H') =0, q>0.
Toward this end, consider the short exact sequences
0— K — O} — 0y, ()" — 0, 7
0— Oy, (-)f - K — E —0 '

associated to the monad (4.6), where K := Ker(f8). Because m > 2 (by assump-
tion), it follows from Proposition 2.5(a) that (’)Qn(—l)k, Oéﬁ”l, and OQM(I)" are
m-regular with respect to 0. Using the cohomological exact sequences

- — HYOp,(-)*® H) — HYK ® H})

— HYE® H) — H"' (O, (- ® H)
and

- — HI7Y(0p,()* ® H) — HYK ® H') — HYO)}™ @ Hf) — -
associated to (4.7), we obtain
HYE® H)=HYK ® H'), ¢ >0,
HYK ® H) =0, ¢q>2.
Hence, it remains only to show that, for any i with 0 <i <n,
HE®H)=H"(K ® H') =0.
So consider the Buchsbaum—Rim complex associated to

O — Og, (D" — 0
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that is,
Sk+21—]OQn(_1)k ® /\2k+21 Oéli+21
N Sk+21—2OQ”(_1)k ® /\2k+21—1 Oéiﬂz N
N Sz(’)Qn(—l)k ® /\k+3 OéﬁHl — (')Qn(—l)k ® /\k+2 (’)é’;“l
— NTOg — 054 ® 0g, (k) — Op, (D! ® Op, (k) — 0.

Cutting the complex into short exact sequences and twisting by H;*(—k) then
yields, for suitable integers A, A{,..., A, and &,

0— K®H' — H* — H*(1) — 0,
0 — K, ® HY(—k) — Hf(—k)™ — K ® H — 0,
0 — K3 ® HY(—k) — H}(—k — 1)*? — K, ® H(—k) — 0,

0 — K, ® H(—k) — H}(—k —n+2)""' — K, | ® H*(—k) — 0,
H}(—k —n+1)* — K, ® H(—k) — 0.
Hence, to prove H K ® H}) = 0 it suffices to show that, for any g with
l<g=<n-—1,
HYH(=k—q+1)) =0,
H (H(—k —q +1)) =0, (4.8)
H"(H(—k —n +1)) = 0.

Assume that —m —n = a(n + 1) + j for some 1 < j < n. In this case, by Propo-
sition 4.4(iv) we have

(Ho,....Hy) = (Og, (0 +Dn+j—D, ¢+ Dn+j—1),...,
Vvi(@+Dn+j—D,Z(a+Dn+j—1),
Yn—j1((@+Dn+j),....o((@ + Dn + j)).

By assumption, m + o > k; thatis, an +n + j + k < 0. In particular,
aon+n+j+k#1,2,3.
Hence, by Lemma 4.1 and Lemma 4.2, the following statements hold.
e Foranyl<g <n-—1,
HYOp,(—(e+Dn—j+1—-k—g+1) =0,
H"Og,(—(@+Dn—j+1—-k—q+1)=0,
H"(Og,(—(a+Dn—j+1—k—n+1)=0.
e Foranyl <g <n—1landiwithl <i <j—1,
HiWi(—(a+Dn—j+1—-k—qg+1)) =0,
H™ (i(—(@+Dn—j+1-k—q+1) =0,
H'Wi(—=(a+Dn—j+1—-k—-n+1)=0.
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e Forany 1 < g <n — 1, since * = X (—1) it follows that
HIEZ (—(a@+Dn—j+1—k—qg+1) =0,
HIN(S (—(@+Dn—j+1—k—q+1) =0,
H'C(—(a@+DDn—j+1—k—n+1)=0.
e Foranyl <g <n—1landiwith j+1<i <n,
HiWY,_(=(@+Dn—j—k—q+1)=0,
H Wy _i(—(@+Dn—j—k—q+1)=0,
H"(Y,_(—(@+Dn—j—k—n+1)=0.
Therefore, conditions (4.8) are satisfied and thus
H(E®H?) = H(K ® H*) = 0.
The case j = 0 follows in exactly the same way and so is left to the reader.  [J

It would be nice to know how far are the bounds given in Theorem 4.5 and The-
orem 4.6 from being sharp. In the next example we will see that the bound of
Theorem 4.6 is indeed sharp.

ExampLE 4.7. Leta,b,c,d,e, f, g be homogenous coordinates in PY, let Qs C

IPS be the hyperquadric defined by the equation a® +b>+c?+d>*+e*+ f2+g* =
0, and consider the matrix with linear entries

a b ¢ 0 0 d e f O

A=10 a b ¢ 0 0 d e f

0 0O a b c 0 0 d e f

Leta: Og(=1)* — Of be the morphism associated to the 3 x 10 matrix A

0
0

and let B: 0(1205 —> Og;(1)* be the morphism associated to the 10 x 3 matrix with
linear entries B = A’; for this we transpose with respect to the standard symplec-

tic form
G e 0 —l4
=\, o )

Since the localized maps «, are injective for all x € Qs, the cohomology sheaf of
the monad P
0 — Op,(—1)* = 0F = Op (1> — 0

is a rank-4 vector bundle E on Qs. By Theorem 4.6, E is 5-regular with respect
to 09 = (Ops, Ops(1), ..., 0ps(4), 2(4)). On the other hand, E is by definition
4-regular with respect to o if and only if, for any ¢ > 0,

HY(E3)) = H(E ® ¥1(3)) = HY(E ® ¥2(3)) =0,
HYE ® £*(3)) = HI(E ® ¥{(2)) = HY(E(2)) = 0.

Using Macaulay [9], we can compute the cohomology of E; in particular, we
obtain
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HY(EQ)) = C",

Hence E is not 4-regular with respect to oy. Therefore, for this instanton bundle,
the bound given in Theorem 4.6 is sharp.
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