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ABSTRACT. Kollar proved that a very general n-dimensional complex hypersurface of degree at least
3[(n + 3)/4] is not birational to a fibration in rational curves. This is most interesting when the hyper-
surface is Fano, in which case it is covered by rational curves. In this paper, we extend Kollar’s ideas
and show that for any genus g, there are Fano hypersurfaces (in more restrictive degree and dimension
ranges) that are not birational to fibrations in genus g curves. In other words, we show that the fibering
genus of these hypersurfaces can be arbitrarily large. The fibering genus of a variety has been studied in
work of Konno, Ein-Lazarsfeld, and Voisin, but this is the first paper to explore these ideas in the Fano
range. Following Kollar, we degenerate to characteristic p > 0 to rule out these fibrations. A crucial
input is Tate’s genus change formula and its generalizations, which imply that any regular curve of genus
g is smooth if p is sufficiently large compared to g.

1. INTRODUCTION

The purpose of this paper is to study which complex hypersurfaces X are birationally fibered in
curves of a given genus, using the specialization to characteristic p > 0 technique of Kollar. In the
Fano range, X is rationally connected, so it is always swept out by curves of genus 0. It is interesting to
ask however, if X can be swept out birationally by curves of genus 0 (or higher genus for that matter).
For very general Fano hypersurfaces X C [P’g’:+1 of degree d > 3["T+3'|, Kollar proved that the answer is
no for genus 0, namely X is not birational to a ruled variety or to a conic bundle ([Kol95] and [Kol96,
Thm. V.5.14]). In this paper, we extend Kollar’s results to higher genus.

We consider an invariant called the fibering genus (Definition 2.2), defined to be the smallest integer
g such that X admits a rational fibration in genus g curves. For surfaces with trivial Albanese,
this coincides with the minimal geometric genus of a pencil of connected divisors on X and was
first studied by Konno [Kon08] in the context of smooth surfaces in P3. Konno proved that in this
case, pencils of minimal genus are given by projection from a line. Ein-Lazarsfeld investigated this
invariant for polarized K3 surfaces and abelian surfaces [EL20] of Picard rank 1 and showed that these
invariants asymptotically grow like a constant times VL2, where L is a generator of the Picard group.
Most recently, Voisin [Voi22] studied the fibering genus and other related invariants for hyper-Kéhler
manifolds. Our main result is that there are Fano hypersurfaces of arbitrarily large fibering genus.

Theorem A. Let X C P be a very general hypersurface of degree d and dimension n > 3. If

n+ |_(g+5)/2J

dz p+1

for some positive integer g > 1 and prime p > 2g + 3, then
fib.gen(X) > g+ 1.
For example, ifd > 5 |'”T+‘3-|, then X is not birational to a conic bundle or a genus one fibration.
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Every Fano variety is covered by genus 0 curves; however, as Theorem A shows, for every g there
exists a Fano variety of fibering genus > g in sufficiently high dimension. In the case g = 0, our
methods also recover Kollar’s theorem on conic bundle structures mentioned above (see Remark 4.5).
The prime p in Theorem A is chosen to ensure that any regular curve of arithmetic genus g is smooth
in characteristic p (see §2.1). In the table below, we record some values ensuring lower bounds on the

fibering genus of a very general n-dimensional degree d hypersurface in [P’(f’:+1 (asymptotically in n):

fib.gen(X) > 1 2 3 5 6 8 9
P 3 5 7 11 13 17 19
d> 3n/d  5n/6  7n/8 11n/12  13n/14  17n/18  192/20

We also obtain a lower bound for fibering genus that, although less sharp than Theorem A, is
expressed explicitly in terms of # and 4 (Corollary 5.1). One particular consequence of our bound is:

Theorem B (Follows from Corollary 5.1). Let X C [P’g';’l be a very general hypersurface of dimension n > 3
and degreed > n+2 — %Vn +2. Then

1
fib.gen(X) > g\/n+2 -1

1.1. Comparison with previous results and other measures of irrationality. For g < 2, there have
been previous works showing the non-existence of genus g fibrations of hypersurfaces. The techniques
of birational rigidity [Puk04] can be used to rule out genus 0 fibrations in some cases (e.g. smooth index
1 Fano hypersurfaces, see [Kol19]). For g = 1, Grassi and Wen showed that in dimensions 3 < n < 5,
smooth Calabi—Yau hypersurfaces do not admit genus 1 fibrations [Gra91, GW22]. Assuming the
existence and termination of klt flips, they also prove the same result for all z > 3. For genus 1
fibrations with a section (i.e. Jacobian fibrations of dimension one), the first and fourth author proved
that very general hypersurfaces of degree d > 5[22] do not birationally admit this structure [CS], by
studying rational endomorphisms on hypersurfaces. Finally, complex varieties that have a birational
fibration in genus 2 curves (or more generally hyperelliptic curves) admit a birational involution whose
quotient is birational to the image of the relative canonical linear system of the fibration. One can rule
out the existence of such birational involutions (and therefore, genus 2 fibrations) for very general
Fano hypersurfaces of degree d > 3|'”T+3'| using [C]S, Theorem Al.

Several other measures of irrationality involving curves have been previously defined and studied.
For hypersurfaces, the covering gonality first appeared in work of Pirola—Lopez [LP95], where they
showed that the covering gonality of a smooth surface X C P3 of degree d > 4 is equal to cov.gon(X) =
d — 2. This was later generalized to higher-dimensional hypersurfaces of large degree by [BDPE*17]
and [BCFS19]. Here cov.gon(X) is the minimal gonality of the general fiber of a covering family
C — X of curves. One can similarly define the covering genus cov.gen(X) to be the minimal genus of
such a covering family. We have the inequalities

cov.gon(X) < {cov.gen(X) +3 < {ﬁb.gen(X) + 3J ‘

2 2

The results of [BDPE*17, BCFS19] show that if X; C [P’g‘:+1 is a general hypersurface of degree d, then
cov.gon(Xy) > d — n, thereby giving a lower bound on the fibering genus in the general type range
(see Example 2.4). Our results do not quite reproduce this bound for d > n (we do get a lower bound
asymptotically linear in d — » but with a worse constant), but we give an improvement in the range

d < n+ivn.
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The first and fourth authors proved that if X C [P’g‘:+1 is a very general hypersurface of degree
d>n+1- %Vn +2, then irr(X) = %Vn +2 [CS20], where the degree of irrationality irr(X) is the
minimal degree of a dominant rational map X --> P (in fact, they showed that the same bound holds
for the minimal degree map to a ruled variety). However, there are no clear inequalities relating these
invariants to the fibering genus. As we point out in Remark 5.4, the main result of [CS20] can be used
to give a similar bound to Theorem B with % replaced by é, as long as one can show by other methods
that fib.gen(X) # 1. In the present paper, we directly rule out fibrations by low genus curves, using
an obstruction that applies uniformly to both genus < 1 and > 2 fibrations.

For an arbitrary hypersurface X C [F"G’é+1 of degree d, one can always project from a line £ and define
amap f;: X --» I]j’g‘;l. Depending on whether the line ¢ is contained in X or not, the general fiber
of f; will be either a degree d — 1 or degree d plane curve (possibly singular). Therefore, we always
have the upper bounds fib.gen(X) < %(d —1)(d —2) and fib.gon(X) < d — 1, where fib.gon(X) is the
minimal gonality of the general fiber of a fibration of X in curves.

Question 1.1. For Fano hypersurfaces over C, can one give any obstructions to the existence of low
gonality fibrations?

It is worth mentioning that there is no analogue of Theorem 2.8 for gonality: one cannot guarantee
smoothness of curves in large characteristic by fixing only the gonality (see Example 2.7(2)).

1.2. Outline of argument. Theorem A is a consequence of Theorem 4.4, which we prove in three
parts. First, we show that the fibering genus can only drop under specialization (Proposition 3.6).
Then we apply a construction of Mori to degenerate from a very general complex hypersurface to
a uy-cover of a hypersurface in characteristic p > 0 (Construction 4.3). Finally, for these u,-covers,
we give lower bounds on the fibering genus using Kollar’s construction of (n — 1)-forms, thereby
giving a lower bound on the fibering genus for complex hypersurfaces. One technical point is that
Bertini’s theorem fails in characteristic p: it’s possible for a morphism between smooth varieties to
have everywhere singular fibers. In this last step, we apply Tate’s genus change formula (and its
generalizations, see Theorem 2.8) to ensure that these curve fibrations on the u,-covers have smooth
general fibers.

Acknowledgements. We would like to thank Johan de Jong, Louis Esser, Antonella Grassi, Janos
Kollar, Eric Riedl, and Ravi Vakil for enlightening conversations and discussions.

2. BACKGROUND

By curve, we mean a separated finite type scheme over £ of pure dimension 1. A variety X over k
is an integral separated scheme of finite type, and we denote its function field by k(X). Note that by
our convention, not every curve is a variety.

Definition 2.1. Let C be a proper curve over k. The arithmetic genus of X over k is
pa(C/k) = dimy H(C,0¢).

Note that our definition differs from another definition, y x(O¢) —1, which is frequently used in the
literature. The two definitions coincide when H%(C,O¢) = k (e.g. if C is geometrically integral over
k). In particular, if C is smooth, proper, and geometrically integral over £, then p,(C/k) is equal to
the geometric genus dim; H°(C,wc).
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In this paper, we will study the fibering genus of hypersurfaces by specializing to characteristic p.
For this reason, we give a definition that works over any field:

Definition 2.2. Let X be a proper variety over a field. The fibering genus, or fib.gen(X), is the smallest
integer g > 0 such that there exists a normal proper model X of X and a morphism X — B to a
variety B of dimension equal to dim X — 1 whose generic fiber is a geometrically irreducible curve of
arithmetic genus g over k(B).

Note that the fibering genus is always a non-negative integer. In characteristic 0, this definition
agrees with [Voi22, Definition 1.1].

Definition 2.3. Let C be an integral curve over an algebraically closed field k. We define the gonality
of C, gon(C), to be the minimal degree of a map C — P!, where C is the normalization of C.

If C is a smooth curve over an algebraically closed field with p,(C/k) = g, then Brill-Noether
theory shows that [Poo07, Proposition A.1(v)]

(2.1) gon(C) < {gQL‘%J .

We will use this inequality to give lower bounds on the genus of curves that appear in fibrations.

Example 2.4. The inequality (2.1) immediately implies
cov.gen(X) + 3
2
(see §1.1 for the definitions of covering gonality and genus). For smooth general type hypersurfaces,
combining this inequality with [BDPE*17, Theorem A] and the inequality cov.gen(X) < fib.gen(X)
shows that any smooth hypersurface X C PZ*! of dimension z and degree d > n +2 has fib.gen(X) >

2(d — n) — 3. However, we suspect that this bound is far from being optimal.

cov.gon(X) < {

2.1. Properties of fibrations by curves and their generic fibers. In this section, we collect some
results about curve fibrations that we will use in positive characteristic. First, recall that the properties
of the geometric generic fiber reflect those of a general fiber.

Lemma 2.5. Let f: X — Y be a morphism of varieties over a perfect field.

(1) If the generic fiber is geometrically irreducible over k(Y'), then a general fiber is irreducible [Sta, Tag
0559].

(2) The generic fiber is geometrically normal (resp. smooth, geometrically reduced) over k(Y') if and only if
a general fiber is normal (resp. regular, reduced) [PW22, Proposition 2.1].

The following result will allow us to ensure that the fibrations we use will have irreducible general
fibers, by taking the Stein factorization and using Lemma 2.5(1).
Lemma 2.6 ([Tan21, Propositions 2.1 and 2.2]). Let V' be a proper variety over a field k.
(1) If V is normal, then k is algebraically closed in k(V) if and only if H*(V,Oy) = k.
(2) If k is algebraically closed in k(V'), then V is geometrically irreducible over k.

In every prime characteristic p, there exist fibrations by curves where the total space is normal but
every fiber is singular. The generic fiber of such a fibration is a curve over an imperfect field that is
regular but not smooth.
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Example 2.7. Let k be a perfect field of characteristic p > 0.

(1) If p = 2 or 3, consider a quasi-elliptic fibration over k) [BM76, §1], and let C be the generic
fiber. Then C is regular but not smooth over k£ := H°(C,O¢), and p,(C/k) = 1.

(2) (Rosenlicht, [KMT74, 6.9.3]) Assume p > 3, let £ = ko(s) be the function field in 1 vari-
able, and let C be the normalization of the plane curve defined by y?2#7? — x? + s2?. Then
H'(C,O¢) = k, the arithmetic genus is p,(C/k) = %(p —1), and the base change C ®; K2 s
non-normal.

(3) Let £ = ko(s,t) be the function field in two variables, and let C be the plane curve defined
by sx? + ty? + 2. Then C is a regular curve with H°(C,O¢) = k, the arithmetic genus is
pa(ClE) = %([) —1)(p — 2), and the base change C ®; k1/? is non-reduced.

When the characteristic of the field is large compared to the genus, such pathological behavior as
in Example 2.7 cannot occur. The following result generalizes Tate’s genus change formula [Tat52]:

Theorem 2.8 ([Tat52] in the geometrically integral case, [PW22] in general). Let C be a regular integral
proper curve over a field k of characteristic p > 0. Assume H'(C,O¢) = k, and let g = p,(C/k). Ifp > 2g+3,
then C is smooth over k.

Proof. For g =0, see [CTX15, Lemma 6.5]. If g =1 and if p > 5 then C is smooth over £ by [PW22,
Corollary 1.8], so we may assume g > 2 and p # 2. We will show that if C is not geometrically
normal over £, then p < 2g + 1. In this setting, let ¥ be the normalization of (C ®; k1) eq and
¢: Y — C the induced morphism. By [PW22, Theorems 1.1 and 1.2] and [NT23, Corollary 3.3] we
have ¢*K¢ — Ky ~ (p — 1)D for some nonzero effective Weil divisor D. Taking deg;, and using that
deg, (¢*wc) = deg(¢) deg, (wc) [Sta, Tag 0AYZ] and deg, (w¢) = 2g — 2 [Sta, Tag 0C19], we get
(22) (p=DIEY?: k] < (p= DY : k] degyy (Oy (D)) = deg(4)(2g - 2) — [k : k] degpp (wy ),
By [JW21, Lemma 5.4] and the fact that —deg;./, (wy) < 2 by [CTX15, Lemma 6.5], we have that
deg(4)(2g —2) — [K'/7 : k] degpup (wy) < [K 1 k] (2g — 2 — degpup (wy)) < [K7: k]2g.

Thus, after dividing (2.2) through by [£Y? : k], we get p—1 < (p - 1) deg,1/,(Oy (D)) < 2g. |

The bound in Theorem 2.8 is sharp for all g, as shown by Example 2.7(3) with p = 2 for g =0, and
Example 2.7(2) for g > 1 (noting that 2g + 2 is never prime for g > 1).

3. DEGENERATIONS OF CURVES AND FIBERING GENUS

The main goal of this section is to prove that fibering genus specializes (Proposition 3.6). In order
to prove this result, we will first need a careful analysis of the numerical invariants of degenerations
of curves with normal total space. Throughout, we will work in the following setting:

Notation 3.1. Let (R, m) be an excellent DVR with fraction field K = Frac R and residue field k = R /m.

Definition 3.2. A degeneration of curves is a proper flat family X — Spec R over a DVR R where the
generic fiber X is an integral normal projective curve over K.

Now let X — Spec R be a normal degeneration of curves, and consider the following data. Let
{I';}7_, be the irreducible components of the reduced subscheme (X;).eq of the special fiber, and let
I'Y be the normalization of I';. Define the following «-algebras:
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1) H'(X,,Ox,),

(2) ’ HO((XK)red’O(XK)red)7
(3) i = H(I', Or,), and
4) k= H(I},Opy).

[

A
K

Then 4 is an Artin local k-algebra, and k C ¥’ C k; and k; C « are finite field extensions by [Sta, Tag
0BUG] and [Sta, Tag 04L2], since these schemes are connected and the last three are also reduced.

Proposition 3.3. Let X — Spec R be a regular degeneration of curves with H*(Xg,Ox, ) = K. Let i},
be the irreducible components of (X, )req with reduced structure, and let I') be the normalization of T';. Then

D ba(T 1) < D pa(TY /i) < D pa(Tifi) < pa(Xic/K).
i=1 i=1 i=1

Proof- Let m; be the multiplicity of I'; in X,, let d := gcd(m;), and define the effective Cartier divisor
D =} (m;/d)C;. By [Sta, Tag 0C68] and [Sta, Tag 0C69], D satisfies

(1) kp = H°(D,Op) is a finite field extension of , and
(2) x(X,Ox,) =d - x(D,0Op).
Hence, if g := p,(Xk/K) and gp = p,(D/kp), we have
g-1=d[«p:«](gp—1).
Therefore,
g-1

gDzd[

——+1<
Kp : K] =8

since either g = 0, in which case gp =0 and d = [kp : k] =1, or g > 0, in which case we see that
gp < g. Furthermore, since (Xy)red = Dred, We see that (Xy)req is @ proper kp-scheme. In particular
kp C k" and also HY(X,,Op) —» Hl(XK,(’)(XK)md). So we conclude that

pa((XK)red/K,) < pa((XK)red/KD) < pa(D/KD) =gp<g :pa(XK/K)'

Next, we compare the arithmetic genus of (Xy),eq to that of its components. Consider the finite map
m: |7 Ts = (Xi)rea splitting the irreducible components. This gives a sequence of sheaves,

0 : O(Xk)red H H;:l OI“,- H C H 0,

and since dim Supp (C) = 0, we have a surjection

H' (X)rea> Ox),00) > D HM (T, 0.
i=1

Hence,
D ba(Tifki) < 3 pa(Ti/K) < pa((Xrea/ ) < pa(Xic/ K).
i=1 i=1
Finally, for each i, we have the inequality p, (I} /«;) < p.(I';/k;) [Sta, Tag OCEA4]. O

Proposition 3.4. Let X — Spec R be a normal degeneration of curves over an excellent DVR, and assume
H(Xg,0x,) = K. Let T; C (Xi)red be an irreducible component. Then pa(I7 ki) < pa(Xg/K).


https://stacks.math.columbia.edu/tag/0BUG
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Proof. Since R is excellent, by [Lip78], there exists a strong desingularization 7: X — X, meaning
that X is regular and 7 is an isomorphism over the regular locus of X. Then X — Spec R is a
regular model of Xx = Xy and hence by Proposition 3.3 verifies the inequality. Since X — X is an
isomorphism away from a finite set of points, for each I'; C X, there is an irreducible component
l:,- C )?s mapping birationally onto I';. This induces a birational morphism on the normalizations
Fl" — I'/, which is an isomorphism. o

We now apply this to prove the following result, which we use in the proof of Proposition 3.6.

Corollary 3.5. Let f: X — Y be a morphism of relative dimension 1 between flat, proper, normal, integral
schemes over an excellent DVR R. Assume Y, is integral and the map f: X — Yy is dominant. Letn € Y
and & € Y be the generic points. Let Xa,...,X, be the irreducible components of (Xy)red, and define the

multiplicities m; by
r
XK = Z miXi.
i=1

LetI c {1,...,r} be the indices corresponding to the components X; that dominate Y,. Fori € I, let T'; be the
generic fiber of X;—Y,, and let ') — T; be the normalization.

Then the following hold:

(7) Xg = Ziel miri.
(2) Fori €I, set k; = HO(F,-,C’)D) and k) = HO(F;’,Orly). Then

pa(rz"//’(;'/) < pa(F;}/Ki) < pa(Xn/K(n))-

In particular, the Stein factorization X — B; — Y, has the property that the general fiber of X; — B;
is an irreducible curve, and the generic fiber C; of X; — B; has genus p,(C;/k}) < po(X,/x(1)).

Proof. Part (1) follows from properties of localization and primary decomposition. For (2), first note
that since Y is normal, D := Oy, is a DVR. Now consider Xp — Spec D. Since X} is a localization of
the irreducible and normal scheme X, it is also irreducible and normal. The morphism Xp — Spec D
is proper by base change, and it is flat since it is dominant. Therefore, as I';’ and C; are isomorphic
as curves over k] = k(B;), the genus inequalities in part (2) follow from Proposition 3.4. The state-
ment about irreducibility of the general fibers of the Stein factorization follows from Lemma 2.6 and
Lemma 2.5(1). O

Finally, we are ready to show that fibering genus can only drop under specialization. We note that
this property is known for covering gonality by [GK19, Proposition 2.2]; however, their argument,
which uses the Kontsevich moduli space, requires a base change in applying the valuative criterion of
properness for stacks, and so it will not work for fibering genus.

Proposition 3.6. Let R be an excellent DVR as above, and let X be a normal proper integral scheme that is
flat over R.

(1) Iffib.gen(Xx) = g, then for every component X, C X, we have fib.gen(X}) < g.
(2) Suppose X, C X, is a geometrically integral component of the central fiber that appears with multiplicity
1. If Xk is geometrically integral with fib.gen(Xg) = g, then fib.gen(XY) < g.

Proof- Set fib.gen(Xx) = g, and let fx: Xx --» Bg be a rational map computing the fibering genus
of Xk, i.e. the generic fiber of the normalization of the graph of fx: Xx --» Bk is geometrically
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irreducible of arithmetic genus g. Let B be a normal proper model of Bgx over R. The rational map
fx extends to a rational map f: X --> B over R. Since & is normal, f is defined on all codimension 1
points. By an argument of Abhyankar and Zariski [Kol13, Lemma 2.22], for any codimension 1 point
8 € X, there is a birational morphism u: B— B so that for the induced rational map

f:X--B,

£(6) is a codimension 1 regular point of B. Let 6 now be the generic point of X/. Then the closure
of the image B, := f(8) C B, is a codimension 1 subscheme of B.

Now we use a standard argument to pass to morphisms. Consider the normalization of the closure
of the graph of £, which we will denote by I'. This admits a morphism

I' > XxgB

over R, with the projection maps 71, my. Furthermore, the generic fiber of I' — B is the normalization
of the graph of fx. The first projection ;1 is proper and is an isomorphism away from a codimension
> 2 locus in X. The central fiber I'y has pure codimension 1, and since 77 is an isomorphism away
from a codimension > 2 locus in X, there is a unique component I'; which dominates &, via the first
projection with degree one. Therefore, I'; is birational to X.

This defines a morphism I' — B which restricts to I, — B, satisfying all of the conditions in
Corollary 3.5. Applying Corollary 3.5 to I’ — B over R gives the desired inequality on fibering genera
(noting that the normalization of the generic fiber of I', — B; is the generic fiber of the morphism
I'/V — B from the normalization [Sta, Tag 0307]). This proves part (1).

Part (2) follows from part (1) by base changing X by a (possibly ramified) finite extension R of
the DVR R and applying part (1) to the normalization X' of the base change, as in the proof of
[Kol96, Theorem IV.1.6]. The assumptions on A, are to ensure that X; has a component birational
to (X)z. o

4. LOWER BOUNDS ON FIBERING GENUS FOR FANO HYPERSURFACES

The main result of this section is Theorem 4.4, which will imply Theorem A and Corollary 5.1.

Definition 4.1. Let X be a variety over an algebraically closed field k£, and let £ be a line bundle
on X. We say that sections of L separate y points on an open set U C X if for any y distinct points
X1,...,%, € U, there is a section s € HO(X, L) that vanishes on x1,...,x,_1 but not on x,.

This is slightly different from the notion of (BVA), as in [BDPE*17, Definition 1.1]. For example,
a line bundle £ is (BVA); if and only if it separates 2 points and tangent vectors on an open set. For
our purposes, we only require our line bundle to separate y distinct points.

Lemma 4.2. Fix an integery > 2, and let f: X — B a proper morphism of relative dimension 1 of normal
varieties over an algebraically closed field k, and assume the generic fiber is a smooth geometrically connected
curve over kK(B). Let n = dim X. Suppose there is a line bundle L embedding in Q/;( forsomel < k <m

¢:£f—>Q’§(

whose sections separate y points on an open set. Then the general fiber of f has gonality > y + 1.

Proof- Since X is normal and f has relative dimension 1, its singular locus does not dominate B, i.e.
a general fiber of f is contained in the regular locus of X. Thus, we can shrink B so that f, X, and
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B are all smooth, and any fiber C is a proper, smooth, irreducible curve. Fix some fiber C that meets
the open set U on which £ separates y points. Then the conormal sequence

O—>IC/I(2J - Qxlc = Q¢ —0

is an exact sequence of vector bundles, and since Q¢ is a line bundle, there is an induced exact
sequence of vector bundles

0 — N(Zc/T2) — Ok |c —» (NN (Ze/TE)) ® Q¢ — 0.

R

n—1
However, since C is a fiber of f we have IC/I% = Og’l and hence /\k_l(Ic/I%) = (’)g’“l). Therefore,

we get (;~}) projection maps:

Llc — Q§(|C — Qc.

The projection maps are all zero exactly if L|¢ — Q§(|C factors through /\k(IC /I%) = (’)gl’“l) (when
k = n, this just says that the projection map is nonzero). In this case, we could only have 4°(C,L|¢) # 0
if L|¢ = Oc¢, but that would imply that sections of £ cannot separate more than one point on C,
contradicting the assumption that y > 2. Therefore, one of the projections £|¢ — ¢ must be a
nonzero map of line bundles and hence injective, meaning that

H(C,L|¢c) - H(C,Qc)

must be injective. Since we chose C to be general, H°(C,L|¢) and hence H’(C,Q¢) can separate
v points in some open (U N C) € C. Therefore gon(C) > y +1 by geometric Riemann—-Roch (c.f.
[BDPE*17, Lemma 1.3]). O

In the proof of Theorem 4.4, we will use a construction of Mori to degenerate a very general
hypersurface to a u,-cover. We recall several key facts that Kollar showed about this family:

Construction 4.3 ([Kol95], [Kol96, Construction V.5.14.4]). Let p be a prime, and let z,¢ be positive
integers with n > 3. Let R be a mixed characteristic DVR with algebraically closed residue field « of
characteristic p. There is a normal proper integral scheme X — Spec R with the following properties:

(1) The generic fiber Xk is a hypersurface of degree pe in P;’;’l.
(2) The special fiber is a y-cover X, — Y, of a smooth degree ¢ hypersurface in P**!. Moreover,
X, admits a resolution of singularities [Kol95, paragraph 21]

’
X > XK > (2]

K

r

and the line bundle L := r*(’)wﬂ (pe + ¢ — n — 2) injects into A”_1£2XK/ [Kol95, line (15.3)].

We now prove the main result: a lower bound on fibering genus.

Theorem 4.4. Let X, ; C [P’q’é+1 be a very general hypersurface of degree d and dimension n > 3. For any
prime p and positive integer e such that pe < d, define the quantityy = pe+e¢ —n—1. If y > 2, then

fib.gen(X, ;) > min {[J ,2y — 1} .

Proof- First we consider the case d = pe. By Construction 4.3, a very general degree pe hypersurface
Xupe C [P’gr1 admits a degeneration to &) with a resolution of singularities X, — X. The line bundle
L = r*Opua (y —1) injects into /\”‘1QXK, and separates y points on an open set of X. If X birationally
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admits a fibration in curves such that the general fiber C is smooth, then Lemma 4.2 (applied to the
normalization of the graph of the rational fibration of X, and £ = » — 1) implies that it has gonality
gon(C) > y + 1. Here we use the assumption y > 2 here.

We will now obstruct low genus fibrations of X, ;.. Assume for contradiction that X, ;. birationally
admits a fibration by irreducible genus g curves for some g < 1%2 Using the degeneration of X,, ; to X
in characteristic p (Construction 4.3), we apply Proposition 3.6 to conclude that X birationally admits
a fibration whose general fibers are irreducible curves of arithmetic genus g’ < g. The condition that
p > 2g+3 > 2g" +3 implies that the general fiber C is smooth by Theorem 2.8 and Lemma 2.5(2).
Therefore,

(4.1) y+1<gon(C) < {gT-i-BJ ,

and hence,
g>22(y+1)-3=2y-1
proving the claim in the case d = pe.

For d > pe, we degenerate a very general X,  to the union of a very general X, ;, and d — pe
hyperplanes. Proposition 3.6 then implies that

fib.gen(X, ) > fib.gen(X;p,) > min {I) ,2y — 1} i

Figure 1 gives a graphical representation of the lower bound from Theorem 4.4.

Proof of Theorem A. Define r = L%J and ¢ = [";T’J{l] We have r > 2 by the assumption that g > 1.
Then

y=e(p+1l)-n-1>2n+r+1-n-1=r.
Suppose for the sake of contradiction that a very general X 5, admits a genus g’ < g fibration. Then
the proof of Theorem 4.4 shows that X, as defined in Construction 4.3, birationally admits a fibration

whose general fiber is a smooth (here we use p > 2g + 3) irreducible curve C of genus at most g’, and
hence C satisfies the inequalities

"+3 +3
r+1<y+1<gon(C) < g2 S{gQ J
This contradicts our choice of r. Thus, fib.gen(X,,,) > g+ 1. The case d > pe follows from the
inequality fib.gen(X, ;) > fib.gen(X,,,), as in the proof of Theorem 4.4. o

Remark 4.5. For g =0, taking p = 3 and r = 2 (instead of L%J) in the proof of Theorem A recovers
Kollar’s bound ruling out (birational) conic bundle structures in degrees d > 3|'”T+3].

5. EXPLICIT BOUNDS ON THE FIBERING GENUS IN TERMS OF THE DIMENSION AND DEGREE

In this section, we obtain an explicit lower bound for the fibering genus in terms of degree and
dimension, as another consequence of Theorem 4.4.
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FIGURE 1. Lower bounds on fib.gen(X, 4) from Theorem 4.4.

Corollary 5.1. Let X C [P’a'é+1 be a very general hypersurface of degree d and dimension n > 3. Then

—+/i2+(9/2)d 1

9

fib.gen(X) > where 1=n+2-d.

Note that if ¢ > 0, then X is Fano and ¢ is the Fano index of X.

The idea to prove Corollary 5.1 is to use Bertram’s postulate to find a simultaneous lower bound, in
terms of # and d, for both of the quantities in Theorem 4.4. This bound is less sharp than Theorem A
because for specific pairs (n,d), a more optimal prime p can often be chosen to give better bounds
from a rough estimate using Bertrand’s postulate.

Proof. Let 0 be the unique positive real number satisfying the quadratic equation

©0/2)-2 _,

] (RUAF BECTIEE)

which can explicitly be written as

—t+ 2+ (9/2)d

9/4 )
We need to show that the fibering genus is at least ¢ — 1. There is nothing to show if 8 < 2, so we may
assume that 6 > 2. By Bertrand’s postulate, we may choose some prime p satisfying %9 <p <6. The

P2 o (6/2)-2 d
Tz s

g =

then clearly ¢ > ¢ -1,

. Furthermore, if we set ¢ = s

first inequality %9 < p implies
so the second inequality p < 6 implies

2)-2

2(pe+e—n)—322(d—p+%—1—n)—322(d—0+%—1—n)—3=%.

Therefore, by Theorem 4.4, we have

22,2([)e+e—n)—3} > - —1.

fib.gen(X) > min {‘b

LS
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For Calabi—Yau hypersurfaces, i.e. the case that d = n + 2, Corollary 5.1 shows:

Corollary 5.2. Let X;,9 C [F"gr1 be a very general hypersurface of degree n + 2 and dimension n > 3. Then

1
fib.gen(X,49) > —Vn+2—1.
g + 3v2

Thus, asymptotically the fibering genus of Calabi—Yau hypersurfaces grows by a factor of Vn + 2.
We emphasize that Theorem 4.4 gives sharper bounds than Corollary 5.2.

Remark 5.3. As mentioned in the introduction, Grassi and Grassi—-Wen showed that smooth Calabi—
Yau hypersurfaces do not birationally admit genus 1 fibrations (conditionally on standard MMP con-
jectures if n > 6) [Gra91, GW22]. Our methods recover their bound for very general Calabi—Yau

hypersurfaces for n = 3, n = 5, and n > 8 (unconditionally on the MMP).

Next, for any d, applying Jensen’s inequality to Corollary 5.1 yields the following bound for a very

general hypersurface X C P2 of degree d and dimension n > 3:

1+212sign(d —n -2
fib.gen(X) > — S‘g;( " ).(d-n—2)+,/%—1.

This result illustrates the expected behavior of fib.gen(X). In the d > n regime, there is a dominant
term linear in d — n, and in the regime d < n, the dominant behavior is Vd. However, the constants
that appear in this estimate are certainly not optimal.

Finally, we would like to point out how earlier work of the first author and fourth author can be used
to rule out fibrations in curves of geometric genus g > 2 for very general complex Fano hypersurfaces
in a certain range. Recall that, using the methods in the present paper, one can obtain a similar bound
with an improved constant and without having to separately rule out the possibility that fib.gen(X) =1
(Theorem B).

Remark 5.4. Let X C ngl be a very general hypersurface of degree d. If d > n+1 — % n+2 and
X --> B is a fibration in curves of geometric genus g > 2, then one can use the main result of [CS20]
to show that g > 1+ %Vn + 2. Indeed, given a rational fibration X --»> B in curves of geometric genus
g > 2, after resolving the map and resolving the source, we have a morphism 7: X — B whose general
fiber is a smooth curve of genus g. Consider the composition of maps

-1
X - Pr.wg/p ~pi. PS> P}
/ B B

where the last map is given by projecting away from g — 2 general rational sections. This map has
degree 2g —2. On the other hand, by [CS20] we know that the minimal degree map from X to a ruled
variety is > %\/n +2. So

1 1
2g—222\/n+2 = g21+§\/n+2.

REFERENCES

[BCFS19] Francesco Bastianelli, Ciro Ciliberto, Flaminio Flamini, and Paola Supino. Gonality of curves on general hyper-
surfaces. J. Math. Pures Appl. (9), 125:94-118, 2019.

[BDPE*17] Francesco Bastianelli, Pietro De Poi, Lawrence Ein, Robert Lazarsfeld, and Brooke Ullery. Measures of irra-
tionality for hypersurfaces of large degree. Compos. Math., 153(11):2368-2393, 2017.



[BM76]
[CJS]

[CS]
[CS20]
[CTX15]
[EL20]
[GK19]

[Gra91]
[GW22]

gw21]
[KMT74]
[Kol95]
[Kol96]
[Kol13]
[Kol19]
[Kon08]
[Lip78]
[LPI5]

[NT23]

[Poo07]
[Puk04]

[PW22]

[Sta]

[Tan21]
[Tat52]
[Voi22]

THE FIBERING GENUS OF FANO HYPERSURFACES 13

E. Bombieri and D. Mumford. Enriques’ classification of surfaces in char. p. III. Invent. Math., 35:197-232, 1976.
Nathan Chen, Lena Ji, and David Stapleton. Fano hypersurfaces with no finite order birational automorphisms.
arXiv e-prints, page arXiv:2208.07396.

Nathan Chen and David Stapleton. Rational endomorphisms of Fano hypersurfaces. arXiv eprints, page
arXiv:2103.12207.

Nathan Chen and David Stapleton. Fano hypersurfaces with arbitrarily large degrees of irrationality. Forum
Math. Sigma, 8(e24):12, 2020.

Paolo Cascini, Hiromu Tanaka, and Chenyang Xu. On base point freeness in positive characteristic. Ann. Sci.
Ec. Norm. Supér. (4), 48(5):1239-1272, 2015.

Lawrence Ein and Robert Lazarsfeld. The Konno invariant of some algebraic varieties. Eur. J. Math., 6(2):420—
429, 2020.

Frank Gounelas and Alexis Kouvidakis. Measures of irrationality of the Fano surface of a cubic threefold. Trans.
Amer. Math. Soc., 371(10):7111-7133, 2019.

Antonella Grassi. On minimal models of elliptic threefolds. Math. Ann., 290(2):287-301, 1991.

Antonella Grassi and David Wen. Higher dimensional elliptic fibrations and Zariski decompositions. Commun.
Contemp. Math., 24(4):Paper No. 2150024, 25, 2022.

Lena Ji and Joe Waldron. Structure of geometrically non-reduced varieties. Trans. Amer. Math. Soc., 374(12):8333—
8363, 2021.

Tatsuji Kambayashi, Masayoshi Miyanishi, and Mitsuhiro Takeuchi. Unipotent algebraic groups, volume Vol. 414.
Springer-Verlag, Berlin-New York, 1974.

Janos Kollar. Nonrational hypersurfaces. /. Amer. Math. Soc., 8(1):241-249, 1995.

Janos Kollar. Rational curves on algebraic varieties, volume 32 of Ergebnisse der Mathematik und ihrer Grenzgebiete.
3. Folge. A Series of Modern Surveys in Mathematics [Results in Mathematics and Related Areas. 3rd Series. A Series of
Modern Surveys in Mathematics]. Springer-Verlag, Berlin, 1996.

Janos Kollar. Singularities of the minimal model program, volume 200 of Cambridge Tracts in Mathematics. Cambridge
University Press, Cambridge, 2013. With a collaboration of Sandor Kovacs.

Janos Kollar. The rigidity theorem of Fano—Segre-Iskovskikh—-Manin—Pukhlikov—Corti-Cheltsov—de Fernex—
Ein—-Mustatd—Zhuang. In Birational Geometry of Hypersurfaces, pages 129-164. Springer, 2019.

Kazuhiro Konno. Minimal pencils on smooth surfaces in P3. Osaka J- Math., 45(3):789-805, 2008.

Joseph Lipman. Desingularization of two-dimensional schemes. Ann. of Math. (2), 107(1):151-207, 1978.
Angelo Felice Lopez and Gian Pietro Pirola. On the curves through a general point of a smooth surface in P3,
Math. Z., 219(1):93-106, 1995.

Ippei Nagamachi and Teppei Takamatsu. On behavior of conductors, Picard schemes, and Jacobian numbers
of varieties over imperfect fields. Journal of Pure and Applied Algebra, page 107501, 2023.

Bjorn Poonen. Gonality of modular curves in characteristic p. Math. Res. Lett., 14(4):691-701, 2007.

Aleksandr V. Pukhlikov. Birationally rigid Fano varieties. In 7he Fano Conference, pages 659-681. Univ. Torino,
Turin, 2004.

Zsolt Patakfalvi and Joe Waldron. Singularities of general fibers and the LMMP. Amer. J. Math., 144(2):505-540,
2022.

The Stacks Project Authors. Stacks Project. https://stacks.math.columbia.edu.

Hiromu Tanaka. Invariants of algebraic varieties over imperfect fields. Tohoku Math. J. (2), 73(4):471-538, 2021.
John Tate. Genus change in inseparable extensions of function fields. Proc. Amer. Math. Soc., 3:400—-406, 1952.
Claire Voisin. On fibrations and measures of irrationality of hyper-Kéhler manifolds. Rev. Un. Mat. Argentina,
64(1):165-197, 2022.

DEPARTMENT OF MATHEMATICS, COLUMBIA UNIVERSITY, NEW YORK 10027
E-mail address: nathanchen@math.columbia.edu

DEPARTMENT OF MATHEMATICS, STANFORD UNIVERSITY, CALIFORNIA 94305
E-mail address: bvchurch@stanford.edu

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF MICHIGAN, ANN ARBOR, MICHIGAN 48109
E-mail address: lenaji.math@gmail.com

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF MICHIGAN, ANN ARBOR, MICHIGAN 48109
E-mail address: dajost@umich.edu


https://stacks.math.columbia.edu
mailto:nathanchen@math.columbia.edu
mailto:bvchurch@stanford.edu
mailto:lenaji.math@gmail.com
mailto:dajost@umich.edu

	1. Introduction
	1.1. Comparison with previous results and other measures of irrationality
	1.2. Outline of argument
	Acknowledgements

	2. Background
	2.1. Properties of fibrations by curves and their generic fibers

	3. Degenerations of curves and fibering genus
	4. Lower bounds on fibering genus for Fano hypersurfaces
	5. Explicit bounds on the fibering genus in terms of the dimension and degree
	References

