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Abstract. Let (X,L) be a smooth polarized variety of dimension n.
Let A € |L| be an effective irreducible divisor, and let ¥ be the singular locus
of A. We assume that ¥ is a smooth subvariety of dimension k > 2, and
codimension ¢ > 3, consisting of non-degenerate quadratic singularities. We
study positivity conditions for adjoint bundles Kx +tL with ¢ > n—3. Several
explicit examples motivate the discussion.

Introduction.

Let (X, L) be a smooth polarized variety of dimension n. Let A € |L| be an effective
irreducible divisor. Let ¥ = Sing(A) be the singular locus of A. We assume that
Y is a smooth subvariety of dimension k& > 2, consisting of non-degenerate quadratic
singularities. For instance, in the study of projective manifolds with degenerate dual
variety, the defect and the tangency locus of a general tangent hyperplane section provide
examples for the role of k and of ¥ respectively. In that specific case, however, (X, Ly)
is forced to be (P*,Opr(1)), according to a classical result of Bertini [4, Chapter 9,
Number 13, p.200]. We set ¢ := codimx (X) and we further assume that ¢ > 3 (whence,
in particular, n > 5).

A good motivation to consider this setting comes e.g. from the results of [5], [2] and
[12]. In these articles, under suitable conditions on some basic projective invariants, the
geometry of a polarized pair (X, L) is studied in the case when the divisor A is reducible.
Precisely, A is union of r > 2 smooth normal crossing divisors Ay, ..., A,. In our setting,
forgetting the irreducibility of A, this situation would correspond to ¢ = 2. By the way,
let us just mention that ¢ = 1 would correspond to the case of a non-reduced divisor A.

Our aim is to study positivity conditions for adjoint bundles Kx +tL with ¢t > n—3.
We follow (as done in [5], [2]) the adjunction theory approach [1]. To this purpose, let us
present an explicit example to suggest the connection between the singular loci of ample
hypersurfaces we are dealing with in the paper and adjunction theory.

Let X C P" be a smooth fivefold, let L = (Opr(1))x, and suppose that |L| con-
tains an irreducible hypersurface A whose singular locus ¥ = Sing(A) consists of non-
degenerate quadratic singularities and is isomorphic to the projective plane P2. Let N
be the normal bundle of ¥ in X. By adapting a result of Ein we produce an isomorphism
N =2 N* ® Ly, which implies the relation 2det N = 3Lyx,. Therefore Ly, is divisible by 2
in the Picard group. Suppose that Ly, = Op2(2). Then Ky, = —(3/2)Lx. We thus see,
by adjunction, that K x + 3L restricts trivially to X, hence it fails to be ample. Moreover,
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Kx 4+ (3 —¢)L is not nef for any € > 0. In other words, our fivefold (X, L) fits into the
range of polarized manifolds whose nefvalue 7 is > 3 = dim(X) — 2. Then, by applying
[1, Chapter 7], we get a short list of possibilities; moreover, a case-by-case analysis shows
that in fact 7 = dim(X) — 2, which makes the list very short. E.g., the “Mukai fivefold”
(P°, Ops (2)) offers the concrete example where A is a quadric hypersurface of rank 3.

Here is an outline of the paper. In Section 1 we discuss a generalization of a result
due to Ein (see [6, Theorem 2.2], [11, Theorem 1.2]) on which the article is based. Such
a result implies the key property N = N* ® Ly, mentioned in the above example. In
particular, it turns out that if ¥ contains a line ¢ with respect to Ly, then ¢ must be
even (a generalization of Landman’s parity theorem).

In Section 2 we discuss a consequence of the key result above, which says that if ¥
contains a line £ with respect to L such that Ny 5 is ample, then (3, Ly) = (P*, Op (1))
and (X, L) is covered by lines. Moreover, we provide several examples enlightening the
setting we are dealing with.

Section 3 is devoted to the general case, with no assumptions on the parity of c.
We prove in Theorem 3.1 that Kx + (n — 1)L is nef and big unless, possibly, ¢ = 4 and
(2, Ly) = (P*, Opx (1)). Moreover, . maps down isomorphically under the first reduction
map, ¢ : X — X', of (X, L). We also show that in the special remarkable case in which
(%, Ly) = (P*,0px(1)) and L is very ample the nefvalue morphism of (X, L) is a Mori
contraction which maps ¥ to a point.

In Section 4 we assume ¢ to be odd. From the generalized Ein result recalled above
it thus follows the crucial fact that ¥ does not contain 1-cycles of odd degree with respect
to L (see Corollary 1.2). In Theorem 4.1, we prove that there exists the second reduction
()A(, P2),¢: X' — X, of (X, L). Moreover, ¥ meets no exceptional divisors of ) pulled-
back to X via the first reduction morphism ¢ : X — X’. In Theorem 4.4 we show that
the third adjoint bundle K ¢ +(n—3)2 is nef unless ()/(\', 9) = (P°, Ops(2)), in which case,
necessarily, (3, Ly;) = (P?, Ops(2)). Furthermore, K + (n — 3)% is also big, provided
that &k > 4.

Finally, it is worth to recall a classical bound for the maximum number of double
points. Let X be a reduced irreducible hypersurface in P*"*! of degree d with finitely
many singular points, all of which are non-degenerate quadratic singularities. Let § be
their number. It is then a classical result (see [15] and the recent nice survey paper [7])
that, for any d > n,

5§%ﬂm—n"—n.

We also recall the best known asymptotical bound for the number § for a surface of
degree d > 4 in P3,

4
aggad—n%

due to Miyaoka [13] (see also [14, p. 164]).
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Notation and terminology.

We work on the complex field C and use the standard terminology in algebraic
geometry.

In particular, we often use the additive notation for the tensor product of line bundles
on a projective variety X. Moreover, for any Q-line bundle £ on X we denote by Ly
the restriction of £ to a subvariety V' of X, and by Kx the canonical bundle of X, for
X smooth. For any morphism f : X — W we denote by f|y the restriction of f to Y.
We will denote by = the numerical equivalence of line bundles.

For all adjunction theoretic terminology (in particular for the notions of scrolls,
quadric fibrations, special varieties, reductions, nefvalue, nefvalue morphisms) and results
used throughout the paper we refer to [1].
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1. Non-degenerate quadratic singularities and generalized Ein’s theo-
rem.

Let X be a smooth complex projective variety of dimension n > 2 and let L be
a line bundle on X. Assume that the complete linear system |L| contains an irreducible
reduced divisor A and let s be a section of L defining A. We say that a point x € A
is an isolated non-degenerate quadratic singularity if, with local coordinates x1,...,xy,
around x, s can be written in the form

s = Z a;jz;x; + (degree > 2 terms),
4,3

where a;; = aj; and the Hessian matrix (a;;) satisfies det(a;;) # 0. Now let P be a smooth
subvariety of A of dimension k > 0. We say that P is a locus of non-degenerate quadratic
singularities of A if for every x € P there exist k smooth hypersurfaces Hy, ..., Hy of X
meeting transversally along a submanifold Y C X such that = PNY is an isolated
non-degenerate quadratic singularity of A NY. This can be rephrased by requiring that
for any point € P, with an appropriate choice of local affine coordinates (uq, ..., u,)
on X around z (such that P is defined by ugy1 = -+ =u, = 0), A is described by

Up oy Up g+ +ul =0

For instance, if L is the hyperplane line bundle of X C P” and A € |L| is a general
tangent hyperplane section, then its contact locus is a locus of non-degenerate quadratic
singularities.

For a smooth projective variety X C P", whose general contact locus P is positive
dimensional, Ein discovered a key property of the normal bundle Np,x in connection
with the hyperplane bundle [6, Theorem 2.2]. More generally, the same property holds
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in the line bundle setting for the normal bundle of any smooth locus of non-degenerate
quadratic singularities.

THEOREM 1.1 (Generalized Ein Theorem). Let X be a smooth projective variety
and let L be a line bundle on X with a section defining an irreducible hypersurface A.
Assume that A has only non-degenerate quadratic singularities, constituting a smooth
subvariety P C X of positive dimension. Then there is an isomorphism

Npjx = Npx ® Lp.

Here and in the following the star stands for the dual. Furthermore, the claimed
isomorphism is symmetric (see [11, Theorem 1.2]), but we do not need this property in
the present paper. We will refer to it as the Ein isomorphism: it will play a crucial role
in the sequel. The proof runs essentially as in [1, Theorem 14.4.1], but we include it for
the convenience of the reader.

PROOF. Let s € H°(L) be the section defining A; then its first jet j;(s) is zero on
P. Consider the exact sequence

0— T @ L — Jy(L) S Ji(L) — 0,

where T)*((2) is the second symmetric power of the cotangent bundle, J,,,(L) is the m-
th jet bundle of L, and « is the natural surjection given by truncation (see [10] for
more details). Let dim(X) = n. Then around every point z € P we can choose local
coordinates uq,...,u, on X such that P is defined by ugxy+1 = -+ = u, = 0, where
k = dim(P) > 0. Now look at the second jet ja(s). Since a(j2(s)) = ji(s) is trivial on
P we have (j2(s))p € H(P, (T;(Q) ® L)p). On the other hand, since s vanishes on P all
partial derivatives in the w; directions (i = 1,..., k) are zero. This shows that in fact

(ja(s))p € HO (PN} @ Lp) € HO(P,(T3® @ L)p).
Recalling that
N;(/Q))( ®Lp S Np/x ® Np/x ® Lp = Hom(Np;x, Np;x ® Lp),

we thus see that ja(s) defines a homomorphism h(s) : Np,x — NI*D/X ® Lp. Note that
h(s) is represented at every point x € P by the Hessian matrix of s with respect to the
coordinates ug41,...,u,. But this matrix has maximal rank, since x is a non-degenerate
quadratic singularity. Hence h(s) is an isomorphism. O

Theorem 1.1 has some immediate consequences, crucial for our purpose.

COROLLARY 1.2.  Assumptions and notation as in Theorem 1.1. Let ¢ be the codi-
mension of P in X. Then we have

1. CLP = 2d€th/X,
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2. Kp= (KX + (C/2)L)p m PiC(P);
3. If ¢ is odd then P does not contain 1-cycles of odd degree (w.r.t. L).

PROOF. Since Np,x is a rank ¢ vector bundle on P, Theorem 1.1 yields
det Np,x = det(N;;/X) +cLp

which proves 1), whence 3). Now, adjunction formula Kp = (Kx)p +det Np,x gives 2).
O

The following observation can be regarded as a generalization of the so-called Land-
man’s parity theorem.

REMARK 1.3. Notation as in Theorem 1.1. Suppose that P contains a line ¢ with
respect to L (that is, £ is a smooth rational curve with L - ¢ = 1). Then the restriction
of the normal bundle Np,x to £ has the following form

(Npyx)e = @D Oc(—2:) © OF" & 0p(1)%” & @ Ou(1 + ),
=1

i=1

for positive integers i, ¢ = 1,...,u. In particular, the codimension of P in X must be
even.

In fact, letting ¢ := codimx (P) we can write (Np/x)¢ = ©$_,O¢(a;). Then Theo-
rem 1.1 implies that for every j there exists another index 7 such that a; =1 — ;. In
particular, this says that the number, say v, of summands of type Oy(1) equals that of
the summands of type Oy. Moreover, for every summand of degree different from 0 and
1, say —x;, there is another summand of degree 1 4+ x;. This proves the assertion. In
particular, ¢ = 2(u + v).

2. Set-up, preliminary results and examples.

First, let us fix the context of work.

2.1. Let (X, L) be a smooth polarized variety of dimension n. Let A € |L| be an
effective irreducible divisor. Let ¥ = Sing(A) be the singular locus of A. We assume
that X is a smooth subvariety of dimension k& > 2, consisting of non-degenerate quadratic
singularities. We set ¢ := codimx(X) and we further assume that ¢ > 3 (whence, in
particular, n > 5). Then, according to what we said before, for any point € ¥, A can
be described by

u? fud 4+ ul =0,

where (ug,us, ..., u,) are suitable local affine coordinates on X around x (with ¥ defined
by uy =+ =u. =0 at x).

Let us point out the following fact.



866 M. C. BELTRAMETTI, A. LANTERI and A. J. SOMMESE

LEMMA 2.2. Letw: X — Y be a surjective morphism from a smooth projective
variety X to a normal projective variety Y, let L be an ample line bundle on X and
suppose that (F,Lr) = (P", Opr (1)) with r > 1 for the general fiber F' of m. Let A € |L]
be any divisor. Then A cuts a general fiber F' along a smooth element. In particular,
m(Sing(A)) is a proper algebraic subset of Y.

PROOF. Just note that A cannot contain the general (hence every) fiber of 7. O

When L is very ample we can prove the following consequence of Theorem 1.1, which
will be applied in the proof of Proposition 3.4 when (%, Ly) = (P*, Opx (1)).

PROPOSITION 2.3.  Assume that L is very ample. If ¥ contains a line £ with respect
to L such that Ny/x, is ample, then (X, L) is covered by lines.

PrOOF. By adjunction, Ky - £ = =2 —deg(Nys) < -2 —-(k—-1) = —(k + 1),
since the normal bundle N;/x is ample, of rank k& — 1. Thus (Kx + (k4 1)Lx) - £ < 0.
This implies that Ks + (k + 1)Ly is not ample and then (X, Ly) = (P*, Opr (1)) (e.g.,
see [1, Theorem 7.2.1]). Therefore, if L embeds ¥ into a projective space, say P, the
variety ¥ becomes a linear space in P. Thus N;/X(l) is spanned, being a quotient of the
trivial bundle N3, /P(l). Theorem 1.1 then applies to give spannedness of Ny, x. Since
HY(¢, N, /) = 0, from the normal bundle sequence

0 — Ny — Nyx — (Ngyx)e — 0
it thus follows that N, x is spanned, too. From the tangent-normal bundle sequence
0—-Ty — (TX)Z — NZ/X —0

we then conclude that (T'x ), is spanned. Therefore ¢ induces a covering family on X [9,
II, Section 3, IV, (1.9)]. O

We provide now several examples illustrating the hypotheses made. Assumptions
and notation as in Paragraph 2.1.

EXAMPLE 2.4 (A general construction). Let X be a smooth projective variety of
dimension n, choose ample and spanned line bundles Hy, Hs,..., H. on X such that
2(H; — Hj) = 0, for every ¢, j, and set L := 2H;, i = 1,...,c. Take global sections
s; € T(X, H;) such that the divisors s; '(0) intersect transversally everywhere. Then
consider the linear system defined by the vector subspace (s?,...,s%) C (X, L). Let

s=MsT 4+ A2,

Ai € C, i =1,...,ce. By Bertini’s theorem, for general (A1,...,A.) € C¢, we have
that the divisor A := s71(0) is smooth away from the set-theoretic base locus, say
Y ={s; =--- = s, = 0}, of this linear system. Clearly, codimx(X) = cand ¥ C Sing(A).

Note that for ¢ = 2, s = A\15? + o532 = (as; + ifs2)(as; — iBs2), where a? = )\
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and 32 = Xy. Hence any A as above is reducible. Therefore, to have an irreducible
hypersurface A we need ¢ > 3.

We claim that each point & € 3 is a non-degenerate quadratic singularity for A, and
Y = Sing(A). Indeed, if (w1, us,...,uy) are local coordinates on X at z, we may assume
that s; = uy,...,S. = u. (since the divisors s; *(0) intersect transversally). Then, locally
near the point x, the divisor A can be expressed by

Au? 4 Au? =0,

showing the claim.

For example, let X = P3, H; = Ops(m), i = 1,2,3, and L = Ops(2m) for some
positive integer m. Consider a general element A € |L|. Thus the singular locus Sing(A)
consists of m® = H; - Hy - Hj isolated non-degenerate quadratic singularities. Let us
point out that the value m? is considerably less than the upper bound

2
3—m3 + (degree < 3 terms)

4
§(2m(2m —1)%) = 5

given by Miyaoka’s inequality recalled in the introduction.

The general construction as in the Example 2.4 specializes to the following basic
cases.

EXAMPLE 2.5 ((3, Ly) = (P*, Opc(2))). Let X =P", H; € |Opn(1)|,i=1,...,n—
k, and L = Opn(2). Then choose n — k general sections s; € T'(P™, Opn (1)), let s =
Z?;lk A\;s? and set A := s71(0) € |Opn(2)|. Thus A is a quadric hypersurface of rank
n — k and Sing(A) is a smooth P* consisting of non-degenerate quadratic singularities,
with Lpr = Opx (2)

EXAMPLE 2.6 ((X, Ly) = (Q%,0g«(2))). Let X be a smooth n-dimensional quadric
Q" in P! and H € |Ogn(1)|. Choose n — k general sections s; € T'(Q", Ogn (1)), let
s = Z;:lk A\;s? and set A := s71(0) € |Ogn(2)]. Then A is a complete intersection of
type (2,2) in P"*! and the singular locus of A is

n—k
Sing(4) = [ s;'(0) = P**' nQ",
i=1

that is, a k-dimensional smooth quadric QF, consisting of non-degenerate quadratic sin-
gularities.

EXAMPLE 2.7 ((3, Lx) a P*~I-bundle over a smooth curve C, Lpr-1 = Opr-1(2)).
Let X be a P*~1-bundle over a smooth curve Y, and let H be the tautological line bundle.
Suppose that H is ample and spanned and take n — k general divisors H; in the linear
system |H|. The transversal intersection of such divisors H;, i = 1,...,n — k, intersects
each fiber F' = P"~! of the bundle in a linear P*~! C F. Let now L = 2H and consider
a general element A in the sublinear system of |L| generated by 2Hq,...,2H,_j. The
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intersection ANF is therefore a quadric Q"2 C F which is singular along the P*=1 C F,
the locus of non-degenerate quadratic singularities for the quadric Q" 2.

More generally, if C' has positive genus and H is sufficiently ample, we can choose
H; € |H + n;|, where 7; is a 2-torsion element in Pic(X). In this case, the smooth
hypersurfaces H; define distinct line bundles but 2H; € |L| for every i.

Note that for k = 1 we get a Q" 2-fibration A — Y which is singular along a section
of X =Y.

Note also that this construction extends to the case when ¥ is a P%-bundle over a
smooth projective variety Z of dimension k — d, and Lp = Opa(2) for each fiber F.

EXAMPLE 2.8 ((3, Lx) a quadric fibration over a smooth curve, Lgr-1 = Ogr-1(2)).
Let (P,H) be an (n + 1)-dimensional scroll over a smooth curve Y, with H ample and
spanned. Let X € |2H| be a smooth element, so that (X, H) is an n-dimensional quadric
fibration over Y, where H = Hx. Take n — k general divisors H; in the linear system
|H|. The transversal intersection of such divisors H;, ¢ = 1,...,n — k, intersects any
general fiber ' = Q™! of the quadric fibration along a quadric Q := Q! C F. Let
now L = 2H and consider a general element A in the linear subsystem of |L| generated by
2Hq,...,2H,_j. Therefore AN F is a complete intersection V of type (2,2) in F' which
is singular along the quadric @, the locus of non-degenerate quadratic singularities for
V.

Finally we point out that the construction in Example 2.4 is stable under general
finite coverings.

EXAMPLE 2.9. Assumptions and notation as in Example 2.4. Let 7 : X’ — X be
a finite covering branched along a smooth hypersurface A C X transversal to the zero
loci 8;1(0)7 1=1,2...,c. Let L' := n*L, A’ := 7*A and ¥’ := 7*¥. Then the same
conclusions as in Example 2.4 hold true for X', L', and ', provided that X N A = {).

3. The general case: positivity of the first adjoint bundle.

The first result we prove in this section deals with the nefness and bigness of the first
adjoint bundle for a polarized pair (X, L) satisfying the assumptions as in Paragraph 2.1.
Compare with Theorem 4.1, concerned with the second adjoint bundle for ¢ = codimx ()
odd.

THEOREM 3.1.  Let (X, L) be a smooth polarized variety of dimension n. Let A be
an irreducible member of | L| whose singular locus X = Sing(A) consists of non-degenerate
quadratic singularities. Assume that 3 is smooth of dimension k > 2 and that ¢ =
codimx (X) > 3. Then the first reduction (X', L"), ¢ : X — X', exists, unless, possibly,
if c=4 and (%, Ly) = (P*, Opx(1)). Moreover, 3 meets no exceptional divisors of .

PROOF. We systematically use the adjunction process described in [1, Chapter 7].
By Corollary 1.2(2) we have

(Kx)s = Kx — ng- (1)
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Let 7 be the nefvalue of (X,L). If r =n+1, ie., if Kx 4+ (n+ 1)L is trivial, then
we get from (1)

Os=(Kx+(n+1)L)y =Ky + (k+1+;>L27

which contradicts the ampleness of Ks;+(k+1+(c/2)) Ly since k+1+4(¢/2) > dim(X)+1
(see [1, Theorem 7.2.1]).

Now suppose that n — 1 < 7 < n. Since n = k + ¢ > 5, it cannot be (X,L) =
(P2, 0p2(2)), so that (X, L) is either (Q", Og= (1)) or a scroll over a smooth curve (see
[1, Proposition 7.2.2 and Theorem 7.2.4]). In both cases, as k > 2, there exists a curve
C C ¥ such that Kx + nL restricts trivially to C. Therefore by (1) we get

Oc = (Kx +nL)c = (Kz + (k—i— ;)l@) ;
c
which is a contradiction again since ¢ > 3. We thus conclude that Kx + (n — 1)L is nef,
ie, 7 <n—1. If it is not big then (X, L) is either a Del Pezzo manifold, or a quadric
fibration over smooth curve, or a scroll over a smooth surface, according to whether the
image of the nefvalue morphism ¢ of (X, L) has dimension 0, 1, or 2 (see [1, Theorem
7.3.2]). We know that in all these cases there exists a curve C' C ¥ to which Kx+(n—1)L
restricts trivially. This is obvious in the first two cases, while in the third one it follows
from the fact that ¢(X) has dimension < 1 according to Lemma 2.2. By using (1) again,
we get

Oc = (KX +(TL— 1)L>C = (KZ + (k}—|— g — 1>LE) .

c
Once again, this is a contradiction if ¢ > 5, so that 3 < ¢ < 4. Moreover, since ¢ > 3,
the above relation allows us to conclude that Ky + kLy is not nef, which implies that
(%, Ly) = (P*, Opx (1)) (see [1, Proposition 7.2.2]). Therefore case ¢ = 3 cannot occur
by Corollary 1.2(3). Hence ¢ = 4 and in addition we see that ¥ must be contained in a
fiber of the morphism ¢. In conclusion, Kx 4 (n — 1)L is nef and big unless ¢ = 4 and

(%, Ly) = (P*, Opr(1)).

Thus the first reduction morphism, ¢ : X — X', exists. Let E = P*"~! be any
exceptional divisor. If ¥ meets F, then, since F is a divisor and k > 2, we can find a
curve C contained in ¥ N E such that (Kx + (n —1)L)¢c = O¢. Once again, relation (1)

yields
(Kg n (k n g _ 1>L2) - Og.
C

This leads to the usual contradiction as soon as ¢ > 5. Moreover, if ¢ = 3, the above
equality shows that Ky + (k4 (1/2))Lx is not ample. On the other hand it is nef being
the restriction of a nef line bundle. This says that the nefvalue of the polarized pair
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(3, Ly) is equal to k+ (1/2), contradicting [1, Proposition 7.2.2]. We thus conclude that
YNE =, as we want. O

The following example explains why we required ¢ > 3 in Theorem 3.1.

EXAMPLE 3.2. Let’s focus on the case (X,L) = (Q",Ogn(1)) in the proof of
Theorem 3.1. Here

Oy = (Kx +nL)s = Ks + (k—F ;)L&

by Corollary 1.2(2). Note that, if ¢ = 2, then Kx + (k + 1)Ly is not ample. Therefore
(%, Ly) = (P*, Opx(1)). Recalling that k > 2 one has n > 4. On the other hand, linear
spaces contained in a smooth quadric Q™ cannot have dimension exceeding n/2. Thus
n—2=k<n/2 ie n <4, whence n =4. In this case an element A € |L| is a quadric
3-fold; since it has to be singular along a P? we infer that A is reducible (compare this
with what we said in the introduction concerning the case ¢ = 2).

Motivated by the exception in Theorem 3.1, we now discuss the case when (X, Ly) =

(P¥, Opi (1)).
First, note the following fact. Let £ be a line in ¥ = P*. Then, by using Corollary
1.2(1), we infer that

k
—KX-éz(—Kg+detNE/X)-€:—KE-€+§:k+1+§:g+1+5. (2)
REMARK 3.3. If (%,Lx) = (P*, Op(1)), then (X,L) cannot be (P™/2? x P2

O(1,1)). Otherwise, since any line £ of this product is contained in one of the factors,
we would get

n n n
KX~€(9(2+1,2+1)~£2+1.

This is not possible in view of relation (2), since k is positive.

PROPOSITION 3.4. Let (X, L) be a smooth polarized variety, with L very ample.
Let 7 and ¢ : X — Y be the nefvalue and the nefvalue morphism of the pair (X, L)
respectively. Let A be an irreducible member of |L| whose singular locus ¥ = Sing(A)
consists of non-degenerate quadratic singularities. Assume that (X, Ls) = (P*, Opr (1)),
k>1. Then

c
= 1—7
T=n-+ %

where ¢ = codimy (X); moreover, ¢ is a Mori contraction which maps ¥ to a point.

PrOOF. Let £ C ¥ be a line. As Nyx = 0,(1)®* =1 and L is very ample, the
assumptions of Proposition 2.3 are satisfied. Therefore the family % defined by ¢ covers
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X; moreover, # is a non-breaking family since L-¢£ =1, and Kx - £ < 0 by (2). All this
says that the first two of the three assumptions in [3, (2.0)] are satisfied.

Let .7, denote the set of curves from the family .%# passing through z and observe
that in our case

dim(F,) = h®(Ny/x(—1)) = deg(Ny/x) = —Kx - £ — 2,

for any point € X. This says that the third assumptions in [3, (2.0)] is satisfied as
well. Furthermore, relation (2) shows that —Kx - £ — 2 > (n — 2)/2. Thus [3, Theorem
(2.3)], combined with (2) again, applies to give the expression of 7 and to conclude that
¢ contracts each line £ C ¥ = P* to a point. This clearly implies that ¢ contracts ¥ to
a point, as we want. U

The previous result agrees with the “obvious” expectation that for high values of
¢ the polarized pair (X, L) presents a good behaviour for the adjoint bundles. This is
illustrated by the following statement (recall that 7 is the smallest rational number such
that Kx + 7L is nef).

COROLLARY 3.5.  Notation as in Proposition 3.4. Then:

1. Kx +nkL is nef.
2. Kx + (n—1)L is nef unless ¢ < 3.
3. Kx + (n—2)L is nef unless ¢ < 5.

On the other hand, for small values of ¢, the pair (X, L) tends to be one of the
special varieties arising from adjunction theory. In particular, for ¢ = 2, (X, L) is either
(Q™, Ogn (1)) or a scroll over a smooth curve; for ¢ = 3 we get 7 = n — (1/2) which is
impossible since n > 4 (see [1, Theorem 7.2.4]). If ¢ = 4, then 7 = n — 1, so that (X, L)
is one of the pairs described in [1, Theorem 7.3.2].

4. 0Odd codimension: positivity of the second and third adjoint bundle.

Whenever the locus ¥ of non-degenerate quadratic singularities is of odd codimension
more can be said. This section is devoted to this case.

First note that, as a consequence of Theorem 3.1, the first reduction morphism
¢ : X — X' is an isomorphism in a neighborhood of X. In particular, we can identify 3
with its image ¥’ := ¢(X) in the first reduction (X', L’) of (X, L), and all properties of
Ny, x expressed by Corollary 1.2 hold true for the normal bundle of ¥ in X’ w.r.t. L'.
Moreover, ¥/ C Sing(¢(A)). We have the following result.

THEOREM 4.1.  Let (X, L) be a smooth polarized variety of dimension n. Let A be
an irreducible member of |L| whose singular locus ¥ = Sing(A) consists of non-degenerate
quadratic singularities. Assume that X is smooth of dimension k > 3, with odd codimen-
sion ¢ := codimx (X) > 3. Then there exists the second reduction (X,2), ¥ : X' — X,
of (X, L). Moreover, ¥ meets no exceptional divisors of ¥ pulled-back to X wvia the first
reduction morphism ¢ : X — X',
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ProOOF. By what we said before we can assume that 7 < n — 1, where 7 denotes
now the nefvalue of the first reduction (X’,L’). Let ¢ : X — X' and ¥/ = (%) be
as before. We continue with the adjunction process according to [1, Chapter 7]. By
Corollary 1.2(2) and the above discussion we have

C
(KX’)E’ = KZ’ — §LIEI (3)

Since n > 6, the range n—2 < 7 < n—1 is ruled out by [1, Theorem 7.3.4]. We thus
conclude that Kx/ + (n—2)L' is nef, i.e., 7 < n—2. If it is not big then (X', L) is either
a Mukai manifold, or a Del Pezzo fibration over smooth curve, or a quadric fibration over
a normal surface, or a scroll over a normal threefold, according to whether the image of
the nefvalue morphism ¢’ of (X', L’) has dimension 0, 1, 2, or 3 (see [1, Theorem 7.5.3]).

We claim that there exists a curve C' C ¥’ to which Kx/+(n—2)L' restricts trivially.
This is obvious in the first two cases. In the third case, let F' be a general fiber of the
nefvalue morphism ¢’. From the inequality

dm(X'NF)>k+(n—2)—n=k—2

we are done since k > 3. In the fourth case the assertion follows from the fact that ¢'(3')
has dimension < 3 according to Lemma 2.2, recalling that ¥’ C Sing(¢(A)). This proves
the claim. Therefore from (3) we get

O¢c = (KX/ + (n— 2)L/)C = <KE/ + (k‘ — 24 g)LIE/) .
c

This contradicts the ampleness of Ky + (dim(X')+1)L%, as soon as k—24(¢/2) > k+1,
i.e. ¢ > 7. Therefore, either ¢ = 5 or ¢ = 3. If ¢ = 5, then Ky + kL%, is not ample,
whence (X', L%,) = (P*,Opx(1)) (see [1, Theorem 7.2.1]). But this is impossible by
Corollary 1.2(3). If ¢ = 3, then Ky + (k—1)L%, is not nef. Therefore [1, Theorem 7.2.4]
applies to rule out this case.

We thus conclude that Kx/+(n— 2)L’ is nef and big; so the second reduction (X, 2),
P X — X of (X, L) exists. In general, X is singular with moderate singularities, and
D = 1/1*(L’)** (the double dual) is a 2-Cartier divisor [1, Section 7.5].

As to the second part of the statement, recall that (see [1, Theorem 7.5.3, 5)] any
irreducible component of the exceptional locus of ¥ : X/ — X is one of the following:

1. a divisor E which contracts to a point;
2. a P" 2-bundle E — B via 9| onto some curve B in X.

Suppose, by contradiction, that X’ N E # (. Then we have dim(X' N E) > k — 1 in the
former case. In the latter case, ¥’ must intersect a fiber f of ¢|g so that dim(X' N f) >
kE+ (n—2)—n=k—2. Since k > 3, in both cases we find a curve C' C ¥’ such that
Oc = (Kx' + (n — 2)L')¢, which leads to the same contradiction as above. O

REMARK 4.2 (dim(¥) = 2). By looking over the proof above, we see that Theorem
4.1 holds true in case k = 2 unless, possibly, when the nefvalue morphism ¢’ gives to



Adjunction and singular loci of hyperplane sections 873

(X', L) the structure of either a quadric fibration over a normal surface or a scroll over
a normal 3-fold. Actually, in these cases we cannot grant that dim(X' N F) > 1 for some
fiber I of ¢'.

As a consequence of Theorem 4.1, when studying the structure of ¥, we may assume
to work on the second reduction ()? ,92) of (X, L) for appropriate ¢, namely, ¢ odd and
> 3. This is exactly what we do in the remaining part of this section, where we study
positivity conditions for the third adjoint bundle.

First let us note the following general fact (which we will use for ¢ odd and t = k—2).

LEMMA 4.3.  Let (X, L) be a smooth polarized variety of dimension n. Let A be an
irreducible member of |L| whose singular locus ¥ = Sing(A) consists of non-degenerate
quadratic singularities. Assume that X is smooth of dimension k, with codimension
¢ :=codimx (X) > 3. Suppose that Ky, + tLyx; is nef for some positive rational number t.
Then (Kx + (t+c—1)L)-C > 0 for every curve C C .

PrROOF. By Corollary 1.2(2) we can write

(Kx +(t+c—1)L)-C = <KX+;L+ (tJr;l)L) .C

(Kg+tLE).C+<;1>LE-cz (gl)Lg~C>O,

where the first inequality comes from the nefness assumption and the latter from the
ampleness of L and the fact that ¢ > 3. O

By Theorem 4.1 we know that, if 3 has dimension k£ > 3 and odd codimension ¢ > 3,
then there exists the second reduction of (X, L). Now, we study nefness and bigness of
the third adjoint bundle.

THEOREM 4.4.  Under the assumptions as in Theorem 4.1, the following hold true.
1. The third adjoint bundle K ¢ + (n—3)2 is nef unless (X,2) = (P%, Ops(2)), in which
case (3, Ly) = (P3, Ops(2)).
2. If Ks + (k — 2) Ly is nef, then K¢ 4 (n — 3)Z is also big, provided that k > 4.

PROOF. Set 2 = 1, (L')** and recall that Z is a 2-Cartier divisor on X such that
Kx/ + (n —2)L/ = ¢*#, where £ is an ample line bundle Q-linearly equivalent to
K¢ +(n—2)2 [1, Lemma 7.5.8]. Moreover, Z is ¢-ample, where ¢ is now the nefvalue

(

morphism of A,Jﬁ/ ). More precisely, the following isomorphism of rank 1 reflexive
sheaves

(n=2)(Kg +(n-3)2) = (Kg + (n—-3)4) (4)

plays a key role [1, Corollary 7.6.2]. In particular, it shows that K¢ + (n — 3)% is nef if
and only if K¢ + (n —3) is nef. Thus [1, Section 7.7] says that K¢ + (n — 3)Z is nef
unless ()?, ) = (PS, Ops (1)), in which case 2 = Ops(2), in view of the above relations.
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By Theorem 4.1 we also know that the composite map oy : X — X is an
isomorphism in a neighborhood U of ¥ in X, hence Ly = P(yop) ). Letting S =
(¥ 0 )(X2), and taking into account that 6 = n = k + ¢, with k,¢ > 3, we thus get
(i Z5) = (P?, Opz(2)), leading to the first assertion.

We prove now the second assertion. As n > 6 (in fact n > 7 as k > 4) we know
that K ¢ + (n —3).% is also big except for five exceptional cases listed in [1, Proposition
7.7.6], which correspond to the values m =0,...,4 of the dimension of the image of the
nefvalue morphism ¢ of ()? ,&"). Note that the bigness of K¢ + (n — 3). % is equivalent
to that of K¢ + (n —3)% in view of [1, Corollary 7.6.2]. Let F' be the pullback to X via

1) o  of a general fiber of Zs If 0 <m < 3, due to the assumption k& > 4, we see that
dm(XNF)=k+n—-m-n=k—m>1

Hence there is a curve C' C X such that K¢ + (n — 3).% is trivial on C = (¥ 0 ©)(C).
Then K¢ + (n — 3)% is trivial on C as well, by (4). Coming back to X, this implies

(Kx +(n—=3)L)c = Oc. (5)

If m = 4 we know from [1, Proposition 7.7.6] that (X, %) is a scroll over a normal 4-fold
W. In particular, the scroll projection p : X — W induces a P"4-bundle over a Zariski
dense open subset Wy of W and £ restricts as Opn—4(1) to any fiber of it. Thus Lemma
2.2 (used for t = k — 2) allows us to conclude that there is a fiber of ¢ such that for the
corresponding F' on X, XN F has positive dimension even in this case. Therefore we can
find a curve C' C X satisfying (5) for m = 4 as well. On the other hand, equation (5)
contradicts Lemma 4.3. This proves the second assertion. O

REMARK 4.5. Notation as above. By studying the adjunction mapping on ¥ we
can produce complete effective lists of all the exceptions to the nefness and bigness of
Ks + (k —2)Ly, for k > 3. This would allow us to make concrete the assumption made
in Lemma 4.3 and used in Theorem 4.4(2).

Note added in proof (March 1, 2015). For further progress relying on a general-
ization of Theorem 1.1, we refer to: M.C. Beltrametti, A. Lanteri and A.J. Sommese,
Adjunction and singular loci of hyperplane sections, II, Rend. Circ. Mat. Palermo, 63
(2014), 247-255.
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