CODIMENSION OF JUMPING LOCI
BRIAN LEHMANN, ERIC RIEDL, AND SHO TANIMOTO

ABSTRACT. Suppose that £ is a vector bundle on a smooth projective variety X. Given a
family of curves C' on X, we study how the Harder-Narasimhan filtration of £|¢ changes
as we vary C' in our family. Heuristically we expect that the locus where the slopes in the
Harder-Narasimhan filtration jump by p should have codimension which depends linearly
on u. We identify the geometric properties which determine whether or not this expected
behavior holds. We then apply our results to study rank 2 bundles on P? and to study
singular loci of moduli spaces of curves.

1. INTRODUCTION

Let X be a smooth projective complex variety and let £ be a locally free coherent sheaf
on X. Given a dominant family of curves C' on X, we analyze how the Harder-Narasimhan
filtrations of the restrictions £|¢ change as we vary C. Results which bound the behavior
of &|¢ are known as “restriction theorems”; such theorems have played a key role in the
theory of slope stability since the work of [Bar77] and [Hul79] on jumping lines in P". (In
this paper “stability” will always refer to “slope stability with respect to a nef curve class”
as first developed by [CP11]; see Notation [2.3])

Most restriction theorems — such as the Mehta-Ramanathan theorem ([MR82, MR84]) or
the Grauert-Miilich theorem (|[GMT75, [Spi79, [FHS80, Mar81l, [PRT20l [LRT23b]) — address the
case when (' is general in its parameter space. Our focus will be on non-general curves C"

Motivating Question 1.1. Suppose W C M, (X, B) parametrizes a dominant family of
curves s : ' — X. Can we bound the codimension of W in terms of the difference in
slopes between the Harder-Narasimhan filtration of s*€ and the “expected value” given by
the Harder-Narasimhan filtration of £ with respect to the numerical class s,[C]?

In this paper we will analyze Motivating Question using techniques from stability
theory. Throughout we aim for the maximal possible generality: our main theorem will
describe the qualitative behavior of restrictions of vector bundles to dominant families of
curves. Loosely speaking, we show that when the evaluation map over W has connected
fibers then the codimension of W is bounded by a linear function in the difference in slopes
for the Harder-Narasimhan filtrations. Conversely, when the evaluation map does not have
connected fibers one cannot always obtain a linear bound.

Motivating Question has found many applications in the literature; we present two in
this paper. First, we use our work to bound the codimension of the singular locus of the
moduli spaces of curves. The same argument establishes geometric analogues of arithmetic
conjectures of [Pey17]. Second, we analyze jumping loci for rank 2 bundles on P2, an impor-
tant classical subject that continues to play a role in modern research (for example in Terao’s

Conjecture or the Weak Lefschetz Property for Artinian algebras). Our results explain when
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the ideal jumping behavior does or does not happen based on the geometry of the families
of jumping curves.

1.1. Main result. We will need to precisely quantify the difference in slopes between two
filtrations of a vector bundle. We will use the following definition:

Definition 1.2. Let X be a smooth projective variety and let o € Nef;(X) be a nef curve
class. Suppose that £ is a non-zero torsion-free sheaf of rank r. Write

O=FyCcFHCFhC..CF, =&

for the a-Harder-Narasimhan filtration of £. The slope panel SPx (&) is the r-tuple of ra-
tional numbers consisting of the union over all indices i of rk(F;/F;_1) copies of po(F;/Fi-1)
arranged in non-increasing order:

SPXA((C:) = (/La(fl/./—"o), .. .,ya(fz/.lrl), ey ,ya(fs/fsfl), . .;)
rk(]—'l/]?(:) copies rk(]-'g/.;lr) copies rk(]—'s/le) copies

For a curve C, we write SP¢(€) for the slope panel with respect to the class of a point on

C.

Returning to our motivating question, suppose that U — W is a family of curves equipped
with a dominant evaluation morphism ev : U — X. |[LRT23b] shows that the global slope
panel SPy s c1(€) is the “expected value” of the slope panel for the restriction of £ to a
curve. Suppose that the slope panel for the general curve s : C' — X parametrized by W
differs from the expected value by p, that is,

ISPx s.101(€) = SPo(s"E) lsup = 11-

If W parametrizes every curve whose difference in slope panels is p, then basic deformation
theory provides an upper bound on the codimension of W that is linear in p. In some
situations we can also obtain lower bounds on the codimension of W that are linear in pu
(e.g. when the map from W to the versal deformation space of s*€ is smooth near s).

Our main theorem identifies a set of mild assumptions which guarantee that there is indeed
a lower bound on the codimension of W that is linear in p. It applies to all curves whose
classes are contained in any slightly smaller subcone C C Nef;(X).

Theorem 1.3. Let X be a smooth projective variety and let £ be a non-zero locally free
coherent sheaf on X . Fiz a genus g, an ample divisor H on X, and a closed cone C C N1(X)g
such that C\{0} is contained in the interior of Nef1(X). Then there are affine linear functions
S:R—RandL:R — R with positive leading coefficients which have the following property.

Let W — My o(X) be a generically finite morphism from an irreducible variety and let
ev” : U¥ — X denote the evaluation map on the normalization UY of the universal family
over W. Define

= [ SPxs.1c)(E) = SPc(s"E)|[sup
where s : C'— X is a general curve parametrized by W. Suppose that:

e ev” is dominant with connected fibers,
e the general map parametrized by W is birational onto its image, and
e the class of the curves parametrized by W is contained in the cone C.

Then the codimension of the image of W satisfies either
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(1) codim(W) > S(u), or
(2) codim(W) > L(H - s,.C).

Remark 1.4. The functions S, L depend on X, ¢(C'), the sheaf £, the cone C, and the ample
divisor H, as well as two choices: the choice of a fixed curve class (called § in the proof)
contained in C and the choice of a direct sum of line bundles that surjects onto &.

The second bulleted assumption in Theorem [I.3]is natural: if every morphism s parametrized
by W factors through an intermediate curve s’ : C — X then we should analyze s*€ by
first understanding s”*€. The third bulleted assumption is used in our proof but we are not
sure whether it is necessary. The first bulleted assumption is essential as explained in the
following remark.

Remark 1.5. In Theorem [1.3|it is necessary to assume that ev” has connected fibers. If ev”
fails to satisfy this property then by using Stein factorizations one can construct a generically
finite morphism f : Y — X such that ev” factors rationally through f. We can only expect —
and indeed Theorem proves — that s*& is controlled by the stability of f*£ on Y instead
of the stability of £ on X. (Note that there are typically many different curve classes o on Y’
which pushforward to a given curve class « on X, so the Harder-Narasimhan filtration of f*&
can be very different from that of £ depending on «’.) See Example for a demonstration
of this phenomenon.

When X is a Fano variety it is possible to understand dominant families of curves whose
evaluation map has disconnected fibers using the theory of accumulating maps developed
by [LRT23b]. In Theorem we combine both approaches to prove a more comprehensive
result for Fano varieties.

1.2. Applications.

1.2.1. Rank 2 bundles on P?. Since Theorem is aiming for maximal generality, it is not
reasonable to expect our bounds to be sharp. However, in specific examples one can emulate
our approach with more careful estimates to obtain precise information. In Section [§] we
carry out this program for rank 2 bundles on P2,

Mathematicians have studied the jumping behavior for many special types of Fano vari-
eties, including Fano varieties ruled by lines (see [MnOSC12] and the references therein).
However the most well-studied examples are vector bundles on P", especially rank 2 vector
bundles on P2. There is the classical theory of jumping lines (which has too many appli-
cations to list here) and also work on the jumping locus of higher degree curves ([Str84],
[Man90], [Ran01], [Vit04], [Mar24]). Much of the previous work has been example-based,
studying the jumping loci for particular vector bundles and observing whether they did or
did not have the expected dimension.

Our work identifies precisely the geometric obstructions to obtaining the expected behavior
for special families of curves on P2. The cleanest result is for rational curves: we show that
families of rational curves W have the expected codimension unless there is a clear geometric
reason why they cannot (see cases (a) and (b) in Theorem 1.6/ below). Furthermore, we show
these exceptional geometries only occur when the codimension of W is large relative to the
degree.

Theorem 1.6. Let £ be a stable rank 2 bundle on P2. There is an explicit constant ¢

depending on the Chern classes of £ such that the following holds.
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Fiz a constant p and suppose that V- C Mgo(P?,d) is an irreducible component of the
locus of degree d maps s : C — P? satisfying

| SPp2 s.101(E) = SPa(8"E) ||sup = H-

Let W — V be a generically finite dominant morphism from a variety.
Assume that the general map s : C — P? parametrized by W is a birational immersion.
Then either

(1) codim(W) has the expected value sup{2u — 1,0}, or

(2) codim(W) > (d.
Furthermore, the only way (1) can fail is when either (a) the evaluation map for the nor-
malization of the universal family over W fails to have connected fibers or (b) there is a
birational model ¢ : X' — P? flattening the family of curves V such that ¢*E fails to be
semastable with respect to the strict transforms of the curves.

This result systematizes and generalizes various examples in the literature which demon-

strate that Theorem [1.6](1) can fail (see Example and Example [8.6).

Remark 1.7. In a different direction, [Bog94] and [Kop20| show that the restriction of a
stable bundle to an embedded smooth curve of sufficiently high degree in a surface will
always be stable. In contrast, the pullback of a bundle to the normalization of an embedded
singular curve is more complicated and cannot admit such a simple description. Note that
if we fix a genus ¢ then most plane curves of geometric genus g will be singular.

1.2.2. Locus of non-free curves. When studying the moduli space of curves Mor(C, X)) on
a Fano variety X, it is crucial to develop a good understanding of the singular locus of
the moduli space. For example, singularities can affect the computation of the Kodaira
dimension of Mor(C, X) (as in [Sta03, IdJS17]). Since a curve s : C' — X can only be
contained in the singular locus if H'(C,s*Tx) # 0, we can bound the codimension of the
singular locus of X by studying the Harder-Narasimhan filtration of the restricted tangent
bundle.

More generally, recall that a curve s : C' — X is said to be m-free if ™™ (s*Tx) > m+2g.
(The singular locus of Mor(C, X) is a subset of the curves which fail to be O-free.) For certain
types of variety the locus of m-free curves has been analyzed in detail, including projective
space ([Asc88], [Ram90], [HK96], [BRI7], [Hei00], [Ran01], [GHI13], [ARIS], [Larl6], [CR1]],
[Asc22]), Grassmannians ([BR00], [Man19]), and hypersurfaces ([BS23]). Our work allows
us to bound the dimension of the locus of curves which fail to be m-free for arbitrary Fano
varieties.

Our results are motivated by analogous questions in arithmetic geometry. In [Peyl7]
Peyre makes a number of compelling conjectures about the behavior of arithmetic slopes of
rational points on Fano varieties. More precisely, he gives a variant of the counting problem
in Manin’s Conjecture based on slopes and conjectures this modified counting problem still
has the expected asymptotic behavior. Loosely speaking, Peyre’s conjectures suggest that
“most” rational points should have large slopes.

Analogously, we can expect that for “most” curves on a Fano variety the restricted tangent
bundle has large minimal slope. As usual in Manin’s Conjecture, we must remove an “ex-
ceptional set” of curves which have pathological behavior. For this purpose we will use the
theory of accumulating maps as developed by [LRT23D] (see Definition [7.2). By combining
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Theorem |1.3| with the results of [LRT23b|], we show that the codimension of the locus of
curves which fails to be m-free grows linearly in the degree unless the curves come from an
accumulating map. This establishes a geometric analogue of the arithmetic conjectures of

[Pey17].

Theorem 1.8. Let X be a smooth Fano variety. Fiz a genus g, a positive constant m, and
a closed cone C such that C\{0} is contained in the interior of Nefy(X). There is an affine
linear function T : R — R with a positive leading coefficient which satisfies the following
property.

Let W be a variety equipped with a generically finite morphism W — M, o(X) and let
ev” : UY — X denote the evaluation map on the normalization UY of the universal family
over W. Assume that the class of the curves parametrized by W is contained in the cone C.

If the general morphism s : C' — X parametrized by W fails to be m-free (as in Definition
@, then one of the following properties holds:

(1) codim(W) > T(—Kx - 5.C),

(2) the evaluation map ev” factors rationally through an accumulating morphism f :Y —
X, or

(3) the image of the general map s : C' — X parametrized by W is a rational curve of
anticanonical degree < 2.

Remark 1.9. The function 7" depends on all the choices listed in Remark [1.4] as well as the
finite set of slope panels of Ty with respect to nef curve classes on X and the (inexplicit but
finite) list of possible Fujita invariants of value > % for pairs of dimension < dim(X) arising
from Birkar’s solution to the Borisov-Alexeev-Borisov conjecture as in [HL20].

1.3. Strategy. Retaining the notation of Theorem [I.3] suppose that we have a generically
finite morphism W — M, (X)) such that ev” is dominant with connected fibers. The best
situation is when the evaluation morphism satisfies an additional property: the general curve
s : C'— X in our family is contained in the locus where ev” is flat. In this case, the Grauert-
Miilich theorem of [LRT23b|] gives excellent control on the codimension of W. When this
condition does not apply then we choose a birational model ¢ : X’ — X such that the strict
transforms of the curves parametrized by W define a flat family of curves on X'. Letting
s’ : C" — X' denote a strict transform curve, the Grauert-Miilich theorem relates s*£€ to the
s, [C']-Harder-Narasimhan filtration of ¢*& on X'.

The key challenge is to understand how the stability of £ changes when we pass from
the class s,[C] on X to the class s,[C'] on X'. Although stability is preserved by pullback
of curve classes, it usually changes under the strict transform of curve classes. To obtain
Theorem in full generality, we must develop a systematic theory of how stability changes
under birational maps. This study makes up the technical core of the paper.

We leverage the following tension. Suppose that Q is a rank r quotient of £ such that the
induced map ¢*€ — (¢* Q) is o/-destabilizing for some class o € Nef;(X’) which pushes
forward to o € Nef; (X). The difference between f1,(Q) and po ((¢*Q)+s) is controlled by the
rth Fitting ideal of Q. If Q has small slope compared to &£, then the Fitting ideal of Q must
be comparatively simple so that the difference in slopes will be small. If Q has large slope
compared to &, then the Fitting ideal can be more complicated but also a larger change in

slope is required for Q to become destabilizing.
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We prove Theorem by bounding the log canonical threshold of the rth Fitting ideal of
Q. Using the log-canonical threshold, we can relate the relative anticanonical degree of o
with the change in o'-slope induced by the Fitting ideal. In turn, the relative anticanonical
degree allows us to control the codimension of the corresponding family of curves.
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2. BACKGROUND

We work over the ground field C. Throughout all our schemes will be assumed to be
separated schemes and every connected component will have finite type over the ground
field. A variety is a scheme that is reduced and irreducible. Given a coherent sheaf F on a
variety V', we denote by Fi,s the torsion subsheaf of F and by Fi; the quotient of F by its
torsion subsheaf. We say that a morphism is generically finite if it is generically finite onto
its image.

When X is a projective variety, we let N'(X)g denote the space of R-Cartier divisors up
to numerical equivalence and N;(X)gr denote the dual space of R-curves up to numerical
equivalence. We let N'(X)z and N;(X)z denote the lattices of Z-classes in these two vector
spaces. We define Nef;(X) to be the nef cone of curves, i.e. the set of R-curve classes o which
satisfy E/-a > 0 for every effective divisor E. Given a curve C', we denote its numerical class

by [C]. We also define Eff' (X) to be the pseudo-effective cone of R-Cartier divisors.
We let M, ,,(X) denote the Kontsevich moduli stack of stable maps and let M, (X) C
M,.,(X) denote the open substack parametrizing maps with smooth irreducible domain.

2.1. Slope stability. Let X be a smooth projective variety and let £ be a torsion-free
coherent sheaf on X. We briefly review the notion of slope stability of £ with respect to nef
curve classes « as developed in [CP11].

Definition 2.1. Let X be a smooth projective variety and let £ be a torsion-free coherent
sheaf on X of rank r. The first Chern class of £, denoted by ¢; (&), is any divisor representing

the line bundle
[r] T Vv
/\ £ = ( /\ E ) )
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Note that ¢;(€) is only well-defined up to linear equivalence; in practice this mild abuse of
notation will be harmless.

For any coherent sheaf £, we can define the first Chern class by taking a finite resolution of
&’ by locally free sheaves and defining ¢;(£’) as an alternating sum of the first Chern classes
of these sheaves. Note that these two definitions of the first Chern class are compatible.

Definition 2.2. Let X be a smooth projective variety and let @ € Nef;(X). For any
non-zero torsion-free sheaf £ on X, we define the a-slope

(&)«
(&) = ——.
1a(€) k(&)
We say that £ is a-semistable if for every non-zero torsion-free subsheaf 7 C £ we have

tra(F) < pia(E).

As explained by [CP11l [GKP14l [GKP16], this notion of a-semistability naturally leads to
a-Harder-Narasimhan filtrations.

Notation 2.3. Let X be a smooth projective variety and let £ be a non-zero torsion-free
coherent sheaf of rank r on X. Fix an a € Nef;(X). The a-Harder-Narasimhan filtration of
£ is the unique sequence of subsheaves

O=FgCFH CFC...CF,=¢€.
such that each F;/F;_1 is a-semistable and the a-slopes of the quotients F;/F;_; are strictly

decreasing in 1.
We denote by p*(€) the maximal slope of any torsion-free subsheaf, i.e., u'** (&) =

w(F1). We denote by ™" (€) the minimal slope of any torsion-free quotient, i.e., u™" (&) =
p(E/Fsm)-

Given a filtration of € (possibly different from the Harder-Narasimhan filtration), we will
need a notation which describes the slopes of the graded pieces of the filtration. We define
the slope panel in the analogous way:

Definition 2.4. Let X be a smooth projective variety, let £ be a non-zero torsion-free
coherent sheaf on X, and let o € Nef;(X). Suppose that

0=Gy,CcGC...CG =¢&

is a sequence of distinct saturated subsheaves of £. We define the slope panel SPx ,(&; G.)
of £ with respect to the sequence G, as follows.

SPX,a(g; g.) = (ya(gl/go), o ya(%/gl), AR 7Ha(gt/gt—1)7 . -;)

rk(G1/Go) copies  rk(G2/G1) copies rk(Gt/Gi—1) copies

Recall from the introduction that the slope panel SPx ,(£) (with no mention of a filtra-
tion) simply means the slope panel of £ with respect to the a-Harder-Narasimhan filtration.
Our next goal is Lemma [2.6) which gives a combinatorial characterization of the a-Harder-
Narasimhan filtration.

Lemma 2.5. Let X be a smooth projective variety and let £ be a torsion-free coherent sheaf

on X. Suppose F,G C & are saturated subsheaves. Then F NG is a saturated subsheaf of G.
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Proof. We have an injection £/FNG — (£/F)®(£/G), showing that £/F NG is torsion-free.
Thus the subsheaf G/F NG is also torsion-free. O

Lemma 2.6. Let X be a smooth projective variety, let £ be a non-zero torsion-free coherent
sheaf on X of rank r, and let o € Nefy(X). Fiz a sequence of distinct saturated subsheaves

OZQOC(JlC...CQt:&
Set

(Clb . ,ar) - SPX,O&((C/‘)
(b1,...,b) =SPx4(E;Ga)

For any 1 < ¢ <r, we have

i=1 i=1 i=0+1 i=0+1

Proof. Since Y ;_, b = ¢1(€) = >_;_; a;, the second statement is a consequence of the first
and so we may focus on the first statement. Let

O=FyCF CFC...CF,=€&

denote the a-Harder-Narasimhan filtration of £. For every index 1 < j < ¢, consider the
filtration

0=G,NF CGNFC...CGNF, =G

where some of the entries are possibly equal. Lemma shows that each G;NF, is saturated
in G;; thus two successive terms will have the same rank if and only if they are equal. Let
(v]) denote the vector of length s whose kth entry is rk(G; N Fy) — rk(G; N Fi_1). Note that

Zvi =1k(G;)  and Z”iﬁa(gj NFi/G; N Fia) = al9)).
k=1 k=1
1

Next we inductively define the vectors (w?) of length s by setting (w!) = (v!) and defining

(wl) = (v]) — (vI71) for 2 < j < t. We have
t t
(21) Zwi :U]i—FZ(’Ui—Ui_l) :’U]i :rk(Fk/«Fk—l)
J=1 Jj=2

Finally we inductively construct a vector (c,). Suppose we have constructed the first
rk(G;_1) entries of (c,). We then append the next rk(G;/G,_1) entries as follows: for every
1 <k < s we insert w], copies of fiq(Fr/Fi_1) to (co) and then arrange these rk(G;/G; 1)
entries in non-increasing order.

By Equation (2.1)) we see that (c.) is a rearrangement of (a.). Since (a,) is arranged in
non-increasing order, for every 1 < ¢ < r we have

¢ ¢
E a; > E C;.
i=1 i=1
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Thus it suffices to prove

¢ ¢
i=1 i=1
We first prove this when ¢ = rk(G;) for some j. In this case we have

Z ¢ = Z sznﬂa(fk/fk—l)

m=1 k=1

=> vl pta(Fi/ Fior)
k=1

> " vlpa(G N Fi/G N Fioa)

k=1

= c1(G;)

1
= Z b
=1

where we use the semistability of Fj/Fj_1 at the inequality step. This proves the claim for
the special case ¢ = rk(G;).

For other values of ¢, we note that for the indices satisfying rk(G;_1) < i < rk(G;) the
entries of (b,) are constant while the entries of (c,) are non-increasing. Since we have the
desired inequality when ¢ = 1k(G;_1),1k(G;) we must also have it for the intermediate values

of /. [l
2.2. Bounded families of sheaves.

Definition 2.7. Let X be a smooth projective variety. A finite-type family of torsion-free
sheaves on X consists of a finite-type scheme S over our ground field and a coherent sheaf G
on X x S that is flat over S such that for every point s € S the restriction G|, is torsion-free.
We say that a set of torsion-free sheaves {&;} on X is a bounded family if there is a
finite-type family of torsion-free sheaves such that every &; is parametrized by the family.

Often our bounded families of sheaves will all be quotients of a fixed coherent sheaf.

Definition 2.8. Suppose X is a smooth projective variety and &£ is a torsion-free sheaf
on X. A finite-type family of torsion-free quotients of £ consists of a finite-type family of
torsion-free sheaves G’ on X x S equipped with a surjection 77€ — G’ where m : X xS — X
is the projection.

We say that a set of torsion-free quotients {€ — Q;} on X is a bounded family if there is
a finite-type family of torsion-free quotients such that every £ — Q; is parametrized by the
family.

Using standard properties of the Quot scheme, we have:

Lemma 2.9. Let X be a smooth projective variety and let £ be a torsion-free coherent
sheaf on X. Suppose G is a bounded family of torsion-free sheaves on X. Then the set of
all quotients & — Q such that Q s parametrized by G is a bounded family of torsion-free

quotients of £.
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We also use the following result which is a variant of a theorem of Grothendieck.

Theorem 2.10 ([HL97, Lemma 1.7.9], [GKP16, Theorem 2.30]). Let X be a smooth pro-
jective variety and fiz a compact set T contained in the interior of Nefi(X). Let € be a
torsion-free sheaf on X. Fix a constant R and consider the set of torsion-free quotients
E — Q such that o (Q) < R for some o € T. This is a bounded family of torsion-free
quotients of £.

Proof. Since there is a surjection Ox (L)®¢ — & for some divisor L and some positive integer
d, it suffices to prove the statement for Ox(L)®?. In fact, after twisting we may assume
that our initial sheaf is O_??d. One can then repeat the argument of [GKP16, Theorem 2.30]
with essentially no change to show that ¢;(Q) lies in a bounded subset of N'(X)z. The
boundedness of the set of quotients then follows from [HLI7, Lemma 1.7.9] and Lemma

2.9 O

2.3. Log canonical thresholds. In this subsection we give a brief reminder of the definition
and basic properties of the log canonical threshold of an ideal.

Definition 2.11. Let X be a smooth projective variety and let Z be a coherent ideal sheaf
on X. Let ¢ : X’ — X denote a log resolution of Z and set O(—F) = ¢~ 'Z - Ox:. The log
canonical threshold lct(Z) is defined to be the infimum over all real numbers ¢ such that

qb*OX/(KX//X - LCFJ) g OX.

If the subscheme defined by Z has codimension at least 2 in X, then lct(Z) is equivalently
the maximum over all real numbers d such that Kx/,x +Excg > dF’ where Excg denotes the
sum of all reduced ¢-exceptional divisors (see [Laz04b, Example 9.3.16]).

Note that if we have an inclusion of ideal sheaves Z C J then we also have an inequality
let(Z) < let(J). We will use this fact repeatedly in what follows.

The next theorem gives a useful bound on the value of the log canonical threshold. This
result is certainly well-known to experts; for example, some version of this statement appears

in [BHJ17, Proof of Theorem 9.14].

Theorem 2.12. Let X be a smooth projective variety of dimension n. Fix a curve class
p € Ni(X)z which lies in the interior of Nef,(X). There is a positive constant v (which
depends on X and () with the following property.

Let T be an ideal sheaf on X. Let D be an effective Cartier divisor such that Ox(—D) C

Ox is contained in Z. Then
1

v(D-B)
Since we could not find a version of this statement that could be clearly cited we will give
a proof here, following the strategy of [BHJ17].

Proof. We first define the constant v. By Lemma there is an ample Cartier divisor H
with the following property: for every positive integer d, we have H°(X,Ox(dH — B)) > 0
for every effective Cartier divisor B satisfying B - f < d. We claim that there is a constant
v such that for every positive integer d and every effective divisor L ~ dH we have

sup ord, (L) < vd.
zeX

let(Z) >
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Indeed, suppose that ¢ : X’ — X is the blow-up of a point x € X and let E denote the
exceptional divisor. By Seshadri’s criterion (see [Laz04a, Theorem 1.4.13]) there is some
e > 0 (depending on X, H but not on z) such that ¢*H — eE is ample. Then

L"=¢*L - (¢*L — edE)" ' > ord,(L)E - (¢*L — edE)" !
=d" " ord, (L)

Thus v = L= satisfies the claim above.

We next verify that v has the desired property. First recall that if we have an inclusion
of ideals J C Z then let(J) < lct(Z). In particular, let(D) < lct(Z).

Set r = D - 3. The defining property of H implies that there is some effective Cartier
divisor F' such that F' + D is linearly equivalent to rH. Note we have lct(D) > lct(F + D).
In turn, [Kol97, Lemma 8.10] shows that

_ 1
let(F'+ D) 2 Wl S F D)
1
2 J—
or
We conclude that lct(Z) > =+ as desired. O

The following well-known lemma was used in the previous proof.

Lemma 2.13. Let X be a smooth projective variety and let C C Eff' (X) denote a compact
subset. There is a ample divisor H with the following property: for any positive integer d and
any Cartier divisor B whose numerical class lies in dC N N*(X)z we have H*(X, Ox(dH —
B)) > 0.

Proof. Since C is bounded, there is an effective ample divisor A such that A —C is contained
in the ample cone of X. By [Nak04, Corollary V.1.4] there is an ample divisor L such that
H°(X,0x(L+ D)) > 0 for every pseudo-effective Cartier divisor D.

Set H = A+ L. Then for any divisor B as in the statement, we have

dH —B=L+(d—1)L+ (dA— B).
Since (d — 1)L + (dA — B) is pseudo-effective, dH — B has a non-vanishing section. O
We will use the log canonical threshold to control the anticanonical divisor.

Lemma 2.14. Suppose that ¢ : X' — X is a birational morphism of smooth projective vari-
eties that resolves an an ideal sheaf I on X which defines a closed subscheme of codimension
> 2. Write gb*I -Oxr = OX/(—D).

Let o be any nef curve class on X'. Then

1
KX’/X . O{, Z § 1Ct(I)<D . Oé/>.
Proof. By definition of the log canonical threshold, we have
Kxi/x + Excy > 1ct(Z) - D

where Exc, denotes the sum of the ¢-exceptional divisors with coefficients 1. Since X’ and
X are smooth, every exceptional divisor appears in Kx/,x with coefficient at least 1. Thus

2KX’/X > KX’/X + EXC¢.
11



Combining we see that 2K x//x —lct(Z) - D is effective. Thus the claim follows from the fact
that o/ is nef. O

3. BIRATIONAL GEOMETRY OF FITTING IDEALS

This section is devoted to a number of results and constructions involving the Fitting ideal
of a coherent sheaf on a smooth projective variety.

3.1. Fitting ideals. Let X be a smooth projective variety and let Q denote a torsion-free
sheaf on X. We would like to find a birational morphism ¢ : X’ — X such that (¢*Q);s is
locally free. The construction of such a morphism ¢ is given by the theory of Fitting ideals,
which we now recall.

First suppose we take an open affine Spec(A) C X and that S is a coherent A-module
with a presentation

AT AT S = 0
Then the jth Fitting ideal Fit;(S) on Spec(A) is generated by the (n — j)-minors of the
matrix M. It turns out that the resulting ideal sheaf Fit;(.S) is independent of the choice of

presentation of S. This construction globalizes to give a Fitting ideal for a coherent sheaf Q
on X. Fitting ideals have the following important properties:

e The formation of the jth Fitting ideal commutes with base change.

e Supp Fit;(Q) = {z € X|dim,()(Q ® k(x)) > j}.

e Since a torsion-free sheaf Q on a smooth variety is locally free in codimension 1, for
any j > rk(Q) the support of Fit;(Q) defines a closed subscheme of codimension > 2.

The following result shows that the birational morphism ¢ which makes a torsion-free sheaf
Q locally free is the same as the resolution of a Fitting ideal.

Theorem 3.1 ([Ray72, Chapter 4, §3, Lemma 1]). Let X be a smooth projective variety and
let Q be a coherent sheaf on X of rank r. Let ¢ : X' — X denote a smooth birational model
resolving Fit,.(Q). Then (¢* Q). is locally free of rank r.

The following lemma identifies the geometric meaning of the divisor resolving the Fitting
ideal.

Lemma 3.2. Let X be a smooth projective variety and let Q be a coherent torsion-free sheaf
on X of rank r. Suppose that ¢ : X' — X is a birational morphism from a smooth projective
variety that resolves the rth Fitting ideal Fit,.(Q). Write ¢! Fit,.(Q) - Oxr = Ox/(—D) for
some effective ¢-exceptional divisor D. Then

D = ¢*c1(Q) — c1((¢*Q)sy)-

Proof. Consider the exact sequence

0= (¢"Qtors = ¢*Q = (¢"Q)sy — 0.

Note that the rightmost term is locally free of rank r by Theorem [3.I] In particular
Fit;((¢*Q)ir) is 0 for j < r and is Oy for j > r.
Choose an open cover of X’ by open affines Spec(A) C X’ so that the restriction of (¢*Q);s

to Spec(A) is a projective A-module. In particular the restriction of the exact sequence above
12



to Spec(A) splits. Applying [Stal, Tag 07ZA], we see that on Spec(A) we have

Fit, (6°Q) = 3 Fity((6" Qrors) Fit (6" Q)1y)

i+j=r

= Fito((¢0"Q)tors)-

Of course this local equality for every Spec(A) implies that we also have a global equal-
ity. Since Fitting ideals are compatible with base-change, we conclude that Ox/(—D) =
F1t0<(¢* Q)tors)-

It only remains to show that the first Chern class of Fito((¢*Q)irs) can be identified
with ¢1((¢*Q)ir) — ¢*c1(Q). Equivalently, we must show that the first Chern class of
Fito((¢*Q)iors) is the negative of the first Chern class of (¢*Q);rs. By choosing a surjection
to (¢*Q)iors from a locally free sheaf we obtain an exact sequence

0 — 52 i> gl — (¢*Q)tors — 0

where & is locally free and &; is torsion-free of the same rank. We let ¢t denote the common
rank of & and &. This exact sequence shows that ¢;((¢*Q)ors) is equal to ¢1(E1) — ¢1(&2).

On the other hand, let U C X’ denote the open locus where &, is locally free. Note that
the complement of U has codimension > 2. By taking top exterior powers in the exact
sequence above we see that Fito((¢*Q)rs)|v is the ideal sheaf corresponding to the effective
divisor Fy defining the map of line bundles

t t t
Al : \é&lu v, Né&ilv

We conclude that Fy is equal to ¢y (E1]y) —c1(Ep). Since the complement of U has codimen-
sion > 2 we can take closures in X’ to obtain the equality Fito((¢*Q)iors) = —(c1(E1)—c1(E2)),
finishing the proof. 0

Our next result will rely on the following lemma:

Lemma 3.3. Let X be a smooth projective variety and let Q denote a non-zero torsion-free
coherent sheaf on X of rank r. Suppose that L is a Cartier divisor and d is a positive integer
such that there is a surjection Ox (L)% — Q. Then ¢1(Q) — rL is (linearly equivalent to)
an effective divisor.

Proof. Taking rth exterior powers and a double dual, we obtain a non-zero morphism
Ox(rL) = Ox(c1(Q)). Thus the difference between these divisors is effective. O

Our main result in this subsection constructs functions in the Fitting ideal of bounded
degree. We will use it to estimate the log canonical threshold of Fitting ideals.

Theorem 3.4. Let X be a smooth projective variety and let Q be a torsion-free sheaf on X
of positive rank r. Suppose that L is a Cartier divisor and d is a positive integer such that
we have a surjection Ox (L)% — Q. Then Fit,(Q) contains Ox(—D) C Ox for an effective
divisor D satisfying
De|d—=r)r-(c(Q)—rL)|.
13



Proof. For notational convenience we write F := Ox(L)®¥. We denote the kernel of the
surjection F — Q by K. Consider the composition

r—1 T T Vv
0 Fe NF— \NF— (/\Q)
First suppose we look at the open locus U C X where Q is locally free. Note that a

local section s of F on U will be contained in the kernel K if and only for every element
t e N'7" F(U) we have that 9(s ® t) = 0. In other words, if we define the induced map

r—1

W F = (/\ ]—"V> ® Ox(c1(Q)).

then K|y is the same as (ker¢)|y. Since both Q and the image of ¢ are torsion-free, both K
and the kernel of v are saturated subsheaves of F. Since these subsheaves agree on U, they
are equal on all of X. In other words, Q is isomorphic to the image of a map

Ox(L)* &5 Ox(er(Q) — (r — 1)L)*(5)

defined by a matrix N of forms in H%(X, Ox(c;(Q) —rL)).

We know that the restriction of the matrix N to the generic point of X has rank r. Let A
be an r X r submatrix of N such that the restriction to the generic point has full rank and
let G be the r x d submatrix of N whose rows have the same indices as A. Letting adj(A)
denote the adjugate matrix, if we take the product adj(A)-G then there is an r x r submatrix
equal to det(A) - Id,. For each of the d — r columns not in this submatrix, we obtain an
element in the kernel of adj(A) - G which has entries in H°(X, Ox(det(A))) by comparing it
against the r columns in the submatrix adj(A) - G. Furthermore, these d — r elements span
the kernel of the restriction of adj(A) - G to the generic point, which by construction is the
same as the kernel of the restriction of N to the generic point.

Since the line bundle Ox (det(A)) is the same as Ox(r(c1(Q) — rL)), altogether the con-
struction above yields an injective morphism

¢:Ox (L—r-(c(Q)—rL)* " — O(L)*

whose image is a full-rank subsheaf of the kernel K. Note that ¢ is defined by a matrix B
whose entries lie in H® (X, Ox (r - (¢1(Q) — rL))).

Next, choose some other locally free sheaf T equipped with a morphism p : 7 — O(L)®¢
such that the image of

T @ Ox (L —-7r- (Cl(Q) — TL))@dfr ﬂ O(L)GBd

is exactly equal to K. We can locally compute Fit,(Q) by taking (d — r)-minors of the
matrix defining p @ ¢. In particular, the (d — r)-minors of the matrix B defining ¢ will
be contained in Fit,.(Q). In this way we see that Fit,(Q) contains Ox(—D) where D €
H(X,0x ((d—=71)r-(c1(Q) —rL))). O

Corollary 3.5. Let X be a smooth projective variety. Fix a curve class f € N1(X)z which
lies in the interior of Nef1(X). There is a positive constant v (which depends on X and ()

with the following property.
14



Let Q be a torsion-free sheaf on X of positive rank r. Suppose that L is a Cartier divisor
and d is a positive integer such that we have a surjection Ox(L)®® — Q. Then

1
v(d=r)r((c(Q) —rL) - B)

Proof. Define v as in Theorem [2.12, Theorem shows that Fit,(Q) contains Ox(—D)
where D is a divisor satisfying

let(Fit, (Q)) >

De|d—r)r-(c(Q)—rL)|.
Theorem [2.12] provides the desired bound on the log canonical threshold. O

3.2. Resolving Fitting ideals in families. Finally, we will need a construction of a
bounded family of birational maps which simultaneously resolves a family of Fitting ideals.

Construction 3.6. Let X be a smooth projective variety. Suppose that G on X x S is a
finite-type family of torsion-free sheaves on X (in the sense of Definition [2.7]).

Recall that Fitting ideals are compatible with base change: for every positive integer r the
restriction of Fit,.(G) to a fiber X is the same as Fit,.(G|x,). In particular, since the rank
of G|x, is constant in S, the restriction of the top Fitting ideal for G will be the top Fitting
ideal for G|x..

We claim that there is a finite stratification of .S into locally closed subvarieties S = U Sy,
a collection of birational morphisms ¢ : 9 — X x Sk, and a locally free sheaf &, on ),
satisfying the following properties for every k:

(1) the induced morphism ) — Si is smooth projective with connected fibers and the
restriction of ¥y to the fiber over any closed point of Sy is birational,

(2) &, is isomorphic to (¢Y;G|xxs, )tf-
We construct this stratification of S by Noetherian induction. We first construct a smooth
birational model Y — X x S that resolves the top Fitting ideal of G. The morphism ¥ — S
is generically smooth; we let Sy C S denote the open locus over which the map is smooth
and let Q) be the preimage of Sy. It is clear that ¢ resolves the top Fitting ideal of G|x«s,-
It is also clear that for each point s € Sy the map )y, — X is birational and resolves the
top Fitting ideal of G|x,. Thus ¢y : Yo — X X Sy satisfies both desired properties. We then
repeat the construction on the irreducible components of X x (S\S).

4. SEQUENCES OF QUOTIENTS

Our main theorems involve sequences of quotients of sheaves (often arising from Harder-
Narasimhan filtrations). In this section we describe some basic constructions involving se-
quences of quotients.

Suppose we have a sequence (Q,) of torsion-free quotients of a torsion-free coherent sheaf

E:

E=0Q, > Qs 1 —...> Q1 — 9y=0.
This contains the same information as the sequence of saturated subsheaves (G, ) of £ defined
by Gs—; = ker(€ — Q;). In this setting we define SPx »(&; Qo) = SPx o(£;Gs). Henceforth

we will work exclusively with sequences of quotients and not filtrations.
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4.1. Birational transforms. We first discuss how to push sequences of quotients back and
forth over birational morphisms of smooth projective varieties.

Definition 4.1. Let ¢ : X’ — X be a birational morphism of smooth projective varieties.
Suppose that £ is a torsion-free coherent sheaf on X and we have a sequence of torsion-free
quotients

E=0Q, 91— ... 91— 9y=0.

The birational transform of the sequence Q, is the sequence of torsion-free quotients of
(¢*E)sy defined by

Q; = (¢* Qi)tf-

Remark 4.2. When we discuss the birational transform of a Harder-Narasimhan filtration
of £, this should be interpreted as applying the construction to the corresponding sequence
of torsion-free quotients of £. Note that the torsion-free parts of the pullbacks of subsheaves
defining the filtration may not filter the torsion-free part of the pullback of €.

4.2. Birational pushforwards. Suppose we have a birational morphism ¢ : X’ — X and
a sequence of torsion-free quotients of a sheaf on X’. We would like to turn this into a
sequence of sheaves on X. The basic construction is the following.

Lemma 4.3. Let X be a smooth projective variety and let £ be a torsion-free sheaf on X.
Suppose that ¢ : X' — X is a birational morphism from a smooth projective variety X'. For
every torsion-free quotient (¢*E)y — Q', there is a unique torsion-free quotient £ — Q such
that there is an isomorphism of quotients

(0"E)iy —= (0" Q)uy

o

Ql
Proof. We define Q to be the image of the composed morphism
E— 0.0 — 9, 9.

Since torsion-freeness is preserved by pushforward, ¢,Q’ and thus also Q are torsion-free.
We define F to be the kernel of £ — Q and define F’ to be the kernel of (¢*&),; — Q.

Note that the image of ¢*F — (¢*E)is agrees with F’ when restricted to the open locus
where ¢ is an isomorphism. Since F’ is saturated, we obtain an induced morphism ¢*F — F’
whose cokernel is torsion. Applying the Snake Lemma to the diagram

o*F »*E <b’iQ 0
l J
0 F' (0*E)es o 0

shows that the induced morphism ¢*Q — Q' has torsion kernel and trivial cokernel. Thus
(¢*Q)¢y — Q' is an isomorphism.

It only remains to show the uniqueness of Q. Suppose that Q;, Oy are two torsion-free
quotients with this property. For i = 1,2 let F; denote the kernel of £ — ©Q;. On the

open set U where ¢ is an isomorphism, we have Fi|y = Fz|y as subsheaves of £|y. There
16



is a unique saturated subsheaf of £ whose restriction to U agrees with this subsheaf. Since
91, Qs are torsion-free we conclude that F; = F, as subsheaves of £. ]

Definition 4.4. Let ¢ : X’ — X be a birational morphism of smooth projective varieties.
Suppose £ is a torsion-free sheaf on X and we are given a sequence

() =090, = Q. 1 —...5 Q= 9Q,=0

of torsion-free quotients of (¢*&);s. The birational pushforward of (Q,) to X is given by
repeatedly applying Lemma to construct successive quotients of £. Precisely, we apply
Lemma to Q. — QL to construct £ — Q,_4, then apply Lemma to Q. — 9.,
to construct Q,_; — Q,_», and so on.

Lemma 4.5. Let ¢ : X' — X be a birational morphism of smooth projective varieties and
let € be a torsion-free sheaf on X.

(1) Suppose (Q.) is a sequence of torsion-free quotients of £. Then the birational push-
forward of the birational transform of this sequence (Q,) is the same as the original
sequence.

(2) Suppose (Q,) is a sequence of torsion-free quotients of (¢*E)ir. Then the birational
transform of the birational pushforward of this sequence is the same as the original
sequence.

Proof. (1) Follows from the uniqueness of the quotient Q constructed in Lemma [4.3]
(2) Follows immediately from the definitions. O

4.3. Graded pieces. When working with sequences of quotients (Q,), often we care not just
about the quotients but also about the graded pieces T; := ker(Q; — Q;_1). The following
lemma indicates how to “improve” the graded pieces of a sequence of quotient sheaves by
taking birational transforms.

Lemma 4.6. Let X be a smooth projective variety and let € be a torsion-free sheaf on
X. Let (Q.) be a sequence of torsion-free quotients of £. There is a birational morphism

¢: X' = X from a smooth projective variety X' such that each of the birational transforms
= (¢*Qi)is and each of the graded pieces T, = ker(Q;, — Q,_,) is locally free.

Proof. By inductively resolving Fitting ideals, we can first find a birational morphism  :
X — X such that each birational transform Q; := (* Ql)tf is locally free. Let 7; denote the

kernel of Q; — Q;_;. Now suppose that p : X' — X is any smooth birational model and
consider the exact sequence

P*i I P*éi — p*ézel —0

The leftmost arrow factors through (p*7;)is. Since the induced morphism (p*7;)e; — p* Qi
is a generically injective morphism of torsion-free sheaves, it is injective. In other words,
the kernel of p Ql —p Ql 1 is exactly the birational transform of T Thus we can finish
the construction by choosing a birational morphism p : X' — X from a smooth projective

variety X’ that resolves the appropriate Fitting ideals of the sheaves 7. 0]
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4.4. Families of quotient sequences. Our next topic is families of quotient sequences,
extending our earlier discussion of families of torsion-free sheaves.

Definition 4.7. Let X be a smooth projective variety and let £ be a torsion-free coherent
sheaf on X. A finite-type family of sequences of torsion-free quotients of £ consists of:
e a finite-type separated scheme S over our ground field, and '
e for every connected component S’ of S a sequence of quotients (Q?7) of the sheaf 7€
on the product X x S7, where m : X x 57 — X is the projection map
such that
(1) for every connected component S7 of S and every index i the sheaf Qg is flat over
S7. and
(2) for every connected component S7, for every point s € 57, and for every index i the
restriction Q7|x, is torsion-free.

We say that a set of sequences of torsion-free quotients is bounded if there is a finite-type
family of sequences of torsion-free quotients that parametrizes every sequence in our set.

We will need a boundedness criterion for families of sequences of quotients.

Lemma 4.8. Let X be a smooth projective variety and let £ be a torsion-free coherent sheaf
on X. Suppose G on X x S is a finite-type family of torsion-free quotients of €. Then the
set of sequences of torsion-free quotients (Qs) of € such that each Q; is parametrized by G
1s also a bounded family.

Proof. We have an inclusion of relative Quot schemes Quot(G/S) — Quot(7;E/S) = Quot(E)x
S where m; : X xS — X is the projection. For every positive integer 1 < ¢ < rk(€), consider
the product X x S** equipped with the projection maps p; : X x S — X x S onto the
product of X with the jth factor of S*! and r: X x S** — X. We can construct the set of
all sequences of quotients of total length ¢ as the closed subscheme R of S** such that for
every 1 <i < j <t the map Quot(p;G/S**)|r — Quot(r*€/S*")|r factors through the map
Quot(piG/S™*")|r — Quot(r*€/S™)|g. O

Finally, we discuss how to improve families of quotient sequences using birational mor-
phisms.

Construction 4.9. Let X be a smooth projective variety and let £ be a torsion-free sheaf
on X. Suppose we have a finite-type family of quotient sequences of £ consisting of

e a finite-type separated scheme S and .
e for every connected component S7 of S a sequence of torsion-free quotients (Q?) of
the sheaf ;€ on the product X x S7.

Then there exists a stratification of S into locally closed subschemes S = LIS, and a
collection of smooth schemes ), equipped with:

e surjective morphisms 7y : 9 — Sk which have smooth projective connected fibers
and
e birational morphisms ¢y : Y — X x Si whose restriction to every fiber over a point
in S}, is birational
that satisfies the following properties.
18



(1) For every S C 57 and for every term QF := Q| x g, in the restriction of the quotient
sequence, the birational transform sheaf Qf " on Q);, is locally free and

(2) for all indices i, k the restriction of ker(QF" — Q) to the fibers of ), — Sy, is a
locally free sheaf.

Indeed, first suppose we are given a single quotient sequence (Q,) of £. Then Lemma
shows that by repeatedly resolving Fitting ideals we can construct a single birational map
¢ 'Y — X such that both the birational transforms of the quotients and their successive
kernels are locally free. Since one can resolve Fitting ideals in families by Construction 3.6
a repeated application of Construction [3.6| in the analogous way allows us to construct the
desired Q).

5. UNIFORM BOUNDS ON BIRATIONAL STABILITY

Suppose we have a birational morphism of smooth projective varieties ¢ : X’ — X. Let
o’ be a nef curve class on X’ and set a = ¢,a’. Given a locally free sheaf £ on X, our goal
in this section is to analyze the difference between the o’-slope panel of ¢*E and the a-slope
panel of £.

5.1. Birational behavior of stability. There is one situation in which Harder-Narasimhan
filtrations are compatible under birational transforms.

Lemma 5.1 (|[GKP16, Proposition 2.8]). Let ¢ : X' — X be a birational morphism of
smooth projective varieties. Let a € Nefy(X) be a non-zero nef curve class. Suppose that
E is a torsion-free sheaf on X and let (Q.) be the sequence of quotients defined by the o-
Harder-Narasimhan filtration of £.

Then the ¢*a-Harder-Narasimhan filtration of (¢*E)s is given by the birational transform

of (Qa)-

Of course if o/ € Nef;(X’) satisfies ¢,.o/ = o but o # ¢*«v then in general there is no
reason to expect the o/-Harder-Narasimhan filtration of (¢*E).s to be directly related to the
a-Harder-Narasimhan filtration of £. However we have the following basic inequality.

Lemma 5.2. Let ¢ : X — X be a birational morphism of smooth projective varieties.
Suppose that £ is a torsion-free sheaf on X and a € Nefy(X). Define a = ¢.a and € =
(*E)iy. Then we have

1a(&) < 1al€).
Proof. We know that ¢*ci(€) — c1((¢*E)y) is an effective divisor. Thus
(P E)y) -a <y (€) - a
=€)«
leading to the desired inequality. 0
In particular, this implies:

Corollary 5.3. Let v : X — X be a birational morphism_of smooth projective varieties.

Suppose that € is a locally free sheaf on X and & € Nefy(X). Define o = . If ¢*E is

a-semistable, then & is a-semistable.
19



Proof. Let £ — Q denote any torsion-free quotient. Then by Lemma [5.2

1a(Q) > 1a((¢0"Q)er) > pa(d*E) = pa(€).
[l

5.2. Bounds on birationally destabilizing sheaves. Our first technical result is the fol-
lowing. Loosely speaking, it shows that if the nef class o/ € Nef;(X’) is “more destabilizing”
for ¢*€ than ¢.a’ is for £, we obtain a lower bound on the relative canonical degree of o’.

Theorem 5.4. Let X be a smooth projective variety and let £ be a non-zero torsion-free
sheaf of rank n on X. Fix a curve class B € N1(X)z in the interior of Nefy1(X). Fiz a
positive integer r. Fix a surjection Ox (L)% — & where L is a Cartier divisor and d is a
positive integer. There is a bounded family G of torsion-free quotients of £ of rank r and a
positive constant p (which depend on X,E, 3,1, L,d) such that the following property holds.

Suppose we fix a non-zero curve class a € Nef1(X). Then every surjection € — Q onto a
torsion-free sheaf of rank r satisfies one of the following properties:

(1) Q is parametrized by the bounded family of torsion-free quotients G, or
(2) (cl(Q) — %cl(é')) - B > 0 and for every birational morphism ¢ : X' — X from a
smooth projective X', for every constant R, and for every o € Nefy(X') satisfying
¢ = a such that ey ((0*Q)yy) - o < 2¢1(€) - a — R we have
(Cl(Q) — %01(5)) a+ R
(c1(Q) — Leu(€)) - B
Proof. Since S lies in the interior of Nef;(X), the set of torsion-free quotients Q of rank r
such that

Kxiyx-a >p

c1(Q)-p < (2%01(5) — T’L) -3

is a bounded family by Theorem [2.10, We let G denote this bounded family of quotients.
Also, we apply Theorem to our fixed curve class 3 to obtain a positive constant v.

Suppose Q is a torsion-free rank r quotient of £ not parametrized by G. Corollary
shows that

1

let(Fit, (Q)) > o(d =1 ((Q) = L) - B)

Suppose that ¢ : X’ — X is a birational morphism from a smooth projective variety,
o/ € Nef(X’) pushes forward to a € Ni(X), and &€ — Q is a rank r quotient satisfying
the intersection inequality Lci((¢*Q)if) - o < 2¢i(€) - @ — R. By Lemma [5.2]if we replace
X’ by any higher birational model the slope of the torsion-free pullback of Q still satisfies
this condition. Furthermore if we replace o’ by its pullback to a higher birational model
the intersection against the relative canonical divisor does not change. Thus we may replace
X’ by any higher birational model. In particular, we may assume Q' is locally free, or
equivalently, ¢ resolves the rth Fitting ideal of Q. Recall that a torsion-free sheaf is locally
free in codimension 1 and thus Fit,(Q) defines a closed subscheme of X of codimension > 2.
Letting D denote the divisor defined by the inverse image ideal sheaf of Fit,(Q), Lemma

214 shows

D-d
Ky x - > = let(Fit,(Q))(D - o) > a

~2v(d—r)r((c(Q) —rL) - 5)

N | —
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Lemma .2 shows that
D-a'=(¢"c1(Q) —ar(Q)) - o
> (a(Q) - ~ei(€)) -a+ R
where the second line follows from our assumption on Q. Thus

Kxiyx o' > ((Q) — sa(€) o+ R
2v(d —r)r((e(Q) —rL) - B)
Note that the denominator is positive since [ is in the interior of the nef cone of curves
and ¢;(Q) — rL is pseudo-effective by Lemma . By the inequality of intersection numbers
we used to define G, we know that

r
(Cl(Q> - TL) -B<2 (CI<Q> - 561(8)) - B
and in particular the right-hand side is positive. Setting p = m we conclude that

(Cl(Q) — %Cl(g)) a+ R
(c1(Q) = Lea(E)) - B

Kxix-o >p

O

In order to apply Theorem in practice, we must control the relationship between the
intersection number (c1(Q) — £¢1(€)) - @ and the intersection number (¢1(Q) — £¢4(€)) - B.
In particular, if we assume that « is “not too close” to the boundary of Nef;(X) then we
can find a universal lower bound on the ratio between these two quantities. The following
theorem is the result of this computation.

Theorem 5.5. Let X be a smooth projective variety and let £ be a non-zero torsion-free
sheaf on X of rank n. Fiz a big and nef divisor H on X. Fiz a closed cone C C N1(X)gr
such that C\{0} is contained in the interior of Nef;(X) and C contains a class f € N1(X)z
that is in the interior of Nef1(X). There is a bounded family G of torsion-free quotients of
E and a positive constant p (which depend on X,E, H,C, ) with the following property.

Fixz a non-zero curve class o € C. Suppose that there is a birational model ¢ : X' — X
from a smooth projective variety X', a class o/ € Nefy(X)z satisfying ¢/ = «, and an
o'-destabilizing quotient (¢*E)yy — Q'. If we denote by Q the torsion-free quotient of €
obtained by applying Lemmal[{.5 to Q', then either

(1) Q is parametrized by the bounded family of torsion-free quotients G, or
(2) KX’/X o > p(H : Oé).

Note that if £ is not semistable, then every destabilizing quotient on X will be included in
the bounded family G. In practice Theorem is most useful when £ is a-semistable since
in this case the condition on the slopes of Q' is more restrictive.

Proof. Fix a surjection Ox(L)®® — £. For each possible rank » = 1,2,...,n, applying
Theorem to our chosen data with R = 0 yields a bounded family of sheaves G, and a
constant p,.. We let G denote the union of the bounded families ui‘;(f)gr and set p’ = inf, p,.

We next enlarge C slightly: choose a closed convex full-dimensional cone C" C N;(X)g such
that C'\{0} is contained in the interior of Nef;(X) and C\{0} is contained in the interior of

C'. Let T' denote all the classes v € C’ satisfying H -y = 1. Since this set is compact, ¢;(£) -7
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achieves its maximum as we vary v € 7' and we define V' = sup{0, max,e7 ¢;(€) - v}. By
applying Theorem [2.10] we see that there is a bounded family of quotients Q of &€ satisfying
c1(Q) -y <V for some non-zero v € T'. We enlarge G by including such quotients. Note that
for every v € 7" and every Q not parametrized by G we have @cl(Q) Y > %V > %01(5) Y.
Since the slope is homogeneous with respect to rescaling v, we conclude that ., (Q) > p,(€)
for every non-zero v € C' and every quotient Q@ not parametrized by G.

Let 7 = 7' NC. There is some positive constant ¢ such that v — ¢ € C’ for every v € T.
In particular, this means that

(c1<g> . rk(g)clm) Ty (a(@) - c1(6>) 6

n
for every v € T and every quotient Q not parametrized by G. Rescaling to allow H - to be
arbitrary, we see that for every non-zero v € C and every quotient Q not parametrized by G

we have
(1(Q) - M2ei(6)) -y

(01(9) - %Cﬂg» -p =l

Suppose we have an o/-destabilizing torsion-free quotient Q' of (¢*E); of rank r as in the
statement of the theorem. In particular this means that

far(Q) < par ((97E)es)
< ,ua(g)

where the second inequality is a consequence of Lemma [5.2 Applying Theorem with
R =0 to the quotient £ — Q corresponding to Q' as in Lemma [4.3] we find that either:

(a) Q is parametrized by our bounded family of torsion-free quotients G, or
(b) we have

rk(Q)

n

c1(Q) — Zc 8)) o
K , CY > pl( n
e (a1(Q) — Zar(€)) - 8
> plq(H - a)
We conclude by setting p = p/q. O

5.3. Controlling bounded families of quotients. In both Theorem [5.4 and Theorem [5.5]
there is a bounded family of quotients & — Q to which our bounds do not apply. We next
prove several lemmas intended to handle this bounded family. The key result is Corollary
which shows that for any bounded family of quotients there exists a single exceptional
divisor £/ on a family of birational models of X that controls the birational difference in
slope panels.

Suppose we have a birational morphism ¢ : X’ — X of smooth projective varieties and a
sequence of quotients on X:

SZQS%QS_1—>...—>Q1—>QQ:O

Let (Q,) denote the birational transform on X’. As discussed earlier, the graded pieces
of (Q,) on X’ may not be the the torsion-free parts of the pullbacks of the graded pieces
of (Q.) on X. However we can bound the differences in slope between these two different

constructions.
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Lemma 5.6. Let X be a smooth projective variety and let £ denote a non-zero torsion-free
sheaf on X. Suppose that ¢ : X' — X is a birational map from a smooth projective X' and
that o € Nef1(X") is non-zero. Set o = ¢’ and E = (¢*E)yy.
Let (Q.,);_, denote a sequence of quotients of & and let (Qs);_, denote the birational
pushforward sequence on X. Define
o 7/ =ker(Q — Qi ),
o T, =ker(Q; — Q; 1),

° 'T to be the birational transform of T; on X'.
Then

v

ISPx.a(€; Q) — SPxr (€5 Q, ||sup<Z (Hrk Qk>> K(T5) - [1a(T5) = ptar (T5)|.

k=1

where the empty product is taken to be 1.

Note that the left-hand side of the equation above is the same as sup,{|pa(7;) — par (7;)|}
so that the theorem does indeed control the difference in slopes between the graded pieces
7. of the birational transform and the birational transforms 7; of the graded pieces.

Proof. We prove this by induction on s. For the base case s = 1 we have T/ = (¢*E)y = T
and the statement is immediately true. For a fixed s > 1, we prove by induction that for
1 <5 < s we have

i T}) ~ ol <3 (Hrk (Q) ) K(T?) - l1a(T5) = por (T
=1 )
These inequalities for 1 < j < s collectively imply the desired statement. For the base case
j =1 we have T/ = Q] = 77 implying the statement.

In general, consider the diagram with exact rows

o*T; P*Q; ¢*Qj1 —0
i | |
0 T (0" Q)i — (¢"Qj-1)ey —=0

Note that:

(1) 7;, T}, and T all have the same rank (smce they are isomorphic over an open subset).

(2) The map 1 factors through (¢*7;): s = 7; Since the sheaves 7; and 7} have the same
rank and are torsion-free, the induced (¢*7;)¢y — T is injective.

By combining the logic above with the Snake Lemma, we conclude that the cokernel of
T, — 7;/ is a torsion sheaf which admits a surjection from (¢*Q;_1)sors. Thus

1 (T)) = (T < e (T)) = (T + e (T5) = 11a(T5)]

< S @) 1) = (@)l + b () = )
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By applying the combinatorial Lemma where a; = ¢(T;) - «, a;, = (7)) - o, and

bi = rk(T;), we obtain |pa(Qj 1) = a(Qj-1)| < | SPxr0(Qj 1, Q) — SPxa(Qj-1, Qo) llsup-
Continuing the chain of inequalities:

1100 (T5) = pa(T3)| < % (| SPxrar(Q)-1, Q) = SPxa(Q5-1, Qo)llsup + l11ar (T5) = p1a(T5)|
1 J j—1 i
<7 & (,I_{fk@w) K(T5) - 1alT5) = (T

where the last line follows from the induction assumption on s. Since rk(7;) > 1, this finishes
the inductive step. U

Lemma 5.7. Suppose we have sets {(a;,b;) Yoo, and {(a}, b;)}._; where the a;, ) are integers
and the b; are positive integers. Then

‘ 22:1 aj — 25:1 a;
>

t
i=1 bi

Proof. Choose the index k € {1,...,t} which maximizes the value of lai —ax|

T This implies

that for every i we have bg|a] — a;| < b;|a), — ag|. Thus

t t t
D= D ai| <Y bila) —ai
=1 i1 i1
t
< Z bila), — ag|
i1

b,

Rearranging gives

/

gl ld—al

o by, i1t b

‘ 22:1 a; — 22:1 a;
>

t
i=1 bi

O

Next suppose we take a sheaf £ and its birational transform &’. The following lemma
allows us to control the difference in slope panels between &, £’ using the difference in slope
panels of the graded pieces of their Harder-Narasimhan filtrations.

Lemma 5.8. Let X be a smooth projective variety and let £ denote a non-zero torsion-free
sheaf on X of rank n. Suppose that ¢ : X' — X is a birational map from a smooth projective
X’ and that o/ € Nef{(X') is non-zero. Set a = ¢’ and &' = (¢*E)qy.

Let (Q,);_, denote the o/ -Harder-Narasimhan filtration of £ and (Q,) denote the birational
pushforward quotient sequence on X . Let (Ra)i_; denote the a-Harder-Narasimhan filtration
of € and let (R)) denote the birational transform quotient sequence on X'. Define

N = sup {|| SPx.o(&; Q) — SPx7 o/ (€5 Q) || sups || SPx.a(E5Re) — SPxs o/ (3 RY) || sup } -

Then

ISP xa(€) = SPxvar (€ loup < (2" — 1) V.
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Proof. For convenience we define

(a1,...,a,) = SPxo(E,Rs)
(byy ... by) = SPXa(f: Q.)
(ay,...,a,) =

We prove inductively that for any 1 < j < n we have
jaj = bl < (2 =) N

To prove an upper bound on a; — b, we apply Lemma on X' to conclude that

> (¥ —a)) >0.

Rearranging, we obtain

7—1
a—b'<Zb’—a :Z(bg—ai)—l— (a; — aj)
i=1 i

z:l
Combining with the induction assumption, we see that

j—1
a; =V <N +aj =V, <N+ (2= 1)N = (2 = 1)N

i=1

To prove a lower bound on a; — b, we apply Lemma on X to conclude that

> (a;—b;) > 0.

i=1

Arguing as before, we have

Thus
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Combining Lemma [5.6] and Lemma [5.8] we obtain a result which allows us to control the
changes in slopes of Harder-Narasimhan filtrations corresponding to any bounded family
of quotients of £. As mentioned before, the key is the existence of the single divisor E
controlling the differences on slope panels.

Corollary 5.9. Let X be a smooth projective variety and let £ be a mon-zero torsion-free
sheaf on X. Fizx a bounded family of sequences (Qs) of torsion-free quotients of £ and a
finite set {(RE)}oer of sequences of torsion-free quotients of €. Let 1 : Q) — X x S denote
the family of birational models obtained by applying Construction[{.9 to construct locally free
birational transforms of the sheaves in the bounded family (Q.) (where we use the shorthand
S =USk and Y = Uy ). Then there is an effective 1-exceptional divisor E on Q) satisfying
the following property.

Suppose that for some closed point s € S there is a non-zero nef class as € Nef1()s) with
the following properties:

o The as-Harder-Narasimhan filtration of (Y:E).s is given by the birational transform
(Q..) of a quotient sequence (Q.) in our bounded family.

o Setting a = gy, the a-Harder-Narasimhan filtration of € is given by one of the
sequences (RY).

Then we have
H SPX,a(g) - SP@s,as((l/’:g)tf)Hsup <E

Proof. Let & = (*m;&)iy and let (RY) denote the birational transform on ) of the pullback
(m*RE) under the projection map 7 : X x S — X. Retaining the notation of Construction

[4.9] define
o TF:=ker(QF — QF ) on X x S,
o T i= (0 TF)ig on D
o ’}if = ker(mRY — miRE_;) on X x S,
o Hi = (V"H])iy on Y.

Vs * g.

As we vary i,k the divisors ¢*c;(T*) — ¢1(T) form a finite set of effective 1h-exceptional

divisors on ) which we denote by {F;}. Similarly, as we vary ¢, i the divisors ¢*c;(HY) —

c1(HY) form a finite set of effective ¢-exceptional divisors on ) which we denote by {G,}.
By Lemma |5.8] we have

| SPx.a(€) = SPy, . (¢:E)if)llsup < (2% = 1)N
where

N =sup {H SPxa(&;Qs) — SPy, a, (&5 Q;,-)HSUI% | SPx o(&; Rf) — SPy, 0, (&5 RZ.)HSW}

In turn, Lemma [5.6| shows that N is bounded above by intersections of o, against certain
linear combinations of Fjly, and G,|y,. Since oy is nef, it suffices to choose £ to be an
effective y-exceptional divisor that is more effective than all of the finitely many possible
linear combinations of the various divisors F; and G, obtained by combining the results of

Lemma 5.6l and Lemma 5.8 O
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5.4. Canonical degree bound. We are finally prepared to prove the main theorem which
gives us control of the relative canonical degree of a nef class o for which the pullback of £
admits a destabilizing quotient.

Theorem 5.10. Let X be a smooth projective variety and let £ be a non-zero torsion-free
sheaf on X. Fix a big and nef divisor H. Fix a closed convex cone C such that C\{0} is
contained in the interior of Nef1(X) and C contains a class f € N1(X)z. There are positive
constants p,n which satisfy the following property.

Let ¢ : X' — X denote a birational morphism from a smooth projective variety and let
o/ € Nefy(X') be a non-zero nef class such that o :== ¢, lies in C. Define the constant p as

p = [SPxa(€) = SPx/ar (") is) | sup-
Then
Kxix - o >min{p(H - ), np}.

Proof. By enlarging C slightly we may suppose that it is a rational polyhedral cone that is
still interior to Nef;(X). By [Neu09, Lemma 3.3.3] there is a finite set of filtrations of £ which
can occur as Harder-Narasimhan filtrations as we vary a € C. We denote the corresponding
finite set of quotient sequences by {(R%)}rer.

Apply Theorem to £ to obtain a positive constant p and a bounded family of sheaves
G. According to the conclusion of Theorem [5.5] one of the three following possibilities must
hold:

o (¢*&)ss is o/-semistable,
o if (¢*E)iy — Q' is an o/-destabilizing quotient, then Q' is the birational transform of
a quotient parametrized by G, or
o Kyix-a > p(H- ).
We add the trivial quotient & — 0 to the bounded family of sheaves §. Referring to the
three possible outcomes of Theorem [5.5, we see that either:

(1) every quotient (Q,) in the o/-Harder-Narasimhan sequence of (¢*£), is the birational
transform of a quotient parametrized by the bounded family G, or
(2) KX’/X . Oé/ Z p(H . Oé).
It suffices to prove the desired linear lower bound on Kx//x - o separately in each of these
two cases. This statement is transparently true in case (2).

In case (1), we apply Lemma to the bounded family of sheaves G to get a bounded
family of quotient sequences of £ whose terms lie in G. We then apply Construction
to this bounded family of quotient sequences to get a family of smooth birational models
¥ :YP — X x S (where we use the shorthand S = US; and ) = 1UQ)x). Recall that for each
closed point s € S if we consider the restriction (QF|x,) and take the birational transform to
9, the terms 9|y, are locally free sheaves and the successive kernels ker(Q}” |y, — Q' ]9.)
are also locally free. Furthermore, by applying Lemma to pass to a higher birational
model, we may also assume that the birational transforms of every quotient R{ and every
successive kernel of the birational transforms are locally free.

Suppose ¢ : X’ — X is a birational map and o/ € Nef;(X’) as in the statement of the
theorem and that the o/-Harder-Narasimhan filtration of (¢*£), is given by some sequence
of quotients (Q;);_, parametrized by our bounded family. In particular the quotient sequence

(Q.) corresponds to a closed point s in our parameter space S. Let ¢ : s — X denote
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the corresponding birational map and choose a birational model X with birational maps
glz)?%X’andggz)?—)@y

For notational convenience we define & = (¢*E)s and define the nef curve class a, =
g2.97¢. We claim that the as-Harder-Narasimhan filtration of (¢01€):s is given by the locally
free sheaves Df’/ 9, coming from Construction Indeed, recall that all the Qf”@s as well
as their successive kernels are locally free. This means that every term and successive
kernel of the filtration of the birational transform of (Q,) to X is pulled back from 9),.
Furthermore, we know that this birational transform sequence on X is the g;a’-Harder-
Narasimhan filtration of g{(€’):s by |[GKP16, Proposition 2.8]. By applying Corollary
to the birational map g, we see that the successive kernels of Q¥
have decreasing aj-slope, proving the claim.

As discussed above, [GKP16, Proposition 2.8] shows that stability is compatible with pull-
backs so that SPx/ (&) = SP 2 oo (97 (E")ir). In turn, since the gja/-Harder-Narasimhan
filtration of g{(£’):s is pulled back from the corresponding filtration on ) we see that
SP g yror (91(€")05) = Py, (17€)s). Thus we have

n = || SPX,a(5> - SPX’,a’(g/)”suz?

= [ISPx.a(€) = SPy, o, (5E)ir) | sup

Since we have constructed the family ) by using Construction we may apply Corollary
to see that there is an effective ¥-exceptional divisor £ (not depending on ¢ : X’ — X)
such that

9, are ag-semistable and

1SPx,a(€) = SPy, o, ((Vi€)is)lsup < E
Next we choose a positive constant ¢ such that (Ky, xxs > E. Thus

Vs * Q.

1S CRy, x - as
= (92 K. /x - g1a
< (Kgx - gia
=(Kx/x-d
We obtain the desired statement by setting n = 1/(. U

6. JUMPING LOCI FOR DOMINANT FAMILIES WITH CONNECTED FIBERS

Let X be a smooth projective variety, let £ be a locally free sheaf on X, and let M be
an irreducible component of M, (X). Given a variety W equipped with a generically finite
morphism W — M our goal is to give a lower bound on the codimension of the image of W
based on the positivity of s*€ where s : C' — X is a general curve parametrized by W.

6.1. Grauert-Miilich.

Definition 6.1. Let Y be a variety and let £ be a globally generated vector bundle on Y.
The syzygy bundle Mg is the kernel of the evaluation map Oy @ H°(E) — £.

We will use the following result of [But94] describing syzygy bundles on curves.

Theorem 6.2 ([But94]). Let £ be a globally generated locally free sheaf on a curve C of

genus g and let Mg be its syzygy bundle.
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(1) Fix a constant k> 2. ]f‘umm(c‘,’) > kg then pu™"(Mg) > _%'
(2) If W™ (€) < 2g then p™™(Mg) > —2g1k(€E) — 2.

Proof. [LRT23b, Theorem 6.8] carefully explains how Butler’s work implies (2) and implies
(1) when either g = 0 or when k£ = 2. [But94, 1.3 Corollary] proves case (1) in the remaining
situations g > 1 and k& > 2. O

The Grauert-Miilich theorem of [LRT23b] bounds the difference between the expected
and actual values of the Harder-Narasimhan filtration of £|¢. It relies on several geometric
assumptions about the evaluation map: it should be dominant with connected fibers and it
should be flat along a general curve.

Theorem 6.3 ([LRT23b, Corollary 6.6]). Let X be a smooth projective variety and let € be
a non-zero torsion-free sheaf on X of rank r. Let W be a variety equipped with a generically
finite morphism W — M o(X). Let p: U” — W denote the normalization of the universal
family over W with evaluation map ev” : U¥ — X. Assume that ev” is dominant with
connected fibers and that a general fiber of p is contained in the locus where ev” is flat.

Let C' denote a general fiber of U — W equipped with the induced morphism s : C — X.
Let t be the length of the torsion part of the normal sheaf Ny, let G be the subsheaf of (Ny)iy
generated by global sections, and let V' be the tangent space to W at s. Let q be the dimension
of the cokernel of the composition

V= TMg,O(X)ﬁ = HO(C7 NS) — HO(Ca (Ns)tf)'

Then we have
* 1 max
ISP c1(€) = SPe(s"E)llup < 5 ((a+ D" (M) +1) (1K() 1),

6.2. Codimension of flat families of curves. Our next goal is to bound the codimension
of families which satisfy an extra flatness assumption. We first need a couple lemmas.

Lemma 6.4. Let X be a smooth projective variety. Let M be an irreducible component of
M o(X) parametrizing a dominant family of maps. Then

—Kx-C+ (dim(X) —3)(1 —g) <dim(M) < —Kx - C +dim(X) + 2¢g — 3.

Proof. In general the expected dimension of M is x (V) and this gives a lower bound on
dim(M). An upper bound on dim(M) is given by h°(C,Ny). Since M parametrizes a
dominant family we know that Ny is generically globally generated. Thus [LRT23bl Lemma
2.8] shows that

RY(C, N,) < g(dim(X) — 1)
leading to the result. U

Lemma 6.5. Let X be a smooth projective variety. Let W be a variety equipped with a
generically finite morphism W — M, o(X). Let p : U — W denote the normalization
of the universal family over W with evaluation map ev” : UY — X. Assume that ev” is
dominant and that the general morphism s : C — X parametrized by W is birational onto
its image. Then the torsion part of Ny satisfies

RO(C, (Ny)iors) < g(dir;g(X) — 1) + codim(W).



Proof. Since s : C' — X is a general point of W, we know that W is smooth at that point.
By [AC8I, Corollary 6.11], the image of the map

T i) = Ta, o005 = H'(C, Ny)
has zero intersection with the subgroup H°(C, (Ny)iwrs). Letting M denote an irreducible
component of M, (X) containing the image of W, we have
hO(C, (No)iors) < dim(Tau, o(x),1s)) — dim(Tyy )
= (dim(Tm, o(x),(¢) — dim(M)) + (dim(M) — dim(W))
< h'(C, N) + codimy (W).

Since W defines a dominant family we know that N, is generically globally generated. Then
[LRT23b, Lemma 2.8] shows that h'(C, N,) < g(dim(X) — 1). O

We can now prove the main theorem in this subsection.

Theorem 6.6. Let X be a smooth projective variety. Let W be a variety equipped with a
generically finite morphism W — M o(X). Let p : U” — W denote the normalization of
the universal family over W with evaluation map ev” : U¥ — X. Assume that

e cv¥ is dominant with connected fibers,
e a general map parametrized by W is birational onto its image, and
e a general fiber of p is contained in the locus where ev” is flat.

Let £ be a non-zero torsion-free sheaf on X. Define

p=[SPxs.ic)(€) = SPe((8"E)is)l|sup

where s : C' — X s a general map parametrized by W. Letting M denote an irreducible
component of My o(X) containing the image of W, we have

' H
codimy (W) > (v+ 1)(rk(&) — 1) -

where v = g(dim(X) — 1) + 1.
Proof. Letting t denote the length of (Ny);ors, Lemma implies that
t < g(dim(X) — 1) + codimy (W).

For s general in W the normal sheaf N is generically globally generated. Thus [LRT23b)
Lemma 2.8] shows that ' (C, N) < g(dim(X)—1). We conclude that dim (M) > dim(T [5))—
g(dim(X) — 1). Since a general map s : C' — W will define a smooth point of W, we have

dim(M) — dim(W) + g(dim(X) — 1) > dim coker(Tyy,;q — Tar,[s])-
Since H(C, Ng) — H°(C, (Ns):y) is surjective, the dimension of the cokernel of the composed
map
Tw) = Ty o(x), = H(C, Ny) = HO(C, (Ny)iy)
is also bounded above by the sum codimy (W) + g(dim(X) — 1).

Finally, letting G denote the globally generated subsheaf of (NVy):r, Theorem shows

that p™"(Mg) > —2v (regardless of whether we are in case (1) or case (2) of Theorem
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6.2). Putting all the bounds together, Theorem shows that || SPx ,,c)(€) — SPc(s*E)||
is bounded above by

%((codimM(W) +g(dim(X) — 1)+ 1)(2y) + g(dim(X) — 1) + codimM(W)> (tk(E) — 1).

Rearranging shows that

_ 2/ 292+ —1
codimy, (W) > -
u(W) = (27 + 1)(tk(E) — 1) 2y + 1
which is slightly stronger than the given statement. U

If we add a few more assumptions on the curves, we can get much nicer bounds:

Corollary 6.7. Suppose we are in the setting of Theorem [6.6. Furthermore assume that a
general s : C'— X parametrized by W satisfies

® s is an immersion, and .
e the normal sheaf Ny has /™" (Ng) > kg for some constant k > 2.
Then
2(k—1)
k(&) — )k

Proof. Note that our two additional assumptions will also hold true for the general map
parametrized by M. In particular, the degree assumption on Ny implies that h'(C, N,) = 0
and thus M must be generically smooth of the expected dimension. By assumption Nj is
torsion-free. By repeating the argument in Theorem and appealing to Theorem for
an improved bound on the slope of the syzygy bundle we obtain the desired statement. [J

codim (W) > pw—1.

6.3. Codimension of nonflat families of curves. By combining Grauert-Miilich with
Theorem [5.10, we can prove our most general statement addressing the codimension of a
family of curves based on slope panels.

Construction 6.8 (Flattening construction). Let X be a smooth projective variety. Let W
be a variety equipped with a generically finite morphism W — M, (X). Let p : U" = W
denote the normalization of the universal family over W with evaluation map ev” : U¥ — X.
Assume that ev” is dominant.

Then there is a birational map ¢ : X’ — X from a smooth projective variety X’ and
a non-empty open subset W/ C W such that the preimage U"° = p~'W’' admits a flat
morphism ev’ : U — X' satisfying ev”|yve = ¢ o ev’. This follows from standard facts
about flattening birational maps (see [LRT23al, Construction 4.2] for details).

Theorem 6.9. Let X be a smooth projective variety and let € be a non-zero torsion-free
sheaf on X. Fiz a big and nef divisor H. Fiz a closed convex cone C such that C\{0} is
contained in the interior of Nefi(X) and C contains a class € N1(X)z. There are affine
linear functions L,S : R — R with positive leading coefficients which satisfy the following
property.

Let W be a variety equipped with a generically finite morphism W — M,o(X). Let
p: U" — W denote the normalization of the universal family over W with evaluation map
ev! :U" = Z. Let s: C — X be a general map parametrized by W. Assume that

e ev¥ is dominant with connected fibers,
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e s is birational onto its image, and
e 5.[C] is contained in the cone C.

Define
= [1SPxs.101(€) = SPa((s°E)es) |l sup-
Letting M denote an irreducible component of M, o(X) containing the image of W, we have

codimy, (W) > min{L(H - C), S(u)}.

Proof. Let ¢ : X’ — X be a birational morphism from a smooth projective variety X’ that
flattens the family parametrized by W (in the sense of Construction [6.8). Let W C W
be an open subset parametrizing the strict transforms s’ : C' — X’ of the general maps
parametrized by W.

The first step is to apply Grauert-Miilich to the family of curves W’. Let M" C M, (X’)
denote an irreducible component which contains W’ and maps to M under pushforward. Set

= 11SPx s 1c1((¢°E)e) = SPa(s™ (0 E)g) | sup-
By Theorem [6.6] we have

/

Ju

cotimr V) 2 G e =1

where v = g(dim(X) — 1) + 1. Set
1= 1SPx.s.i01(€) = SPx a1 (67 )1f) || sup-

Theorem [5.10| shows that under the conditions of the theorem, there are positive constants
p,n such that

Kxi/x - s.C > min{p(H - a),n - p"}.
Combining, we see that

codimy (W) = codimyy (W') 4+ dim(M) — dim(M")
p > . o
> — ) +dim(M) — dim(M
(e (M) = dmat)
Applying Lemma [6.4] to estimate dim(M) and dim(M’), we find

: 1
codim (W) > ((7 D0k
Note that there is a natural surjection ¢*€ — (¢*E);s whose kernel I is torsion. Since
the curves s’ : C — X’ form a dominant family, a general curve s’ will not be contained
in the support of K and thus (s™¢*E)r = (s™*(¢*E)if)ey. If s : € — X denotes the map
corresponding to §’, then it also follows that (s*&);r = (5™*(¢*E)if)ey. Thus the triangle
inequality shows that u < p’ + y””. We conclude

/

— Kxi/x -s.C —(dimX — 1)g.
GED 7>+ x/x - 8,0 — (dim )g

1 .
(v+ 1) (rk(€) — 1) } “} —((dim X —1)g+7).

The two possibilities for the outermost minimum yield the two linear functions L(H-C'), S(p).
U

Proof of Theorem[1.3 Tt is the special case of Theorem [6.9 where & is locally free. O
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7. FANO VARIETIES

In this section we combine our main results with the theory developed by [LRT23b] to
prove stronger theorems for Fano varieties. The main result of this section is Theorem [7.4]
which is a more general version of Theorem [I.§f Compared against Theorem [6.9] the main
advantage of Theorem is that it places minimal restrictions on the family of curves (at
the cost of requiring X to be a Fano variety).

7.1. Fujita invariant and accumulating maps. The Fujita invariant is one of the basic
tools for understanding the geometry of curves on Fano varieties.

Definition 7.1. Let X be a smooth projective variety over a field of characteristic 0 and let
L be a big and nef Q-Cartier divisor on X. The Fujita invariant of (X, L) is

a(X, L) =min{t € R | Kx + tL is pseudo-effective }.

If L is nef but not big, we formally set a(X, L) = oco. If X is singular, choose a resolution
of singularities ¢ : X’ — X and define a(X, L) to be a(X’, ¢*L). (The choice of resolution
does not affect the value by [HTT15, Proposition 2.7].)

Definition 7.2. Let X be a smooth projective Fano variety. Suppose f : ¥V — X is a
generically finite morphism that is not birational. We say that f is an accumulating map if
a(Y,—["Kx) > a(X, —Kx).

The following modification of [LRT23b, Theorem 11.5] connects Fujita invariants to the
geometry of curves.

Theorem 7.3. Let X be a smooth projective Fano variety. Fix a genus g. There is a linear
function R(d) whose leading coefficient is a positive number depending only on dim(X) and
g such that the following property holds.

Let W be a variety equipped with a generically finite morphism W — M,o(X). Let
p: U" — W denote the normalization of the universal family over W with evaluation map
ev” 1 U” — X.

Let M denote an irreducible component of M, o(X) with anticanonical degree d containing
the image of W. Then either:

(1) the codimension of W in M is at least R(d),
(2) ev” is dominant with connected fibers, or
(8) ev” factors through an accumulating morphism.

Proof. Assume that (2) does not hold for ev”. Thus there is a generically finite morphism
f Y — X that is not birational such that ev” factors rationally through f. We construct
a linear function R(d) so that if the codimension of W in M is smaller than R(d) then
CL(Yv, —f*Kx) > CL(X, _KX>

__Starting from W, we can find a fixed genus g curve B and an irreducible subscheme
W C Mor(B, X) such that the maps parametrized by W are also parametrized by W and

dim(W) > dim(W) — (3g — 3). We can equally well think of W as a parameter space for
sections of the projection map 7 : X x B — B. We now apply [LRT23bl Theorem 11.5] to

the Fano fibration 7 : X x B — B and the sublocus W C Sec(X x B/B). The conclusion is

the existence of a linear function R'(d) such that if the codimension of W C Sec(X x B/B)

is smaller than R/(d) then a(Y,—f*Kx) > a(X,—Kx). Since the difference between the
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codimension of W and the codimension of W is bounded by a constant depending only on
g we obtain the desired statement. O

7.2. Codimension bounds for Fano varieties. Combining results, we obtain a compre-
hensive statement for Fano varieties. Theorem [7.4] improves on Theorem by addressing
families of curves whose evaluation map (1) fails to dominate X or (2) dominates X but fails
to have connected fibers.

Theorem 7.4. Let X be a smooth projective Fano variety and let £ be a non-zero torsion-
free sheaf on X. Fix a closed cone C such that C\{0} is contained in the interior of Nef;(X)
and C contains a class B € N1(X)z. There are affine linear functions T,S : R — R with
positive leading coefficients which satisfy the following property.

Let W be a variety equipped with a generically finite morphism W — M, o(X) and let
p: U” — W denote the normalization of the universal family over W with evaluation map
ev” : UY — X. Assume that

e a general map parametrized by W is birational onto its image, and
e the class of the general map is contained in the cone C.

Define
p = 11SPx.s.c)(E) = SPe((sE)ep) | sup

where s : C'—= X s a general map parametrized by W. Then one of the following properties
holds:

1) Letting M denote an irreducible component of M, o(X) containing the image of W,
9,
we have

codimy, (W) > min{T(— Ky - C), S(u)}.

(2) The evaluation map ev” factors rationally through an accumulating morphism f :
Y —» X.

Proof. 1f ev” is dominant with connected fibers, Theorem (applied with H = —Kx) gives
linear functions L, .S such that

codim (W) > min{L(—Kx - C), S(u)}.

If ev” is not dominant or does not have connected fibers, Theorem gives a linear function
R(—Kx - C) such that either (2) holds or

codimy (W) > R(—Kx - C).
Combining we find the result. O
We expect that one can do a little better:

Question 7.5. Let X be a smooth projective Fano variety. Can one prove a version of
Theorem [7.4] that holds for the entire nef cone and not just classes in the smaller cone C?

Our next result requires the following definition:

Definition 7.6. Let X be a smooth projective variety and let C' be a smooth projective
curve. We say that s : C'— X is m-free if p™"(s*Tx) > 2g + m.
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As an application of Theorem [7.4] we prove Theorem [1.§ showing that the locus of non-
m-free curves in M, ¢(X) has codimension which increases linearly in the degree unless it is
contained in the exceptional set. One can view this result as supporting evidence for Peyre’s
formulation of Manin’s Conjecture in [Pey17].

Proof of Theorem[1.8: By enlarging C slightly we may assume that it also contains a class
B e Ny (X)z.

We first recall a few facts about the tangent bundle of X. By [Neu09, Lemma 3.3.3]
there is a finite set of filtrations of T'x such that for every a € Nef;(X) the a-Harder-
Narasimhan filtration is a member of our set. Furthermore [Ou23, Theorem 1.4] shows that
every quotient of Tx has non-zero pseudo-effective first Chern class. Together, these imply
that p™"(T) : Nef;(X) — R is a non-negative piecewise linear function on Nef;(X) that
can only vanish along the boundary of the cone. Since C is interior to Nef; (X)), we conclude
that p™"(Tx) : C — R is bounded below by ((— Ky - a) for some positive constant (.

We apply Theorem to T'x,C to obtain linear functions 7", S. Given a family W as in
the statement, define

po = ((=Kx - 5.0) = (m + 2g).

Since the general curve s : C' — X parametrized by W fails to be m-free, we have
ISP s, 101(Tx) = SPa (8™ Tx) leup > 1276 (Tx) = (m 4 29) > e

First suppose that the general map parametrized by W is birational onto its image. Then
Theorem [7.4] shows that either the evaluation map for W factors rationally through an
accumulating morphism or

codimy (W) > min{T"(—Kx - C), S(uc)}-

(Since S has positive leading coefficient, the inequality S(|| SPx s.(c1(Tx) = SPc(5*T'x ) || sup) >
S(uc) holds even if pc is negative.) Since pe depends linearly on —Kx - s,.C, we can finish
the proof by choosing a linear function 7" with positive leading coefficient which is bounded
above by the two linear functions of (—Kx - C) in the previous equation.

Next suppose that the general curve s : C — X parametrized by W factors as a finite
morphism C' — C' of degree f > 2 to a genus ¢’ curve followed by a morphism s : C' — X
that is birational onto its image. We write e for —Kx - s.C”. The dimension of the space
M, 0(C",e) depends on the genus ¢':

e If ¢’ = 0 then the dimension is 2f 4+ 2g — 2.
e If ¢ =1 then the dimension is 2g — 2.
e If ¢’ > 2 then the dimension is 0.

Let Y C X denote the subvariety swept out by the images of the curves s'. If a(Y, —Kx|y) >
1 then the inclusion Y — X is an accumulating map and we are in case (2) of the statement
of the theorem. Otherwise, we see that Ky — Kx|y has non-negative intersection against
the family of curves s'(C”). In particular the dimension of the space My (X) is bounded
above by

—Ky - s.C"+dim(Y) +2¢ —3 < —Kx - s,C" + dim(X) + 24 — 3.
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Combining, we see that
dim(W) < (2f + 29 —2) + (e + dim(X) 4+ 2¢' — 3)

= (g + %) (—Kx - 5.C) + (dim(X) + 29 + 2¢9' — 5).
By assumption f > 2. If the coefficient of (—Kx - s,C) is > 1, then we see that we must
have e < 2 or f = 2,e < 4 or f = 3,e = 3. Note the latter two cases only occur in low
degree and thus can be accounted for by appropriately modifying the function 7" in case (1)
of the theorem statement. If e < 2, then C’ is a rational curve of anticanonical degree at
most 2 as in case (3). If the coefficient of (—Kx - s,C) is < 1, then it is at most 11/12. By
comparing against Lemma [6.4] we obtain a linear bound on the codimension of W in terms
of the anticanonical degree as in case (1). O

8. RANK TWO BUNDLES ON THE PROJECTIVE PLANE

Since the statements in the earlier portion of the paper are designed for maximal generality,
it is not reasonable to expect them to give sharp bounds. However, the techniques and
perspective can give much better bounds in specific examples. In this section we illustrate
this claim by focusing on what our results say for rank two vector bundles on P2. These have
been studied in many cases in the literature (including [Bar77, [Hul79] and many follow-up
papers) and also are the original setting for the Grauert-Miilich theorem [GMT75].

Example 8.1. The results of [Ram90] imply that the tangent bundle of P? behaves as nicely
as possible when restricted to rational curves. [Ram90] shows that:

(1) For the general degree d rational curve s : P! — P2, the pullback s*Tp2 is as balanced
as possible: s*Tp: = O([24]) @ O(| & )).

(2) For any constant 0 < ¢ < [£], the sublocus of Mor(P', P?)4eeq parametrizing mor-
phisms s such that

remo([¥] 1 so((%]-)

is smooth and irreducible and has the expected codimension (which is either 2¢ or
2c —1).

For an arbitrary stable rank 2 vector bundle £ on P2, one cannot expect to get the nicest
possible behavior as in the previous example. However, we are able to precisely control the
obstructions. As discussed earlier in the paper, if W parametrizes a dominant family of
curves s : C' — P2, then either:

(1) the codimension of W is controlled by the behavior of £|¢ via the Grauert-Miilich
theorem (as in Example [8.1)),

(2) the pullback of £ to a birational model ¢ : X’ — X that flattens the family of curves
parametrized by W becomes unstable with respect to the strict transform of the

curves (as in Example [8.6]), or
(3) the evaluation map over W factors through a non-trivial finite morphism f:Y — X

(as in Example [8.5)).
The following theorem identifies a mild set of assumptions which allow us to precisely control

the codimension in these three cases.
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Theorem 8.2. Let £ be a stable rank 2 bundle on P2,
Let W be a variety equipped with a generically finite morphism W — M, o(P?) parametriz-
ing a dominant family of curves on P* of degree d. Suppose that:

e the general map s : C — P? parametrized by W is a birational immersion, and
o dim(W) > kg for some k > 2.
Then one of the following conditions holds:
(1) Setting p = || SPp2 ,,1c1(€) — SPc(5*E) || sup, we have codim(W) > @,u — 1.
(2) There is a birational morphism ¢ : X' — P? such that ¢*E fails to be semistable with
respect to the strict transform of the curves parametrized by W. In this case there is
a explicit constant (' depending only on the Chern classes of £ (defined in Remark
such that codim(W) > ('d.
(8) There is a non-trivial generically finite morphism f : Y — X such that the evaluation

map for the normalization of the universal family over W factors rationally through
f. Then we have codim(W) > d — g.

Remark 8.3. Note that when the codimension of W is small compared to the degree of the
curves then we must be in Case (1) and then we obtain the good bounds coming from the
Grauert-Miilich theorem.

Remark 8.4. Our techniques apply even when the two bulleted assumptions in Theorem
8.2 are not satisfied. However, the constants become somewhat worse. One can find the
most general versions in Remark and Remark [8.16]

Case (1) of Theorem [8.2{follows from the results of Section Case (2) will be addressed
in Section and Case (3) in Section Finally, we discuss non-stable rank 2 bundles at
the end of Section [§] As discussed in Theorem for rational curves we obtain the best
possible bounds using Theorem

Proof of Theorem[1.0: If the curves parametrized by W are rational, then dim(W) > kg
for every positive integer k. Thus in Case (1) we conclude that the codimension is least the
expected value sup{2u—1,0}. On the other hand, in the moduli stack of rank 2 vector bundles
on P! the locus parametrizing a given splitting type has exactly the expected codimension
(essentially by definition). Thus the preimage of this locus under the classifying map from
W will always have at most the expected codimension so long as it is non-empty. Altogether
we see that in Case (1) the codimension is exactly the expected value.

In Case (2) and Case (3), by setting ¢ = inf{(’, 1} we obtain the desired statement.  [J

Example 8.5. In the setting of Theorem [8.2]there need not be a linear relationship between p
and codim (W) when the family of curves factors through a generically finite map f : Y — P2
We briefly recall the examples of [Sch61] which exhibit this phenomenon.

Let Y be a smooth quadric in P? and let f : Y — P? be the projection map. The branch
divisor B is a smooth conic in P2. We let W denote the set of tangent lines for B; note
that the curves parametrized by W are the f-images of the lines in Y. Define the rank two
bundle &,, = f.O(p, q¢) where p > ¢+ 2. [Sch61l, Proposition 2] gives the exact sequence

0— O(g— 1)1 - O(g)* 1" - &,, =0

and in particular &£, ,(—¢ — 1) has no global sections. We conclude that every subsheaf

O(k) — &,, must have k < ¢ so that &, , is stable. [Sch61l Proposition 8] shows that the
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jumping lines for &,, are parametrized by W and that for any line ¢ parametrized by W
we have &, )¢ = O(p — 1) ® O(q). In particular W has codimension 1 but the difference
between the expected and actual slope panels can be arbitrarily large.

Example 8.6. Suppose & is a stable rank 2 bundle on P2. The papers [Str84], Man90, [Vit04)
Mar24] study the behavior of jumping conics for £. We briefly revisit this setting using our
techniques.

Suppose that W C PHY(P?, O(2)) parametrizes a codimension 1 family of conics such that
the general conic C' is smooth. We expect | to be isomorphic either to O(a) & O(a) or
O(a—1)® O(a + 1). Theorem shows that if the restriction of £ to the general curve
parametrized by a codimension 1 locus W does not have the expected behavior then there
must be a birational morphism ¢ : X’ — P? such that ¢*£ fails to be stable with respect to
the strict transforms of the conics C. In particular W must parametrize the conics through
a fixed point.

This phenomenon is illustrated by the following family of examples considered in Section
7 of [Mar24]. Let &€ be the kernel of the map O(—d)?* ® O(—2d + 1) — O with coordinates

(x?, y?, 22¢71). We have the following diagram, where Z is the vanishing locus of (2%, y?).
0 0 0
0—Q O(=2d + 1) Oy ——0

0 0 0

Since the slope of £ is —2d + %, we see that &£ is stable. There is a codimension 1 family
of conics passing through the point p = [0: 0 : 1] = Supp Z, and for a general such conic C
we have Q¢ = O(—2d+1—d) @ T, where T is torsion supported at p of length d. Thus, for
large d we see that £|c can become very unstable when restricted to a codimension 1 family
of conics.

Returning to the general situation, suppose that W C PHY(P?, O(2)) has codimension 2.
If £|¢ fails to have the expected behavior, Theorem identifies an additional possibility:
there is a generically finite morphism f : Y — P2 such that the conics are the images of
curves on Y. A quick argument based on Lemma [8.14]{shows that in this case our family must
be obtained from the conics on a quadric hypersurface Y via the projection map f : Y — P2

We will frequently use the following lemma concerning the curves in Theorem [8.2

Lemma 8.7. Let X be a surface and let W be a variety equipped with a generically finite
morphism W — M o(X) parametrizing a dominant family of curves on X. Suppose that:

e the general map s : C' — X parametrized by W is a birational immersion, and
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o dim(W) > kg for some k > 2.

Then the normal sheaf N of the general map s : C'— X 1is a line bundle of degree > kg. In
particular s is contained in the smooth locus of M o(X).

Proof. Since s is an immersion Nj is a line bundle. We have H(C, ) > dim(W) > kg. By
Riemann-Roch and Serre vanishing we conclude that deg(Ns) > (k+1)g — 1 if ¢ > 1 and
deg(Ns) > 0if g = 0. O

8.1. Dominant families with connected fibers. To control the codimension of W in
this case we must understand the birational properties of stability. An advantage of working
with surfaces is that one can use convexity techniques instead of the log canonical threshold
— this will greatly improve the bounds we obtain. The following theorem is an analogue of
Theorem for stable rank 2 bundles on P? with explicit constants. Recall that for a rank
2 vector bundle € on P? the discriminant is A(E) = 4cy(E) — 1 (€)%

Theorem 8.8. Let £ be a stable rank 2 vector bundle on P%. Let ¢ : X' — P? be a birational
map and let o/ € Nefi(X') be such that ¢.o/ is the hyperplane class [H]. Let £ — Q be
a torsion-free quotient of rank 1 and let Q' denote the birational transform of @ on X'.
Suppose that (1o (Q') < po (¢9*E). Then

A
Kx//ﬂﬂ 'O/ Z 1-— <g) 2 .
4(a(Q) - H — p(€))” + A(E)
Note that A(€) > 0 by Bogomolov’s inequality. Furthermore ¢;(Q)-H > p(€) by stability.

Thus the right hand side is between 0 and 1 and is minimized when ¢;(Q) is as small as
possible.

Proof. For convenience we set ¢;(€) = e[H| and co(E) = f[H?]. We also write ¢;(Q) = d[H];
note that d is an integer satisfying d > u(&).

We may assume that Q' is locally free. Indeed, if this fails to be the case, then we can
precompose ¢ with a birational morphism ¢ : X — X’ that resolves Q'. Set a@ = ¢*a’. Then
the hypotheses of the theorem still hold for (X, &) and the desired statement for (X', ')
follows from the analogous statement for (X, @).

Let F denote the kernel of £ — O and let ' denote the kernel of ¢*€ — Q'. Since F, F’
are saturated subsheaves of a reflexive sheaf they are also reflexive, hence locally free.

We can realize ¢ as a sequence of point blow-ups. We let E; denote the pullback of the ith
exceptional divisor to X’. (N.B.: F; is usually not the strict transform of the ith exceptional
divisor on X’.) We choose (necessarily non-negative) integers a;, b; so that ¢;(Q’) = ¢*¢1(Q)—

Y biE; and o = ¢*[H] — > a;E;. Note that Ky/p> = ) E;. By the Cauchy-Schwarz

inequality we have:
KX//PQ o = Zai

> (Z a?)l/Q
> Z aibi
(b)Y
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We will bound Y a;b; from below and compute Y b? precisely. The first bound follows from
our condition on slopes:

M > Cl(Q/> .o
=c(Q)- [H] =) aiby

or equivalently

a1 (&) - [H] €
> aib > e (Q) - [H] - —5—=d—3.

The second computation follows from a Chern class argument. Note that

c1(F)er(Q) + 2(Q) = 2(€)
c1(Fei(Q) = ¢"ea(€)

Also we know that ¢;(Q) + ¢1(F) = ¢1(€) and similarly for 7', Q'. Thus if we subtract the
pullback of the first line from the second, we obtain

D 0 =¢"a(Q) = ¢"ca(€) — 6" (c1(E) — 1(Q)) - "1 (Q).

Combining with earlier equations, we see that

KX’ P2 - O/ > d- %
BT @ —de+ )7
The desired inequality is obtained by rearranging the right hand side. 0

Example 8.9. Suppose & = Tp2. Keeping the notation used in Theorem the result
shows that

3
Kyipe - > (1 —
X/ O‘—\/ 4(d2 = 3d +3)

Since Tp2 is stable we must have d > 2. Thus the expression on the right is minimized when
d = 2, yielding

1
KX’/PQ OZZ §

Furthermore, the argument shows that equality is achieved precisely when the following
conditions are met:

e The equality > a; = /> a? shows that there is a single non-zero a;.
e The equality b; = (3 b?)'/2 shows that there is a single non-zero b;.
e We must have d = 2.

Thus (after ignoring unnecessary blow-ups) ¢ is the blow-up of a point and the quotient has
the form

0—01)—=Tp —-Z(2) - 0
where 7 is an ideal sheaf concentrated at the point. By calculating ¢, on the right, we see

that in fact Z must be the ideal sheaf of the point.
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Conversely, suppose ¢ : X’ — P2 is the blow-up of a point and o = ¢*H —tFE is a nef class
for some 0 <t < 1. The computation above shows that ¢*Tp2 is semistable for 0 < ¢ < %
For % < t <1 we have the destabilizing sequence

0= Ox/(H+FE)— ¢"Tp2 - Ox/(2H — FE) — 0.

where the leftmost term can be interpreted as the relative tangent bundle T'x//p1 for the Pl
bundle structure on X’ and the leftmost map is the inclusion T'x//p1 — T'x» — ¢*Tp>. When
we pushforward this exact sequence to P? we obtain the sequence identified in the previous
paragraph. Note that we find destabilizing classes o’ such that K/ pe - o/ is arbitrarily close
to 1/2.

Combining with dimension estimates, we get a codimension bound. We will focus on the
version with more assumptions and nicer bounds; the general version is stated in Remark

BI1l

Theorem 8.10. Let £ be a stable rank 2 vector bundle on P2. Suppose that W — M, o(P?)
1s a generically finite morphism and that the normalization of the universal family defines
a dominant family of curves on P? of degree d such that the evaluation map has connected
fibers. Furthermore suppose that:

e the general curve s : C' — P? parametrized by W is a birational immersion, and
o dim(W) > kg for some k > 2.

Define
= || SPp2s.c)(€) = SPc(s"E) | sup-

where s : C' — P? is a general morphism parametrized by W. Then
2(k—1
codimy; (W) > min {% ~1, dg}

where ¢ is defined as an infimum over all quotients £ — Q of the constant from Theorem

8.8

£00 4(c1(Q) - H — u(€))? + A(E)

Proof. Let ¢ : X’ — P? be a birational map flattening the family of curves. Let W’ denote
the parameter space of the strict transforms C’ on X’. Note that the general s’ : ¢/ — X’
parametrized by W is still a birational immersion that moves in dimension > kg. By Lemma
W' is contained in the smooth locus of M, o(X"). Thus the irreducible component M’
of M, o(X'’) containing W’ must have the expected dimension.

We split into two cases. In the first case, we have that ¢*€ is [C']-semistable. By Lemma

u™"(Ny) > kg and so by Corollary we have
2(k—1)
k

In the second case, we have that ¢*€ is no longer [C']-semistable. Thus there is some quo-

tient £ — Q whose birational transform destabilizes ¢*E. If we let M denote the irreducible
41
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component of M, (P?) containing the image of W, then
dim(W') < —Kx - C"+g—1
=—Kxip2 - C'+ (—Kp2- C) +g—1
= dim(M) — Kx/p2 - C".
so that codimy (W) > (Kxp2 - C'). Applying Theorem 8.8} we conclude
codim (W) > d(¢.
U

Remark 8.11. By a similar argument (which we omit), one can prove a more general
statement: we can remove the two itemized restrictions on W in Theorem [8.10 at the cost
of weakening the inequality to

2
codimy/ (W) > min {29% —(g+1),d¢ — g} )

Remark 8.12. We can formulate a version of Theorem that only relies on the Chern
classes of £ by defining

A
("= inf 1- (gg .
d€Z,d>p(€) 4(d— (&))" +A(€)
It is clear that ¢’ only depends on the Chern classes of £ and that 0 < ' < (.

Example 8.13. Consider again the tangent bundle of P? and suppose we have a family W
of curves s : C' — P? whose evaluation map is dominant with connected fibers. Suppose
furthermore that Tp2 fails to be semistable with respect to the strict transform family on the
flattening birational model ¢ : X’ — P2, Combining Remark with Example , we see

that 3128\2 is bounded above by a number that approaches 5/6 as the degree gets large.

8.2. Dominant families with disconnected fibers. We next turn to families of curves
which factor through a generically finite morphism. According to Theorem[7.3] we can bound
the codimension of W using the Fujita invariant of covers f : ¥ — X. Using some basic
birational geometry, we have:

Lemma 8.14. Let f : Y — P2 be a dominant generically finite morphism of degree > 2
from a normal surface Y. Then a(Y,—f*Kp2) € [0, 3] U {3, 3}. Furthermore:
(1) If a(Y, = f*Kp2) = 2 then f : Y — P? is birationally equivalent to either:
(a) the degree 2 map f':Y' — P? obtained by projecting a (possibly singular) quadric
surface, or
(b) amap f:Y' — P? from a ruled surface Y' which takes the ruling to lines in P2.
(2) If a(Y,—f*Kp2) = % then f is birationally equivalent to a degree 2 morphism f :
P? — P2

Proof. Note that a(Y,—f*Kp2) = za(Y, f*H) where H is the hyperplane class on P?. By

[H6r10), Proposition 1.3] the possible values of a(Y, f*H) in the range [1,00) are 1, 2, 2, and

3 and the final case could only occur if f were birational. The explicit description of Y and
f is implied by [LT21l Lemma 5.3] and [Horl0, Proposition 1.3]. O
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The following lemma clarifies the connection between Fujita invariants and dimension in
this case.

Lemma 8.15. Suppose that W — M, o(P?,d) is a generically finite morphism such that
the normalization of the evaluation map is dominant and factors rationally through a non-
birational generically finite morphism f 'Y — P2 from a smooth projective variety Y .
Furthermore assume that the general map parametrized by W s a birational immersion and
that dim(W) > kg for some k > 2.

Let M be an irreducible component of Mg o(P?,d) containing W. Then

dim(W) < a(Y, —f*Kp2) dim(M) + sup{g — 1,0}.

Proof. The hypotheses of Lemma hold both for W and for the induced morphisms sy :
C' — Y corresponding to the curves parametrized by W. We conclude that dim(W) < — Ky -
sy«C+g—1and dim(M) = —Kp2-5,C+ g— 1. Furthermore since Ky —a(Y, — f* Kp2) f* Kp2
is pseudo-effective it has non-negative intersection against sy,C so that —Ky - sy, C <
—a(Y, — f*Kp2) Kp2 - 5,C. Thus

dim(W) < —a(Y, —f*Kp2)Kp2 - 5,.C + g — 1
= a(Y, =Kp2) dim(M) + (1 = a(Y, = ["K3)) (9 = 1)
< a(Y, —Kp2) dim(M) + sup{(g — 1), 0}.
O

Remark 8.16. If we remove the assumption dim(W) > kg, then we obtain the weaker
inequality
dim(W) < a(Y, — f*Kp2) dim(M ) + sup{2g — 1,0}.

Combining Lemma |8.14] and Lemma [8.15( we obtain:

Lemma 8.17. Suppose that W — M, o(P?,d) is a generically finite morphism such that
the normalization of the evaluation map is dominant and factors rationally through a non-
birational generically finite morphism f :' Y — P2, Furthermore assume that the general
map parametrized by W is a birational immersion and that dim(W) > kg for some k > 2.
Let M denote the irreducible component of M, o(P?) containing the image of W. Then

2
dim(W) < 3 dim(M) + g.
Proof of Theorem[8.9. Follows from Theorem [8.10] and Lemma [8.17} O

8.3. Non-stable bundles. Finally we consider the behavior of restrictions when £ is a non-
stable rank 2 bundle on P2, It turns out that this case can be handled directly. Consider
the exact sequence

0O=+F—=E—=Q—=0

where F is a maximal destabilizing subsheaf (if £ is unstable) or a rank 1 subsheaf with
the same slope as £ (if £ is strictly semistable). Since Q is torsion-free, F is a saturated
subsheaf of the reflexive sheaf £. This implies that F is reflexive, hence a line bundle.

Lemma 8.18. In the situation above, for a general curve s : C — P? in a dominant family
then either s*E is strictly semistable or the quotient s*€ — (s*Q).s defines the Harder-

Narasimhan filtration of s*E.
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Proof. We have an exact sequence
SFF = s =59 —=0

Since the non-free locus of @ has codimension > 2, the curve C' meets the locus where the
map JF — & is non-zero. Thus s*F — s*& is generically injective, hence injective.

Note that ¢;(s*F) > ¢1(s*Q). Thus the kernel ' of the map s*€ — (s*Q);s also satisfies
ci(F) > a1((s*Q)iy). If we have a strict inequality, then this quotient must define the
Harder-Narasimhan filtration of s*£. If we have equality, then s*& is strictly semistable. [J

Proposition 8.19. Suppose € is a non-stable vector bundle on P2. There is an affine linear
function S with positive leading coefficient such that the following holds.

Let W be a variety equipped with a generically finite morphism W — M, o(X) and let
p: U — W denote the normalization of the universal family over W with evaluation map
ev’ : UY — X. Assume that ev” is dominant. For a general s : C' — P? parametrized by W
set

w = || SP]P’Q,S*[C] (5) - SPC’(S*S)Hsup-
Then we have codim(W) > S(p).

Proof. Let Q be the minimal destabilizing quotient (if £ is unstable) or a torsion-free rank 1
quotient of the same slope as £ (if £ is strictly semistable). Let ¢ : X’ — P? be a birational
map that resolves the top Fitting ideal of Q and write £ = ¢*¢1(Q) — ¢1((¢*Q)if). Let o
be the numerical class of the strict transform of the general curve parametrized by W. By
Lemma, we have = E - .

We can choose a positive constant p such that pK x//p2 > E. This readily yields the desired

statement by arguing as in Theorem [6.9] O
REFERENCES

[AC81] E. Arbarello and M. Cornalba. On a conjecture of Petri. Comment. Math. Helv., 56(1):1-38,
1981.

[AR15] A. Alzati and R. Re. PGL(2) actions on Grassmannians and projective construction of rational
curves with given restricted tangent bundle. J. Pure Appl. Algebra, 219(5):1320-1335, 2015.

[Asc88] M.-G. Ascenzi. The restricted tangent bundle of a rational curve in P?. Comm. Algebra,
16(11):2193-2208, 1988.

[Asc22] M.-G. Ascenzi. The tangent bundle restricted to a rational curve spanning P3. .J. Algebra,
610:703-727, 2022.

[Bar77] W. Barth. Moduli of vector bundles on the projective plane. Invent. Math., 42:63-91, 1977.

[BHJ17] S. Boucksom, T. Hisamoto, and M. Jonsson. Uniform K-stability, Duistermaat-Heckman mea-
sures and singularities of pairs. Ann. Inst. Fourier (Grenoble), 67(2):743-841, 2017.

[Bog94] F. A. Bogomolov. Stable vector bundles on projective surfaces. Mat. Sb., 185(4):3-26, 1994.

[BR9I7] E. Ballico and B. Russo. On the stability of the restriction of TP™ to projective curves. In
Complez analysis and geometry (Trento, 1995), volume 366 of Pitman Res. Notes Math. Ser.,
pages 7-18. Longman, Harlow, 1997.

[BROO] E. Ballico and L. Ramella. The restricted tangent bundle of smooth curves in Grassmannians
and curves in flag varieties. Rocky Mountain J. Math., 30(4):1207-1227, 2000.

[BS23] T. Browning and W. Sawin. Free rational curves on low degree hypersurfaces and the circle
method. Algebra Number Theory, 17(3):719-748, 2023.

[But94] D. C. Butler. Normal generation of vector bundles over a curve. J. Differential Geom., 39(1):1-
34, 1994.

44



[CP11]

[CR18]
[dJS17]

[FHSS0]

[GHI13]
[GKP14]
[GKP16]
[GM75]
[Hei00]

[HK96]

[HL97]
[HL20]
[Hor10]
[HTT15]

[Hul79]
[Kol97]

[Kop20]
[Larl6)

[Laz04a]

[Laz04b]

[LRT23a]
[LRT23b)]
[LT21]

[Man90]

F. Campana and T. Peternell. Geometric stability of the cotangent bundle and the universal
cover of a projective manifold. Bull. Soc. Math. France, 139(1):41-74, 2011. With an appendix
by Matei Toma.

I. Coskun and E. Riedl. Normal bundles of rational curves in projective space. Math. Z., 288(3-
4):803-827, 2018.

A. J. de Jong and J. Starr. Divisor classes and the virtual canonical bundle for genus 0 maps.
In Geometry over nonclosed fields, Simons Symp., pages 97-126. Springer, Cham, 2017.

O. Forster, A. Hirschowitz, and M. Schneider. Type de scindage généralisé pour les fibrés stables.
In Vector bundles and differential equations (Proc. Conf., Nice, 1979), volume 7 of Progr. Math.,
pages 65—81. Birkh&user, Boston, MA, 1980.

A. Gimigliano, B. Harbourne, and M. Ida. On plane rational curves and the splitting of the
tangent bundle. Ann. Se. Norm. Super. Pisa Cl. Sci. (5), 12(3):587-621, 2013.

D. Greb, S. Kebekus, and T. Peternell. Reflexive differential forms on singular spaces. Geometry
and cohomology. J. Reine Angew. Math., 697:57-89, 2014.

D. Greb, S. Kebekus, and T. Peternell. Movable curves and semistable sheaves. Int. Math. Res.
Not. IMRN, (2):536-570, 2016.

H. Grauert and G. Miilich. Vektorbiindel vom Rang 2 iiber dem n-dimensionalen komplex-
projektiven Raum. Manuscripta Math., 16(1):75-100, 1975.

G. Hein. Curves in P? with good restriction of the tangent bundle. Rocky Mountain J. Math.,
30(1):217-235, 2000.

G. Hein and H. Kurke. Restricted tangent bundle on space curves. In Proceedings of the Hirze-
bruch 65 Conference on Algebraic Geometry (Ramat Gan, 1993), volume 9 of Israel Math. Conf.
Proc., pages 283-294. Bar-Ilan Univ., Ramat Gan, 1996.

D. Huybrechts and M. Lehn. The geometry of moduli spaces of sheaves. Aspects of Mathematics,
E31. Friedr. Vieweg & Sohn, Braunschweig, 1997.

Jingjun Han and Zhan Li. On Fujita’s conjecture for pseudo-effective thresholds. Math. Res.
Lett., 27(2):377-396, 2020.

A. Héring. The sectional genus of quasi-polarised varieties. Arch. Math. (Basel), 95(2):125-133,
2010.

B. Hassett, S. Tanimoto, and Y. Tschinkel. Balanced line bundles and equivariant compactifi-
cations of homogeneous spaces. Int. Math. Res. Not. IMRN, (15):6375-6410, 2015.

K. Hulek. Stable rank-2 vector bundles on Py with ¢; odd. Math. Ann., 242(3):241-266, 1979.
J. Kollar. Singularities of pairs. In Algebraic geometry—=Santa Cruz 1995, volume 62 of Proc.
Sympos. Pure Math., pages 221-287. Amer. Math. Soc., Providence, RI, 1997.

John Kopper. Stability conditions for restrictions of vector bundles on projective surfaces. Michi-
gan Math. J., 69(4):711-732, 2020.

E. Larson. Interpolation for restricted tangent bundles of general curves. Algebra Number The-
ory, 10(4):931-938, 2016.

R. Lazarsfeld. Positivity in algebraic geometry. I, volume 48 of Ergebnisse der Mathematik und
ihrer Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics [Results in Mathemat-
ics and Related Areas. 3rd Series. A Series of Modern Surveys in Mathematics/. Springer-Verlag,
Berlin, 2004. Classical setting: line bundles and linear series.

R. Lazarsfeld. Positivity in algebraic geometry. II, volume 49 of Ergebnisse der Mathematik
und threr Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics. Springer-Verlag,
Berlin, 2004. Positivity for vector bundles, and multiplier ideals.

B. Lehmann, E. Riedl, and S. Tanimoto. Non-free curves on Fano varieties. to appear in Osaka
J. Math, 2023.

B. Lehmann, E. Riedl, and S. Tanimoto. Non-free sections of Fano fibrations. submitted,
arXiv:2301.01695, 2023.

B. Lehmann and S. Tanimoto. Rational curves on prime Fano threefolds of index 1. J. Algebraic
Geom., 30(1):151-188, 2021.

M. Manaresi. On the jumping conics of a semistable rank two vector bundle on P2. Manuscripta
Math., 69(2):133-151, 1990.

45



[Man19]
[Mar81]
[Mar24]
[MnOSC12]
[MR84]
IMRS2]
[Nak04]

[Neu09]

[Ou23)
[Peyl7]
[PRT20]

[Ram90)]
[Ran01]
[Ray72]
[Sch61]
[SpiT9]
[Sta]
[Sta03]
[Str84]

[Vit04]

S. Mandal. On the loci of morphisms from pl to g(r,n) with fixed splitting type of the restricted
universal sub-bundle or quotient bundle. arXiv:1908.09978 [math.AG], 2019.

M. Maruyama. The theorem of Grauert-Miilich-Spindler. Math. Ann., 255(3):317-333, 1981.
E. Marangone. The non-lefschetz locus of conics, 2024.

R. Munoz, G. Occhetta, and L. E. Sold Conde. Uniform vector bundles on Fano manifolds and
applications. J. Reine Angew. Math., 664:141-162, 2012.

V. B. Mehta and A. Ramanathan. Restriction of stable sheaves and representations of the
fundamental group. Invent. Math., 77(1):163-172, 1984.

V. B. Mehta and A. Ramanathan. Semistable sheaves on projective varieties and their restriction
to curves. Math. Ann., 258(3):213-224, 1981/82.

N. Nakayama. Zariski-decomposition and abundance, volume 14 of MSJ Memoirs. Mathematical
Society of Japan, Tokyo, 2004.

S. Neumann. A decomposition of the Moving cone of a projective manifold according
to the Harder-Narasimhan filtration of the tangent bundle. Thesis, Universitat Freiburg,
https://freidok.uni-freiburg.de/fedora/objects/freidok:7287 /datastreams/FILE1/content,

2009.

W. Ou. On generic nefness of tangent sheaves. Math. Z., 304(4):Paper No. 58, 23, 2023.

E. Peyre. Liberté et accumulation. Doc. Math., 22:1615-1659, 2017.

A. Patel, E. Riedl, and D. Tseng. Moduli of linear slices of high degree hypersurfaces.
arXiv:2005.03689 [math.AG], 2020.

Luciana Ramella. La stratification du schéma de Hilbert des courbes rationnelles de P™ par le
fibré tangent restreint. C. R. Acad. Sci. Paris Sér. I Math., 311(3):181-184, 1990.

Z. Ran. The degree of the divisor of jumping rational curves. Q. J. Math., 52(3):367-383, 2001.
M. Raynaud. Flat modules in algebraic geometry. Compositio Math., 24:11-31, 1972.

R. L. E. Schwarzenberger. Vector bundles on the projective plane. Proc. London Math. Soc. (3),
11:623-640, 1961.

H. Spindler. Der Satz von Grauert-Miilich fiir beliebige semistabile holomorphe Vektorbiindel
iiber dem n-dimensionalen komplex-projektiven Raum. Math. Ann., 243(2):131-141, 1979.
The Stacks Project Authors. Stacks Project.

J. Starr. The Kodaira dimension of spaces of rational curves on low degree hypersurfaces, 2003.
S. A. Strgmme. Ample divisors on fine moduli spaces on the projective plane. Math. Z.,
187(3):405-423, 1984.

A. Vitter. Restricting semistable bundles on the projective plane to conics. Manuscripta Math.,
114(3):361-383, 2004.

DEPARTMENT OF MATHEMATICS, BOSTON COLLEGE, CHESTNUT HirLL, MA 02467
E-mail address: 1lehmannb@bc.edu

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF NOTRE DAME, 255 HURLEY HALL, NOTRE DAME,

IN 46556

FE-mail address: eriedl@nd.edu

GRADUATE SCHOOL OF MATHEMATICS, NAGOYA UNIVERSITY, FUROCHO CHIKUSA-KU, NAGOYA, 464-
8602, JAPAN
E-mail address: sho.tanimoto@math.nagoya-u.ac.jp

46



	1. Introduction
	1.1. Main result
	1.2. Applications
	1.3. Strategy

	2. Background
	2.1. Slope stability
	2.2. Bounded families of sheaves
	2.3. Log canonical thresholds

	3. Birational geometry of Fitting ideals
	3.1. Fitting ideals
	3.2. Resolving Fitting ideals in families

	4. Sequences of quotients
	4.1. Birational transforms
	4.2. Birational pushforwards
	4.3. Graded pieces
	4.4. Families of quotient sequences

	5. Uniform bounds on birational stability
	5.1. Birational behavior of stability
	5.2. Bounds on birationally destabilizing sheaves
	5.3. Controlling bounded families of quotients
	5.4. Canonical degree bound

	6. Jumping loci for dominant families with connected fibers
	6.1. Grauert-Mülich
	6.2. Codimension of flat families of curves
	6.3. Codimension of nonflat families of curves

	7. Fano varieties
	7.1. Fujita invariant and accumulating maps
	7.2. Codimension bounds for Fano varieties

	8. Rank two bundles on the projective plane
	8.1. Dominant families with connected fibers
	8.2. Dominant families with disconnected fibers
	8.3. Non-stable bundles

	References

