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1. INTRODUCTION

The goal of these notes is to present some new results proved jointly with A. J.
de Jong and Xuhua He. First, an algebraic fibration over a surface has a rational
section if the fiber is “rationally simply connected” and if the elementary obstruction
vanishes. Second, this implies the split, geometric case of a conjecture of Serre,
“Conjecture I1” in [Ser02 p. 137]: for a connected, simply connected, semisimple
algebraic group, every principal bundle for the group over a surface has a rational
section. Many others have worked towards the resolution of Serre’s “Conjecture 117
in the geometric case and in the general case: Merkurjev and Suslin; E. Bayer and
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R. Parimala; Chernousov; and P. Gille. These results are summarized in [CTGP04,
Theorem 1.2(v)]. Because of these many results, the full “Conjecture II” in the
geometric case reduces to the split, geometric case, so that “Conjecture II” is now
settled in the geometric case.

These notes closely follow our article [dJHS08]. But the arguments here are a
bit simpler, and the hypotheses are considerably stronger (yet still verified in the
application to Serre’s conjecture).

These notes accompany lectures delivered at the conference Variétés rationnelle-
ment connexes: aspects géométriques et arithmétiques of the Société Mathématique
de France held in Strasbourg, France in May 2008. In addition to the new results,
the lectures also presented the proof of the Kollar-Miyaoka-Mori conjecture proved
by Tom Graber, Joe Harris and the author in characteristic 0 and by A. J. de
Jong and the author in arbitrary characteristic. But as there are already several
expositions of that work, I will only review the main statement.

Overview of the proof. Given a smooth, projective surface S over an alge-
braically closed field k, there always exists a Lefschetz pencil of divisors on S. The
generic fiber C' of this pencil is a smooth, projective, geometrically integral curve
over the function field k = k(t). Given a projective, flat morphism f : X — §
whose geometric generic fiber is integral and rationally connected, the fiber prod-
uct X, := C'xgX is a projective k-scheme together with a projective, flat morphism
of k-schemes 7 : X, — C whose geometric generic fiber is integral and rationally
connected. Since the generic of m equals the generic fiber of f, rational sections of
f are really the same as rational sections of 7. So it suffices to prove that 7 has a
section.

And the morphism 7 has one advantage over f: the base change morphism
TRId: X, . F—>CQRcFE

does have a section by Theorem [2.1] By Grothendieck’s work on the Hilbert scheme
there exists a x-scheme Sections(X/C/k) parameterizing families of sections of .
The goal is to prove Sections(X/C/k) has a k-point, but we at least know it has
a k-point. As with all Hilbert schemes, this is really a countable union of quasi-
projective k-schemes, Ll.Sections®(X/C/k), where Sections®(X/C/k) is the open
and closed subscheme parameterizing sections which have degree e with respect to
some m-relatively ample invertible sheaf L.

The basic idea is to try to prove that Sections®(X/C/k) has some naturally defined
closed k-subscheme which is geometrically integral and geometrically rationally
connected. Then we can apply Theorem to this closed subscheme to produce a
k-point of Sections®(X/C/k), which is the same as a section of .

Of course there is an obstruction to rational connectedness of Sections®(X/C/k):
the Abel map
a : Sections®(X/C/k) — Picg,,
sending each section of 7 to the pullback of £ by this section. Since there are no
rational curves in the Abelian variety Picg /1> every rationally connected subvariety
of Sections®(X/C/k) is contained in a fiber of a. So the idea is to prove that
for e sufficiently positive, some irreducible component of the generic fiber of « is
geometrically integral and geometrically rationally connected. Of course this is the
2



same as proving that there exists an irreducible component Z, of Sections®(X/C/k)
such that
alz, 1 Ze — Picgy,

is dominant with integral and rationally connected geometric generic fiber. Observe
that this would be enough to conclude the existence of a section of m: there are
k-points of Picg /> €8, coming from the basepoints of the Lefschetz pencil, and
the fiber of a|z, over these x-points is then a geometrically integral and rationally
connected variety defined over k = k(t). Such a variety has a k-point by Theorem

2T

There are some issues. First of all if we change £ then the Abel map « changes.
For instance, if we replace £ by £®" with n > 1, then the original Abel map is
composed with the “multiplication by n” morphism on the Picard scheme. Because
this is a finite map of degree > 1, the geometric generic fiber of the new Abel map
will not be integral. So it is crucial to work with the correct invertible sheaf L.
If the geometric generic fiber of f has Picard group isomorphic to Z (rationally
connected varieties always have discrete Picard group), then this obstruction is
equivalent to the well known elementary obstruction of Colliot-Thélene and Sansuc.
We impose vanishing of the elementary obstruction in a somewhat hidden manner
through existence properties for “lines” in the generic fiber, i.e., curves of L-degree
1. Observe that there are no curves of £&"-degree 1, which indicates the connection
with the elementary obstruction.

A second, weightier issue is that Sections®(X/C/k) typically is not proper. So it
is extremely unlikely any interesting subvarieties are rationally connected. Fortu-
nately it suffices to prove there is a component Z, as above for a compactification
¥¢(X/C/k) of Sections®(X/C/k). The compactification we use here comes from
Kontsevich’s moduli space of stable maps. But there is a third problem: this space
will usually have more than one irreducible component. Some of these components
have bad properties because the generic point parameterizes an obstructed section.
So we restrict attention to those irreducible components which parameterize unob-
structed sections, specifically what we call “(g)-free sections” where g is the genus
of C'. Still there may be more than one irreducible component Z parameterizing
(g)-free sections.

We cannot fix this for any particular integer e: for any particular integer e = € there
may well be more than one irreducible component Z of £¢(X/C/k) parameterizing
(g)-free sections. However the problem gets better as e becomes more positive.
There is a standard way of producing new sections from old: attach vertical rational
curves to the section curve and deform this reducible curve to get an irreducible
curve which is again a section. If the original section curve and vertical curves are
sufficiently free, then the reducible curve does deform and the deformations are
again unobstructed. In particular the new section is parameterized by a smooth
point of ¢ (X/C/k) for some ¢’ > e. Of course there are many ways of attaching
and deforming, so we choose the simplest possible: attach vertical “lines”, i.e.,
curves whose £-degree equals 1. We use the somewhat colorful name “porcupine”
to denote a reducible curve obtained from a (g)-free section by attaching free lines
in fiber of 7. Using these porcupines, we produce a sequence (Z.)e>. of irreducible
components Z, of X¢(X/C/k). Of course this presupposes the existence of many
free lines to attach to our original section, and that leads to our first technical
3



hypothesis: every point of every geometric fiber X; of 7 is contained in free lines in
X;, and every line in X; is free. Moreover, we will demand that the parameter space
for lines in X; containing a fixed point is itself integral and rationally connected.

Now the sequence (Z.)e>. is still not unique. But if we assume that the param-
eter space for chains of lines in X; containing two fixed, general points is also
nonempty, integral and rationally connected, then the sequence is “asymptotically
unique”: for every other choice of starting integer ¢ = ¢’ and for every sequence W
of ©¢(X/C/k) parameterizing (g)-free sections, the sequence (Z,)esc and (We)eser
become equal for all e > 0. This implies a Galois invariance property for the
sequence (Zg)e>e. Therefore to prove the existence of a sequence (Z¢)e>e of com-
ponents Z. of £¢(X/C/k) such that

alz, : Ze — Pic®(X/C/k)

is dominant with integral and rationally connected geometric generic fiber, it suffices
to prove the existence of a sequence of components (Z. z).>. of components Z, % of
the base-change ¥°(X7/C%/R). So we are reduced to working over the algebraically

closed field k().

The hypotheses above imply that there exists a sequence (Z.).>. such that each
az, is dominant with integral geometric generic fiber. But we need an additional
hypothesis to prove that the geometric generic fiber is rationally connected: the
existence of a “2-twisting scroll” in the geometric generic fiber of f. By carefully
analyzing how the parameter spaces X¢(X/C/k) change under the porcupine op-
eration mentioned above, we are able to show that these hypotheses do imply that
the geometric generic fiber of «|z, is rationally connected for all e >> 0.

This analysis is quite intricate. In fact there are just a small number of simple, geo-
metric ideas involved. But there is also a large amount of notation and bookkeeping.
We tried to at least choose memorable names to ease the notation: “porcupines”,
“quills” of the porcupine, “pens” to keep porcupines together, etc. Still the amount
of notation and the large number of small, technical lemmas both remain serious
obstacles to understanding the main arguments. To help I have added quite a bit
of “discussion” to Sections [f] and [

After the proof of the main theorem, there is still the issue of verifying the hy-
potheses for the varieties relevant to Serre’s “Conjecture II”: projective homoge-
neous spaces for semisimple algebraic groups. Some hypotheses are straightforward
to verify, and we explain these completely in Part But the main hypothesis,
existence of a 2-twisting scroll, is a nontrivial result due to our coauthor Xuhua
He. He’s proof is elegant and easy to follow. But it involves a substantial fraction
of the theory of root systems, so we have chosen to leave He’s theorem as a “black

9

box”.

Finally in Part |3] we explain how Serre’s “Conjecture 11”7, as well as de Jong’s
“Period-Index Theorem”, each reduce to existence of sections of fibrations over
surfaces whose geometric generic fiber is a homogeneous space.

Index of some frequent notations.

(1) f:X — S. See Corollary f is a projective, flat morphism to a surface
S over an algebraically closed field.
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(2) X/C/k and L, g, K and Y. See Notation[2.4] X/C/x denotes a projective,
flat morphism 7 : X — C where C' is a x-curve of genus g. £ is a m-ample
invertible sheaf on X. K is the algebraic closure K = x(C). Y is the
geometric generic fiber of 7.

(3) Picgy,. The Picard scheme parameterizing families of degree e invertible
sheaves on C.

(4) 6; t1,...,ts. See the discussion following Definition 0 is a nonnegative
integer and tq,...,ts are points of C.

(5) P — Q. This is notation for a quasi-projective morphism, particularly
when describing general constructions which apply to any quasi-projective
morphism.

(6) Sec®(X/C/k) and o. See Theorem The universal space of sections of
7 : X — C which have degree e with respect to L.

(7) a. See Section (3| a always denotes an Abel map whose target is Picg,,, for
some integer e.

(8) v, n, B. See Section v is the arithmetic genus of a nodal curve, n is
the number of marked points on the curve, and ( is a curve class on some
quasi-projective scheme P, i.e., a homomorphism Pic(P) — Z.

(9) M, (P,3) and M, , (P, 8). See Section M., (P, ) is a Deligne-Mumford
stack parameterizing genus v, n-pointed stable maps to P with curve class
B, and M, ,(P, 8) is the coarse moduli space of M., ,,(P, 3).

(10) evoypp : My (P, 3) — P". See Section |3} The evaluation map associating
to a stable map from an n-pointed curve to P the n-tuple of images of the
n marked points in P.

(11) ¥¢(X/C/k). See Definition The coarse moduli space of stable porcu-
pines of X/C/k which have degree e with respect to £; this is projective and
contains the quasi-projective scheme Sec®(X/C/k) as an open subscheme.

12) h:C" - X,00:C - X, D =1t +-+15 and Cf,...,C;. See the
discussion following Definition h is a stable section, g is the unique
section such that o¢(C') is contained in h(C”), D is the divisor of nodes of
h(C") contained in o¢(C), and C] is the maximal vertical subcurve of C’
whose image under h contains og(¢;).

(13) Z.. See Definition and Definition Z. is an irreducible component
of X¢(X/C/r).

(14) M, ,(P/Q,¢€). See Definition The space of stable maps relative to a
morphism f : P — (@, i.e., stable maps to P whose image is contained in
a fiber of f and which have degree e with respect to an f-ample invertible
sheaf.

(15) fymp @ Myn(P/Q,e) — Q. See the discussion following Definition
The map associating to a stable map into a fiber of f the point of ¢ which
is the image of the stable map under f.

(16) evynp @ My n(P/Q,e) — P xg -+ xg P. See the discussion following
Definition The evaluation map as in item

(17) R and p. See Definition R is a scroll| for X/C/k, i.e., a closed
subscheme R of X such that the projection 7w|g : R — C' is smooth and
surjective with geometric fibers being lines. The morphism 7| is usually
denote by p.

Lseroll Engl. = surface réglée Fr.



(18) (R, L). See Definition An m-twisting scroll for X/C/k, i.e., a scroll R
for X/C/k together with a Cartier divisor class L on R satisfying various
properties.

(19) Chny(P/Q,n). See Definition The moduli space of 2-pointed chains
(C",p1,qn) = (L1,01,q1)s - - - (Lny Py Gn)) Of 1 lines in fibers of P — Q.

(20) evo,2,n : Chny(P/Q,n) — P x¢ P. The evaluation map, see item [16}

(21) @ : Mo1(X/C,1) — Mg o(X/C,1). See Section The forgetful morphism
associating to a pointed line (L, p) the line L.

(22) (g) as in “(g)-free”. See Definition[L.7] (g) is the maximum of 1 and 2g—1.

(23) (Ze)e>e- See Deﬁnition A sequence for all integer e > ¢ of an irreducible
component Z, of £¢(X/C/k).

(24) Porc®®(X/C/k). See Definition and Proposition The parameter
space for porcupines” A porcupine is a special stable map h : C’ — X. The
section component Cj is the bodyﬂ The vertical components are the quz’llsﬂ
The integer e denotes the total degree of the porcupine and § denotes the
number of quills.

(25) Tpyg or Ty. The vertical tangent bundle associated to a morphism f :
P — @, i.e., the dual of the sheaf of relative differentials of f (usually only
applied when the sheaf of relative differentials is locally free).

(26) Ppody : Porc®(X/C/k) — Porc®*%(X/C/k). See Lemma The mor-
phism associating to each porcupine h : C' — X the body o, : C — X of
the porcupine.

(27) @ppqy - Porc®®(X/C/k) — Porc® *%(X/C/k) x, Cs. See Lemma
The morphism associating to each porcupine h : C' — X the extended
body (o9, D), i.e., the body o( together with the attachment divisor D =
t, + - +t5, see item

(28) X(4,....t5)- See Notation Given distinct closed points t¢1,...,ts of C,
notation for the fiber product of the corresponding fibers of 7w, X;, X, - - Xy
Xté .

(29) Porc®®(X/C/k)z. Given a sequence (Z)e>. as in item the intersection
of Porc®®(X/C/k) and Z, inside %¢(X/C/k).

(30) Chna(X/C,n)4,,...t5)- See Notation t1,...,ts is as in item And
Chny(X/C/K,n) @, ... 1) is the fiber product Chny (X¢, /K, n) X - - - X, Chng (X¢, /5, n).

(31) O and ChnS(X/C, n)(ty,...ts)- See Notation O is a dense open sub-
set of X, +). And Chngo(X/C, N)(¢,,...,ts) 15 the open subscheme of
Chny(X/C,n)q, .. +,) parameterizing chains such that every associated se-
quence of marked points or nodes in Xy, . ) is contained in the dense
open O.

(32) O¢(T"). An invertible sheaf on C, especially in general constructions that
apply to any invertible sheaf on C.

(33) ¢: C — Mp1(X/C,1) or 7: C — M 1(X/C,1), R and 0¢. See Definition
and Lemma ¢ is a section of the projection o 1,1 : Mg 1(X/C,1) —
C, see item and sometimes so is 7 when more than one such section
needs to be used. A section of 7y 1,1 determines a scroll R, see item

21007"cu;m'ne Engl. = porc-épic Fr.
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together with a section og of p : R — C. The section (or more generally
a porcupine whose body equals the section) is said to be pennedﬂ by the
scroll R, and R is called a pewE] for the section.

(34) Npsg or N;. The normal sheaf of a closed immersion i : P — Q.

(35) Porc®®(X/C/k). See Proposition ﬁ The closure in ¥°(X/C/k) of the
locally closed subscheme Porc®®(X/C/k).

(36) a='(O¢(T)). The fiber of the Abel map o over a point O¢(T') of Picc s

(37) G, P, Q and R, B, R,(B), T, ®, I. See Section [JJ G is a semisimple
algebraic group. P, @ and R are all parabolic subgroups of G. B is a Borel
subgroup of G. R, (B) is the unipotent radical of B. T is a maximal torus
of G. @ is a root system and I is the set of simple roots.

(38) G/T, T/T, Xr. See Section T is a scheme. G is a reductive group
scheme over T'. And 7 is a G-torsor over T'. Given a T-scheme X together
with an action of G as T-schemes, X7 is the corresponding twist of X.

(39) Br(K). See Section Br(K) is the Brauer group of a field K.

Acknowledgments. Many people deserve thanks for their valuable contributions
to this project. The person most deserving of thanks is Philippe Gille who basically
showed us how to prove Theorem [I2.I] assuming the results in Parts [I] and 2
The editor Jean-Louis Colliot-Thélene also deserves special thanks for his many
suggestions and for his remarkable patience.

Part 1. Rationally simply connected fibrations

2. THE KOLLAR-MIYAOKA-MORI CONJECTURE

Let k be an algebraically closed field. A smooth, connected k-scheme X is rationally
connected, resp. separably rationally connected, if there exists an integral k-scheme
M and a k-morphism

h:M x, Pt — X, (m,t)— h(m,t)
such that the induced morphism
hooo : M — X xi X, m — (h(m,0), h(m,oc0))

is dominant, resp. dominant and separable. Roughly this says that every pair of
points in X is contained in the image of a morphism with domain ]P’}g, i.e., every
pair is connected by a rational curve. More generally for an integral k-scheme X
which is possibly singular, we will sometimes say that X is rationally connected,
resp. separably rationally connected, if there exists a projective birational morphism
X — X such that the smooth locus of X is rationally connected, resp. separably
rationally connected.

Among smooth, projective varieties, every unirational variety is rationally con-
nected. The converse is unknown, but it is expected to be false. Rational connect-
edness satisfies many nice properties which are unknown for unirationality. One of
these properties, which Fano conjectured fails for unirationality, is that the total
space of an algebraic fibration of smooth, projective varieties is separably rationally
connected if the base and general fiber are both separably rationally connected

5pe'rmed Engl. = enclos Fr.
6pen Engl. = enclos Fr.



(there are counterexamples showing one cannot replace “separably rationally con-
nected” by “rationally connected”). This follows from a stronger result, originally
conjectured by Kollar-Miyaoka-Mori [Kol96, Conjecture IV.6.1.1].

Theorem 2.1. [GHSO03|, [dJS03] Let k be an algebraically closed field. Let C' be a
smooth, projective k-curve. Let w: X — C be a projective, flat morphism. Assume
that the geometric generic fiber Y of w is normal and that the smooth locus of Y
is separably rationally connected. Then there exists a k-morphism o : C — X such
that mo o = Idc, i.e., o is a section of .

This has a number of consequences which are discussed elsewhere, cf. [Deb03].
Two of these, which Kollar-Miyaoka-Mori deduced from their conjecture, are quite
useful in what comes later.

Corollary 2.2. [KMM92| With hypotheses as above, let ty,...,t5 be distinct k-
points of C such that the fiber Xy, of m is smooth for j = 1,...,6. For each
J=1,...,9, let pj be a k-point of X;,. There exists a section o : C — X of w such
that o(t;) equals p; for every j=1,...,4.

Corollary 2.3. [KMM92] Assume that char(k) equals 0. Let f : P — Q be a
surjective morphism of integral, projective k-schemes. Assume that Q is rationally
connected and assume that the geometric generic fiber of f is integral and rationally
connected. Then also P is rationally connected.

Assume now that char(k) equals 0. By resolution of singularities we may assume
X is smooth. And by generic smoothness there are at most finitely many singular
fibers of 7. Thus, by Corollary 2.2 7 has many sections. In particular, except in
the trivial case that 7 is an isomorphism, the k-scheme parameterizing sections of 7
has components whose dimensions become arbitrarily large. Under additional hy-
potheses on 7 we can prove that these components “eventually become as rationally
connected as possible”. The precise statement is given below.

For the applications it is important to also consider the case when the ground field
is not algebraically closed.

Notation 2.4. Let k denote a characteristic 0 field (possibly not algebraically
closed). Let C denote a smooth, projective, geometrically connected x-curve. De-
note the genus of C' by g. Let X denote a smooth, projective x-scheme. Let
m: X — C denote a surjective morphisms of s-schemes whose geometric generic
fiber is irreducible. Denote by K the algebraically closed field K = x(C), and de-
note by Y the geometric generic fiber of 7 which is a smooth, projective, connected
K-scheme. Finally, let £ denote an invertible sheaf on X which is m-ample. And
denote by Ly the base-change of £ to Y.

3. SECTIONS, STABLE SECTIONS AND ABEL MAPS

The proof of the main theorem uses several different kinds of curves in X, some

of which are reducible. This section introduces these different types of curves and

reviews the basics of the parameter spaces for these curves. Of course the most

important curves are section curves: images of sections of w. But the parameter

spaces for such curves are not proper. They are open subsets of proper moduli

spaces, the moduli spaces of “stable sections”. The main result of this section is
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that the Abel map extends to the moduli space of stable sections and that the image
of a stable section under the Abel map can be understood by a simple analysis of
the components of the stable section.

The notations here are as in Notation Let S be a k-scheme. A family of
sections of w: X — C' parameterized by S is a morphism of C-schemes

T:8%,C — X.
For an integer e, the family of sections has degree e if the invertible sheaf 7*L on
S %, C has relative degree e over S, i.e., for every geometric point s of S the base-

change of 7*L to C has degree e. A pair (S,7) as above is universal if for every
k-scheme S’ and for every family of degree e sections of m parameterized by S,

78 %x,.C — X,
there exists a unique k-morphism f : S’ — S such that 7" equals 7 o (f,Id¢).

Theorem 3.1 (Grothendieck). [Gro62, Part IV.4.c, p. 221-19] For every integer e
there exists a universal pair (Sec®(X/C/k),0) of a k-scheme and a family of degree
e sections of m parameterized by Sec®(X/C/k),

o:Sec®(X/C/K) x,, C — X.

Moreover Sec®(X/C/k) is a quasi-projective k-scheme.

Invertible sheaves on C' of degree e are parameterized by the Picard scheme Picg, ..
Thus, associated to the invertible sheaf ¢* £ there is a morphism of k-schemes

a: Sec®(X/C/k) — Picg .
This morphism is the Abel map associated to L.

Stable maps, stabilization and evaluation morphisms. The x-scheme Sec®(X/C/k)
is quasi-projective. It is rarely projective. It is convenient to work with a projec-
tive scheme. Fortunately there exists a projective scheme X¢(X/C/k) containing
Sec®(X/C/k) as an open subscheme: the coarse moduli (algebraic) space for “sta-
ble sections”. This comes from a more fundamental scheme: the coarse moduli
space for “stable maps”. An excellent reference for stable maps is the article of
Fulton and Pandharipande, cf. [FP97]. Here is a very brief summary. For every
quasi-projective k-scheme P, for nonnegative integers -, n, and for a group homo-
morphism

B:Pic(P) —Z, L (L.B),
hereafter known as a “curve class”, a family of n-pointed, genus =y, stable maps to
P of class B parameterized by a k-scheme S is a datum

(p:C— 8, (r;: 8 —C)i=1,..n,h:C— P)
of a proper, flat morphism p : C — S, n section morphisms 7; : S — Cof p: C — S,
and a k-morphism A : C — P such that for every geometric point s of .5,
(i) the fiber C; of p over s is a connected, at-worst-nodal curve of genus 7,
(ii) the images 7;(s) are pairwise distinct and all contained in the smooth locus
of Cj,
(iii) the induced homomorphism
Pic(P) — Z, L+ degq (h*Llc,)

equals (3, and



(iv) the group of automorphisms of Cs fixing each point 7;(s) and commuting
with h|c, is finite.
Such families are the objects of a category ﬂ%n(P, () which is fibered in groupoids
over the category of x-schemes S: the morphisms in ﬂ%n(P, 08) as well as the
clivage (i.e., the “pullbacks”) are the evident ones, cf. [Kon95]. The category
ﬂ%n(P7 () is a separated, finite type Deligne-Mumford stack over x which is proper
if P is proper, cf. [Kon95]. The coarse moduli (algebraic) space, M., (P, 3), of the
Deligne-Mumford stack MAWL(P7 B) is a quasi-projective k-scheme which is proper
if P is proper, cf. [FP97].

“Stabilization” is another useful feature of stable maps. Assume that the triple
(v,m, B) is “stable” in the sense that either  is nonzero on some ample invertible
sheaf or else (y,n) is different from (0, 0), (0, 1), (0,2), and (1,0). For every family
of maps satisfying (i), (ii) and (iii) but not necessarily (iv) (such families are called
“prestable”), there exists a stable family

(pstab : Cstab - Sa (Ti,stab 1S — Cstab)i:l,...,ny hstab : Cstab - P)

and a proper, surjective morphism u : C — Cgtap, compatible with A and the maps
7; (i.e., h equals hgiap © u and each 7;gtap equals w o 7;) and such that for every
geometric point s of S and every connected, closed subcurve B of Cs both of the
following hold.

(i) The subcurve B is contracted (to a point) by w if and only if it is an
unstable tree: the arithmetic genus of B equals 0, B is contracted by h, and
B contains < 3 special points, i.e., marked points 7;(s) and intersections
points of D with Cs — D.
(ii) If B contains no subcurve which is an unstable tree then u|p : B — u(B) is
a birational, unramified morphism which identifies a pair of distinct points
of B if and only if the points are contained in a common unstable tree of
Cs.
The stable family together with the proper morphism w is a stabilization of the
original prestable family. The stabilization is unique up to unique isomorphism,
and every stable family is its own stabilization. Stabilization is compatible with
pullbacks. The main application of stabilization is the following. Let f: P — @ be
a k-morphism of quasi-projective rk-schemes. For each family of stable maps to P

(p:C—8,(r;: 8 —C)i=1,.. .0, h:C— P)
there is an induced family of prestable maps to @,
(p:C— 8, (r;: 5 —=Ci=1,..n, foh:C— Q).
So if f.8 := (o f* is nonzero on some ample invertible Og-module or if (vy,n)
is different from (0,0), (0,1) ,(0,2) and (1,0) then stabilization determines a 1-
morphism of Deligne-Mumford stacks

fe :ﬂ'y,n(P7 ﬂ) - M'y,n(@af*/g)

which in turn determines a morphism of coarse moduli spaces

fa :M'y,n(Pv ﬁ) - M’Y,H(Qa f*ﬂ)

It is sometimes also useful that the morphism u is rational, i.e., Oc,,, — u.Oc is
an isomorphism and R%u,O¢ is zero for all ¢ > 0.
10



Also useful are the associated “evaluation morphisms” of Kontsevich stacks. Asso-
ciated to every family of stable maps there is an induced morphism

(hoTy,...,hoT,): S — P X, -+ X, P.

This is compatible with pullbacks, hence determines a 1-morphism of stacks over k

Vo n,g 1 Moo (P, 3) — P,
and also a k-morphism
eVt My (P, 3) — P™.
These morphisms are called evaluation morphisms. The convention is to drop the

subscript and denote the morphism by ev whenever confusion is unlikely.

Definition 3.2. The space of degree e stable sections of w, ¥.¢(X/C/k), is the fiber
of the stabilization morphism

Ty - Mg,O(X’ 6) - Mg,o(c, [O])
over the k-point corresponding to the identity stable map Id¢ : C — C.

Here [C] denotes the fundamental curve class,
Pic(C) — Z, L+ (L,[C]) := degx(L).
And M, (X, e) denotes the disjoint union

MQ’O(X7 €)= UMQ,O(Xv B)
B

where (3 ranges over all curve classes in X such that 7.0 equals [C], i.e., (7*L, 3) =
(L, [C]), and such that (£, ) equals e. In fact there are at most finitely many such
B for which My o(X,e) is nonempty: finiteness follows from boundedness of the
Hilbert scheme Hilbg?;:f Ji+l=g , where the Hilbert polynomial is with respect to any
ample invertible sheaf of the form £ ® 7*N and where f is the degree of . Since
M, o(X, e) is a disjoint union of finitely many projective x-schemes, M, o(X, e) is a
projective k-scheme.
Stated simply ¥¢(X/C/k) is a scheme which is a coarse moduli space parameterizing
stable maps of degree e with respect to L, h : C; — X, such that the stabilization of
moh:C" — C is an isomorphism to C. Since M, (X, e) is a projective k-scheme,
also the fiber £¢(X/C/k) is a projective k-scheme. The universal section
o:Sec’(X/C/k) x, C — X
is a family of stable sections parameterized by Sec®(X/C/k). Thus there is an
associated xk-morphism
Sec(X/C/k) — X%(X/C/kK).
It is straightforward to check that this is an open immersion.
In fact every stable section parameterized by ¥¢(X/C/k) can be understood in
terms of an “honest” section. Let k& be an algebraically closed extension of x and

let h: C" — X be a stable map corresponding to a k-point of X¢(X/C/k). There
exists a unique irreducible component C{ of C’ such that

moh:C)— C®,k
11



is an isomorphism, ig. Thus there exists a unique section og : C ®, k — X such
that

h|C{] :Cp— X
equals og o ig. Denote deg(c5L) by eg. The irreducible component C meets the
rest of C’ in finitely many k-points p1,...,ps. Denote the image points in C ®, k
by t; = io(pj). For each j = 1,...,d, there exists a maximal connected subcurve
C§ of C" intersecting Cjy precisely in p;. These subcurves give a decomposition

C'=CluCiu---UCs.
And for every j =1,...,46, the datum

(Cspjouley : CF — X))
is a genus 0, 1-pointed, stable map to X;, of some positive degree e; = degq (h*ﬁ\q ).
The sum eg+e; +- - - +e5 equals e. Thus 3¢(X/C/k) can be understood as parame-
terizing degree-e sections of 7 together with reducible curves obtained by attaching

to a section oy of lower degree ey a collection of genus 0 curves in fibers of 7 to
bring the total degree up to e.

Extension of the Abel map. The Abel map extends to 3¢(X/C/k). For a
family of stable maps parameterized by a k-scheme S,
(p:C—-S,h:C—X)
the det construction of [KMT76] defines an invertible sheaf on S x,, C,
det(R(p, mo hy(h*L)).
If the family of stable maps is
(prg:Sx,C— S,7:8%,C— X)

this invertible sheaf is precisely 7*£. Thus the det sheaf on ¥°(X/C/k) x,, C
extends 0*L on Sec®(X/C/k) X, C. In other words, the Abel map « extends to a
morphism

a: ¥(X/C/K) — Picg,,.
And for a stable map h : ¢/ — X as described in the last paragraph, the div
construction of [KM76] implies that the det sheaf on C ®, k equals

det(R(mo h).(R*L)) =2 ogL(er - tr+---+es5-ts),

where ¢4, ..., ;5 are the effective Cartier divisors on C' associated to the closed points
t1,...,ts.

Definition 3.3. Two points of ¥¢(X/C/k) are Abel equivalent if they are contained
in the same fiber of the Abel map «. Since there are no rational curves in an Abelian
variety, every pair of points of 3¢(X/C/k) which are rationally chain connected are
also Abel equivalent.

From the discussion above it is clear that as soon as § > g, varying the attachment
points of the stable section over all (t1,...,ts) € C° varies the invertible sheaf
o5L(e1-t1+ - +es-ts) over a dense open subset of Picg .. See [HT08, Theorem
20] for a variation on this theme. Since there are no rational curves in Pic¢/,, an
irreducible component of ¥:¢(X/C/k) will not be rationally connected so long as the
Abel map is nonconstant on the component (and the Abel map will be nonconstant
for all “interesting” irreducible components).
12



What we might hope, and what often holds, is that a general fiber of « is rationally
connected, i.e., for an “interesting” irreducible component Z, of ¥¢(X/C/k) the
fiber of

alz, : Ze — Picec/ﬁ
over the geometric generic point of Picg /i 1s rationally connected. In other words,
every general pair of Abel equivalent points are rationally connected. In the next
section we state the main theorem in this direction.

Kontsevich stacks relative to a morphism. Of course all of these notions have
analogues relative to a morphism. Let f : P — @ be a morphism of quasi-projective
k-schemes and let £ be an f-relatively ample invertible sheaf.

Definition 3.4. For integers v, n and e, the Kontsevich stack relative to the mor-
phism f M., ,(P/Q,e) is the disjoint union

ﬂ'y,n(P/Qae) = Umﬂ/,n(Pv ﬂ)
B

where 3 ranges over all curve classes such that f.3 equals 0 and such that (£, 3)
equals e.

Using boundedness of the Hilbert scheme once more there are only finitely many
classes 8 as above for which M., ,,(P, ) is nonempty. Hence M., ,(P/Q,e) is a
finite type, separated Deligne-Mumford stack with a quasi-projective coarse mod-

uli space M., ,(P/Q,e). And if P and Q are proper, then M, ,(P/Q,e) and
M, »(P/Q,e) are also proper.

For every family of stable maps in M, ,(P/Q,e€),
(p:C—8S,(0;:8—C)i=1,.n,h: C— P),

the morphism foh :C — @ is constant on fibers Cy of p since f(h(Cjs)) has class
0 in the quasi-projective variety (). Thus f o h factors as hg o p for a unique k-
morphism h¢ : S — Q. Moreover h¢ is compatible with pullbacks and thus defines
a l-morphism

Jrme :ﬂ%n(P/de) - Q

which induces a morphism of k-schemes,
Jrme M’v,n(X/Ca e) — C.

This construction is compatible with base-change: for a morphism Q' — Q of quasi-
projective k-schemes, M., ,(P/Q, e)x @’ is canonically equivalent to M, (P'/Q’, €)
where P’ is the fiber product P x¢o Q. Similarly M, ,(P/Q.€) xgo Q' equals
M, (P'/Q',e). In particular, the fiber of f,, . over a point ¢ of @ is simply
the Kontsevich stack of the fiber, M, ,(P;/k(t),e). This is the sense in which
M, (P/Q,e€) is “relative” to the morphism f.

The evaluation morphism to P™* = X X, --- X, X factors as a morphism of Q-
schemes

€Vyme - M»Wn(P/Q,G) — P XQ . XQ P.
As usual, this evaluation morphism will be denoted by ev whenever confusion is

unlikely.
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There are two quite important example of this. When L is f-relatively very ample,
then Mg o(P/Q,1) is nothing other than the parameter space for lines in fibers of
p. Similarly My 1(P/Q, 1) is the parameter space for pointed lines in fibers of p.

Definition 3.5. Let x, C and X be as in Notation H and assume that £ is 7-
relatively very ample. A scroll E| for X/C/k is a closed subscheme R of X such
that

mlr: R—C
is smooth and the geometric fibers are rational curves whose L-degree equals 1.
Equivalently a scroll is a section of the morphism

770,0,1 ZMO’O(X/C, 1) — C.

There is a special type of scroll which will be particularly important in Section [7]

Definition 3.6. Let X/C/k and £ be as in Notation Assume that £ is 7-
relatively very ample. Let m be a positive integer. An m-twisting scroll for X/C/x
is a pair (R, L) where R is a scroll for X/C/k and L is a Cartier divisor class on R
satisfying all of the following.
(1) The invertible sheaf Ogr(L) has degree 1 on all geometric fibers Ry, it is
globally generated, and it is non-special, i.e., h' (R, Or(L)) equals 0.
(2) The normal bundle Ny, x is globally generated and hY(R,Ng /x) equals 0.
(3) For every invertible sheaf Oc(T') on C of degree < m, h* (R, N, x(—L)®0,
7*Oc(-T)) equals 0.

There is a second important example of this. Again for the morphism f: P — @
assume that £ is f-relatively very ample. Then the fiber product of the forgetful
morphisms

Mo (P/Q1) X537, o (prq.1) Moa(P/Q,1)
is a parameter space for 2-pointed lines (L, p, q) in fibers of f.

Definition 3.7. For each integer n > 1, the space of chains of n lines Chny(P/Q,n)
is the n-fold fiber product

(mo,l(P/Q’ ]‘) XHUYO(P/QJ) m071(P/Q7 1)) ><evoylﬁlopr2,P,evo,1’1opr1 cee

Xevo)lYloprz,P,evorlﬁloprl (ﬂo,l(P/Q, 1) Xﬂo,o(P/Q,l) ﬂ0,1(1:)/Qa 1)) .

This parameterizes chains (C',p1,¢y) in fibers of f,

(Claplaqn) = ((L17pl7Q1)7 (L27p27 q2)7 sy (Ln7pn7(In))

where each (L;, p;, g;) is a 2-pointed line in a fiber of f and satisfying the “matching
condition” that ¢; equals p;41 for each ¢ = 1,...,n — 1. The points p; and ¢, are
boundary points of the chain (since there is no matching condition on these points).
The evaluation morphism is the morphism of Q-schemes,

€vo,2n - Cth(P/Q;n) — P XQ P7 (ClaplaQH) — (plaQn)

Of course the main case is when f : P — @ is a morphism 7 : X — C as in
Notation Note also that this construction is compatible with base-change by
Q' — Q@ in the same sense that all relative Kontsevich spaces are compatible with
base-change.

Tscroll Engl. = surface réglée
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4. RATIONAL CONNECTEDNESS OF FIBERS OF ABEL MAPS

As always the notations are as in Notation[2:4] The main theorem has several strong
hypotheses on X, £, the morphism 7 and the geometric generic fiber Y defined over
K = k(C). One can prove a version of the theorem with weaker hypotheses. This
is done in [dJHSO§]. But then the proof is even more technical. In the application
to Serre’s conjecture the strong forms of these hypotheses are all valid.

Hypothesis 4.1. The morphism 7 is smooth and projective.

Hypothesis 4.2. The invertible sheaf £ is w-very ample.

The remaining hypotheses are insensitive to replacing £ by £ ®p, 7*O¢c(T") for
an invertible sheaf O¢ (") on C. Thus in what follows we will assume that £ is
very ample. We consider X as an embedded subscheme of projective space via the
complete linear system of £. In particular, the relative Kontsevich stack

MO’Q(X/C, 1) — C

is canonically equivalent to the relative Hilbert scheme whose fiber over a point ¢
of C' parameterizes lines L contained in the fiber X;. And

MQJ(X/C, 1) — C

is canonically equivalent to the relative flag Hilbert scheme whose fiber over a point
t of C parameterizes pairs (L, p) of a line L contained in the fiber X; and a point p
contained in L. In particular, Mg o(X/C, 1), resp. Mo 1(X/C,1) equals the coarse
moduli space Mg o(X/C, 1), resp. Mo 1(X/C,1).

There is a forgetful morphism (over C')
p: M0,1()(/017 1) - M0,0(‘Xv/cva 1)) (L,p) — L.

And, as discussed at the end of the previous section, there is an evaluation morphism
(over C)

evo,11 : Mo1(X/C,1) — X, (L,p) — p.

The standard convention is to drop the subscript and denote the evaluation mor-
phism by ev.

Hypothesis 4.3. The morphism ev = evg 1,1 above is smooth and surjective with
rationally connected geometric generic fiber.

Hypothesis in fact just smoothness of ev, implies that every line L in every
fiber X; of 7w is a free line in X4, i.e., the normal bundle of L in X; is globally
generated, cf. [Kol96, Corollary IV.3.5.4, Proposition IV.3.10].

The remaining hypotheses involve the geometric generic fiber Y of 7 over the field
K = k(C), as well as the pullback Ly of £ to Y.

Hypothesis 4.4. For some positive integer ng the evaluation morphism for chains
of ng lines

€vo,2,ng - Chng(Y/K, no) —Y XK Y

is surjective and the geometric generic fiber is integral and rationally connected.
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Under Hypotheses .2 and [£.3] evo 2., is dominant for all n > 0 if and only if Y is
irreducible and Ly is a generator of Pic(Y). If the Picard number equals 1, the ar-
gument proving ev is dominant appears, for instance, in [Kol96l, Corollary IV.4.14].
We essentially repeat this argument in the first half of the proof of Lemma
And the opposite direction follows from [Kol96, Proposition IV.3.13.3].

The hypothesis that the fibers of evy 11 and evg 2, are rationally connected is
strong. The fiber of evy 1 ; is analogous to the space of continuous paths in a path
connected CW complex with one basepoint fixed. Rational connectedness of this
fiber is analogous to path connectedness of the space of such paths. Of course
path connectedness of this space of paths is obvious by retracting the path to the
fixed basepoint. But rational connectedness of the fiber of evg 1,1 is nonetheless a
strong condition. Similarly, the fiber of evg 2 . is analogous to the space of contin-
uous paths in a path connected CW complex with both endpoints fixed. Rational
connectedness of this fiber is analogous to path connectedness of the space of such
paths. Path connectedness of this space of paths is exactly simple connectedness of
the CW complex. In this way we consider Hypotheses and to be a version
of “rational simple connectedness”.

The final hypothesis, Hypothesis is technical but essential.

Hypothesis 4.5. There exists a morphism ¢ : P4 — Mg 1(Y/K, 1) such that the
pullbacks of the vertical tangent bundles (*To, (*Tev,,, and (*evyy Ty k are
ample, where the vertical tangent bundle is the dual of the locally free sheaf of
relative differentials and where ® and evg ;,; are the morphisms

o :MO,l(Y/Ka ]-) - MO,O(YV/I{a 1)7 (Lap) — L,

evo1:Mo1(Y/K,1) =Y, (L,p)+— p.

Here is an explanation of why Hypothesis [4.5] is essential for Theorem [£.9] For a
general hypersurface Y in P™ of degree d Hypothesishold if and only if n > d?—1.
And Hypothesis holds if and only if n > d2. So for n = d?> — 1 Hypothesis
holds yet Hypothesis fails. Moreover when X/C/k is a one-parameter family
of degree d hypersurfaces in P* coming from any sufficiently general rational curve
of degree > d in the linear system PH?(P", Opn(d)), we claim that Theorem [4.9
holds if and only if n > d?. Thus Hypothesis is essential. The “if” direction
of the claim is discussed in [dJHSO08] and uses joint work with de Jong and with
Harris on rational simple connectedness of hypersurfaces. Via Corollary this
gives a new proof of the Tsen-Lang theorem, cf. [Lan52], [Tse36]. On the other
hand, the Tsen-Lang theorem is sharp: for n < d? there are explicit families for
which Corollary fails. Thus also Theorem fails for these families. This gives
the “only if” direction of the claim.

Assuming Hypothesed4.1]-[4-4] one can conclude something close to Hypothesis
There exists a morphism (v : Pk — Mg 1(Y, 1) such that % T,y and e Ty ¢
are both ample, and there also exists a morphism ¢, : Pl — My 1(Y,1) such that
¢,1}, and (jev Ty, i are both ample. But it is essential to have a single morphism
¢ such that (*T,, and (*T, are simultaneously ample. As just discussed, there is
no such morphism when Y is a general degree d hypersurface in P% with n < d2,
even though Hypothesis does hold.
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As will be proved in Corollary [7.5] Hypothesis [£.5] is essentially equivalent to the
existence of a 2-twisting scroll for the constant rationally connected fibration PL- x
Y over the curve Pk: a pair (R, D) consisting of a scroll R for P} xx Y/P} and
a Cartier divisor class D on R such that

(1) Ogr(D) is globally generated and D has relative degree 1 over P!,

(2) the normal sheaf Ng/p1,y is globally generated, and

(3) hl(R, NR/]P>1 XY(_D) ®@P1 Op1 (—2)) equals 0.
Existence of a 2-twisting scroll in Y is basically an “infinitesimal homotopy” con-
dition. Consider the reducible curve D’ which is the union of a section curve in R
of divisor class D and two fibers of the projection. Since the scroll is free, D’ is
unobstructed, in fact a porcupineﬁ as will be defined in Definition (Moreover,
a 2-twisting scroll in Y is free if and only if every such D’ is a porcupine.) The
porcupine D’ is a “horn” in R analogous to the horn in [0,1] x [0,1] coming from
the union ({0} x [0, 1])U ([0, 1] x {0})U ({1} x[0,1]). Of course for a path connected
CW complex, every continuous map from the horn in [0,1] x [0,1] extends to a
continuous map from all of [0,1] x [0, 1], i.e., every horn can be filled. The closed
immersion of the scroll R — P}( X i Y “fills” the horn D’ — ]P’}( X g Y. Moreover,
the conditions (1), (2) and (3) guarantee that for every infinitesimal deformation
of the horn D' in P}, x x Y over an arbitrary Artin ring, there exists a deformation
of R in Py x g Y over that same Artin ring such that the deformation of D’ is a
Cartier divisor on the deformation of R, i.e., every infinitesimal deformation of the
horn can still be filled. Essentially the conditions (1), (2) and (3) are exactly the
conditions necessary to deduce that all deformations of the horn are unobstructed
and every deformation of the horn is filled. Again, the analogous topological result
is trivial for path connected CW complexes. Nonetheless this is a quite nontrivial
hypothesis in the algebraic category, and it is independent of Hypothesis

These are all the hypotheses. However, before stating the theorem there are some
definitions. The first two definitions quantify the positivity of the normal sheaf of
a section. This is important for understanding the deformation theory of sections
and stable sections.

Definition 4.6. Let d > 0 be an integer. For an algebraically closed extension field
k of k, a d-free section of m defined over k is a section o : Cy — X}, defined over k
such that for one (and hence every sufficiently general) effective Cartier divisor D
of C} of degree d,

h* (Cy, 0" Ny, x,. (—D)) equals 0.
Here C}, equals C' ®, k and Xj equals X ® k.

In particular, when d > max(2g, 1) the first cohomology vanishes if and only if the
map on global sections

HO(C/W U*N‘T(Ck)/xk) - HO(Ck7 U*N‘T(Ck)/Xk ®Ock OD)
is surjective. So we make a special definition for this case.
Definition 4.7. A section is (g)-free if it is d-free for some d > max(2g, 1), i.e.,
for g > 1 it is 2g-free and for g = 0 it is 1-free.

gporcupine Engl. = porc-épic Fr.
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The main theorem has to do with the existence of a special sequence of irreducible
components of ¥¢(X/C/k). Since there will be some intermediate lemmas it is
convenient to make this a definition.

Definition 4.8. Let X/C/k and £ be as in Notation And assume that Hy-
potheses and hold. Let € be an integer. An Abel sequence for X/C/k
starting at e is a sequence (Z.).>. for each integer e > € of an irreducible component
Z, of 3¢(X/C/k) which is geometrically irreducible (sometimes called absolutely ir-
reducible) and satisfying all of the following.
(i) For every e > € a general point of Z, parameterizes a (g)-free section of 7.
(ii) For every e > € the Abel map

alz, : Ze — Picg,

is surjective and the geometric generic fiber is integral and rationally con-
nected, i.e., a general pair of Abel equivalent points in Z. is rationally
connected.
(iii) For every algebraically closed field extension k of k, for every (g)-free section

09 : C®; k — X of m defined over k and having some degree ey, there
exists an integer dy > € — ey such that for all integers § > §p, every stable
section obtained by attaching § lines in fibers of © to oo(C) gives a k-
point of X¢0%9(X/C/k) lying in Z, s (and lying in no other irreducible
component).

A pseudo Abel sequence is a sequence (Z.).>e as above where (ii) is replaced by the

weaker condition that alz, is surjective and the geometric generic fiber is integral

(but not necessarily rationally connected).

Theorem 4.9. Notations are as in Notation [2.; in particular k is characteristic
0 but not necessarily algebraically closed. If Hypotheses ~[4-3 hold then there
exists an Abel sequence for X/C/k. If only Hypotheses - hold then there
exists a pseudo Abel sequence for X/C/k.

Galois invariance. The main goal of Part [1|is to prove that there exists an Abel
sequence for X/C/k. This is proved at the end of Section [} There are several
intermediate steps and reductions. The first reduction is to the case that x is al-
gebraically closed. This uses a Galois invariance result coming from condition (iii)
of Definition [£.8] But first there is a trivial result: given a sequence of irreducible
components (Z,).>. which are geometrically irreducible, one can check whether this
is an Abel sequence (or pseudo Abel sequence) after base-change to any extension
field, in particular after base-change to an algebraic closure. In this sense the prop-
erty of being an Abel sequence is geometric. Let x'/k be a field extension. Denote
by X./Cy /K" the base-change of X/C/k over £’. In particular, 3¢(X,/ /C\ /K)
is canonically isomorphic to X¢(X/C/k) ®, ' as k’-schemes. The proof of the
following result is an exercise in base-change, which is left to the reader.

Lemma 4.10. Notations are as in Notation. Let k' /k be a field extension. Let
(Ze)e>e be a sequence of irreducible components of £¢(X/C/k) which are geomet-
rically irreducible. Then the base-change Z, ®, k' is an irreducible component of
XX, /Crxr [K") which is geometrically irreducible. Moreover (Z. @y K')e>e is an
Abel sequence for X,/ /Cyr /K, resp. a pseudo Abel sequence for X /Cy /K, if and
only if (Ze)e>e is an Abel sequence for X/C/k, resp. a pseudo Abel sequence for
X/C/k.
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Denote by k the algebraic closure of x and denote by Gal(k) the Galois group.
Let T be a finite type s-scheme. There is an induced action of Gal(k) on T ®y k
covering the action of Gal(k) on Spec k. This is an action by isomorphisms of
schemes, hence by homeomorphisms. In particular, there is an induced action of
Gal(k) on the set of irreducible components of T ®, k. An elementary result is that
every irreducible component of T' ®, k dominates an irreducible component of T
And the induced map from the set of irreducible components of T' ®, k to the set
of irreducible components of T' is a surjective set map whose fibers are exactly the
Galois orbits. Moreover since T is finite type over k also T'®, k is finite type over k,
and hence both sets of irreducible components are finite. In particular the stabilizer
group of each irreducible component of T ®, k has finite index in Gal(x). So there
is a bijection between the set of irreducible components of T and the set of (finite)
Galois orbits of irreducible components of T' ®, k, and this restricts to a bijection
between the subset of irreducible components of 7" which are geometrically integral
and the subset of Galois invariant irreducible components of T'®, k. The relevant
case here is T'= X¢(X/C/k) and T ®,; k = 2°( X /Cy/k).

Lemma 4.11. Notations are as in Notation|2.4} Denote by k the algebraic closure
of k. Assume that there exists a pseudo Abel sequence (Ze )e>e for Xi/Ch/k.

(i) The pseudo Abel sequence is “asymptotically unique”: for every pseudo Abel
sequence (Zg )e>e for Xi/Cr/k there exists an integer ¢’ > max(e,e’)
such that Z. i equals Z, , for every e > €. More generally, for every finite
collection of pseudo Abel sequences for Xy /Cy/k, there exists an integer €”
such that the all the sequences agree for every integer e > €”.

(ii) There ezists a finite index subgroup of Gal(k) preserving all the components
Ze i, e > €. There exists an integer € > € such that for every e > €', Z. 1,
is Galois invariant.

(iii) There exists a pseudo Abel sequence for X/C/k and the pseudo Abel se-
quence is “asymptotically unique” in the sense of (i).

(iv) If there exists an Abel sequence for X /Cy/k, then there exists an Abel
sequence for X/C/k.

Proof. (i). Let og be a (g)-free closed point of Z, . By (iii) applied to the sequence
(Zek)e and to the sequence (Zék,)e, there exists an integer dg such that for every
§ > 0o, € +0 > max(e,€') and both Z, 5 and Z] ; satisfy (iii) for o9 and §. But
the component satisfying (iii) is unique. Thus Zeis equals Z/ 5, for all § > do.
So the result holds for € = e+ dg. And by induction on the number of pseudo Abel
sequences, the same holds for every finite collection of pseudo Abel sequences.

(ii). Now let op be a closed point of ¥¢(X/C/k) whose base change ogj in
Y¢(Xk/Ck/k) is a (g)-free closed point of Z. . Since X¢(X/C/k) is finite type
over k, the residue field of oy is a finite extension of x. Hence there is a finite index
subgroup H of Gal(x) fixing 0¢ ;. Thus H is a finite index subgroup of Gal(x)
fixing Z ). Iterating this argument, for every integer ¢ > e there exists a finite
index subgroup H' < H fixing Z, ), for every e =¢,...,¢€.

Let dp be an integer as in (iii) such that for every integer ¢ > ¢, Ze4s, is the unique
component containing every curve coming from oy , by attaching ¢ free lines. Then
H preserves Z., 5. Thus choosing H' < H to be a finite subgroup as in the previous
paragraph fixing Z, for each e = ¢,...,e+ dy — 1, then H’ fixes Z, for every e > e.
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For each ¢ in Gal(k), the conjugate sequence (¢ Z.)e>c is also a pseudo Abel
sequence. Since H' has finite index in Gal(k), this gives only finitely many pseudo
Abel sequences. Thus by (i) there exists an integer €’ > € such that for every
e > €' and for every ¢ in Gal(k), ¢ Z. 1 equals Z, 1. Therefore (Z, 1)e>er is Galois
invariant.

(iii) and (iv). For every integer e > €”, let Z. denote the image of Z. ) in
¥°(X/C/k). This is an irreducible component of £¢(X/C/k). Since Z. j is Galois
invariant, Z. is geometrically irreducible and Z. ;, equals Z, ®, k. By Lemma
(Ze)e>er is an Abel sequence for X/C/k, resp. a pseudo Abel sequence for X/C/x,
if and only if (Z. k)e>er is an Abel sequence for X /Cy/k, resp. a pseudo Abel
sequence for X /Cy/k. O

Because of the lemma it suffices to prove Theorem [£.9] for algebraically closed, char-
acteristic 0 fields k. Moreover, for an extension of algebraically closed fields &/,
by a similar argument to that above, Theorem for Xy /Cy/k is equivalent to
Theorem [£.9)for X/C/k: there is a natural bijection between the set of irreducible
components of 3¢(X/C/k) and the set of irreducible components of ¥¢(X}/Cy/k).
Thus it suffices to pass to “sufficiently large” algebraically closed fields, e.g., un-
countable fields. This will be technically convenient later although, of course, the
interested reader can easily formulate all of our arguments over any characteris-
tic 0 field. From this point on we will assume that x is an uncountable and
algebraically closed field of characteristic 0.

5. THE SEQUENCE OF COMPONENTS

As always, notations are as in Notation 2:4] And from here on we will assume
that xk is uncountable and algebraically closed. Throughout this section we
assume Hypotheses and hold. In each result we will specify any additional
hypotheses which are needed.

Because of Lemma[4.11] when a pseudo Abel sequence exists for X/C/ it is asymp-
totically unique. Moreover condition (iii) in Definition is a prescription for con-
structing this sequence. First we need to prove that there exists at least one (g)-free
section, which we do in Lemma[5.4] Then we will attach lines in fibers to get stable
sections as in (iii). These stable sections will be points of the components Z, we
are trying to construct.

Because the stable sections in (iii) come up so often, we give them a special name,
“porcupines”, which is meant to capture some aspect of the curve: many lines
pointing vertically out of the body like the quills of a porcupines. But also it should
remind us that although these curves are better behaved than some of their spinier
cousins (more complicated vertical “spines” are difficult to work with, particularly
because of stack-theoretic issues they entail), nonetheless even porcupines should
be treated with some delicacy. Because we are trying to avoid some technicalities,
the definition of porcupine here is stronger than the definition in [dJHSO08]. But
the basic idea is the same. We trust this will cause no confusion.
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Definition 5.1. A porcupz'neﬂ in X is a stable section h : ¢/ — X of m whose
associated section gg : C — X — called the bodﬂ of the porcupine — is (g)-free and
whose vertical components h|C; : C]‘ — Xy, — called the quills" | of the porcupine
— are each isomorphisms to a line in X . The attachment divisor of the porcupine
is the divisor D =t; + - - - 4+ t5 of points in C mapping under o to nodes of h(C").
The pair (0¢, D) is the extended body of the porcupine.

It is quite convenient that the vertical components are all lines: the extended Abel
map is easier to understand and specializations of families of porcupines are easier
to bound. But the main point is that both the body and quills have positive
normal bundle. By standard deformation theory this implies nice “transversality”
properties of the Kontsevich space in the neighborhood of each porcupine.

Proposition 5.2. (i) There is a unique open subscheme Porc®(X/C/k) of
¥¢(X/C/k) whose k-points parameterize porcupines, this open subscheme
is smooth, and this open subscheme is contained in the “fine moduli locus”
of X¢(X/C/k), i.e., the open set where the 1-morphism from the stack to
the coarse moduli space is an equivalence.

(ii) The closed subscheme Porc®='(X/C/k) of Porc®(X/C/r) parameterizing
porcupines with at least 1 quill is a simple normal crossings divisor (if it is
nonempty).

(iii) For every integer 8 > 1, the stratum Porc®=°(X/C/k) of the simple normal
crossing divisor Porc®='(X/C/k) having codimension § in Porc®(X/C/k)
equals the reduced closed subscheme whose k-points parameterize porcupines
with at least § quills.

(iv) Thus the open subscheme Porc®’(X/C/k) of Porc¢®=%(X/C/k) parameter-
izing porcupines with precisely 6 nodes is a smooth, locally closed subscheme
of Porc®(X/C/k) of pure codimension 0 (if it is nonempty). In particular,
Porc¢®®(X/C/k) is a dense, open subscheme of Porc®(X/C/k) which equals
the open subscheme of Sec®(X/C/k) parameterizing (g)-free sections.

Proof. This follows by standard deformation theory, so we will only give a few
indications of the proof. A porcupine is a special case of the more general notion
of a comb, cf. [Kol96, Definition I1.7.7]. The basic deformation theory of combs
is worked out in [Kol96, Section II.7] and other references, e.g., [Sta09l Section
3.2]. The key ideas in the proof of the proposition are [Kol96, Theorem I1.7.9] and
[Sta09, Proposition 3.14, Lemma 3.17]. For a porcupine A’ : C' — X with body

oo : C — X, attachment points ¢1,...,% and quills C{,...,Cj, there are exact
sequence of coherent sheaves
0 N Novjx —— @y 15,00(C) ®, T, 0 —— 0,
5
0 —— @;=1 Ney/x(=pi) N Noycyyx — 0.

Since the body is (g)-free, the last term of the second sequence has vanishing h'.
Since the quills are free curves, the first term of the second exact sequence has
vanishing h'. Thus by the long exact sequence of cohomology, the middle terms of
the second exact sequence has vanishing h'. Since this is also the first term of the

gporcupine Engl. = porc-épic Fr.
1Obody Engl. = corps Fr.
11qm'll Engl. = piquant Fr.
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first exact sequence, it follows that h'(C’, Nev /x) is zero and the map of Zariski

tangent spaces
s

H0<Cl’ NC//X) - @ TPiUO(C,) Or Tpiczl
i=1
is surjective. Thus the Kontsevich space is smooth at (C’, h : C' — X) and the map
from the formal neighborhood of the Kontsevich space to the versal deformation
space of the nodes of €’ is smooth. Thus the boundary stratification is a simple
normal crossings variety near (C',h: C' — X). O

There is a morphism
®poqy : Porc®®(X/C/k) — Porc® (X /C/k)

associating to each porcupine (h : ¢! — X) with precisely ¢ quills the (g)-free
section (og : C — X). Denoting by Cs the é-fold symmetric power of C over &,
there is a refined version of this morphism

hody 1 Porc®®(X/C/k) — Porc®™**(X/C/k) %, Cs

associating to each porcupine (h : ¢/ — X) the extended body: o together with
the attachment divisor D =, +--- +¢5 in C. Of course the image of pr¢, o P4,
in Cy is contained in the dense open subset Cg parameterizing reduced divisors,
i.e., unordered d-tuples {t1,...,¢s} of distinct points of C.

Lemma 5.3. Let X/C/k and L be as in Notation [2.J] Assume that Hypotheses
[£-3 and[{.3 hold. Let e be an integer and let § be a nonnegative integer. The
morphism

Doy Porc®®(X/C/k) — Porc® *%(X/C/k) x,, CF
is smooth, surjective and projective. And the geometric fibers are integral and ra-
tionally connected.

Proof. As a morphism of schemes over Cs, we can understand @{jody in terms of a
fiber product diagram. The evaluation morphism of k-schemes

evor1:Mo1(X/C,1) — X
induces a morphism of the associated J-fold symmetric powers of these x-schemes,
(evoa1)s : Mo 1(X/C,1))s — Xs.
Similarly there is a morphism
(m)s : X5 — Cs.

None of these symmetric powers nor morphisms of symmetric powers need be
smooth, but they become smooth when restricted to certain open subsets. Denote
by X3¢ the inverse image ()5 ' (Cg), and denote by (Mo 1(X/C,1))¢ the inverse im-
age (evo’l’l)gl(Xg). Assuming Hypotheses - hold so that evg 1,1 is smooth,
surjective and projective with integral and rationally connected generic fibers, then
also
(evo,1,1)5 + (Mo,1(X/C,1))§ — X3
is a smooth, surjective, projective morphism of smooth, quasi-projective C'§-schemes.
And each geometric fiber is a fiber product of § base-changes of geometric fibers of
evo,1,1. Thus the geometric generic fiber of (evg1,1)§ is also integral and rationally
connected.
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There is another relevant evaluation morphism,
V0 15y s i Porc" "X/ C/R)x C§ — X3, (00,{t1, ... ,ts}) = {o0(t1), ..., 00(ts)}.
Again assuming Hypotheses - hold then the fiber product of (evg 1,1)$ and
eV (5}.c—57

(Mp,1(X/C,1))% X x¢ (Porc® %0(X/C/k) x . C9) 22, Poret (X /C/K) X, cy
is equivalent to @y 4 as morphisms to Porc® *%(X/C/k) x, Cg. Thus since

(evo,1,1)§ is smooth, surjective and projective with integral and rationally connected
generic fibers, the same is true of @{Dody. O

Geometrically the way we construct (g)-free sections is to find a family of sections
which is “sufficiently moving”, and then take the general member. The next lemma
explains why this works.

Lemma 5.4. Let X/C/k and L be as in Notation[2.4} Let & denote the integer
max(1,2g). Let ty,...,ts be distinct k-points of C. Let S be an irreducible, finite
type k-scheme. And let

T:S%x,C— X, (s,t)— 7(s,1t)
be a family of sections of m parameterized by S. If the associated k-morphism
oty S = Xy Xy X Xy, S (T(8,81), ..., 7(8,t5))

Tty,

is dominant, then a general point of S parameterizes a (g)-free section.

Conversely, if oy : C — X is a (g)-free section, then for a general point collection
t1,...,ts of k-points of C and for the universal section

o:8ec(X/C/K) x,, C — X
the associated k-morphism
Oty s - 9ec(X/C/Kr) — Xyy X+ X X
is smooth at [og].

Proof. There is a dense open subscheme of S which is smooth. After replacing S
by this open subscheme, assume .S is smooth. Then by generic smoothness, 7+, .. ¢,
is smooth at a general point s of S. By the Jacobian criterion this implies that

H°(C,7:Ty) — H°(C, 7T ®0. Op)
is surjective, where D = t; + - -+ 4+ t5. Since 6 = max(1,2g), this implies that
RY(C, 7Ty (—D)) equals 0.
Thus 7 is (g)-free.

Conversely, if o is (g)-free, then Sec(X/C/k) is smooth at [og] and the derivative
of oy, ..+, at [og] is precisely

H°(C,04T,) — H(C,04Tx ®0. Op)

which is surjective. Thus oy, is smooth at [og]. O

..... tq
Because of Lemma there exists at least one (g)-free section. This is the “seed”
from which our Abel sequence will grow.
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Corollary 5.5. Let X/C/k and L be as in Notation . Assume Hypotheses
- hold. There exists an integer ey such that for every integer e > eq,
Porc®™(X/C/kr) is nonempty, i.e., there exists a (g)-free section of degree e.

Proof. By Hypothesis [£.4] the geometric generic fiber Y is rationally chain con-
nected. By Hypothesis it is also smooth and projective. Thus Y is rationally
connected, cf. [Kol96, Theorem IV.3.10.3]. Denote by ¢ the integer max(2g, 1). By

Corollary for every k-point (p1,...,ps) of
X(tumvt(s) = Xty Xy o0 X Xt

there exists a section o : €' — X with o(t;) = p; for each j = 1,...,0. Every
such o is a k-point of one of the countably many irreducible components (.S;);ez of
¥(X/C/k). Denote by C; the closed image of S; in X4, . +). Then X, . 4 (k)
equals U;jezC;(k). Since r is uncountable and since X4, . ;) is an irreducible x-
scheme, there exists ¢ € Z such that C; equals Xy, . ). By Lemma @ a general
k-point of S; parameterizes a (g)-free section of 7.

Let ey be the degree of the section above. By Proposition Porc®?(X/C/k)
is nonempty since it parameterizes that section. By Lemma [5.3] for every integer
€ > e,

hody : Porc®*™%(X/C/K) — Porc®?(X/C/K) X, Cee,
is dominant. In particular Porc®(X/C/k) is nonempty. Hence by Proposition
also Porc®?(X/C/k) is nonempty. O

Let eg be as in Corollary [5.5] And let Z = Z,, be the closure in X% (X/C/k) of one
of the components of the nonempty, dense open subset Porc®"(X/C/k). Denote
this component of Porc®%(X/C/k) by Porc®(X/C/k)z.

For every integer e > eg, by Lemma [5.9] the morphism
body : Porc™"(X/C/K) — Porc® Y (X/C/k) X, Ce .,

is smooth, surjective and projective with integral geometric fibers. So for the in-
tegral, open and closed subscheme Porc®?(X/C/k)z X, C¢_., of the target, the
inverse image Z ._., in Porc®“"*(X/C/k) is an integral, open and closed sub-
scheme of Porc®“"*(X/C/k). Since Porc®(X/C/k) is smooth, there is a unique
connected component Z¢ of Porc®(X/C/k) containing Z, .., .

Definition 5.6. Let X/C/k and L be as in Notation Let eg be an integer
and let Z be an irreducible component of ¥ (X/C/k) which parameterizes at
least one (g)-free section. For every integer e > eq, the distinguished irreducible
component Z. of ¥¢(X/C/k) associated to Z is the closure in 3¢(X/C/k) of the
connected component Z2 of Porc®(X/C/k) as constructed above. For every integer
e > ep and for every integer & > 0, Porc®®(X/C/k)z denotes the intersection
of Porc®®(X/C/k) and Z, in £¢(X/C/k) (this intersection is a smooth, quasi-
projective k-scheme).

This is the sequence of irreducible components we work with. By Proposition

this sequence satisfies (i) from Definition Next we prove this sequence

satisfies the “integrality” part of (ii). In Sectione will verify (iii), which implies

the existence of pseudo Abel sequences in Corollary But the hardest step is
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proving the “rational connectedness” part of (iii), which is completed in Section
using Hypothesis

Lemma 5.7. Let X/C/k and L be as in Notation[2.4) Assume that Hypotheses[].]]
~[f4 hold and let ey and Z be as in Definition[5.6, For every integer e > eq+2g—1,
the restriction of the Abel map

a‘Porc“’e_"‘O (X/C/R)z * Porc®¢™% (X/C/K:)Z - Picec/n
is smooth and dominant with integral geometric generic fiber.

Proof. A composition of smooth, dominant morphisms having integral geometric
generic fibers is also a smooth, dominant morphism have integral geometric generic
fiber. Thus it suffices to decompose a|pgyce.c—co(x/c/x), @S @ composition of such
morphisms.

For ease of notation denote e—eg by § so that e equals eg+6. Since e is > eg+2g—1,
also § is > 2g — 1. And when § is > 2g — 1, the usual Abel map

~v:Cs — Pic(sc/ﬁ

is smooth, surjective and projective with integral geometric fibers: it is a projective
P9~9-bundle bundle by Abel’s theorem and Jacobi inversion. The restricted Abel
map |poyees(x/0/x), factors as the composition of

hody 1 Porc® (X /C/K)z — Porc(X/C/K)z % Cs
and the morphism
B : Porc®(X/C/k)y %, Cs — Pic?;;‘S

where B([o0], [D]) equals 6 £(D). By Lemma[5.3] the first morphism is smooth and
dominant with integral geometric generic fiber. Thus to prove that a|pgyce.s (x/c/x) ,
is smooth and dominant with integral geometric generic fiber, it suffices to prove
the same of f3.

The morphism g factors as the composition of a projective bundle,
(pry, 7 o pry) : Porc®(X/C/k)z x,. Cs — Porc®(X/C/k)z X, Picéc/m
an isomorphism
(pry, pry 4+ a o pry) : Porc®(X/C/k)z %, Pic‘sc/,i — Porc®?(X/C/k)z %, Pic‘é/,{
and the smooth, surjective projection
pry : Porc®?(X/C/K) 7 X, Picéc/ﬁ — Pic‘sc/,{

whose geometric generic fiber is the base change of the integral scheme Porc® (X /C/k) 5.
Since each of the factors is a smooth, dominant morphism whose geometric generic
fiber is integral, the same is true of 3. (Il

Lemma 5.8. Let X/C/k and L be as in Notation . Assume that Hypotheses
~[f4 hold and let eq and Z be as in Definition[5.6, For every integer e > eq+2g—1,
the restriction of the Abel map

alz 1 Ze — Picgy,
is surjective and the fiber over the geometric generic point of PiceCO/K 1s irreducible.

25



Proof. By Lemma [5.7] the morphism
a|P0rCc,c—c0 (X/C/K)z * Porc®¢™¢° (X/C/K,)Z — Picg/ﬁ

is dominant and that the geometric generic fiber is irreducible. Also Z. is irreducible
and Porc®®"*°(X/C/k)z is contained in the smooth locus of Z.. Thus also a|z, is
dominant and the geometric generic fiber is irreducible. Since Z, is projective, the
morphism «|z, is projective. Every projective, dominant morphism is surjective.

O

6. RATIONAL CONNECTEDNESS OF THE BOUNDARY MODULO THE INTERIOR

The boundary of a Kontsevich (algebraic) space is the closed subspace parameter-
izing stable maps with singular domain. The open complement of the boundary is
the interior. The boundary has a stratification where the deeper strata correspond
to maps with many nodes. This stratification is studied in detail in an article
of Behrend and Manin, [BM96]. The intersection of the boundary stratification
with Porc®(X/C/k) is simply the stratification from Proposition The interior
of Porc®(X/C/x) is the open subscheme Porc®®(X/C/k) parameterizing (g)-free
sections.

In the last section we constructed the sequence (Z.)e>e,. (Of course the “starting
integer” e will have to be chosen larger than eg, as is already clear from Lemma)
If there exists an Abel sequence, resp. a pseudo Abel sequence, then eventually it
equals (Z.)e>e,- S0 the goal is to prove that (Z;)e>e, eventually becomes an Abel
sequence, i.e., it satisfies (i), (ii) and (iii) of Deﬁnition

The sequence (Z)e>e, satisfies (i) of Definition[4.8]since each Z, is the closure of the
nonempty open Porc®?(X/C/k); parameterizing (g)-free sections. And Lemma
proves that (Z.)e>e, satisfies the “integrality” part of (ii). To complete (ii) we must
prove that the geometric generic fiber of the Abel map is rationally connected. Of
course the arguments of the previous section do not prove this since they do not
use Hypothesis and they do not use the “rational connectedness” in Hypothesis
44 But Lemma does prove something noteworthy, which we explain below.
This uses the notion of the mazimally rationally connected fibration of a variety and
its corresponding MRC quotient, cf. [Kol96, Section IV.5]. The MRC quotient is a
measure of the failure of rational connectedness for a variety; a variety is rationally
connected if and only if the MRC quotient is a point. To prove (ii), we need to
prove that the MRC quotients of the geometric generic fibers of «|z, eventually
stabilize to a point.

By the factorization in Lemma[5.7] for all e > e +2g — 1 the MRC quotient of the
geometric generic fiber of the morphism

O[|P0rce,e—eo (X/C/r)NZ, . POI'C6767€0 (X/O/H)Z — 131(324/,g

is a quotient of the MRC quotient of Z.,. Using this, one can show that the MRC
quotients eventually stabilize. But if g > 0 then they do not stabilize to a point;
in fact they stabilize to a variety which dominates PicO(C). This same argument
would hold if we chose ey to be a larger integer. So the conclusion applies to the
8-boundary stratum Porc®Z°%(X/C/k)z for each § > 2g — 1: we cannot connect
two general Abel equivalent points of the d-boundary stratum by a rational curve
which is entirely contained in that stratum. To rationally connect Abel equivalent
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points in the §-boundary stratum we must use rational curves that pass out of that
stratum, e.g., rational curves which intersect the interior. In this section, using the
rational connectedness of fibers of evg (5},.—5 as in Hypothesi we prove that
we can connect Abel equivalent points of Pic®®(X/C/k) if § is sufficiently large
relative to e. Speaking loosely, “the boundary is rationally connected modulo the
interior”.

This section also proves that (Z.).>¢, satisfies (iii) of Definition It is worth
noting that Hypothesis is never used in this section. Of course for this reason
there must be something more in the proof of Theorem as discussed there are
counterexamples to Theorem [4.9] which satisfy Hypothesis [£.4] but not Hypothesis
[45 In the next section we will use Hypothesis [£.5] to show that “the interior is
rationally connected modulo the boundary”, i.e., for a general pair of a point in
the interior and an Abel equivalent point in the §-boundary stratum, there exists

a rational curve connecting the two points. This will prove (ii) and hence also
Theorem .91

Let § be a positive integer. Let t¢1,...,ts5 be distinct x-points of C'. The following
notation and proposition are useful for showing that certain families of sections
introduced later always parameterize some (g)-free sections. In one crucial step,
Claim [6.6] in the proof of Proposition [6.5 an open set O will appear about which
we a priori know nothing except that it is dense (in fact the point of the claim is
that there does not exist an open set O as in that proof, but the contradiction proof
of the claim requires working with such an O to conclude it cannot exist). Because
of this, we have to introduce variants of all of our notations which are adapted to
some variable open set O.

Notation 6.1. Denote by X(;, . ;) the product Xy, xj --- X} Xy¢;. And denote
by Chny(X/C,n)q,....+5) the product

Chny(X/C,n)w, .45y = Chna(Xy, /K, 1) Xy -+ X Chng(Xy, /K, n).

Finally, for every dense open subset O of X, . ¢,), denote by ChnS (X/C, N)(t1,..ts)
the open subscheme of Chna(X/C, 1), ....¢;) parameterizing sequences ((C%, 1 j, qn.j))j=1,....6
of chains of n lines

(Ch P11 ang) = (L1jsp1jy@14)s - -+ > (Lnjs Prjs @nj)) € Chng (X, /5, n)

such that for every i =1,...,n, (pi1,.-.,pis) and (g1, .., ¢,s) are each contained
in the open subset O of X(;, . :,): all sequences of marked points and all sequence
of nodes of the chain (i.e., all sequences of “special points”) are contained in the
open set O.

Hypothesis[f.4]involves chains of lines of some fixed length ng. The next proposition
shows that the same property holds for chains of lines of length n for all n > ny.
The “O variant” will be useful in Claim [6.6]

Proposition 6.2. Let X/C/k and L be as in Notation . Assume Hypotheses
f hold. Let ng be as in Hypothesis , For every n > ng, Chna(Y/K,n) is
smooth and irreducible. And the morphism

ev: Chng(Y/K,n) =Y xg Y

is surjective with integral and rationally connected geometric generic fiber. More-
over for every n > 2ng, for every positive integer §, for every sequence ty,...,ts of
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distinct Kk-points of C, and for every dense open subset O of Xy, .. +5), the evalua-
tion morphism
ev: Chn (X/C,n)(n,.. 1) — O X O,

((Clupl,la qn,l)v ey (05,]91’5, Qn,ﬁ)) = ((pl,la e apl,é)a (Qn,la e aqn,5))
s surjective.

Proof. The first statement is proved by induction on n. The base case n = ng
follows from Hypothesis Thus, by way of induction, assume n > ng and assume
the result is known for n — 1. The forgetful morphism

Chny(Y/K,n) — Chny(Y/K,n — 1),

((L1,p1:q1)s -+ s (Ln—1,Pp—1,Gn-1), (L, Prs @n)) = (L1, 21, 1)+, (Ln—1,Pn—1, qn—1))
is a smooth, surjective, projective morphism with integral and rationally connected
geometric fibers; it is a base-change of the evaluation morphism evg 1,1 composed
with projection from a P!-bundle. Since Chny(Y/K,n—1) is smooth and irreducible

by the induction hypothesis, also Chny(Y/K,n) is smooth and irreducible.

Next let = and y be general K-points of Y. Denote by F; , the variety parameter-
izing chains of n lines

(C,7p17 Qn) = ((Ll,pl, q1)7 B (Ln—hpn—lv Qn—l)a (L'mpn>Qn))

with p; = x and ¢, = y. To give such a chain, it is equivalent to give a line L,, in
Y containing ¢, = y, to give a point p,, in L,, and then to give a chain of (n — 1)
free lines
(C"p1yqn-1) = ((L1,p1,91), - -+ (Ln—1,Pn—1,qn—1))

with p; = =z and ¢,_1 = p,. By Hypothesis the variety A parameterizing free
lines L, containing ¢, = y is integral and rationally connected. The variety B
parameterizing pairs (L, pn,qn) is a P'-bundle over A, i.e., the P! is simply L,.
Thus B is rationally connected. Moreover, since y is general, a general point p,
in L, is also general (it is left to the reader to make a meaningful statement from
this sentence). Thus, by the induction hypothesis, the variety parameterizing free
chains (C",p1,¢n—1) with py = z and ¢,_1 = p, is rationally connected. Thus
F, , is a rationally connected fibration over the rationally connected variety B. By
Corollary a rationally connected fibration over a rationally connected base has
rationally connected total space. Thus Fj , is rationally connected. So the first
part of the proposition is proved by induction on n.

The second part of the proposition is proved in a similar way. Let n, and n, be
integers with ny,ny, > 0. Let = (x1,...,25) and y = (y1,...,¥s5) be k-points of
0, ie., (z,y) is a k-point of O x,, O. Denote by F,(n,), resp. Fy,(n,), the subset
of Chna(X/C,nz),,....t5), Tesp. of Chna(X/C,ny )4, ... 1), Parameterizing chains

((0;717171,1’ an,l)v ey (C;,&pl,(% Qnm,é))
with (p11,...,p1,6) = (z1,...,%5), resp. parameterizing chains
((0;717pn$+1,17 Tn1)s-- s (Cgl;,évpn$+1,(55 Qn,é))

with (gn1,--sqns) = (Y1,---,Ys). And denote by FQ(n,), resp. Fyo(ny), the
intersection of Fy(n,) with Chn$ (X/C,n,), resp. the intersection of F,(n,) with
Chnd (X/C,ny).
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Since ChnS (X/C, nx) is an open subset of Chny(X/C, n,), also F© (n,) is an open
subset of F(n,). Similarly Fyo(ny) is an open subset of F,(n,). Next we prove by
induction on n,, resp. n,, that F2(n,) is dense in Fy(n,), resp. Ff(ny) is dense
in F,(ny). Here is the induction argument for ¢ (n,), the argument for Fyo (ny)
is the same. For the base case, n, = 1 we must prove that F(1) is dense in F,(1).
Let (L1,1,...,L1,5) be a sequence of lines such that each L, ; contains py ; = ;.
Then the following subscheme of of X, . 4,

Ly = L171 X X L175

is an irreducible subvariety and parameterizes the choices for the points (g1 1,-..,¢1,5)
making up a chain

(L1010, q11), -+ -5 (L1,6, 21,5, G1,6)
in F,(1). The intersection of L; with O is an open subset which contains the
point (p11,...,p1.4). Since Ly is irreducible, this open subset is dense in L;. Thus
F9(1) is dense in F,(1), establishing the base case. For n, > 1, there is a forgetful
morphism

D Fp(ng) — Fp(1)

which is smooth and surjective with integral geometric fibers. Since F9(1) is dense
in F,(1), also ®~1(F2(1)) is dense in F,(n,). And for a point

(L,p,q) == ((L1,1,p1.1,q1.1)5 - - -5 (L1,5,P1.5,91.5)

in F,(1), setting 2’ := (q1,1,-..,q1,5), the fiber ®~1(L,p,q) is canonically isomor-
phic to F,/(n;). Assuming (L,p,q) is in F2(1), the intersection of ®~1(L,p,q)
with F2(n,) is canonically isomorphic to F9(n, —1). By the induction hypothesis
F9(n, — 1) is dense in F,/(n, — 1). Hence also F9(n,) is dense in Fj(n,).

Now assume that n, and n, are both > ng and that n; +n, equals n. By Hypoth-
esis the subset of X, ) parameterizing those s-points (gn,.1,--.,Gn,.s),
resp.  (Pn,+1,1,--->Pn,+1,5), arising from chains in Fj,(n,), resp. from chains
in Fy(ny), contains a nonempty open subset of X, . ; (the proof is similar
to the proof of the first part of the lemma). Since F©(n,) is a dense open in
F,(n,) the set parameterizing (¢n, 1, - -,qn,.s) arising from chains in F2(n,) also
contains a nonempty open subset of X, . ). Similarly the set parameterizing
(Pra+1,1,- - - s Pny+1,6) arising from chains in Fyo(ny) contains a nonempty open sub-
set of X4, 15)- Since Xy, .. ) is irreducible, these nonempty open subsets inter-
sect. Thus there exist chains in F (n;) and in F(ny) such that (gn, 1, -, qn,.s)
equals (Pn,+1,1,---sPn,+1,6). By concatenating these chains, i.e., by forming the
union C; = Cy i Uy, i~p,. 1. Cy.is there is a chain in ChnS(X/C, N)(t1,...,t5) With
(pl,la s 7p1,5) - (xla s ,IZ’(;) and with (Qn,la ceey Qn,é) = (yla v 7y5)~ O

To prove the “rational connectedness” part of (ii) of Definition we need to
prove that Abel equivalent porcupines are rationally connected. Working with one
porcupine already requires care. Getting two porcupines to “connect” is difficult;
usually porcupines run wild having nothing to do with one another. But we can
encourage porcupines to connect by putting them both in a common “pen”. Here
a “pen” is a scroll which contains a porcupine. The crucial point is that porcupines
of the same degree which are penned in a common scroll are connected by a chain
of rational curves if and only if they are Abel equivalent.
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Definition 6.3. A porcupine h : ¢/ — X is penneﬂ by a scroll R for X/C/k
(recall Definition if h(C') is contained in R. And then R is called a pen@ for
h.

Let e be an integer, and let d,, d, be nonnegative integers. Let h, : C), — X, resp.
hy : Cf — X, be a porcupine in Porc®* (X/C/x), resp. in Porc®® (X/C/), with
extended body (09,4, Ds), resp. (00, Dy). Assume that og,, and opy are penned
in a common scroll

p=mlp:R—C
for X/C/k.

Lemma 6.4. Let X/C/k and L be as in Notation . Let e be an integer and let
hq and hy be porcupines whose bodies are penned in a common scroll R as above.
The Abel images a(hg) and a(hy) in Picg,, are equal if and only if the Cartier
divisors 00,4(C) + p*D, and 00,(C) + p* Dy are linearly equivalent in R. In this
case, assuming Hypotheses[].1] —[{.4] hold, there exists a connected chain of rational
curves in X¢(X/C/k) containing [he] and [hy] and whose nodes all parameterize
porcupines in Porc®(X/C/k) — in particular, smooth points of 3°(X/C/k).

Proof. The Abel images are equal if and only if o ,£(D,) is isomorphic to o , £(Dy).
Since R is a P-bundle over C and L is a relative O(1)-sheaf, these invertible sheaves
are isomorphic if and only if the divisors o¢ 4(C) + p*D, and ¢ ,(C) + p* Dy, are
linearly equivalent in R.

Assume these divisors are linearly equivalent and assume Hypotheses[£.1]—[4.4) hold.
For every x-point t in D,, resp. in Dy, the variety parameterizing lines containing
00,a(t), resp. oo p(t), is smooth, projective and rationally connected. Therefore
there exists a morphism from P! to Porc®’(X/C/k), resp. to Porc®® (X/C/k),
sending 0 to hg, resp. to hy, sending every point of P! to a porcupine with extended
body (00,4, Da), resp. (00,5, Dp), and mapping oo to a porcupine whose quill at each
attachment point ¢ is the line R; = p~1(¢). Speaking loosely, such a morphism from
P! is a “pivot” holding the body of the porcupine fixed and pivoting each quill into
the pen.

The image under oo of each of these pivots is a Cartier divisor in R which equals
00,a(C) + p* Dy, resp. 0(C) + p*Dy. Since these divisors in R are linearly equiv-
alent, there is a pencil of divisors in R containing these two divisors. The general
member of this pencil is a stable section in ¥¢(X/C/k). Thus the pencil determines
a rational map from the base P! of the pencil to ¥¢(X/C/k). Since ¥¢(X/C/k)
is a projective scheme (recall we work with the coarse moduli space rather than
the Deligne-Mumford stack), this rational map extends to give a rational curve
in ¥°(X/C/k) containing the two new stable sections. The union of this rational
curve with the rational curves from the previous paragraph is a rational curve as
in the statement of the lemma. (]

Please note from this proof that some of the rational curves in the chain may
intersect the interior of Z.. That is why these arguments only prove rational con-
nectedness “modulo the interior”. Of course this lemma cannot be applied directly

12penned Engl. = enclos Fr.
13pen Engl. = enclos Fr.
30



to prove rational connectedness modulo the interior, since a typical pair of porcu-
pines are not penned by a common scroll. However Hypothesis implies that
any pair of porcupines is penned by a sequence of scrolls. In order to apply the
lemma, we must first attach quills to each porcupine. Thus the formulation is quite
technical.

Let eq, €, be integers and let d,, 0, be integers > 2g — 1. By Lemma[5.7] the Abel
morphisms

g : Porce o9 (X /C/k) — Picte, o,

C/k
ap : Porc % (X/C/k) — Picg;;‘sb
are both smooth. Let I, resp. I, be a connected component of a nonempty fiber

of ay, resp. ay, over a k-point of Picg’/':‘;“, resp. of Picec?/f”.

Proposition 6.5. Let X/C/k and L be as in Notation[2.4} Assume that Hypothe-
ses[.1] ~[4-4] hold. Let e,, ey be integers, let 6,0, be integers > 2g — 1. And let I,
and I, be as above. Let ng be as in Hypothesis and let n be an integer > 2ny.
There exists an integer e; > max(e, + 04, €y + ) and a dense open subset U of
1, X, I, with the following property. For every e > ey, for every pair of porcupines
([has ho)) in U with bodies 0g 4 and oo, and for every degree e Cartier divisor class
T on C, there exists a sequence of porcupines hy, ..., hnp_1 in Porc®(X/C/k) with
bodies 0¢.1,...,00,, and there exists a sequence of scrolls Ry, ..., R, satisfying all
of the following properties.

(i) The Abel image a([h;]) equals Oc(T) for everyi=1,...,n— 1.

(ii) The sections 0¢,q and o091 are both penned in R .

(i) Fori=2,...,n—1, the sections 0g;—1 and oo, are both penned in R;.
(iv) And o9 pn—1 and ooy are both penned in R,,.

Proof. We will also need to use the attaching divisors of these porcupines. Thus
denote the extended bodies of hg, resp. hy, hi by (00,4, Da), resp. (o0, Dy),
(00,4, D;). For a general element ([hy], [hp]) in I, X, Ip, for a general x-point ¢ of
C, the fiber of

ev: Chny(X/Cin) - X x¢ X

over (09,4(t),00,5(t)) is smooth, projective and rationally connected by Hypothesis
[4:4] Thus by Theorem [2.1] there exists a section

7 :C — Chny(X/C,n)

such that evor equals (0¢,q,00,). And by Corollary the section 7 can be chosen
so that 7(t;) is a specified general point in the fiber of

ev: Chny(Xy, /K, n) — Xi, X, Xy,
over (09,q4(tj),00,(t;)) for every j =1,...,d.

It is convenient to make that last sentence precise. There exists a smooth, connected
k-scheme T and a C-morphism

7:T %, C — Chna(X/C,n)
such that the induced morphism

evponoT T %, C—X xcX
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is equivalent to a morphism
T — Sec(X/C/k) %, Sec(X/C/k)

mapping the geometric generic point of T to the pair of bodies ([0¢,q4], [00,5]) Of the
geometric generic point ([hg], [hs]) of I, X, Iy and such that the induced morphism

T(tr,osts) - 1 — Chng(Xy, /K, m) Xy -+ - X, Chng(Xy,; /K, 1)
is dominant.
For every i = 1,...,n denote by
P;,Q; : Chna(X/Cyn) — X
the morphism which sends each chain
((L1sp15q1), -5 (L Prs @)
to the point p;, resp. ¢;. By construction Q; equals P;; fori=1,...,n—1.
Claim 6.6. For everyi=1,...,n, the induced morphisms
Pior,Q;o1:Tx,C—X
are equivalent to morphisms
Pior,Q;oT1:T — Sec(X/C/k)
each mapping the geometric generic point of T to a (g)-free section.
By Lemma to prove Claim it suffices to prove for a general choice of A
that the induced morphism
(P;o T)tl,.u,t,s T — X(t1

has dense image, and similarly for (Q; o 7)s,,.._ ;. If the image were not dense, the
complement of the closure would be a dense open subset O of X(;, . 4. Thus to
prove Claim it suffices to prove that for A general, for every dense open subset
O of X(4,,... 1), the image of each morphism

(PioT)ty,ts 2 T — Xy, ts)

intersects O, and similarly for (Q; o T)s, .14

ts) ‘= Xy X e X Xy

.....

.....

If A is general, then for the pair of bodies ([00,4], [00,5]) of & general point ([hs], [hs])
of I, X, Iy, both

00,a(t) == (00,a(t1),-..,00,a(ts)) and oo (t) := (cos(t1), ..., 00,(ts))
are contained in O. By Proposition the fiber CthO (X/C,n) 00 0(t),00(t) Of
evo2.n ¢ Chng (X/Cyn) iy .15y — O X O,
over (09,4(t),00,4(t)) is nonempty and hence dense in the corresponding fiber of
evo,2,n : Chng(X/C,n) 4,
Since the morphism

T(t1,osts) - 1 — Chng(Xy, /K, n) X4 -+ X, Chna(Xy, /K, n)

..... t5) Xk X(t1,..ts)"

.....

is dominant, the image intersects the dense open subset CthO(X/C’, M) o0 (t),00.5(1)-
So a general point u of T' parameterizes a section
Ty 2 C — Chna(X/C,n)
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such that (7,(t1),...,7u(ts)) is in ChnS (X/C, M) g4 (t),00,(t)- By the definition of
CthO(X/C'7 n), for every i = 1,...,n, the associated point (P; o 7,(t1),...,P; o
Tu(ts)) is in O and similarly for @;. This completes the proof of Claim

Let e; be an integer which is at least as large as e, +dq, ep+0p, deg,q(pioT,)+29—1
and deg,(¢;oTy)+2g—1 for every i = 1,...,n — 1. For every Cartier divisor class
I of degree e, for every i = 1,...,n — 1, there exists an effective divisor Dp,, resp.
Dg,, on C such that

(Pi © Tu)*‘c(DR) = OC(F)v resp.

(Qiomu)"L(Dq,) = Oc(I).
Moreover, for general choices, Dp, and Dg, are reduced. Thus any choice of quills
attached to (P;o07,)(C), resp. (Q;07,)(C), at (P;or,)(Dp,), resp. at (Q;07,)(Dg,),
gives a degree e porcupine. This defines the porcupines hq,...,h,_1.

Finally, for every i = 1,...,n, the projection
L; : Chny(X/C,n) — Mo o(X/C,1)
sending each comb to the i*" line in the comb defines a section
Liot,:C — MO,O(X/C, 1),

or equivalently a scroll R;. The conditions that p;, ¢; are contained in L; and that
¢; equals p; 41 translate into conditions (i)—(iv) of the proposition for this choice of
h17~-~,hn—1 and R17~-~7Rn~ ([l

This proposition is useful because of the next corollary.

Corollary 6.7. Let X/C/k and L be as in Notation . Assume Hypotheses
7 hold. For every integer e there exists a positive integer do(e) > 2g — 1 such
that for every integer 6 > do(e) and for every k-point [Oc(T)] in Pz'c‘g';i, there is a
dense open subset U of the 2-fold self product

(Porce+5’5(X/C/n) N a_l([(’)c(F)])) X (PorceH"s(X/C/m) N a—l([oc(r)]))

with the following property. For every k-point ([ha], [hs]) in U, there exists a chain
of rational curves in X0 (X/C/k) containing [he] and [hy] and whose nodes all lie
in Porc**®(X/C/k). In particular, the nodes are all smooth points of Ley5(X/C/k).
So the scheme Porc®t°(X/C/k)Na~ Y ([Oc(T)]) is contained in a single irreducible
component of 2T (X/C/k).

Proof. This follows from Proposition and Lemma ([

Corollary 6.8. As always the notation is as in Notation[2.]} Assume that Hypothe-
ses[4.1] —[4-4 hold. Let ey and Z be as in Definition[5.6, which exists by Corollary
. And let (Ze)ese, be the associated sequence of irreducible components Z, of
Y9X/C/k). Then (Ze)esey+2g—1 is a pseudo Abel sequence for X/C/k; in particu-
lar condition (i) of Deﬁnition holds. Thus there exists a pseudo Abel sequence
for X/C/k.
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Proof. First of all, by Lemma [5.4] there exists ¢y and Z as in Definition [5.6
By construction (Z.)e>e, satisfies condition (i) of Definition By Lemma
(Ze)eseot+29—1 satisfies the modified condition (ii) for a pseudo Abel sequence. So
it only remains to prove that (Ze)e>eo+29—1 satisfies condition (iii).

Let e; be any integer such that Porc®?(X/C/k) is nonempty, and let W be an
irreducible component of ¥ (X/C/k) which intersects Porc® (X/C/k). By the
same construction as in Definition for every integer e > ej, there is a unique
irreducible component W, of X¢(X/C/k) containing Porc®*~“ (X/C/k) N W,. By
Proposition for e > 0, there is a single irreducible component of ¥¢(X/C/k)
containing both Porc®*™*(X/C/k)z and Porc®* ' (X/C/k)w. But the unique
irreducible component of X¢(X/C/k) containing Porc®* *(X/C/k)z is Z. and
the unique irreducible component of 3¢(X/C/k) containing Porc®*™“*(X/C/k)w
is We. Therefore, for all e > 0, Z. equals W.. O

7. RATIONAL CONNECTEDNESS OF THE INTERIOR MODULO THE BOUNDARY

Let X/C/k and L be as in Notation Assume Hypotheses - hold.
By Corollary there exists a pseudo Abel sequence (Ze)e>e, for X/C/k. To
finish proving Theorem we need to prove that under the additional Hypothesis
there exists an integer € > eg such that for every integer e > € and for every
general point [O¢(T')] of Picg,,,, the integral scheme Z.Na™" ([O¢(T)]) is rationally
connected, i.e., every strong desingularization is rationally connected. Recall that
a strong desingularization of a quasi-projective variety X is a projective, birational
morphism v : X — X such that X is smooth and v is an isomorphisms over
the smooth locus Xgmootn Of X. In characteristic 0 Hironaka proved that every
quasi-projective variety has a strong desingularization.

Because of Corollary [6.7] in the last section, the “boundary is rationally connected
modulo the interior”: for every integer e > eq there exists an integer dp(e) > 2g — 1

such that for every integer & > Jy(e), for every [Oc(T")] in Picg;i, every general

pair of points in the same fiber Porc®™®?(X/C/k)z N a~'([Oc(I)]) are connected
by a chain of rational curves whose nodes are all smooth points of Z.;s. This
shows that the fibers of the Abel map on Porc®™®(X/C/k)y are rationally chain
connected modulo the interior, and the same holds after replacing the fiber by a
strong desingularization.

We would be done if we could also show that the “interior is rationally connected
modulo the boundary”: for all integers e > e; and § > §;, every sufficiently general
point of Z.45 N a~1([Oc(T)]) is contained in a chain of rational curves which also
contains a general point of Porc®™%%(X/C/k)z N a~([Oc(T)]) and whose nodes
are all smooth points of Z.5s N a~!([Oc(T)]). For then by concatenating chains,
a general pair of points in Z.y5s N a~!([Oc(T)]) would be contained in a chain of
rational curves whose nodes are all smooth points of Z.15 N a~}([Oc(T)]). Thus
the chain would lift to every strong desingularization of Z.1s Na~1([Oc(T)]). And
a smooth, projective variety is rationally connected if every sufficiently general pair
of points is connected by a chain of rational curves, cf. [Kol96, Theorem IV.3.10.3].
Thus Zeys N a1 ([Oc(T)]) would be rationally connected.

This is how we will conclude the proof. In order to construct the rational chains
connecting general points of the “interior” of Z., 5 to Porc® ®(X/C/K) N Zey s we
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will first construct special “m-twisting” scrolls R in X. These are constructed by
attaching to any scroll Ry for X/C' at finitely many fibers X; of 7 a 2-twisting scroll
for the constant family P! x, X;/P., considered as a surface in X; via projection.
These 2-twisting scrolls exist by Hypothesis After attaching such 2-twisting
scrolls to Ry at sufficiently many fibers and in sufficiently general normal directions,
the reducible surface will deform to an m-twisting scroll. These m-twisting scrolls
are relevant since pencils of divisors on m-twisting scrolls will give the rational
curves needed to connect the interior of Z. 5 to Porc®™*°(X/C/k)z. The following
lemma proves that Ry exists.

Lemma 7.1. Let X/C/k and L be as in Notation[2.J} Assume Hypotheses [.1] -
hold. For every integer e, every k-point [og] of Porc®’(X/C/k) is penned by a
scroll Ry for X/C/k.

Proof. By Hypothesis the evaluation morphism
€vo,1,1 - M071(X/C, 1) — X

is smooth, projective and surjective with integral and rationally connected geomet-
ric fibers. Thus the same holds for the base-change morphism

pry ¢ MOJ(X/O’ 1) Xevo,1,1,X,00 C—C.

So this morphism is a rationally connected fibration over the curve C. By Theorem
this morphism has a section. As discussed in Definition this section is
equivalent to a scroll Ry for X/C'/k. By construction, this scroll contains o(C). O

Let (R,L) be an m-twisting scroll for X/C/k, cf. Definition By Bertini’s
theorem, a general member of the linear system |L| on R is a smooth curve. By
(1), this curve is of the form oo (C) for a section og : C' — R or 7|g.

Definition 7.2. Let X/C/k and £ be as in Notation Let h: C" — X be a
porcupine with m quills and with body og. A scroll R perfectly pens the porcupine
h if (R, [o0(C)]) is an m-twisting scroll for X/C/k.

A scroll R together with a section oy penned by R determines a section
¢:C —Mp1(X/C,1)

of the projection mp 1,1 : Mo,1(X/C,1) — C as in Definition In some other
articles an m-twisting scroll is defined to be this associated section ¢ of mg 1 1, but
in this article the definition above is more convenient. We can study the pullback
under ( of the vertical tangent bundles of the morphisms

D Movl(X/C, 1) — M070(X/C, 1)

and
evo,1,1 : Mo (X/C, 1) — X,

i.e., the duals of the locally free sheaves of relative differentials for these morphisms.
Both in the construction of an m-twisting scroll starting from the scroll in Lemma
[ and in verifying Hypothesis [£.5] in Part [2] it is useful to characterize m-twisting
scrolls in terms of the pullbacks (*Te and (*Tey,, , ;-
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Lemma 7.3. Let X/C/k and L be as in Notation[2.f} Assume Hypotheses[4.1) and
[4.3 hold and assume that every line in every fiber X; of 7 is a free line. Let oy :
C — X be a section of m and let R be a scroll penning . Let ¢ : C — My 1(X/C,1)
be the associated section of mo11. For each integer m > 0, (R, [oo(C)]) is an m-
twisting scroll if and only if the following hold.

(1) The sheaves ¢*Tg and m,Ogr(0o(C)) are both globally generated and non-
special.
(2) The sheaf C*evy 1 1Tx/c is globally generated and non-special.
(3) And the sheaf (*Tey, , , @0 Oc(=T') is non-special for every invertible sheaf
Oc(T) of degree < m.
In the special case that g equals 0, if (*Tg is globally generated and non-special then
50 is mOR(0o(C)).

Proof. Denote by p : R — S the restriction of m. As is discussed in [HS05)
Remark 4.4] for instance, (*Tg is isomorphic to o5ORr(L), and (*Tey, , , is iso-
morphic to p.Ng/x(—L). Of course (*ev( ; 1Tx/c is the same as Ny (cy/x. For
every geometric point ¢ of C, R; is a free line in Xy, hence h?(R:, Ng,,x,) and
h%(R¢, Ng,/x,(—00(t))) both equal 0 for ¢ > 0. Thus by the Leray spectral se-
quence, h*(R,Ng,x(—L) ®0, p*Oc(-T)) equals 0 and H'(R,Ng/x(—L) o,
p*Oc(—T)) equals H'(C,(*Toy,,, ®0o Oc(—T)). Thus (3) above is equivalent to
(3) of Definition[3.6] Similarly, (1) of Definition [3.6]holds if and only if p.Og(co(C))
is globally generated and non-special. So (1) above implies (1) of Definition
And (2) of Definition holds if and only if p.Ng,x is globally generated and

non-special.
There is a short exact sequence of Or-modules

0 —— Or —— Og(00(C)) —— 00:050r(00(C)) —— 0
giving rise to a short exact sequence of O¢-modules,

0 OC p*OR(O’o(C)) - C*Tq> — 0.

Thus if p.Or(0o(C)) is globally generated and non-special, then so is (*Tg. In
particular, (1) of Definition implies (1) of the lemma. In the special case that
g =0, O¢ is non-special. Hence p.Og(0q(C)) is globally generated and non-special
if and only if (*Ts is globally generated and non-special.

Similarly there is a short exact sequence of Og-modules,

0 —— ("Tevg,y — p«Nr/x — o0gNr/x — 0.

Assuming (3), the first term is globally generated and non-special. Thus the second
term is globally generated and non-special if and only if the the third term is. There
is also a short exact sequence

0 —— "'To —— (Tevg1Tx)c — 05NR/x-

Assuming (1), (*To is globally generated and non-special. Thus the second term
is globally generated and non-special if and only if the the third term is. But
the third term of this sequence equals the third term of the previous sequence.
Hence, assuming (1) and (3), (2) of Definition [3.6]is equivalent to (2) of the lemma.
Therefore (1), (2) and (3) of Definition [3.6]are equivalent to (1), (2) and (3) above.
O
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We are interested in m-twisting scrolls because a porcupine with m quills which
is perfectly penned in an m-twisting scroll is contained in a rational curve in
¥(X/C/k) intersecting the interior; this is the aim of the rest of this section. And
then, by the next lemma, the same holds for all sufficiently general deformations of
this m-quill porcupine.

Lemma 7.4. Let X/C/k and L be as in Notation [2.J} Assume Hypotheses
and [{-3 hold. For every integer e and for every integer m > 0 there is an open
subscheme of Porc®™(X/C/K) (possibly empty) whose k-points are precisely those
degree e porcupines h : C' — X with m quills and body oo : C — X which are
perfectly penned in a scroll R, i.e., such that (R, [00(C)]) is m-twisting.

Proof. Let h : C" — X be a porcupine with extended body (o¢, D) where D =
ty+---+t,, is an effective, reduced divisor of degree m. Let R be an scroll penning
h such that (R, [09(C)]) is m-twisting. There is a flag Hilbert scheme parameterizing
pairs (R, h) of a scroll R in X and a porcupine h penned by R. This projects to the
Hilbert scheme parameterizing scrolls R in X. Our first step is to prove that both
the Hilbert schemes of scrolls in X is smooth at R, and the projection morphism
from the flag Hilbert scheme is smooth at (R, h), so that the flag Hilbert scheme
itself is smooth at (R, h).

First we show that h!(R, Ny /x) equals 0, so that the Hilbert scheme of scrolls in
X is smooth at R. There is a short exact sequence of Or-modules,

0 —— Ng/x(—00(C)) ——— Np/x — 00x03Nr/x — 0.
By the associated long exact sequence of cohomology, it suffices to prove that both
hY(R,Ng/x(—00(C))) and h'(C, 05Nk, x) equal 0. By Deﬁnitionwith Oc(T) =
Oc, h'(R, Ngyx(—00(C))) equals 0. And o Ng,x is a quotient of N, (c),x, thus
h'(C,05Ng/x) equals 0 if h*(C, N, (cy/x) equals 0. By hypothesis o is (g)-free,
hence free. Therefore h!(C, Noo(c)/x) equals 0. Thus the Hilbert scheme of scrolls
is smooth at R.

To prove smoothness of the projection morphism from the flag Hilbert scheme to
the Hilbert scheme of scrolls at (R, h), it suffices to prove that h*(R, Or(h(C")))
equals 0. Associated to the short exact sequence

0 —— Og(00(C)) —— Or(MC")) —— B/, Or, (1) —— 0
there is a long exact sequence of cohomology giving
H'(R,OR(00(C))) —— H'(R,0r(h(C"))) —— @D H'(Ry,, O, (1)) = 0.

Since (R, [09(C)]) is an m-twisting surface, h' (R, Og(sigmao(C))) equals 0. There-
fore also h*(R, Or(h(C"))) equals 0.

So the morphism from the flag Hilbert scheme to the Hilbert scheme of porcupines
is a morphism between smooth schemes at (R,h). By the Jacobian criterion, to
prove the morphism is smooth at (R, h) it suffices to prove the derivative map is
surjective, cf. [Har77, Proposition I11.10.4]. Chasing diagrams, the cokernel of the
derivative map is a subspace of

H'(R,Ng/x(=h(C"))) = H'(R,Ng/x(=00(C)) ®o. 7 Oc(=D)).
Since (R, [00(C)]) is m-twisting and since D is a degree m divisor, this cohomology
group is zero. Thus the morphism from the flag Hilbert scheme to the Hilbert

scheme of porcupines is smooth at (R, h).
37



Each condition on (R, h) to be m-twisting is either a condition about the vanishing
of cohomology of a locally free sheaf, or a condition about vanishing of cohomology
together with global generation of the sheaf. But each of these is an open condition
on the flag Hilbert scheme, cf. [Har77, Theorem II1.12.11]. Thus there is a Zariski
open neighborhood of (R, h) in the flag Hilbert scheme parameterizing those pairs
such that (R, [o9]) is m-twisting. Because a smooth morphism of quasi-projective
schemes is open, the image of this open neighborhood is an open neighborhood of
h in the Hilbert scheme of porcupines. Therefore the set of porcupines which are
penned by an m-twisting scroll contains a Zariski open neighborhood of h. Since
this holds for every such porcupine h, the locus of porcupines which are penned by
an m-twisting scroll is open in the Hilbert scheme of all porcupines. O

By Lemmal[7.3] and by the proof of Lemma[7.4] we can finally prove the connection
between Hypothesis [L.5] and existence of 2-twisting scrolls.

Corollary 7.5. Let X/C/k and L be as in Notation . Assume Hypotheses
[£:5] holds. Then there are finitely many closed points of C such that for every
geometric point t of C whose image is not one of these, denoting the residue field
by k(t), the following holds. There exists a scroll S for Pt(t) X Xt/]P)}@(t)//f(t) and
a section og with 0'5(]?[1{(]&)) C S such that os is free, in fact 0§Tx, /(1) i ample,
and (S, [Us(Pi(t))]) is 2-twisting, in fact (*Te and (*Tey, , , are both ample.

Proof. Hypothesis asserts that for the geometric generic point ¢t = 7 of C, there
exists a morphism
¢: Py — Mo (Y/K, 1)

such that (*To, (*Tev, , , and (*evg 1 1Ty i are all ample. This morphism is equiv-
alent to a scroll S and a section og with image in S. By Lemma this is a
2-twisting scroll. By the same sort arguments as in the proof of Lemma [7.4] the
existence of such a morphism ( for the fiber X; is an open condition on points of
C. And since this open set contains the geometric generic point, it is a dense open
set. Thus the complement of this open set is a set of finitely many closed points of

C. O

Assume now that Hypotheses [£.1]—[£.5] hold. The next proposition and its corollary
prove that the “interior is rationally connected modulo the bondary”. First there
is some more notation.

Let ¢ be a general k-point of C' and let S and og be as in Corollary [7.5] Let
hs : Cy — PL x,. X¢ be a porcupine with body og and with 2 quills being fibers of
S — PL. Since S is free, also og is free and hence (0)-free. Thus hg is a porcupine
with 2 quills. Since (S, [o5(PL)]) is 2-twisting, hg is perfectly penned by S. Denote
by bs the degree of og with respect to L.

By Corollary[6.7] there exists an integer ag such that for every a > ag, the porcupine
obtained by attaching general quills to og(IPL) at a general points is contained in a
chain of rational curves in ¥*sT%(PL x,. X, /P! /x) which also contains a porcupine
with constant body and such that all nodes of the chain are porcupines hence
smooth points of X0s+a(PL x, X, /PL/k).

Proposition 7.6. Let X/C/k and L be as in Notation[2.]} Assume that Hypothe-
ses 7 all hold. Let (Zc)e>e, be a pseudo Abel sequence as in Corollary
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and denote Z., by Z. Let ag and bg be as above. For every integer m > 1 and
for every integer a > ag there exists an integer ca > 0 such that for every ¢ > ca,
denoting eg + a + ¢ - bg by e, there is a dense open subset V, of Porc®®(X/C/k)z
such that for every k-point [og] of Ve there exists a scroll R for X/C/k penning
oo and such that (R, [09(C)]) is an m-twisting scroll. Hence every m-quill porcu-
pine obtained from og by attaching m fibers in R is perfectly penned by R. And by
Lemma there is a nonempty open subset of Porc®™™"™(X/C/k)z parameteriz-
ing m-quill porcupines which are perfectly penned.

Proof. Let o be a general section parameterized by Z. By Lemmal[7.1] o is penned
by a scroll R. Denote by p the projection

p:R—C.

Let a > ag be a positive integer such that for a general divisor A of degree a on
C, the divisor class [0(C)] + p*A on R is basepoint free and non-special, i.e., such
that (p+Or(c(C))) ®o. Oc(A is globally generated and non-special. Let oa be a
general section of p such that [oa(C)] is linearly equivalent to [¢(C)] + p*A on R.
Recall from Definition that there are morphisms

70,1,1 - Moyl(X/C, 1) — C

and

evo,1,1 1 Mo (X/C,1) — X.
By Hypotheses for every point t of C every line in the fiber X; = 771(t) is a
free line. Thus both 7 ;1 and evg 1,1 are smooth morphisms. Denote by Tr,., and
Tevo, ., the corresponding vertical tangent sheaves — the duals of the corresponding
locally free sheaves of relative differentials. The pair (R, o) determines a section

7a : C — Mo 1(X/C, 1)

of 70,1,1-
By the proof of Corollary (really the argument from the proof of Lemma for
every general ¢ in C' there exists a deformation into PL x . Xy of hg : Cly — PLx, X
as a 2-quill porcupine, say hgy : Cé,t' — PL x,. Xy and such that one of the quills
is p~1(¢'). And the deformation is penned in PL x,; Xy by a 2-twisting deformation
of S, say Sy. The deformation Sy of S together with the body of hgy define a
morphism

Ty IP’}C — MOJ(Xt//H, 1) = 7r0_&71(t/)
such that 7/(0) equals 7a(t). The condition that (S, [og(PL)]) is 2-twisting is
equivalent to the condition that both 77T and 7Ty, , , are ample sheaves on
PL.
Fix an invertible sheaf O¢(I'g) on C of degree N < —m — g. Of course A (T, ,, ®
75110¢ (To)), resp. TA (Tevo. 1, ®7r§’171(’)c(I‘0)), is isomorphic to 7X Tr, , , ®Oc (o),
resp. TATevy ., ®0c(l'y). By [Kol96, Theorem I1.7.9, Lemma I1.7.10.1], there exists
an integer ca such that for all ¢ > ca, after attaching teeth 7¢(P!) to the handle
7a(C) at ¢ general points Ta(t), this comb in Mg 1(X/C,1) deforms to the image
of a section of g 1,1, say

0,1,1

Tae: C — Mo1(X/C, 1),

such that
hl(C> TZ,C(Tﬂo,l,l ® ﬂ-g,l,loC(FO))) equals 0
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and

h’l(C7 TZ,C(TGVO,I,I & 71-6,1,100 (FO))) equals 0.
Denote by Ra . the ruled surface and by oa . the section of Ra . corresponding to
TA,c-
Let O¢(T) be any invertible sheaf on C' of degree < m. Then O¢(—T' — T'y) has
degree —N —m, which is > g(C'). Thus it is effective, i.e., there exists an injective
sheaf homomorphism

Oc(To) = Oc(-T)

with torsion cokernel. Thus there exist injective sheaf homomorphisms with torsion
cokernel

TZ,C(Tﬂ'o,l,l ® ﬂ-S,l,IOC(FO)) - TZ,C(Tﬂ'o,l,l ® 71—6‘,1,1(90(71_\))

and
TZ,c(Tev ® 7Tf)k,l,loC'(FO)) - Tz,c(Tev ® 778,1,100(_F))'
Thus
hl(C, 7'Z)C(T7r011,1 ® 776"171(9(;(—I’)) equals 0
and

BUC, 4 Ty @ 51, Oc(~T)) equals 0.
Chasing diagrams, this implies that the normal bundle N of Ra . in X is globally
generated, that h'(Ra ., V) equals 0, and that

h'(Ra,e, N(—[oa.c(C)]) ® pa..Oc(~T)) equals 0

for every invertible sheaf O¢(I') of degree < m. In other words, Ra . together with
[0A ] is an m-twisting scroll. Therefore every porcupine penned by Ra . with m
quills and with body in the linear system |oa .| is penned by an m-twisting scroll.

There is one issue: it is not immediately obvious that the section oa . is parameter-
ized by one of the components in our pseudo Abel sequence (Z;)e>e,- In fact oa c is
a smoothing of the comb obtained from o (C) by attaching ¢ general deformations
of o5(P!). And o (C) is itself a deformation of a porcupine with body o(C) and
a quills. By the choice of ag, and since a > ag, oa(C) is parameterized by a point
in our pseudo Abel sequence. And oa . is a deformation of a stable section Aipitial
whose associated section equals o(C) and having a vertical components being free
lines — the “line components” — and having ¢ vertical components being deforma-
tions of og(P!) — the “og(P!)-components”. Since (C) is (g)-free, any sub-stable
section of Mipitial 1S unobstructed and so is a smooth point of ¥¢(X/C/k), where
e=ey+a-+c-bg.

Since a is > ag, we may specialize ag of the line components of hipitia to lie on one
of the o5(P') components in a fiber X;. This stable section is still unobstructed.
And then we may deform the ag line components on og(P!) to be general lines
attached to og(PP!), i.e., the vertical curve in X; is now a porcupine with ag quills
and with body a deformation of o5(IP!). As explained at the beginning of the proof,
a porcupine with body og(P!) and with ag general quills is contained in a chain of
rational curves which also contains a porcupine with ag + bg quills and whose body
is a constant section of P x, X;. And all of the nodes of this chain of rational
curves are smooth points of the space of porcupines.

Thus oa . is in the same irreducible component of X¢(X/C/B) as the stable sec-
tion obtained by removing ag line components from hinitia and replacing one of
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the og(P!) components by a vertical curve which is itself a porcupine in X; with
constant body and with ag + bg quills. Again everything is unobstructed, so we
may deform the ag + bg lines off of the constant body in X; and back onto the
original body o(C') of hinitia1. Thus Aipitial 1S in the same component as a new stable
section, Aguccessor Which is the same as hjnitial €xcept that we have removed one of
the og(P!) components and we have attached bg additional line components (the
constant body that remains in X; is “contracted away” under the stabilization of
this pre-stable curve).

Clearly we may repeat this with each og(P!) component. So, in the end, oa . is in
the same irreducible component as the porcupine with body o(C') and with a+c-bg
quills. In other words oa . is in Z, after all. O

Corollary 7.7. Let X/C/k and L be as in Notation[2.]} Assume that Hypotheses
f all hold. Let (Ze)e>e, be a pseudo Abel sequence as in C’omllary and
denote Z., by Z. For every integer m > 0 there exists an integer e;(m) > eg such
that for every integer e > e1(m) there is a dense open subset V, of Porc®®(X/C/k)
such that for every k-point [og] of Ve there exists a scroll R for X/C/k penning og
and such that (R, [00(C)]) is an m-twisting scroll.

Proof. Let a vary among ag +1t for i =0,...,bg —1. Foreachi=0,...,bg —1, by
Proposition applied to a = ag +1, there exists an integer ca ; > 0 such that the
corollary holds for every integer of the form e = eg+as+i+c...bg with ¢ > ca ;.

Define ¢y to be the maximum of the integers ca ; for i =0,...,bg — 1. Then every
integer e > eg+ag—+cp-bg is of the form > eg+ag+i+c-bg for somei =0,...,bg—1
and some ¢ > ca ;. Thus the corollary holds with eq(m) = eg + ag + ¢o - bs. O

These m-twisting scrolls produce chains of rational curves which connect the bound-
ary stratum Porc®™™"™ (X /C/k)z to the interior of Z. .

Proposition 7.8. Let X/C/k and L be as in Notation[2.]] Assume that Hypothe-
ses 7 all hold. Let (Zc)e>e, be a pseudo Abel sequence as in Corollary
and denote Z., by Z. Let e > eg be an integer, and let m be a positive integer
such that a general porcupine in Porc*™™ (X /C/k)z is perfectly penned by an m-
twisting scroll, i.e., (R, [00(C)]) is an m-twisting scroll where oo is the body of the
porcupine. Then for every integer 0 < m’ < m and for every integer § > 0, there
is a nonempty open subset U of Porce+m+5’ml+5(X/C/ﬁ)Z such that every k-point
of U s contained in a chain of rational curves in Zeymys which also contains a
general point of Porc¢® ™™™+ (X /C/k) 5 and all of whose nodes are smooth points
of Zetm+s-

Proof. Let h : C' — X be a general porcupine in Porc®*”™(X/C/r), with ex-
tended body (o, D) where D = t, + --- + ¢, is a general, reduced divisor in C.
And let R be a scroll penning h such that (R,[00(C)]) is an m-twisting scroll.
The hypotheses in the definition of m-twisting imply that o¢(C) + R, on R moves
in a linear system. And the general member of this linear system is the image
of a new section 01(C). The new porcupine o1(C) + Ry, + -+ + R, is a point
of Porc®™™ ™ Y(X/C/k)y. The pencil of divisors on R spanned by this porcu-
pine and h(C’) gives a family of stable sections parameterized by the “pencil” P!,

i.e., it gives a rational curve in the closure Porc®*™™ 1(X/C/k)z which contains

the new porcupine as well as the original porcupine in Porch’Z(m*l)(X/C’//i)Z.
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Now Porc®™™™ (X /C/k)z has pure codimension 1 in Porc®™™=(m=V (X /C/k) ; by
Proposition So since the rational curves in the closure Porc*™™™ (X /C/k)
obtained from these pencils of divisors on m-twisting scrolls (R, [¢]) contain every
sufficiently general point h(C”) of Porc®t™ (X /C/k)z and yet are not contained
in Porc®™"™(X/C/kK)z (since they also parameterize some porcupines with only

m — 1 quills), the union of these rational curves contains a nonempty open subset
U of Porc*™™™ (X /C/k) 4.

Because (R, [00(C)]) is an m-twisting scroll, also (R, [o1(C)]) is an (m — 1)-twisting
scroll. So we can repeat the argument with Porc®™™ ™ (X /C/k), in place of
Porc“™™™ (X /C/kK)z. Thus, by descending induction on m’, for every 0 < m’ < m
there exists a family of chains of rational curves in Porc®™™ ™ (X/C/k), whose
nodes are all smooth points of Z.,, and whose general member contains both a

general point of Porc®t™"™(X/C/k), and a general point of Porctm ™ (X/C/k)z.

Of course we can always attach more quills, say a further § quills to h(C") which
need not be contained in R. And then as we vary the porcupine in a linear sys-
tem on R, since the space of quills through a general point is rationally connected,
Theorem implies we can extend that pencil of porcupines to a pencil of por-
cupines with the § quills attached. Thus we can also connect a general point of
Porc®T™+9m+0(X /C'/k) ; and a general point of Porce+m+5’m/+6(X/C/K)Z by a
chain of rational curves in Z,,+s whose nodes are all smooth points. ([

Corollary 7.9. Let X/C/k and L be as in Notation[2.]} Assume that Hypotheses
f all hold. Let (Ze)e>e, be a pseudo Abel sequence as in C’orollary and
denote Z., by Z. There exists an integer ey such that for every integer e > e;
and for every integer 6 > 0, there exists an irreducible, quasi-projective variety
T parameterizing chains of rational curves in Z.45 all of whose nodes are smooth
points of Z.45 and such that the geometric generic point of T' parameterizes a chain
which contains the geometric generic point of Z.45 as well as a geometric generic
point of Porc¢*t®°(X/C/K)z (we don't say “the” geometric generic point because
possibly this stratum is reducible, which in fact is irrelevant for what comes next).

Proof. Applying Proposition with m equal to 1, there exists an integer e; (1) >
eo such that for every e > e;(1), a general porcupine in Porc®™(X/C/k)z is
perfectly penned by a 1-twisting scroll. The corollary is proved for e; = e1(1) by
induction on 4.

By Proposition for all e > e;1(1), a general point of Z.y; is connected by a
chain of rational curves to a general point of Porc*™!(X/C/k),, and the nodes of
the chains are all smooth points of Z.;;. This establishes the base case § = 1 of
the induction.

By way of induction, assume § > 1 and assume the claim is known for § — 1.
Since § — 1 > 0, again Proposition implies that for every e > e;(1), a gen-
eral point of Porct™1TO=11+0-1 (X /C/k), is connected by a chain of rational
curves to a general point of Porc®1+@0—D9=1(X/C/k), and the nodes of the
chains are all smooth points of Z.,s. By the induction hypothesis applied to e 41
in place of e, a general point of Z 1)y-1) is connected to a general point of
Porc(etD+0-1:0=1(x/'/1) N Z. 15 by a chain of rational curves whose nodes are
all smooth points of Z.,5. Concatenating the chains gives a chain connecting a
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general point of Z.ys to Porc®™*%(X/C/k)y, and all the nodes are smooth points:
the one new node is inside Porc®™*?~1(X/C//k), which is a smooth point of Z ;.
Thus the claim is proved by induction on §. O

Finally we can complete the proof of the main theorem.

Proof of Theorem[[.9 By Lemma[.11]it suffices to prove the theorem for uncount-
able, algebraically closed fields x of characteristic 0. So we assume & is such.

By Corollary there exists a pseudo Abel sequence (Z¢)e>e, for X/C/k. To
prove this is an Abel sequence it only remains to verify (ii) of Definition ie.,
to prove that the geometric generic fiber of

alg, Ze — Picec/m
which is integral by Corollary [6.8] is also rationally connected.

By [Kol96, Theorem IV.3.10.3], it suffices to prove that two general points in a
strong desingularization of the geometric generic fiber are connected by a chain
of rational curves in the strong desingularization. Every chain in the geometric
generic fiber whose nodes are contained in the smooth locus lifts to a chain in the
strong desingularization. Thus it suffices to prove that two general points in the
geometric generic fiber are connected by a chain of rational curves in the geometric
generic fiber whose nodes are all in the smooth locus.

By Corollary @ there exists an integer e; > eg such that for all e > e; and all
§ > 0, every general point of Porc®™®°(X/C/k) N Zeys is contained in a chain of
rational curves in Z.1 s which contains a general point of Z,, 5, and the nodes of the
chain are all in the smooth locus. Fix one such integer, say e = e;. Rationally chain
connected points of X¢+9(X/C/k) are Abel equivalent. Thus every general pair of
points in a general fiber Z.15 N a~1(O¢(T)) is connected by a chain of rational
curves in Zeys Na~(Oc(I)) to a general pair of points in Porc®™(X/C/k), N
a~1(O¢(I)), and the nodes are all in the smooth locus. Finally, by Corollary for
the fixed integer e; there exists an integer dg(e1) > 2g — 1 such that for all integers
6 > do(e1), this general pair of points in Porc™ % (X/C/k)z N a~ (Oc(I)) is
connected by a chain of rational curves in Z., 15N a1 (Oc(T')) whose nodes are all
in the smooth locus. The concatenation of these chains is again a chain of rational
curves whose nodes are all in the smooth locus, since Porc®* ™% (X/C/k)y is in
the smooth locus of Z., 15 (we are also assuming that O¢(T") is sufficiently general
and we are using generic smoothness for the restriction of the morphism « to the
smooth locus of Z.,5). This concatenated chain connects two general points of
Zeo,vs Na~H(Oc(T)). Therefore, for every integer e > e + dg(e;) and for every
general O¢(T) in Picg,., Z. N a~(O¢(T)) is rationally connected. O

8. RATIONAL SIMPLY CONNECTED FIBRATIONS OVER A SURFACE

Theorem is important because of its application to the existence of rational
sections of fibrations over surfaces.

Corollary 8.1. Let k be an algebraically closed field of characteristic 0. Let S be
a smooth, integral, projective surface over k. Let f : X — S be a proper, surjective
morphism. Assume there exists a Zariski open subset U of S and an invertible sheaf
L on f~1(U) such that
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(i) S —U is a finite collection of k-points of S,
(ii) the restriction
flyrwy: F7HU) = U
s smooth,
(iii) L is f-very ample on f=1(U), and
(iv) the restriction of [ over a general member of a Lefschetz pencil of divisors

on S satisfies Hypotheses[{.3, [{.4] and[{.5 of Section [}

Then there exists a rational section of f.

Proof. There exists a Lefschetz pencil of ample divisors on S whose basepoints are
all contained in U. It is important to note that, since these are ample divisors
they have positive self-intersection so that there is at least one basepoint. After
replacing S by the blowing up of the base locus, replacing f and £ by the pullbacks
over the blowing up, and replacing U by its inverse image in the blowing up, we
may assume in addition that there exists a surjective, projective morphism

r:S— P
Denote the function field k(PP}) by x (of course it is not algebraically closed). So

Spec  — P} is the generic point of P. Denote by C' the generic fiber of r, which
is a smooth, projective, geometrically integral k-curve. And denote by X, the fiber
product,
)(,l€ =C Xg X

together with its projection 7 : X, — C. Then X, is a smooth, projective, ge-
ometrically integral k-scheme and 7 is a projective, flat morphism of x-schemes.
Moreover the function field of S equals the function field of C' and the generic fiber
of f equals the generic fiber of w. Thus to prove that there exists a rational section
of f, it suffices to prove that there exists a section of .

The hypotheses on X, £,U and Y imply Hypotheses ffor X, /C/k, and L.
By Theorem there exists an Abel sequence (Z;).>e for X,,/C/k. In particular,
the morphism
alz + Ze — Picgy,

has integral and rationally connected geometric generic fiber. As explained in
[GHMS05] and [Sta06] (see [HX09, Theorem 1.2] for a quite different proof), the
fiber of a| 7 over every x-point of Picg /i contains a projective, geometrically integral
and geometrically rationally connected x-scheme. In particular integer multiples of
the base points of the pencil of Lefschetz divisors on S give s-points of Picg Ik
for every integer e. Thus there exists a closed subscheme of Z. (contained in the
fiber of o over one of these x-points of Picg /K) which is geometrically integral and
rationally connected. But by Theorem for the function field k = k(P}.), every
projective x-scheme which is geometrically integral and rationally connected has a
k-point. Thus for every e > € there exists a k-point of Z..

There is an issue: Z. is the coarse moduli space of stable sections, it is not a fine

moduli space. Thus this k-point of Z. may not correspond to a stable section

which is defined over k. Instead it corresponds to a Galois field extension k'/k,

a stable section h : €' — X ®, «’ defined over ', and a lifting of the action of

Gal(k'/k) to an action on C’ such that h is equivariant for the Galois actions.

As explained following Definition C’ has a unique component C{§ such that
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the projection (7 ® Id) ® h : Cj — Cp ®, k' is an isomorphism ig. Because h
is equivariant for the Galois action, and because m ® Id is the base-change of a
morphism 7 which is defined over k, the isomorphism i is equivariant. Thus the
section h o igl :C®, kK — X ®, k' is equivariant for the Galois action. By Galois
descent this is the base-change of a morphism of k-schemes, oy : C — X. And
since the base-change of g to ' is a section of the base-change of m, also o is a
section of w. Therefore there exists a section of 7, and hence there exists a rational
section of f. |

Part 2. Homogeneous spaces

9. RATIONAL SIMPLE CONNECTEDNESS OF HOMOGENEOUS SPACES

An earlier draft of these notes contained a complete proof of the following beautiful
result of He. This proof is now incorporated in the article [dJHS0§]. The technique
is a bit different that the other techniques in these notes. For this reason, and also
for reasons of length, we refer the reader to [dJHS08] for the proof.

Theorem 9.1. Let k be an algebraically closed field of characteristic 0. Let G be
a connected, reductive algebraic group over k. Let P be a parabolic subgroup of G.
There exists a k-morphism
¢(:P'—=G/P

such that for every parabolic subgroup Q of G containing P, denoting the projection
b

! m:G/P — G/Q,
C*Ty 1s ample, where T is the dual of the sheaf Q. of relative differentials.

When Y is a projective homogeneous space G/ R of Picard number 1, then “usually”
Mo.1(Y/K,1) and My o(Y/K, 1) are also homogeneous spaces G/P and G/Q. Thus
Theorem implies Hypothesis of Section [4f Unfortunately, there are some
cases where Mg 1(Y/K, 1) and My o(Y/K, 1) are not homogeneous under the natural
G-action. Since My o(Y/K,1) is proper, there will be a projective homogeneous
space M = G/P contained in Mg o(Y/K,1). And there is a little trick to get what
is needed. To make clear what is involved in the trick, it is presented in a bit more
generality than strictly needed, and the necessary hypotheses are stated explicitly.

Let k& be an algebraically closed field. Let Y and M be smooth, connected, quasi-
projective k-schemes. Let £ be an ample invertible sheaf on Y. Let

(U M - MO,O(Y; ]-)free

be a l-morphism corresponding to a diagram of k-schemes

c 2.y

1|
M
where ¢ is a smooth, projective morphism whose geometric fibers are isomorphic

to P!, and where p is a morphism whose restriction to each geometric fiber of g is
a free rational curve in Y. There is an associated 1-morphism

v:C— M0,1(}/7 1)free-
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Proposition 9.2. Let

¢:P'=C
be a k-morphism. Let (R,s) be the pair of a scroll R C P x4}, Y and a marked
section s : P! — R corresponding to the composite 1-morphism

vo(:Pl — ]T/[O’l(Y, 1) free-
If p is smooth, if w is unramified, if (p o {)*Ty is globally generated, and if (*T,
and C*T, are both ample, then (R, [s(P')]) is a very twisting scroll in 'Y .

Proof. First of all, the scroll R is simply
R:=P" Xgo¢,m,4C
and s : P! — R is simply
s = (Idp1,¢) : P* — P! Xyocarq C.
In particular, Ng/p1y,y equals the pullback of N¢/prx,y. Denote the projection
to P! by
fr:R—P.

Then for every coherent sheaf F on C, cohomology and base change implies the
natural map

(q © C)*lehf - leR,*(per)
is an isomorphism, and also
(q00)*a:F — frax(preF)
is an isomorphism if the R! sheaves are zero.

Consider the commutative diagram of coherent sheaves on C,

0 —— T, —— To — ¢"Tyy —— 0

ol |

0 —— p'ly —— pITy —— 0

Applying the Snake Lemma, there is an associated short exact sequence

0 T, Ty —— Nejyx,y — 0.
There is an associated long exact sequence
0 — ¢.T, — ¢.¢"'Ty —— ¢ Nejux,y —— R'¢.T, —— 0,
using the fact that Rlq,q*Ty; is zero.
In fact, q«q* Ty is canonically isomorphic to Ths, ¢« Ne/arx, vy is canonically isomor-
phic to “*TMO,O(Y, 1) and the sheaf homomorphism above is canonically isomorphic

to du. Because of the hypothesis that v is unramified, ¢.7}, is zero, there is a
canonical isomorphism

qu*Tp = NM/MO,I(YJ):
and each of these (isomorphic) sheaves is locally free. By relative duality, the locally
free sheaf R'q.T, is dual to ¢.(Q, ®o. Q).

Claim 9.3. The sheaf (¢oC)" ¢.(2p® 0. Yq) is anti-ample, and thus (qoC)* Ny /37, (v.1)
is ample.
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The surface R is abstractly a Hirzebruch surface. Denote the projection to P! by
fr:R—P.

Denote by £ the pullback of Q, ®o. 4. The claim is equivalent to the assertion

that (fr)«€ is anti-ample.

The normal bundle s* N1y, g is canonically isomorphic to ¢*T;, which is ample

by hypothesis. Therefore the divisor s(P') on R moves in a basepoint free linear

system. In other words, s(P') deforms to a family {s;};cr1 of sections whose images

cover a dense open subset of R. In particular, Items (0) and (1) in Definition
hold for (R, [s(P)]).
Of course the pullback of Q, ®0, Q4 to R is a locally free sheaf & whose dual Y is
canonically isomorphic to the pullback of T}, o, Ty. And s*EY equals (*T), R0,
¢*T,. By hypothesis, each of (*T,, and ¢*T}, is ample on P'. Thus s*£Y is ample
on P!. Since ampleness is an open condition, for general ¢ in I also s;& is ample.
Therefore, for general ¢ in II, s;&€ is anti-ample.
For every t there is an evaluation morphism

et : (fr)«€ — si€.

Of course, since the curves s;(P!) cover a dense open subset of R, the only local
section of (fr).€ in the kernel of every evaluation morphism e; is the zero section.
Since (fgr)«€ is a coherent sheaf, in fact for N > 0 and for ¢1,...,ty a general
collection of closed points of II, the morphism

N
(errs--ver,) : (frR)E = EPsi €
=1

is injective. Since t1,...,txN are general points, the last paragraph implies every
summand s;. £ is anti-ample. Thus the direct sum is anti-ample. And a locally free
sheaf admitting an injective sheaf homomorphism to an anti-ample sheaf is itself
anti-ample. Therefore (fg).€ is anti-ample, proving Claim

As usual, denote by o
ev:Mp1(Y,1) =Y
the evaluation morphism. There is a commutative diagram

C ; MO,l(K 1)

v| e

y —— Y
There is also a Cartesian diagram
C —%— My.(Y;1)

IJJ{ lforgetful

M L) MO,O(K 1)
It follows that Mg (Y, 1) is smooth at every point of v(C), v is unramified and
N, Mo (Y1) is canonically isomorphic to ¢*N,, Vo0 (Y,1)" By the first commutative
diagram, there is a short exact sequence

0 T, Ve —— NC/MM(YJ) — 0,
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By hypothesis, ¢(*T), is ample. And by Claim @ C*Ne /i, 4 (v, 18 ample, ie.,
(q o ¢)*R'q.T, is ample. Therefore also (v o ()*Ty is ample. Since every fiber of ¢
is a smooth, free curve in Y, (v o {)*T¢y is canonically isomorphic to

(fR)+Nrp1x,y (—s(Ph)).

Since this is very ample, there is a vanishing
WY (P, (fr)« Nr/pxyy (—5(P1)) ©0,, Opi(—2)) = 0.

Since the fibers of q are free, Ng/p1, y is fr-Telatively globally generated. Thus also
R! (fR)«Nr/ptx,v (—s(P!)) vanishes. And then, by the Leray spectral sequence,

h' (R, Nr/pix,y (=s(P')) ®oy (fr)"LY)

is zero for every invertible sheaf £ on P! of degree < 2, i.e., it is zero for £ = Op1(2).
In other words, (R, [s(P!)]) satisfies Item (3) of Definition

Since Ng/pix,y is fr-relatively globally generated, to prove Ng/pix,y is globally
generated and to prove h!(R, NR/PIXky) is zero, it suffices to prove

R (R, Ng/pix,y ®0g [50p1(—1)) equals 0.
There is a short exact sequence
0 — Npg/pix,y (—s(P)®0, f10p1 (—1) = Ng/pix,y®op f0m (—1) — $"NR/p1x,y ®o1Op1 (—1) — 0.

By Item (3), the first term has no h'(R, —). The third term is ¢*T, ®o,, Op1 (—1).
Since (*T, is ample, h' (P!, (*T; ®o,, Op1(—1)) equals 0. Thus, by the long exact
sequence of cohomology associated to the short exact sequence also

W' (R, Np/pix,y @05 f70p1(—1)) equals 0.

This proves Item (2) of Definition Therefore (R, [s(P!)]) is a 2-twisting scroll.
(I

There are a few easy lemmas.

Lemma 9.4. Let k be an algebraically closed field of characteristic 0. Let' Y be a
smooth, connected, projective k-scheme of positive dimension which is a homoge-
neous space for a linear algebraic group scheme G over k. Assume there exists an
invertible sheaf L on'Y which is an ample generator for Pic(Y). Then L is very
ample.

Proof. 1t is a standard result that the homology classes of the closures of the Bruhat
cells give an additive basis for the integral homology of Y. Let U be the open Bruhat
cell in Y and denote by D the complement of U in Y. Since the Picard group of Y
is Z generated by L, L is isomorphic to Oy (D). By homogeneity |D| is basepoint
free. Thus the complete linear system defines a morphism

f: X — PV,

Since L is ample, f is finite. Since char(k) equals 0, f is generically étale to its image
f(Y). Again by homogeneity, f(Y') is smooth and f is everywhere étale. But f(Y)
is rationally connected, and rationally connected varieties are simply connected, cf.
[Deb01l Corollary 4.18]. Therefore f is an isomorphism from Y to f(Y), i.e., £ is
very ample. (Il
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Corollary 9.5. Let k be an algebraically closed field of characteristic 0. Let Y be
a smooth, connected, projective k-scheme of positive dimension which is a homoge-
neous space for a linear algebraic group scheme G over k. Assume there exists an
invertible sheaf L on'Y which is an ample generator for Pic(Y). Then My (Y, 1) free
equals all of My1(Y,1), the evaluation morphism

ev: Mo (Y,1) =Y

is smooth and projective, and there exists a very twisting scroll in'Y (in particular,
ev is surjective).

Proof. Since Y is projective, and since the radical R¢g is solvable, the Lie-Kolchin
theorem implies R fixes a point p of Y. Since R¢ is normal in G, for every g in
G, Rg equals gRgg~'. Thus Rg also fixes g - p. Since Y is a homogeneous space,
R¢ fixes every point of Y. In other words, the action of G on Y factors through
the quotient G — G/R¢g. Thus, without loss of generality, assume G is connected
and semisimple.

The action of G on Y determines a sheaf homomorphism
T.G ®, Oy — Ty

which is surjective because the action is separable and Y is homogeneous. Thus
Ty is globally generated. Therefore every smooth, rational curve in Y is free. This
implies Mg 1 (Y, 1)fee equals Mg 1(Y, 1) and

ev:Mpi(V,1) =Y
is smooth (it is always projective).

Let P be the stabilizer subgroup of a point in Y, let B be a Borel subgroup of G
contained in Y, and let T be a maximal torus in B. The data (G, B,T) determines
a root system ®. Denoting by I the set of simple roots in this root system, the
parabolic subgroups of G containing B are in one-to-one, order-preserving corre-
spondence with subsets of I. Because Y has Picard number 1, P is a maximal
parabolic subgroup Thus P equals the parabolic subgroup Pr; where I; = I — {j}
for an element j of I. Thus Y is isomorphic as a k-scheme with G-action to G/ Pr,.
As proved in [Coh95l §4.20] and [CC98, Lemma 3.1], the subvariety '

L= Py - P, /Py,
is a line in G/ Py; with respect to £, and containing the point
p = P]]. /PIj .

(In fact this is a bit irrelevant. By standard theory, the classes of Schubert cycles
give an additive basis for the homology of G/P. As discussed before, £ equals
Oy (D) where D is the unique Schubert cycle which is a divisor. So Poincaré
duality implies there exists a Schubert cycle L which is a curve and whose £-degree
equals 1, i.e., L is a line.)

The action of G on Y induces an action of G on Mg (Y, 1) and on Mg (Y, 1).
The stabilizer of (L,p) in Mg 1(Y, 1) contains the Borel subgroup B, and thus is of
the form Pk, for a subset K; C I;. Since this is parabolic, the orbit C of (L,p)
is a projective (hence closed) G-orbit. The image M of C in Mg (Y, 1) is also a
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projective G-orbit. Observe that P; acts transitively on the subset {(L,q)|¢ € L}
of Mg 1(Y,1). Thus the fiber of the forgetful morphism

Mo,1(Y;1) = Moo(Y;1)
over [L] equals the fiber of C — Y over [L]. By homogeneity it follows that
C equals MQJ(Y, 1) XMO,O(Y71) M.

So the diagram

c 2.y

']

is a diagram of smooth, projective morphisms where every geometric fiber of ¢ is a
smooth, rational curve.

By Theorem there exists a k-morphism,

¢:P'=C
such that (*T;, and (*T; are both ample sheaves. The morphism p is smooth by
homogeneity. By homogeneity Ty is globally generated so that also (p o ()*Ty is

globally generated. And the inclusion u : M — Mg ¢(Y, 1)fec is unramified. Thus,
by Proposition [9.2] the composition

vo C Pt — M0,1()/7 1)flree
is a very twisting scroll in Y. O

Corollary 9.6. Let k be an algebraically closed field of characteristic 0. Let Y be
a smooth, connected, projective k-scheme of positive dimension which is a homo-
geneous space for a linear algebraic group scheme G over k. Assume there exists
an invertible sheaf L on'Y which is an ample generator for Pic(Y). Then every
geometric fiber of

ev: Mo (Y,1) =Y
is nonempty and rationally connected.

Proof. By Corollary 0.5 ev is smooth and projective. Because Y is homogeneous
and projective, every connected, finite, étale cover of Y is an isomorphism. In
particular, using homogeneity, the finite part of the Stein factorization of ev is a
connected, finite, étale cover of Y, and thus an isomorphism. Therefore every fiber
of ev is connected.

Moreover, there exists a morphism
(P — Mo (Y, 1)
which is, among other things, very twisting relative to the morphism ev. Therefore

[Sta04, Proposition 3.6] implies that a general fiber of ev is rationally connected
(the proof of this proposition uses the characteristic 0 hypothesis). (]

Lemma 9.7. Let k be an algebraically closed field of characteristic 0. Let Y be a
smooth, connected, projective k-scheme of positive dimension which is a homoge-
neous space for a linear algebraic group scheme G over k. Assume there exists an
invertible sheaf L on'Y which is an ample generator for Pic(Y). Then'Y satisfies
Hypothesis [{4) of Section 4}
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Proof. The first part of the argument is essentially [Kol96 Corollary IV.4.14]. To
try to be self-contained, we repeat the argument. By the techniques of Campana
and Kollar-Miyaoka-Mori, there exists a quasi-projective k-scheme @), a dense open
subset U of Y, and a projective morphism

o:U—Q

such that every fiber of ¢ is connected by chains of lines in Y, and a very general
line in Y intersecting U is contained in a fiber of ¢. But then by homogeneity, the
maximal domain of definition U for such a quotient equals all of Y. Since every
point of Y is contained in a line (by Corollary 7 every fiber of ¢ is positive-
dimensional. But since Y has Picard number 1, the only morphism from Y with a
positive-dimensional fiber is the constant morphism. Thus all of Y is a fiber of ¢,
i.e., every pair of points of Y is connected by a chain of lines in Y.

Let ng be an integer such that for all n > ny,
ev: Chng(X/k,n) =Y X3 Y

is surjective. This is a G-equivariant morphism for the evident actions of G on
the domain and target. By the Bruhat decomposition, there exists an open orbit
U=A(G) (P/P,sP/P)inY x; Y. Observe that the stabilizer H = PN (sPs~1)
of this point is a connected, linear algebraic group. In particular it is birationally
rationally connected. Let F' denote the orbit of ev over a point in U. There is a
Cartesian diagram

Gxp F —— ev (V)

prGl lev
G ——U=G/H
In particular, all fibers of
Gxp F—ev }(U)

are isomorphic to the birationally rationally connected variety H.

Because
ev:Mp1(V,1) =Y

is smooth and projective with rationally connected fibers, a simple induction ar-
gument proves that Chny(Y/k,n) is also rationally connected. Thus ev=1(U) is
birationally rationally connected. Because the target and fibers of the morphism

G xp F—ev }(U)

are both birationally rationally connected, also G X F' is birationally rationally
connected by [GHS03]. Since the image of a morphism from a birationally ratio-
nally connected variety is birationally rationally connected, also F' is birationally
rationally connected. Since F' is projective, in fact F' is rationally connected. By
homogeneity, every fiber of

eviev H(U) = U
is rationally connected. Thus Y is rationally simply connected by chains of free

lines. O
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Corollary 9.8. Let k be an algebraically closed field of characteristic 0. Let C
be a smooth, geometrically connected, projective curve over k. Let m: X — C be
a proper, smooth morphism. And let L be an ample invertible sheaf on X. As-
sume that every geometric fiber of w is a connected, projective, positive-dimensional
scheme which is homogeneous under a linear algebraic group G. And assume that
the restriction of L to every fiber is an ample generator of the Picard group. The

Hypotheses [{.1] —[£.5] of Section[§) hold.

Proof. By Lemma L is very ample. By Lemma Y satisfies Hypothesis
[44] By Corollary Y satisfies Hypothesis And by Corollary 7 satisfies
Hypothesis O

Corollary 9.9. Let k be an algebraically closed field of characteristic 0. Let S be
a smooth, integral, projective surface over k. Let f : X — S be a proper, surjective
morphism. Assume there exists a Zariski open subset U of S and an invertible sheaf
L on f~YU) such that
(i) S —U is a finite collection of k-points of S,
(ii) the restriction
flyrwy : F7HU) = U
18 smooth,
(i) £ is f-ample, and
(iv) the fiber of f over every geometric point of U is a homogeneous space for a
linear algebraic group, and the restriction of L to this fiber is a generator
of the Picard group.

Then there exists a rational section of f.

Proof. Because of Corollary all the hypotheses of Corollary are satisfied.
Therefore Corollary implies there exists a rational section of f. O

10. DISCRIMINANT AVOIDANCE

There is one more technique needed to deduce the main application. The statement
is reviewed below. The proof is written up carefully in [dJS05], which has been
submitted. In fact this technique is similar to techniques used in the works of
Totaro and Edidin-Graham in their constructions of equivariant cohomology for
reductive groups.

Let G be a reductive group scheme over some base scheme T'. Let X be a smooth,
projective T-scheme on which G acts. For every T-scheme S and every G-torsor 7
over S, there is an associated S-scheme

X,]— =X X T/g,

the quotient by the free action of G. Let U be a dense open subscheme of T'. Let
¢ be a nonnegative integer. Consider the following two properties of the datum
(T, G, X) and the integer c.

Property 10.1. For every algebraically closed field over T', Spec k — T, for every
projective, integral k-scheme S of dimension ¢, and for every G-torsor 7 over S,
the projection
Xr— S
admits a rational section.
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Property 10.2. For every algebraically closed field over U, Spec & — U, for every
quasi-projective, integral k-scheme S of dimension ¢, and for every G-torsor 7 over
S, the projection

XT — S

admits a rational section.

The basic technique of “discriminant avoidance” proves the following.

Proposition 10.3. [dJS05] If Property 1 holds, then Property 2 holds.

Part 3. The Period-Index Theorem and Serre’s “Conjecture IT”

11. STATEMENT OF DE JONG’S THEOREM AND SERRE’S CONJECTURES

There is much to say about de Jong’s Period-Index theorem and the general “period-
index problem”; more in fact than I can cover here. One excellent source is [CT06].
I will just recall the statement of de Jong’s theorem.

Theorem 11.1. [dJ04], [dJS05] Let k be an algebraically closed field. Let K/k be
the function field of a surface. For every division algebra D with center K and
finite dimension dimg (D) = n?, the order of [D] in the Brauer group Br(K) equals
n.

I will say a little more about Serre’s conjectures. Let K be a field and let G be a
linear algebraic group defined over K. A left G-torsor is a K-variety 7 together
with a left action of G on 7 by K-morphisms,

m:GxgT —T

such that 7 @ K is isomorphic to G ® x K as a K-scheme with a left action of
G ®k K. The trivial G-torsor is T = G with the usual left action. A G-torsor
T is isomorphic to G as a G-torsor if and only if 7 has a K-point. J.-P. Serre
formulated two conjectures about torsors for a semisimple algebraic K-group.

Conjecture 11.2 (Serre’s “Conjecture I”). [Ser02] If G is connected and semisim-
ple, and if K is a perfect field of cohomological dimension 1, then every G-torsor
over K is trivial, i.e., every G-torsor has a K-point.

Conjecture 11.3 (Serre’s “Conjecture I1”). [Ser02l p. 137] If G is connected, sim-
ply connected and semisimple, and if K is a perfect field of cohomological dimension
2, then every G-torsor over K is trivial, i.e., every G-torsor has a K-point.

Remark 11.4. In [Ser95)], Serre explains that the hypothesis that K is perfect is
too strong in these conjectures. They should also hold if the perfect hypothesis
is replaced by the hypothesis that [K : K?] < p? and HS(K’) is 0 for all finite,
separable extensions K’ of K. In particular, this new hypothesis holds when K is
a function field of a surface over an algebraically closed field k, i.e., K is a finitely
generated k-extension and tr.deg.(K/k) equals 2.

Of course I have not defined the “cohomological dimension”. It is straightforward

to define. But instead let me point out a special case. Let k be an algebraically

closed field, let B be a finite type, integral k-scheme, and let K be k(B). Then

the cohomological dimension of K equals dim(B). Thus Serre’s “Conjecture I”
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would apply if B were a curve, and Serre’s “Conjecture II” would apply if B were
a surface.

Following work in special cases by a number of authors, Steinberg completely proved
Serre’s Conjecture I in 1965, [Ste65]. Although there are many partial results in
the direction of Serre’s Conjecture II, the general case remains open. However, the
works of many people have gradually reduced the general case for K the function
field of a surface over an algebraically closed field k to the special case, for that
same field K, where G is of type Eg; confer the works of Merkurjev and Suslin; E.
Bayer and Parimala; Chernousov; and P. Gille. One nice summary of this work is
[CTGP04, Theorem 1.2(v)]. The main application of Theorem[4.9/and Corollary[8.1]
settles the “split case” of Serre’s Conjecture II for function fields K.

Theorem 11.5. Let k be an algebraically closed field and let K/k be the function
field of a surface. Let G be a connected, simply connected, semisimple algebraic
group over k. Fvery G-torsor over K is trivial.

In particular if G is a simple algebraic group over K of type Eg then Gk is itself
split. Thus every G -torsor over K is trivial. So Serre’s Congjecture II holds over
function fields for groups of type Ex.

12. REDUCTIONS OF STRUCTURE GROUP

There is a statement that implies both Theorem [I1.5] and Theorem Let k be
an algebraically closed field. Let G be a (smooth) connected, simply connected,
semisimple algebraic group over k, and let P be a (reduced) parabolic subgroup of
G. The center Zg of G is a finite group scheme which is contained in P. There
is a maximal quotient P — Tp» which is an algebraic torus. Denote by Zg p the
kernel of the induced homomorphism Zg — Tp. The natural action of G on G/P
lifts canonically to a linear action on every invertible sheaf over G/P. The finite
subgroup scheme Zg p is the maximal subgroup acting trivially on G/P and on
every invertible sheaf over G/P. Thus G/Zq p is the maximal quotient of G acting
on G/P whose action lifts to a linear action on every invertible sheaf over G/P.

Theorem 12.1. Let K/k be the function field of a surface over k. For every
torsor T for G/Zg,p over K, the associated K-variety X = T /P has a K-point.
Equivalently, the torsor T has a reduction of structure group to P/Zq p.

Proof. Let T denote Spec of the Witt ring of k, e.g., T' = Spec k if k has charac-
teristic 0 and T' = Spec Z, if k equals Z/pZ. And denote by U the open subset of
T which consists of the generic point only.

Associated to the root datum for G, we can construct a smooth, linear algebraic
group scheme G over T. And associated to the parabolic P, we can construct a
closed subgroup scheme Pr over T'. The definition of Zg p extends to give a finite,
flat group scheme Zg,. p, over T. The quotient group scheme G = Gr/Zg, p, is a
reductive group scheme since it is T-flat and the closed fiber is reductive. And the T-
scheme X = Gr/Pr is smooth and quasi-projective. Since the closed fiber is proper
over k, X is projective over T. Thus G and X satisfy the hypotheses in Section
The goal is to prove Property [10.2] for ¢ = 2. Because of Proposition [10.3} it suffices
to prove Property [I0.1] for ¢ = 2. In particular, to prove the theorem it suffices to
assume that k has characteristic 0.
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Now we use an induction argument proposed by Philippe Gille. The induction is on
the corank, rank(G) — rank(P). The base case is when P is a maximal parabolic.
Again applying Proposition to prove the result for all G/Z¢g p-torsors over
fraction fields K of surfaces over k, it suffices to prove the result for each torsor
which is the generic fiber of a G/Zg p-torsor over a smooth, projective, connected
surface S over k. In this case the S-scheme Xg = [Tg x (G/P)|/(G/Z¢a,p) satisfies
the hypotheses of Corollary [0.9] Thus Corollary [9.9] implies the result in this case.

By way of induction, assume the corank is > 1 and the result is known for all smaller
values of the corank. Since the corank is > 1, P is not a maximal parabolic. Let
(@ be a maximal parabolic containing P. Then Zg p is contained in Zg g. For
every G/Zg, p-torsor over K, by the base case, the associated G/Zg, g-torsor has
a reduction of structure group to Q/Z¢g . Thus the original G/Z¢ p-torsor has a
reduction of structure group to Q/Zg p (observe (G/Za.p)/(Q/Zq,p) is the same
as (G/Za,q)/(Q/Za,q) since both are just G/Q).

Now @ has a filtration by normal subgroup schemes,

Q= QoD Q1D Qq,

where Q2 is the unipotent radical of @ and where QQp/Q) is the maximal quotient of
@ which is of multiplicative type, i.e., isomorphic to G, . By Hilbert’s Theorem
90, every Qo/Q1-torsor over K is trivial, thus there is a reduction of structure group
to Q1/Z¢q,p (by construction Zg p is contained in PNQ1). And over a characteristic
0 field, every torsor for a unipotent group is trivial. Thus this @Q1/Z¢, p-torsor
has a reduction of structure group to (P N Q1)/Z¢,p if and only if the associated
Q1/Za,pQ2 torsor has a reduction of structure group to (PNQ1)/Za, p(PNQ2). But
Q1/Q2 is again a semisimple, simply connected algebraic group, G’ (PNQ1)/(PN
Q) is a parabolic subgroup P’, and Zgs pr equals the image of Zg p. Since the
corank of P’ in G’ is 1 less than the corank of P in GG, by the induction hypothesis
every G'/Zgs p-torsor over the fraction field of a surface K has a reduction of
structure group to P’'/Z¢s pr. Thus every G/Zg p-torsor over K has a reduction
of structure group to P/Zq p. Therefore the result is proved by induction on the
corank. (]

Proof of Theorem[I1.1} Let G be SL,, ;. Let m be an integer 1 < m < n and which
divides n. Let P be the maximal parabolic subgroup of SL,, ; consisting of upper
block matrices with the upper right block of size m and another diagonal block of
size n —m. The center Zg of SL,, ;. is the group scheme p,, of n*" roots of unity.
And Zg p is the subgroup scheme fi,,.

One can prove that a torsor for G/Zg = PGL,, i has a reduction of structure group
to G/Z¢ p if and only if the order of the corresponding element in the Brauer group
H?(Gal(K), yu,) divides m. And then, by Theorem there is a reduction of
structure group to P/Z¢ p.

Here is a reformulation in terms of central simple algebras. Let C' be a central
simple algebra with center K and with dimg(C) = n?. Let 7x be the K-scheme
whose set of A-points for each commutative K-algebra A equals the set of A-algebra
isomorphisms of C®x A with Mat,, x, 4. Since the automorphism group of Mat,, x,
is PGL,,, 7k is a PGL,, y-torsor over K. By the previous paragraph, if the order of
[C] in the Brauer group of K divides m, then there is a reduction of structure group
to P/Z¢, p. But this is the same thing as an isomorphism of C with Mat, xm xk ® xk B
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for some central simple algebra B. In particular, if D is a division algebra over K
with dimg (D) = n?, then D is not isomorphic to Mat,, xm,xk ®x B. Thus the
order of [D] does not divide m. Since this holds for every proper divisor m of n,
the conclusion is that the order of [D] equals n. O

Proof of Theorem[I1.5 By the same argument as in the proof of Theorem [12:1]
it suffices to prove the case when k has characteristic 0. Denote by B a Borel
subgroup of G. Then Zg p is the trivial group scheme. So by Theorem m
every G-torsor over K has a reduction of structure group to a B-torsor over K.
Denote by R, (B) the unipotent radical of B. Since B is connected and solvable,
B/ R, (B) is of multiplicative type, i.e., isomorphic to Gj, ; where r is the rank of
G. By Hilbert’s Theorem 90, every torsor for B/R,(B) is trivial. Thus there is
a reduction of structure group to R, (B). But every torsor for a unipotent group
over a characteristic 0 field is trivial. Thus the B-torsor is trivial, and hence the
original G-torsor was also trivial. O
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