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COHOMOLOGICAL RANK FUNCTIONS
ON ABELIAN VARIETIES

BY Zui JIANG anD GrusepPE PARESCHI

ABSTRACT. — Generalizing the continuous rank function of Barja-Pardini-Stoppino, in this paper
we consider cohomological rank functions of Q-twisted (complexes of) coherent sheaves on abelian vari-
eties. They satisfy a natural transformation formula with respect to the Fourier-Mukai-Poincaré trans-
form, which has several consequences. In many concrete geometric contexts these functions provide
useful invariants. We illustrate this with two different applications, the first one to GV-subschemes and
the second one to multiplication maps of global sections of ample line bundles on abelian varieties.

REsUME. — En généralisant la fonction rang continu de Barja-Pardini-Stoppino, nous considérons
dans cet article les fonctions rang cohomologiques des (complexes de) faisceaux cohérents sur les varié-
tés abéliennes. Ils répondent a une formule de transformation naturelle par rapport a la transformée de
Fourier-Mukai-Poincaré, ce qui a plusieurs conséquences. Dans de nombreux contextes géométriques
concrets, ces fonctions fournissent des invariants utiles. Nous illustrons ceci avec deux applications dif-
férentes, la premiére pour les sous-schémas GV et la seconde pour la multiplication de sections globales
des fibrés en droites amples sur les variétés abéliennes.

Introduction

In their paper [3] M.A. Barja, R. Pardini and L. Stoppino introduce and study the contin-
uous rank function associated to a line bundle M on a variety X equipped with a morphism

X £> A to a polarized abelian variety. Motivated by their work, we consider more gener-
ally cohomological rank functions—defined in a similar way—of a bounded complex ¥ of
coherent sheaves on a polarized abelian variety (A4, /) defined over an algebraically closed
field of characteristic zero. As it turns out, these functions often encode interesting geometric

The first author was partially supported by the grant “Recruitment Program of Global Experts”. The second
author was partially supported by Tor Vergata funds ES82F 16000470005 and Italian MIUR-PRIN funds “Geometry
of Algebraic Varieties”. He also thanks the Shanghai Center for Mathematical Sciences and Fudan University for
support and excellent hospitality.
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816 Z. JIANG AND G. PARESCHI

information. The purpose of this paper is to establish some general structure results about
them and show some examples of application.

Let L be an ample line bundle on an abelian variety A4,let/ = c¢;(L) andletg; : A — Abe
the corresponding isogeny. The cohomological rank functions of & € D?(A) with respect
to the polarization [ are initially defined (see Definition 2.1 below) as certain continuous
rational-valued functions

i?,; Q- Q=%
The definition of these functions is peculiar to abelian varieties (and more generally to irreg-
ular varieties), as it uses the isogenies yp : A — A, z +— bz. For x € Z, hi?,g(x) 1= g (xl)
coincides with the generic value of h* (A, &f ® L¥), for L varying among all line bundles repre-
senting /. This is extended to all x € Q using the isogenies wp. In fact the rational numbers
hiy(xl ) can be interpreted as generic cohomology ranks of the Q-twisted coherent sheaf (or,

more generally, Q-twisted complex of coherent sheaves) o7 (x/) (in the sense of Lazarsfeld
[15, §6.2A)).

The above functions are closely related to the Fourier-Mukai transform
O D?(4) — Db (;1\) associated to the Poincaré line bundle and our first point consists
in exploiting systematically such a relation. We prove the following transformation formula
(Proposition 2.3 below):

(O 1) i (xl) ——( X) hi (——] l) for x € Q

’ C? X(l) <P7<I>;p(c7) X r ’
0.2 i xl) =——h i —ll
( . ) 07( _) X(l) ¢7¢C77V(07v)( _) or x € (@ .

This has several consequences, summarized in the following theorem. The proof and
discussion of the various items are found in Sections 2,3 and 4.

THEOREM A. — Let &f € D?(A) andi € Z. Let g = dim A.
(1) (Corollaries 2.4, 2.6, 2.7.) For each xo € Q there are €~ ,et > 0 and two (explicit,
see below) polynomials P:' o x0" P Foxo € Q[x] of degree < g such that Pi"f' F %0 (xo) =
P~ o xo (x0) and

‘g(xD) = P g . (x)  Jorx € (xo—€,x0]NQ,
‘g(xl) = PYg  (x) forx € lxo,xo+€eT)NQ.

(2) (Proposition 4.4) Let k < g and xo € Q. If the function hic? ; is strictly of class C* at Xo
then the jump locus J'*(F (xo)) (see §4 for the definition) has codimension < k + 1.
(3) (Theorem 3.2) The function hiéf,L extends to a continuous function hié,, [ R— RZ0 @

(M In the present context the above-mentioned continuous rank function of Barja-Pardini-Stoppino is recovered
as h?-* M.l (see the notation above).

@ This theorem provides partial answers to some questions raised, in the specific case of the above mentioned
continuous rank functions h(}*M. ;- in [3], e.g., Question 8.11. We also point out that for such functions item (3)
of the present theorem, as well as some additional properties, were already proved in loc. cit. via different methods.
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COHOMOLOGICAL RANK FUNCTIONS ON ABELIAN VARIETIES 817

It follows from (1) that for xo € Q the function hig, ! is smooth at xq if and only if the two
polynomials P;” o and Pl . xo coincide. If this is not the case xo is called a critical point.
It turns out (Corollary 2.4) that for xo € Z the two polynomials P e x()(x) and
Pl+ . x0 (x) are obtained from the Hilbert polynomials (with respect to the polarization /)

of the two coherent sheaves Q bt =¢ *R'® o(f ® L*) and (}xo_ =@/ RET ’dDF@ (FY ®
L7%0) in the following way:

_ (—x)*

03) P = 5 x¢+< L,
g

0.4) Pr o) = ng, ( .

For non-integer xo € Q the two polynomials P F %o (x) and P LT (x) have a similar
description after reducing to the integer case (Corollary 2.6). Thus 1tem (2) of Theorem A
tells that, for xo € Q, the first k coefficients of the polynomials P C}q(x) and Pl.’xo, c6;,(x)
coincide as soon as the rank function Pic®A — ZZ° defined by « +— hi(F ® L @ Py)
has jump locus of codimension > k + 1. In this last formulation we are implicitly assuming
that xo is integer but for rational x( the situation is completely similar. However there
might be irrational critical points (see e.g., Example 4.1), and at present we lack any similar
interpretation for them.

In Section 5 we relate cohomological rank functions with the notions of GV, M-regular
and I'T(0)-sheaves, which are extended here to the Q-twisted setting. We provide formulations
of Hacon’s results ([9]), and some related ones, which are simpler and more convenient even
for usual sheaves. Finally, in Section 6 we point out some integral properties of cohomolog-
ical rank functions.

It seems that the critical points of the function and the polynomials P g o and Pl.t? o
are interesting and sometimes novel invariants in many concrete geometric situations. We
exemplify this in the following two applications.

Application to GV-subschemes. — Our first example concerns GV-subschemes of principally
polarized abelian varieties (here we will assume that the ground field is C). This notion
(we refer to Section 7 below for the definition and basic properties) was introduced in [24]
in the attempt of providing a Fourier-Mukai approach to the minimal class conjecture
([6]), predicting that the only effective algebraic cycles representing the minimal classes

d
(Zg o € H2@=d)(4, 7) are (translates of) the subvarieties =W, (C) of Jacobians J(C), and

£ F, the Fano surface in the intermediate Jacobian of a cubic threefold.

It is known that the subvarieties W,; (C) of Jacobians, as well as the Fano surface ([10]) are
GV-subschemes and that, on the other hand, geometrically non-degenerate GV-subschemes
have minimal classes ([24]). Therefore it was conjectured in loc. cit. that geometrically non-
degenerate GV-subschemes are either (translates of) +W;(C) or = F as above. Denoting
g the dimension of the p.p.a.v. and d the dimension of the subscheme, this is known only
in a few cases: (i) ford = landd = g — 2 (loc. cit.); (ii) for g = 5, settled in the
recent work [5], (iii) for Jacobians and intermediate Jacobians of generic cubic threefolds,
as consequences of the main results of respectively [6] and [11]. In the recent work [28] it is

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



818 Z. JIANG AND G. PARESCHI

proved that geometrically non-degenerate GV-subschemes are reduced and irreducible and
that the geometric genus of their desingularizations is the expected one, namely (§).

As an application of cohomological rank functions we prove that the Hilbert polynomial
as well as all 4 (Cx)’s are the expected ones:

THEOREM B. — Let X be geometrically non-degenerate GV-subvariety of dimension d of a
principally polarized complex abelian variety (A, 0). Then:

(1) (Theorem 7.5) Xox (x0) = 2;1:0 ($)(x =1t

(2) (Theorem 7.7) h' (Ox) = (%) foralli = 1,....d.

The proof of (1) is based on the study of the function h%X (x0) at the highest critical point
(which turns out to be x = 1). (2) follows from (1) via another argument involving the
Fourier-Mukai transform.

As a corollary of (2), combining with the results of [28] and [5], we have

ProrosiTiON C (Corollary 7.9). — A 2-dimensional  geometrically  non-degenerate
GV-subscheme is normal with rational singularities.

Application to multiplication maps of global sections of line bundles and normal generation
of abelian varieties. — Finally we illustrate the interest of cohomological rank functions in
another example: the ideal sheaf of one (closed) point p € A. The functions h‘;yp (xI) seem
to be highly interesting ones, especially in the perspective of basepoint-freeness criteria for
primitive line bundles on abelian varieties. While we defer this to a subsequent paper, here we
content ourselves to point out an elementary—but surprising—relation with multiplication
maps of global sections of powers of line bundles. We consider the critical point

B() = inf{x € Qlhy (x]) = 0}

(as the notation suggests, such notion does not depend on p € A). A standard argument
shows that in any case 8(/) < 1 and 8(I) = 1 if and only if the polarization [ has base points,
i.e., a line bundle L representing [ (or, equivalently, all of them) has base points. Therefore,
given a rational number x = ¢, it is suggestive to think that the inequality B(]) < x
holds if and only if “the rational polarization x/ is basepoint-free”. Explicitly, this means the
following: let p : A — A be the multiplication-by-b isogeny. Then, as it follows from the
definition of cohomological rank functions, (/) < % means that the finite scheme u;l (p)
imposes independent conditions to all translates of a given line bundle L with ¢;(L) = /.
Inturn § = B(/) means that u;l (p) imposes dependent conditions to a proper closed subset
of translates of the line bundle L2 as above. ® At present we don’t know how to compute, or
at least bound efficiently, the invariant B(I) of a primitive polarization [ (except for principal
polarizations of course).

Here is one of the reasons why one is led to consider the number (7). Let n be another
polarization on A. We assume that n is basepoint-free. Let N be a line bundle representing
n and let My be the kernel of the evaluation map of global sections of N. We consider the
critical point

$(n) = inf{x € Qlh}y, (xn) = 0}

3 Writing 1 = % one recovers the usual notions of basepoint-freeness and base locus.

4¢ SERIE - TOME 53 — 2020 — N° 4



COHOMOLOGICAL RANK FUNCTIONS ON ABELIAN VARIETIES 819

(again this invariant does not depend on the line bundle N representing n). Well known
facts about the vector bundles My yield that, given x € Z*, s(n) < x if and only if the
multiplication maps of global sections

(0.5) HO(N)® HY(N* @ Py) - H(N*T1 @ Py)

are surjective for general o € A and, furthermore, s(n) < x if and only if the surjectivity
holds for all « € A. Now the cohomological rank function leads to consider a “fractional”
version of the maps (0.5). Writing x = ¢, these are the multiplication maps of global sections

(0.6) H(N) ® H*(N*™ ® Py) - HO(1;(N) @ N*® ® P,)

obtained by composing with the natural inclusion H(N) < H(ujN). It follows
that s(n) < 7 if and only if the maps (0.6) are surjective for general @ € A. The strict
inequality holds if the surjectivity holds for all @ € A.®Asa simple consequence of the
formula (0.1) applied to n = hl we have

THEOREM D. — Let h be an integer such that the polarization hl is basepoint-free (hence
h > 11if [ is basepoint-free, i > 2 otherwise). Then

_ B
Since (/) < 1 it follows that
I

and equality holds if and only if 8(/) = 1, i.e., [ has base points.

Surprisingly, this apparently unexpressive result summarizes, generalizes and improves
what is known about the surjectivity of multiplication maps of global sections and projective
normality of line bundles on abelian varieties. For example, the case 4 = 2 alone tells
that s(2/) < 1, with equality if and only if §(I) = 1, i.e., [ has base points. In view of the
above, this means that the multiplication maps (0.5) for a second power N = L? and x = 1
are in any case surjective for general o € A, and in fact for all @ € A4 as soon as [ is basepoint
free. This is a classical result which implies all classical results on projective normality of
abelian varieties proven via theta-groups by Mumford, Koizumi, Sekiguchi, Kempf, Ohbuchi
and others (see [13] §6.1-2, [4] §7.1-2 and references therein, see also [20] and [23] for a theta-
group-free treatment). We refer to Section 8 below for more on this.

1
2

if the multiplication maps (0.5) for N = L and x = 1 are surjective for all & € A Using a
well known argument, this implies

Finally if [ is basepoint-free and 2 = 1 the above theorem tells that 8(I) < 5 if and only

COROLLARY E. — Assume that [ is basepoint-free and B(l) < % Then [ is projectively
normal (this means that all line bundles L ® P, are projective normal).

) Again a simple computation shows that when x is an integer, writing x = Xb—b one recovers the usual notions of

surjectivity of the maps (0.5) for every (resp. for general) ¢ € A.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



820 Z. JIANG AND G. PARESCHI

This is at the same time an explanation and a generalization of Ohbuchi’s theorem ([19])
asserting that, given a polarization n, 2n is projectively normal as soon as n is basepoint-free.

Finally, we remark that, although the applications presented in this paper concern abelian
varieties and their subvarieties, the study of cohomological rank functions can be applied to
the wider context of irregular varieties, namely varieties having non-constant morphisms to
abelian varieties, say f : X — A (as mentioned above this is indeed the point of view of the
paper [3]). Given an element & € D?(X), this can be done by considering the cohomological
rank functions of the complex R f of.
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1. Notation and background material

We work on an algebraically closed ground field of characteristic zero.
A polarization [ on an abelian variety is the class of an ample line bundle L in PicA/Pic® 4.
The corresponding isogeny is denoted

where A := Pic?A. Forb € Z
Up: A— A z+ bz

denotes the multiplication-by-b homomorphism.

Let A be a g-dimensional abelian variety. We denote 2 the Poincaré line bundle on A x A.
Fora € A the corresponding line bundle in A is denoted by Py, i.e., Py = Pjaxia}- We
always denote ¢ the origin of A.

Let D?(A) be the bounded derived category of coherent sheaves on 4 and denote by

474 DP(4) > DP(4)
the Fourier-Mukai functor associated to 2. It is an equivalence ([17]), whose quasi-inverse
is

A=A oD b
(1.1) q>$v[g] : D (A) — D°(A).

When possible we will suppress the direction of the functor from the notation, writing simply
® ». Since DY = (14, 1" P = (1g, -1p* P it follows that ® 5v = (—=1)*® ». Finally,
we will denote R* @ » the induced i-th cohomology functors.

For the reader’s convenience we list some useful facts, in use throughout the paper,
concerning the above Fourier-Mukai equivalence.

Exchange of direct and inverse image of isogenies ([17] (3.4)). — Let ¢ : A — B be an isogeny
of abelian varieties and let ¢ : B — A be the dual isogeny. Then

(1.2) P P2, (F) = Poppa(f). 0P py(0) = P2, 07(0).

4¢ SERIE - TOME 53 — 2020 — N° 4



COHOMOLOGICAL RANK FUNCTIONS ON ABELIAN VARIETIES 821

Exchange of derived tensor product and derived Pontryagin product ([17] (3.7)). — We have
(13)  Pa(f * ) =(Qaf)®(Ppl)  Pa(d ® () =(Pad)* (Podgl

Serre-Grothendieck duality ([17] (3.8). See also [26] Lemma 2.2). — As customary, for a given
projective variety X (in what follows X will be either A4 or 4) and & € D?(X), we denote
FY = RHom (&, Cx) € D’(X). Then

(1.4) (@) =P ov(F gl

The transform of a non-degenerate line bundle ([17] Prop. 3.11(1)). — Given an ample line
bundle on A, the Fourier-Mukai transform ® »(L) is a locally free sheaf (concentrated in
degree 0) on A, denoted by L, of rank equal to h°(L). Moreover

(1.5) ofL~H (L)@ L™ = (L7H®"D),

The Pontryagin product with a non-degenerate line bundle ([17] (3.10)). — Given a non-
degenerate line bundle N on A, we denote n = ¢;(N). Let & € D?(A). Then

(1.6) F*xN=N®g; (Po((—1)*F) ®N)).

(Hyper )cohomology and derived tensor product ([26] Lemma 2.1). — Let & € D?(A) and
0 € D?(A). We have

(1.7) HI(A, & ® o574(0) = H (A 9454 ® 0.

2. Cohomological rank functions on abelian varieties

In this section we define a certain non-negative rational number as the rank of the coho-
mology of a coherent sheaf (or, more generally, of the hypercohomology of a complex of
coherent sheaves) twisted with a rational power of a polarization. This definition is already
found in [1] and, somewhat implicitly, a notion like that was already in use in [14] (proof
of Thm 17.12) and [27] (proof of Thm 4.1). This provides rational cohomological rank
functions satisfying certain transformation formulas under Fourier-Mukai transform (Prop.
2.4 below). It follows that these functions are polynomial almost everywhere and extend to
continuous functions on an open neighborhood of Q in R (Corollaries 2.6 and 2.7).

DEFINITION 2.1. — (1) Given & € D?(A) and i € Z, define
Ryen (A, F)

as the dimension of hypercohomology H! (4, & ® P,), for a general in A.©
(2) Given ¢ € D?(A), a polarization [ on A and x = 5 € Q, b > 0, we define

T (xD) = D728 Ry (A, uj (F) ® L),

) It is well known that hypercohomology groups as the above satisfy the usual base-change and semicontinuity
properties, see e.g., [26] proof of Lemma 3.6 and [8] 7.7.4 and Remark 7.7.12(ii).

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



822 Z. JIANG AND G. PARESCHI

The definition is dictated from the fact that the degree of pp : A — A is b?8 (see the
previous section for the notation) and wy (1) = b2l. Therefore the pullback via up of the
class 1 is abl. It is easy to check that the definition does not depend on the representation

nb

x = ¢. For example, if n € Z, writing n = %> one gets

b2kt (g ) ® LYy = b2 hi L (ui(F © L))
=52 Y M T ®L"® Po) = Koy (F ® L),

aep; (@)

where ¢ is the identity point of A and Ay - A — A'is the dual isogeny.

REMARK 2.2. — [Coherent sheaves Q-twisted by a polarization] Let [ be a polarization
on our abelian variety A. Following Lazarsfeld ([15]), but somewhat more restrictively, we
will define coherent sheaves Q-twisted by [ as equivalence classes of pairs (f, xI) where
of is a coherent sheaf on A and x € Q, with respect to the equivalence relation generated
by (F ® L", xI) ~ (&, (h + x)I), for L aline bundle representing / and 4 € Z. Such thing
is denoted 7 (xI) (note that &f ® Py(xl) = & (xl) for @ € A). Similarly, one can define
complexes of coherent sheaves Q-twisted by the polarization /. Now the quantity A, (xl )
depends only on the Q-twisted complex of (x/) and one may think of it as the (gener1c)
cohomology rank i (A, & (xI)).

Some immediate basic properties of generic cohomology ranks defined above are:

(@) xgx) =Y, (—l)ih‘é,(xl), where y ¢(x/) is the Hilbert polynomial, i.e., the Euler
characteristic.

(b) Serre duality: hly (x1) = j (—x1).

(c) Serre vanishing: given a coherent sheaf' & there is a xo € Q such that h',, (xl ) = 0 for
alli > 0 and for all rational x > xy.

Proof of (c). — It is well known that there is ny € Z such that h' (4, F ® L™ ® P,) =0
for alli > 0 and for all « € Pic®X. Following the terminology of Mukai, this condition
is referred to as follows: ¢f ® L" satisfies IT(0) (the Index Theorem with index 0, see also
§5 below). Therefore, for allb € Z7, wp(F) ® 1?10 satisfies IT(0). The tensor product of
a coherent I'T(0) sheaf with a locally free IT(0) sheaf is IT(0) (see e.g., [27, Prop. 3.1] for a
stronger result). Therefore u; (#) ® L™ satisfies IT(0) for all b € Z+ and m > b%ny. This is
more than enough to ensure that A, (x_) = 0 for all rational numbers x > nq. ©® O

The following proposition describes the behavior of the generic cohomology ranks with
respect to the Fourier-Mukai transform.

PROPOSITION 2.3. — Let & € D?(A) and let | be apolarization on A. Then, for x € QF

x8
g (xD) = D) iéw(sf & l)

(6) More precisely this proves, in the terminology of Section 5 below, that the Q-twisted coherent sheaves &7 (x/)
satisfy IT(0) for all x € Q=""0,

4¢ SERIE - TOME 53 — 2020 — N° 4



COHOMOLOGICAL RANK FUNCTIONS ON ABELIAN VARIETIES 823

and, for x € Q,

(0t
oD = = e 1.

Proof. — Let us start with the case x = § € Q*. Then,
. 1 .
gD = b hien(4, 1y F ® L™) = o dim Extly (i ', LY)

b2g dim Ext’, L@y F), @ (L)),

where « € A is general, L¥® = L%® ® P,, and the last equality holds by Mukai’s
equivalence [17].

Note that, by (1.2), ® o (1) F ) =~ flp+® 2(F ) where fiy, : A — Ais the multiplication
by b on A. By (1.5) RGJ(@(L;‘;") = Zg\b is a vector bundle on A4 and

2.1) W pE LI = oF, Lb ~ ((Lib)~1)@h'(L™),
Hence, for general o€ A,

hg(xl) = dlmExtA(/Lb*Cbccp(C? ), Lab) = —dlmExtl (P o(F) i1 Lgb)

l
= —dlmExtg l( *Lab,q)O(c?v))

b2e
—1 Ak A ~
= Jegfideggy 2w S EXG (ORI o 2@ p(F )
1 1
= (1)2 22828 dim Ext§™ ((pablLoz 7/%901 f P2 (F )

en 1 1 i a
= e Al 0o(T) @ LY.

We also note that (—1)}@(73(&7\/) = ® ,v(f ") and (—1)%L = L. Hence, applying (—1)},
we get

1 1 1 af

i g—i
h (X) (l) a8he gen (/'La(pl qDQ‘/DV((‘? ) ®L ) (l) bgh(l’ CDCPV((’?\/ ( D)
By similar argument (or by Serre duality) we get the equalities when x € Q™. O

COROLLARY 2.4, — Under the same hypothesis and notation of the previous proposition, for
each i € 7 there are €=, > 0 and two polynomials P 09,, g € QI[x] of degree < dim A
such that, for x € (—e~,0) N Q,

B (xl) = Py (x)
and, for x € (0,eT)NQ

Ry (xl) = Pij“&,(x).
More precisely

iy = S (_)) Yo7 i@ () (- —1) for x € (—e~,0)N Q
'o(xl) = (Z))((,,[ RE—i o (7 )( ) forxe(0.e")NQ.
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824 Z. JIANG AND G. PARESCHI

Proof. — The statement follows from Proposition 2.4 via Serre vanishing (see (c) above in
this section). Indeed for a sufficiently small x € Qt we have that /¥ ( G7V)( % )=0
r?)\/

(pZ R/ ®
for all k # 0 and all j. Therefore the hypercohomology spectral sequence computing
g—i 1o
th @ CYV)(X 1)) D collapses so that

1 1 1
g1 = _ 1,0 ) _ — e mo (=
hwz‘bg/?v(g/]v)(xl)) - h(pz‘Rg—lq;yv(&fV)(xl)) X(pL R& lécij(c? )(XL))

This proves the statement for x > 0. The proof for the case x < 0 is the same. O

REMARK 2.5. — It follows from the proof that one can take as ¢~ the minimum, for all 7,
of xl,»’ where x; is a bound ensuring Serre vanishing for twists with powers of L of the sheaf
¢} R'® »(F). Similarly for et

The next corollary shows that the statement of the previous corollary holds more generally
in Q-twisted setting.

COROLLARY 2.6. — Same hypothesis and notation of the previous proposition. Let xo € Q.

For each i € 7 there are € ,e™ > 0 and two polynomials Pl._07 %o’ P.+&Y x € Qlx] of

1
degree < dim A such that, for x € (xo — €~ ,x0) N Q,
‘e (x) = P g (%)
and, for x € (x9,Xx0 +€T)NQ

o (xl) = Py ().

Proof. — This follows by reducing to the previous corollary via the formula
(o + D) = bR o B2V

for xo = 3,5 > 0. O
As a consequence we have

COROLLARY 2.7. — The functions h’é[ ;- Q — Q=% extend to continuous functions
hic?’ L - U — R, where U is an open subset of R containing Q, satisfying the condition of
Corollary 2.6 above, namely for each xo € U there exist €~ ,eT > 0 and two polynomials
P~

T’ P;c.;[’x() € Q[x] of degree < dim A, having the same value at x, such that

Pi,_gjf,x(, (x) forx e (xo—e€,x0]

hg(xp) =
7 Pi—,‘rc?,xo(x) Jor x € [xo,x0 +€V).

(M This expression stands for the spectral sequence computing the hypercohomogy groups
HE71(A, ,uZ((pl*éc@v(gv)) ® L ® Py) for 2 = % and a general o € Pic®X.
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Proof. — Let xo € Q. The assertion follows from Corollary 2.6 because, for xo € Q,
P/ Foxo (x0) = P; wq o (xo) = hijy(xo_) To prove this we can assume, using Corollary 2.6,
that xo = 0. By Corollary 2.4 we have that P, P; o (0) (resp. Pifg’x() (0)) coincide, up the
same multiplicative constant, with the coefficients of degree g of the Hilbert polynomial
of the sheaves ¢; R ® o(cf), resp. ¢ R&7! P ov (). Hence they coincide, up to the same
multiplicative constant, with the generic ranks of the above sheaves. By cohomology and base
change, and Serre duality, such generic ranks coincide with hiﬁ, 1(0). O

REMARK 2.8. — It seems likely that U = R, hence the cohomological rank functions
would be piecewise-polynomial (compare [3, Question 8.11]). This would follow from the
absence of accumulation points in R \ U, but at present we don’t know how to prove that.
In any case, in the next section we prove that the cohomological rank functions extend to
continuous functions on the whole R.

Given two objects ¢ and in D?(4) and f € Hompy 4)(f, §) one can define similarly
the i-th cohomological rank, nullity and corank of the maps twisted with a rational multiple
of a polarization [ as the generic rank, nullity and corank of the maps

H (A, pj(F) ® L™ ® Poy) — H (A, 11}(0) ® L™ @ Po).

This gives rise to functions Q — Q=0 satisfying the same properties. Let us consider, for
example, the rank, (the kernel and the corank have completely similar description) and let us
denote it rk(hj, (xD)).

PROPOSITION 2.9. — Let xg € Q. Foreachi € Z there are €™, e > 0and two polynomials
Pt_fxo Pl.‘j'ﬁxo € Q[x] of degree < dim A such that, for x € (xg — €, x9) N Q,
rk(hy(xD) = P 5. (x)
and, for x € (xg,xo +€T)NQ

rk (i (xD) = P ().

Proof. — As above, we can assume that xo = 0. By Corollary 2.4 and its proof there is a
€~ > O such that for x = ¢ € (—e,0) (witha < 0 and b > 0), rk(h}(xl)) coincides with

(.7l x) rk(F_ 1)where F_ 1 is the natural map

F_1tHu 0 R @9 ) ® L™) — HO(u (o] R P p0) ® L™).

By an easy calculation with Serre vanishing (see (c) in this Section), up to taking a smaller
€~ the image of the map F_1 is H? of the image of the map coherent sheaves

1@ RO p ) ® L™ > p* (o] R'® » () ® L™
and its dimension is .
le(¢ZRiq>C7)(f))(—;D-

In conclusion, for x € (—e—,0)

rk(hy(x1)) = - Z)) Xim(oy chp;(f))(——l) = P 1o(x).
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Similarly, for x € (0,€e™)
(x)®

i N
rk(h (xD)) = MXIm(gOZRg—id)v@v(f))(;l_) =P (). O

3. Continuity as real functions

The aim of this section is to prove Theorem 3.2 below, asserting that the cohomological
rank functions extend to continuous functions on the whole R (see Remark 2.8). We start
with a version of Serre’s vanishing needed in the proof.

LEMMA 3.1. — Let A be an abelian variety and let L be a very ample line bundle on A. Let
o be a coherent sheaf of dimension n on A. There exist two integers M~ and M such that
for all integers m € ZT, for all k = 0, ...n and all sufficiently general complete intersections
Zry = Dy N DyN---N Dy of k divisors D; € |m?p; L| with0 < p; < 1 rational with m?p; € Z
(here we understand Zoy = A), and for all o € A, the following conditions hold:
W 413, |, ® L™ ® Pa) =0
forall i >1andt € ZZM+,
W (i F |5, ® L™ ® Pa) = 2(605 7 (i F |, O) ® L)
foralli <n—1—sandt € Z=M".

The pair (M ~, M) will be referred to as an effective cohomological bound for ¢¥.
Proof. — Note that the statement makes sense since L is assumed to be very ample and

1 :=m?p; € L. Since Zy, is a general complete intersection, the Koszul resolution of Oz, ,
tensored with u}, &

Bl O0—>u FQL Xt —>---—>,L;;Q?®(@L—fi)—w;;g—w;‘nﬂzk -0

1

is exact. Therefore the bound of the upper line is a variant of Serre vanishing, in the version
of the previous section, via a standard diagram-chase.

Concerning the lower line, we first prove it for k = 0. By Serre duality
H (1, F ® L™ @ Po) = HE (3 )Y @ L7 @ YY)
= H (T @ L7 @ By).
Since & is a coherent sheaf of dimension n, Ext’ (F, O4) vanishes for j < g—n while it has

codimension > ;j with support contained in the support of &7 for j > g —n (see for instance
[12, Proposition 1.1.6]). We apply Serre vanishing to find an integer N such that such that

HI (k' (F, Oa) ® L™ ® P))=0 forallt € Zsuch that — > N and j > 1.
The statement of the bottom line for k = 0 follows via the spectral sequence

H (s 657N F ) @ L™ @ PY) = HE 7 (1, )Y @ L™ @ PY).
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At this point the statement of the lower line for all k < g — n follows as above from the case
k = 0 and the fact that for a general choice of a very ample divisor D we have a short exact
sequence forall j >0

0= g &7 (F . Ca) — 113, 67 (F . Ca) ® Ca(D) — &’ (13, F | . 0a) > 0
(see [12, Lemma 1.1.13]). O

THEOREM 3.2. — Let A be an abelian variety, let | be a polarization on A and §f € D?(A).
The functions x + h"cy(xl ) extend to continuous functions on R. Such functions are bounded
above by a polynomial function of degree at most n = dim &, whose coefficients involve only
the intersection numbers of the support of &f with powers of L, the ranks of the cohomology
sheaves of & on the generic points of their support, and an effective bound (N~, N1) of generic
cohomology of .

Proof. — We can assume that [ is very ample. The proof will be in some steps. To begin
with, we prove the statement under the assumption that 57 is a pure sheaf. Let V7, ..., V be
the irreducible components of the support of s with reduced scheme structures. Hence
each V; is an integral variety. Let #; be the length of ¢¥ at the generic point of V; and define

u(F) =Y 1;(V; - L"a.
J

We have seen in the previous lemma that h’;y(xl ) are natural polynomial functions for x <
M~ and x > M ™. We now deal with the case when M~ < x < M. More precisely we will
prove, by induction on n = dim &, the following statements

(a) h‘;?, ; extends to a continuous function on R;

(b) h% (x) < *5P(x = M) forx > M~
Mg () < 2" Nu(FHM T = M7y for M~ < x < M¥,
and h", | (x) < “P(M+ —x)", forx < M*.

These assertions are clear if dim ¢ = 0. Assume that they hold for all pure sheaves of
dimension < n — 1. We will prove that they imply the following assertions:

For all pure sheaves 5f with dim §f = n and for all rational numbers x and 0 < € < 1

B2 Wy + D =) = e Th ke — Mo forx = b7
(3.3)
Po((x + D = Pg(xD| < 2" 'u(F)MT —M7)"for M~ <x <x+e<M?;
u(cf)

(3:4) Wy(xD) —hg((x +€)]) <€ Mt —x—€e)" forx+e<MT.

(n—1!

Take M sufficiently large and divisible such that M x and Me are integers, take a general
divisor D € |M?€L| and consider the short exact sequence:

.D
0— iy F ® LM™ 5yt F @ LMPOH) o pn F @ LMP6H9)| s 0,
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Taking the long exact sequence of cohomology of the above sequence tensored with a general
P, € A, we see that
(3 5)

“((x + OD) =D (D) < Tl (g F ® LTy = Mzg i g, o), (M2t D).

Note that puy, of Ip is a pure sheaf on A of dimension n — 1. It is also easy to see that an
effective cohomological bound of uy, o Ip is (M>M~,M?>M™). Hence condition (b),,_,
above yields that

ultpg F | p) o .
hg I, (M2(x+e)L)§T1)!DM2 Zx+e—M)" L

The components of the support of 1}, ¢?|D are u 'ViND,...,u” Vs N D. Hence
iy F | ) = Zr,(u Vi-D- L")y = Mz,, - Zz, (3 Vi - iy L") a = eM*E200 20 (),

It follows that

u(cf)
(n—1)!
i.e., (3.2),.. The estimate (3.4),, is proved exactly in the same way as the h%[’ ,, case. Concerning
(3.3), note thatfor M~ <x <x+e<M™,

Wy + Ol —hy(xD) < e (x + € — Mo)"™!

|h ((x+e)l) — hlef(x)| (hfgenl(/LM e?| ®LM (x+e)) +hgen(MX4 §|D ®LM2(x+e)))
< 62" YWw(H Mt — My,

This concludes the proof of the estimates (3.2) (3.3) (3.4) under the assumption that (b),—;
holds.

Turning to (a), and (b),, note that the functions h’;y(xl ) satisfy the statement of Corol-
laries 2.6 and 2.7. Therefore the left derivative D_hi?(xl ) and the right derivative D T h! (xl )
exist on all x € Q (in fact on all x € U of Cor. 2.7), and they coincide away of a d1screte
subset. The inequalities (3.2),,, (3.3),, and (3.4), show that both derivatives are bounded
above by the corresponding polynomials of degree n — 1. Note that by Lemma 3.1 and the
assumption that ¢f is pure, we have % (M 1) = 0 and i’y (M *[) = 0 fori > 1, and hence
by integration, the above bounds for derivatives imply (a), and (b),, for all x € U as above
and hence, by continuity, for all x € R. This concludes the proof of the theorem for pure
sheaves.

Next, we prove the theorem for all coherent sheaves o on A. Assume that dim & = n.
We consider the torsion filtration of ¢¥:

To(F) CTi(F) C -+ C Tue1(F) C Tu() = o

where T; () is the maximal subsheaf of ¢# of dimension i and hence @), := T;(&#)/ Ti—1(cf)
is a pure sheaf of dimension i. We see that h%;[(xl) < h(%n_l(é,) (xI) + hOQ (xI) and we also
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have, adopting the previous notation,
B+ D B GD < Sl o (M2 + e

1 0

= M2g (huLTn—1((§7)|D

(M?(x + )] + hy inD(Mz(x +o)D).

We then proceed by induction on dim &7 and the results on the pure sheaf case to prove the
continuity of the function hgy(xl ) and its boundedness. The proof of continuity for other
cohomology rank functions of f is similar.

Similarly the proof of the statement of the theorem for objects of the bounded derived
category follows the same lines, using the functorial hypercohomology spectral sequences

ES (SO L @ Po) i= H"(A, J* (13, F @ L™ @ Pa)) = H'" (4, 117, T L ® Po).
This time, for x € Q, x = § with b > 0 one defines the cohomological rank functions for the
groups appearing at each page: efj’f?(xl) = b72¢ dim Ef’k (up(f) ® L* ® Py) for general
a €A Using Proposition 2.9 these functions are already defined in R minus a discrete set
satisfying the property stated in Corollary 2.6. By induction on r and on the dimension of the
cohomology sheaves one proves that these functions can be extended to continuous functions

satisfying the same property. They are bounded as above. From this and the convergence one
gets the same statements for the functions /? (x_) We leave the details to the reader. O

4. Critical points and jump loci

A critical point for the function x +— h' (xl )is a xo € R where the function is not smooth.
We denote S%. 71 the set of critical points of h (xl )andletSg; = ; Y 1 This is the subject
of this sectlon In all examples we know, the critical points of a cohomological rank function
are finitely many, and satisfy the conclusion of Corollary 2.7. We expect this to be true in
general.

It follows from the results of Section 2 that for x¢ € @Q, or more generally for x¢ in the open
set U of Corollary 2.7, xo is a critical point if and only if the polynomials P, | -and Pifg, o
do not coincide. As we will see below it is easy to produce examples of rational critical points.
However they can be irrational—even for line bundles on abelian varieties—as shown by the
following example.

ExaMmPpPLE 4.1. — Let (4, ]) be a polarized abelian variety and let M be a non-degenerate
line bundle on A. Consider the polynomial P(x) = yas (x/). By Mumford, all roots of P (x)
are real numbers. Denote them by A1 > A, > .-+ > A, let m; be the multiplicity of A; and
finally denote by Ag = 0o, mg = 0, and A, = —oco. We know by [18, Page 155] that for any
rational number x = £ € (A;+1.A;) with b > 0, the line bundle M b ® L% is non-degenerate
and has index a; 1= ) 4 ; mk. Hence

(—=D*P(x) ifk =a; forsome0 <i <k,andx € (A;i41,A;),

otherwise.

hiyy (x1) =

Hence the set of critical points of M is {A1,...,Ax}. If A is a simple abelian variety and M
and L are linearly independent in NS(A) (such abelian varieties exist and they are called
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Shimura-Hilbert-Blumenthal varieties, see for instance [7]), then all roots of P(x) are irra-
tional. Actually, if some root A; = 7 is rational, then M b® L7 is a non-trivial degenerate line
bundle and hence its kernel is a non-trivial abelian subvariety of A, which is a contradiction.

A critical point xo € R is said to be of index k if the function h"??(xL ) is of class C* but
not 51 at xo. By Corollaries 2.6 and 2.7 if xo € Q (or, more generally, xo € U as above)

this can be equivalently stated as follows

Pl v~ Pigg = (0 = x0) 10 (x),
with Q(x) € Q[x] of degree < g —k — 1 such that Q(xg) # 0 (in particular, it follows that the
index is at most g — 1).The main result of this section is Proposition 4.4, relating the index
of a rational critical point with the dimension of the jump locus.

It is not difficult to exhibit cohomological rank functions with critical points even of index
zero. 1.e., the function is non-differentiable at such a point. The simple examples below serve
also as illustration of the method of calculation provided by the results of Section 2.

ExampPLE4.2. — Let A = B x E, a principally polarized product of a principally
polarized (g—1)-dimensional abelian variety B and an elliptic curve E. Let © g be a principal
polarization on B and p a closed point of E. Let of = Op(©p) X Of. It is well known that:

(a) the FM transform—on E—of the sheaf O is k(€)[—1], the one-dimensional
skyscraper sheaf at the origin, in cohomological degree 1.

(b) The FM transform—on B—of the sheaf Op(—®3p) is equal to O5(0©5)[—(g — 1)].

By Kiinneth formula it follows from (a) that R°® »(¢f) = 0, hence 7% (x1) = 0forx <0
(of course this was obvious from the beginning). On the other hand, again from Kiinneth
formula together with (a) and (b) it follows that

RO o (F7) = RED pv (F )I—¢] = i5,(05(Op)[~¢gl.

whereig : B — Ais the natural inclusion b > (l;, ¢). Hence, for x > 0

1 1, _
h%(xgz(x)gh‘;eg%v(gv)(;) = xf (14 )F P=x(1+x)57h

In conclusion

40 D) forx <0,
g (X =
I x(14+x)¢1 forx >0.

(Of course the same calculation could have been worked out in a completely elementary way.)
Hence x¢ = 0 is critical point of index zero.

ExaMPLE 4.3. — Let A be the Jacobian of a smooth curve of genus g, equipped with the
natural principal polarization and let i : C < A be an Abel-Jacobi embedding. Let p € C
and let & = i, Oc((g — 1) p). We claim that xo = 0 is a critical point of index zero for the
function h%}—[(xl). Notice that 7" = ivwc(—(g — 1)p)[1 — g] and degc (wc (—(g — 1) p)) =
g — 1. Hence R°® () = 0, while

RO v (F) = RED o (F ) [—8] = R'® ov (ixwc (—(g — 1) p))[—¢] := H[—g]
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is a torsion sheaf in cohomological degree g (supported at a translate of a theta-divisor, where
it is of generic rank equal to 1). From Proposition 2.3 it follows that hgjy(xé) =0forx <0
and h%(xl) = 0 for x > 0. Hence, by (a) of §1,

forx <0,

hoc )Cl =
gt 1g(xl) =gx forx >0.

This proves what claimed.

One can show that xo = 0 is a critical point of index g — d — 1 of the h°-function of the
sheaf ix Oc (dp), with0 <d < g — 1.

As it will be clear in the sequel, the previous examples are explained by the presence of a
jump locus of codimension one.

Jump loci. — We introduce some terminology. Let (A4,/) be a polarized abelian variety.
Let f € D?(A) and xq¢ € Q. The jump locus of the i-the cohomology of & at xo = % is the
closed subscheme of A consisting of the points a such that A (A, (up f) ® L® ® P,))is
strictly greater than the generic value, where L is a line bundle representing /. A different
choice of the line bundle L changes the jump locus in a translate of it while a different
fractional representation of xg, say xo = % changes the jump locus in its inverse image via
the isogeny uy, : A — A. Therefore, strictly speaking, for us the jump locus at xo of a coho-
mological rank function hig(xD will be an equivalence class of (reduced) subschemes with
respect to the equivalence relation generated by translations and multiplication isogenies.
In this paper we will be only concerned with the dimension of these loci. We will denote it
by dim JF (F (xol)).

PROPOSITIQN 4.4. — Let & € DP(A). If xo € Q is a critical point of index k for hiﬁi’
then codim 3 J'*(F (x0)) < k + 1.
Proof. — We may assume that xo = 0. By Corollary 2.4 we know that in a left neighbor-

hood of 0, hiy (x]) = &% X7 Ri® (5 (—+1) and in a right neighborhood of 0, h'y (x1) =

%XwZRg_iq)c@v(gv)(%D. We denote
P1(x) := Xyt Ri® () (XD = agx® +ag_1x8' + - dax +ao
and 7
Py(X) = fgp Re-ia , (7v) (X]) = bgx® + bg—1x87 1+ o+ bix + bo.
It follows h"g(xl ) is strictly of class C* at 0 if and only if
4.1) (—l)jag_j =bg_; for j=0,....,k and (—1)k+1ag_k_1 #bg_j—1.

We also note that for a coherent sheaf @),

1 . .
106D = [ (@™ = T ey (@) 15 .
Jj=0 ’

On the other hand, by Grothendieck duality (1.4) we have ® »(F)" = @ ov(F Y)[g].
Thus we have a natural homomorphism RE® ov (F ) — Fom(R'® o(F). Op) == S
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by the Grothendieck spectral sequence. By base change and Serre duality such homo-
morphism is an isomorphism of vector bundles on the open set V' whose closed points
are the « € A such that h'(F ® P,) takes the generic value. Now assume that the
complement of V, i.e., a representative of Ji*(g¥), has codimension > k + 1. Hence
ch(RET® v (F ) — ch(&H) € CH™*+1(A4). Since R’ ® »( ) is a vector bundle on V,
thus ch; (¢#) = (—1)ch; (R'® »)(¢f) for j < k + 1. This implies that

1 (_1)] * i —j
(—1)ag—; = m(q@chj(ze D) (F)-1577),
1 . » .
= oy W (R ) () 1)y = by,
for j =0,...,k + 1, which contradicts (4.1). This concludes the proof. O

5. Generic vanishing, M-regularity and IT(0) of Q-twisted sheaves on abelian varieties

The notions of GV, M-regular and IT(0)-sheaves (and other related ones) are useful in
the study of the geometry of abelian and irregular varieties via the Fourier-Mukai transform
associated to the Poincaré line bundle. In this section we extend such notions to the Q-twisted
setting. In doing that we don’t claim any originality, as this point of view was already taken,
at least implicitly, in the work [27], Proof of Thm 4.1, and goes back to work of Hacon ([9]).
It turns out that the Q-twisted formulation of Hacon’s criterion for being GV, and related
results, is simpler and more expressive even for usual (non-Q-twisted) coherent sheaves or,
more generally, objects of D?(A). In the last part of the section we go back to cohomological
rank functions. First we show how they can be used to provide a characterization of M-regu-
larity and related notions. Finally we show the maximal critical points relates to the notion
of Q-twisted GV sheaves.

As for jump loci (see the previous Section), one can define the cohomological support locus
of the i-th cohomology of the Q-twisted object of D?(A), say & (xol), as the equivalence
class (with respect to the equivalence relation generated by translations and inverse images
by multiplication-isogenies) of the loci

{o € AW (A. (11, ) ® L™ ® Pa)) > 0}.
If h"é[(xol) = 0 it coincides with the jump locus while it is simply Aif h"é[(xl) > 0. Its
dimension is well-defined, and we will denote it dim V'’ (¥ (xol)).

The Q-twisted object ¢ (xol) is said to be GV if codim ;V*(F (xol)) > i foralli > 0.1t
is said to be a M-regular sheaf if codimgV" (F{xol)) > i foralli > 0. It is said to satisfy
the index theorem with index 0, IT(0) for short, if Vi (f (xol)) is empty for all i # 0.

If &F (xo) is Q-twisted coherent sheaf or, more generally, a Q-twisted object of D?(A4) such
that V(& (xo)) is empty for i < 0, such conditions can be equivalently stated described as
follows:
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THEOREM 5.1. — (a) of (xol) is GV if and only if, for one (hence for all) representation
Xo = %
@ v (up ¥ ® L) = RED g (up ¥ @ L) [—g]. ©

If this is the case, we have
R'® p(uj(F) ® L) = &g (RED g (uy F ¥ ® L), Op).
(b) Assume that of(xol) is GV. Then it is M-regular if and only if the sheaf
RED o (uj F" ® L™ is torsion-free.
(c) Assume that &f (xol) is GV, Then it is IT(0) if the sheaf RE ® v (u} F' ® L) is
locally free. Equivalently

(5.1) @ p(up(F) ® L) = RO p(15(F) ® L™).

These results follow immediately from the same statements for coherent sheaves or objects
in D?(A), see e.g., the survey [21, §1], or [26, §3], where the subject is treated in much greater
generality.

In this language the well known criteria of Hacon ([9]) can be stated as follows:

THEOREM 5.2. — (a) F (xol) is GV if and only if f ((xo + x)L) is IT(0) for sufficiently
small x € QF. Equivalently F (xol) is GV if and only if 5 ((xo +x)1) is IT(0) for all x € Q7.

(b) If &F (xol) is GV but not IT(0) then & {(xo — x)I) is not GV for all x € Q™.

(c) F{xol) is IT(0) if and only if F{(xo — x)L) is IT(0) for sufficiently small x € Q7.

Proof. — (a) Let xo = %. We have that ¢f (xol) is GV if and only if 1} () ® L¥ is GV.
Hacon’s criterion (see [26, Thm Al]) states that this is the case if and only if

(5.2) H (u3(F) ® L @ 047 AN F)[g]) = 0

for all i # 0 and for all sufficiently big k € Z, where N is an ample line bundle on A.
Equivalently (up to taking a higher lower bound for k),

(5.3) p(N ® L® @ &4 ANT)g] s 1T(0)

for sufficiently big k. We take as N = L; a line bundle representing the polarization /5 dual
to [ ([4] §14.4). By Prop 14.4.1 of loc. cit. we have that

(5.4) o5 = didgl
and
(5.5) Y15 ©PL = Hdydy>

where (di, ..., dg) is the type of /. Combining with (1.5) we get
Wik @5 A (L) = of o] mi 5 A (LF) = (pf (Ly*) @K rls) = (L ddeky@kixts),

Loosely speaking, we can think of the vector bundle <I>§;’A(L’§) as representative of
(— i ég z 1)®k“xLs) Tt follows, after a little calculation, that (5.3), hence the fact that & (xo/) is
GV, is equivalent to the fact that &7 {(xo + m)[ ) is IT(0) for sufficiently big k. This is in
turn equivalent to the fact that ¢ {(xo + x)I) is IT(0) for sufficiently small x € Q* because

—ab

® This condition is usually expressed by saying that 1} & V®L satisfies the Weak Index Theorem with index g.
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the tensor product of an IT(0) (or, more generally, GV) sheaf and a locally free IT(0) sheaf
is IT(0) ([27, Prop. 3.1]). This proves the first statement of (a). The second statement follows
again from loc.cit.

(b) follows from (a).
(c) is proved as (a) using a similar Hacon’s criterion telling that (5.1) is equivalent to the
fact that uy () ® LY ® @‘;;’A (N*) is IT(0) for sufficiently big k. O

Using the cohomological rank functions on the left neighborhood of a rational point, we
have the following characterization of GV-sheaves and M-regular sheaves.

PROPOSITION 5.3. — (a) &f{(xol) is GV, if and only ifh"c?((xo —x)) = 0 for
sufficiently small x € QF, for alli > 1.

(b) F(xol) is M-regular, if and only ifh"c?((xo —x)) = Ot for sufficiently small
x € Qt, foralli > 1.

Proof. — We may suppose that xo = 0. Then ¥ is GV (resp. M-regular) is equivalent
to say that codim R'® »(¢f) > i (resp. codim R'® »(F) > i) foralli > 1 (see [26]
Lemma 3.6). Then we conclude by Corollary 2.4. O

It turns out that, more generally, the notion of gv-index ([25] Def. 3.1) can be extended to
the Q-twisted setting and described via cohomological rank functions as in Proposition 5.3.
We leave this to the reader.

It is likely that a sort converse of Proposition 4.4 holds, namely the rational critical
points arise only in presence of non-empty jump loci, although not necessarily for the same
cohomological index. A partial result in this direction is the following

PROPOSITION 5.4. — Let xg € Q. If the Q-twisted sheaf 5f {xol) is GV but not IT(0) then
Xo € Sg1. In fact it is the maximal element of S g ;.

However notice that, given a coherent sheaf &7, in general there is no reason to expect
that there is an xo € Q such that the hypothesis of the proposition holds. In other words, the
maximal critical point might be irrational.

Proof. — As before, we may assume that xo = 0 and we need to compare the coefficients of
the two polynomials P;(x) = Xoi RO® () (x) and Py(x) = XV’Zqu’JW(C?V)(X)' By assump-
tion, ¢ is a GV sheaf, hence by Theorem 5.1(a) R® ov (F ) = RED v (F)[—g] and
RO o(F) = Ext' (R® @Qv((»?v), 03)- Moreover the condition that ¢# is GV but not IT(0)
implies that R P 5v (&) is not locally free. Hence for some i > 0, R'® 2(¢&f) is nonzero.
Thus, h’é,(xL) is nonzero for x in a left neighborhood of 0 and obviously hlg(xl) = 0 for
x positive. Hence xg € S g ;. O

REMARK 5.5. — Under the above assumption, it is in general not true that x is a critical
point of h‘c’?(xl ) as shown by the following example. Let (4, §) be a principally polarized
abelian variety and let © be a theta-divisor. Let ¢ = 04 @ O (0). Then & is GV and not
IT(0). It is easy to see that

(1+x)¢ forx>—1,

hoc )Cl =
C’[( D for x < —1.
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However notice that hg Y(x1) = K&, (x1) = (—x) for =1 <x <0,

6. Some integral properties of the coefficients

In this section we point out some interesting integrality properties of the polynomials
involved in cohomological rank functions. We will use the results of §2 throughout.

LEMMA 6.1. — Let § € DP(A). Assume that i (xl) = P(x) is a polynomial function
for x in an interval Uy C R. Then all coefficients of P(x) belong 10 5 Z

Proof. — We already know that P(x) € Q[x] is a polynomial of degree at most g. We may

choose p sufficiently large such that there exists ¢ € Z such that the numbers %, e, % and
#,...,%belongtom. | |

By definition, a; := P(L) = hi (L) = pTgh;en(e? ® LPa+y ¢ p%z. Then we
know that

g
P(x) = ZH (, —[]&- = ZH = )H(p q-J).
J#i J#i J#i j#i

Hence all coefficients of P(x) belong to % ng Applying the same argument to
P(#),...,P(‘;ﬂ;ﬁ) we see that all coefficients of P(x) belong to ,( +1)2gZ Hence
they belong to ;7. O

REMARK 6.2. — By a slightly different argument, we can say something more. Let
% € U;. Then by Corollary 2.4, we know that, for x > 0 small enough,

a 1 1
(6.1) Q(x) = P(p =) = x* 5 Lyp ki 0 iy g1 ()
g X 1
_ * pi * ab - k
B E (Chk((ﬂLR (Dﬂ?(ﬂb(g[—@ L®))- 1% )A b2g—2kx ’
Hence the coefficient by of x¥ of Q(x) i s+ (chk (fp*quDJD(ﬂZ F ® L*™)) 'Lg_k)A b28l—2k'
Note that

(chi(of R @ p(pp F ® L™)) - 157%), = (¢f chi(R'® p(uy F ® L™))-1575),
degg; ; N —k
= W(Chk(R @ o(uy of ® L)) -L§ )g,

where [ is the dual polarization ([4] §14.4) and the last equality holds because of (5.4).

Moreover, since

(d1dg)®

(6.2) x(s) =
O

we note that the class [/5]4 % belongs to (g —k)! %H 262k (4, 7). On the other hand,

it is clear that [chi (R'® p(pf F ® L®)] € & H?*(4,Z). Thus by € (dy -+~ di) ¥ Lt 2.

From this computation, we see easily that the coefficient a; of x* in P(x) belongs to
k)v
(dq )(g
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We have the following strange corollary.

COROLLARY 6.3. — Let f € DP(A). Then b¥ | Rk (upf ® L?) for all b such
that (b,g") =l anda € Z.

Proof. — Since hicc]—[(xl ) is a polynomial of degree at most g whose coefficients belong
to gl!Z, we have thatg!bgh‘;y(ﬂ) € Z.As (b, g!) = 1, we conclude that b¥ | h;en(uz of ® LY.
O

7. GV-subschemes of principally polarized abelian varieties

Let (A, 6) be a g-dimensional principally polarized abelian variety. A subscheme X of A
is called a GV-subscheme if its twisted ideal sheaf .7y (®) is GV. This technical definition is
motivated by the fact that the subvarieties £W, of Jacobians and + F, the Fano surface of
lines of intermediate jacobians of cubic threefolds, are the only known examples of (non-
degenerate) GV-subschemes. We summarize some basic results on the subject in use in the
sequel. One considers the “theta-dual” of X, namely the cohomological support locus

V(X) = V(Jx(0)) = {o € A’ (Ix(©) ® Pa) > O},
equipped with its natural scheme structure ([24] §4). Let X be a geometrically non-degenerate
GV-subscheme of pure dimension d. Then

(a) [28, Theorem 2(1)] X and V(X) are reduced and irreducible.

(b) ([24) V(X) is a geometrically non-degenerate GV-scheme of pure dimension g—d —1 (the
maximal dimension). Moreover V(V(X)) = X and both X and V(X)) are Cohen-Macaulay.

(© (loc. cit) ®(0x(®) = (Jyx)(©))’. Equivalently, by Grothendieck duality
(see (1.4)), @ ov (wx (—0)) = Jyx)(©)[—d].
954

(d) (loc. cit.) X has minimal class [X] = rErt

In loc. cit. it is conjectured that the converse of (d) holds. According to the conjecture of
Debarre, this would imply that the only geometrically non-degenerate GV-subschemes are
the subvarieties £W; and &+ F as above. We refer to the Introduction for what is known in
this direction.

Generalities on GV-subschemes. — We start with some general results on GV-subschemes,
possibly of independent interest. The first proposition does not follow from Green-
Lazarsfeld’s Generic Vanishing Theorem because a GV-subscheme can be singular. It
does follow, via Lemma 7.8 below, from the Generic Vanishing Theorem of [22] which
works for normal Cohen-Macaulay subschemes of abelian varieties. However the following
ad-hoc proof is much simpler.

PROPOSITION 7.1. — Let X be a non-degenerate reduced GV-subscheme. Then its dualizing
sheaf wx is a GV-sheaf.
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Proof. — By Hacon’s criterion (5.2), it is enough to show that
H'(wxy ® D »(04(—k®))[g]) =0 for k sufficiently big.

We have that ® »(04(—k®))[g] is a vector bundle (in degree 0) which will be denoted, as
usual, O4(—k®). We can write

Hi(ox ® 0a(—k©)) = H' (wy (—O) ® Cu(—kO)(O)).

Applying the inverse of ® », namely @ ov (. (see (1.1)) to the last formula of (¢) of this section
we get that wy (—0) = ® o(Jy(x)(©))[g — d]. Therefore, by (1.7)

H' ((0x(-0)) ® Ca(—k0)(©))) = H'*57( Ty(x)(0) &  o(Ca(—k©)(©))).

Clearly 0@@) is an IT(0) sheaf for k > 1 ((1.5)). Therefore ® 53(0@@)(@)) is a

sheaf (locally free) in cohomological degree 0. Hence the above cohomology groups vanish
fori > 0 becausedimV(X) =g —d — 1. O

PROPOSITION 7.2. — Let X be a non-degenerate reduced GV-subscheme. Then
D ov (0x) = (@ 2(Tv(x)))(—O)[g — d].
Proof. — We have
P p(wx) = D p(wx (—0) ® 04(0))
2 0 p(0x(-0)) * @ 2(Ca(O)]g]
LY (1)* v (©)-d] * Ca(=O)g]

(@ (T-v) (=O)g —dl. 0

COROLLARY 7.3. — Let X be a non-degenerate reduced GV-subscheme. Then
(7.1) R'®,v(wx) =0 fori#0.d and R® yv(wx)=k(é).©

Proof. — This follows from the fact that also V(X) is reduced Cohen-Macaulay ((b) of
this section). Therefore, by Proposition 7.1, combined by the duality characterization of
Theorem 5.2(a)

®2(Ovx) = RTF1 0 p(Oyon)[—(g —d = 1)
Hence it follows from the standard exact sequence 0 — Jyx) — Ca4 — Opx) — 0
that R'® o»(Jy(x)) = 0fori # g —d, g and RED »(Jy(x)) = k(é)[—g]. Therefore the
assertion follows from the previous proposition. O

Corollary 7.3 is quite strong. Its implications hold in a quite general context but, for sake
of brevity, here we will stick to an ad-hoc treatment of the case of GV-subschemes.

LEMMA 7.4. — Let X be a subscheme of an abelian variety A. If X satisfies (7.1) then the
natural maps N* H'(C4) — H'(Cx) are isomorphisms for all i < d and injective fori = d.

) The last assertion was proved under very general assumptions in [2, Prop. 6.1].
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Proof. — In the first place we note that (as it is well known) for all & € D?(A4) we have a
natural isomorphism

(7.2) H'(A, ) = Ext®* (k(é), @ 2(F)),
where é denotes the origin of A. Indeed, by the Fourier-Mukai equivalence,

H'(A, &) = Homp(4)(Ca, F[i]) = Homy, 5 (k(@)[—g], @ 2(F))
=~ Ext¢ T (k(8), D 2(F)).

Applying (7.2) to f = wx we are reduced to compute the hypercohomology spectral
sequence

Exté TR (k(2), RE® p(wx)) = ExtE (k(@). @ p(wx)) = H' ().

We recall that Ext%(k(é), k()) = AJH'(04). Condition (7.1) makes the above spectral
sequence very easy. In fact we get the maps
H'(wx) = Ext! T (k(é), ® p(wx)) — ExtE T4 (k(8), RY® o(wx)[d])
= Ext® T4 (k(é), k(é))
— Ag+i—dH1(0A)
= ATTH (C)",

which are isomorphisms fori > 0 and surjective fori = 0. The lemma follows by duality. [

The Poincaré polynomial of a GV-subscheme. — As an application of cohomological
rank functions we prove that the Hilbert polynomial of geometrically non-degenerate
GV-subschemes is the conjectured one.

THEOREM 7.5. — Let X be a geometrically non-degenerate GV-subscheme of dimension d
of a principally polarized abelian variety (A, 9). Then

d
Ko (x0) =3 (“f) (=1

i=0

Proof. — We compute the functions higX (x60) in a neighborhood of xo = 1. First we
compute it in an interval (1 —e~, 1] as in Corollary 2.4. By (b) and (c) of this section we have
that ROQJJD(O){(@)) = 04(—09), qu)cy)(gx((a)) = oyx)(—0) and Riq)(@(ax(@)) =0
fori # 0,d (seee.g., [24, Prop. 5.1(b)]). Therefore, in a small interval [—e~, 0]

(—y)g)(aA(—e)(—i) =y8(1 + %)g =({+y)¢ fori=0,
Ry @0 = (—y)gQ(—i) fori =d,
0 fori #0,d,

where Q is the Hilbert polynomial of the sheaf wy(x)(—®), hence a polynomial of
degree g —d — 1. It follows that (—y)& Q(—%) = y4*17(y), where T is a polynomial
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of degree g —d — 1 such that 7(0) # 0. Setting x = 1 + y we get that in the interval
(1—¢€,1]00

x8 fori =0
by x0) = 1 (x = )4 T(x —1) fori =d,where degT = g—d — land T(1) # 0
0 fori #0,d.

Writing x# as its Taylor expansion centered at xo = 1 this yields the equality of polynomials
g

Xoy (x0) = Z (f) x=1"+ (=D =1D4F'T(x = 1).

i=0
It follows that y g, (x8), which is a polynomial of degree d, is the Taylor expansion of x¢ at
orderd. O

In the following proposition we compute the cohomological rank functions (with respect
to the polarization ) of the structure sheaf of a GV-scheme. In particular, this answers to
Question 8.10 of [3], asking, in the present terminology, for the cohomological rank functions
of the structure sheaf of a curve in its Jacobian.

PROPOSITION 7.6. — In the same hypotheses of the previous theorem
0 forx <0,
h%x (x0) = 1§ x8 for x €0,1],
Kox () = £ () = D' forx = 1.
Proof. — The assertion for x < 0 is obvious. The assertion for x > 1 follows from the

fact that Ox (®) is a GV-sheaf (in fact M-regular), this last assertion being well known, as it
follows at once from the definition of GV-subscheme and the exact sequence

0— Jx(©) = 04(®) — Ox(O) - 0.

Therefore, by Theorem 5.2(a), Ox {((1 + x)8) is IT(0) for x > 0. In the proof of the previous
theorem, we computed the function h%X (x8) = x8 for x in an interval (1—¢~, 1]. Therefore,
to conclude the proof, we need to show that we can take e~ = 1. By Proposition 7.1, the
dualizing sheaf wy(x) is a GV-sheaf. Hence, again by Theorem 5.2(a), wy(x){x€) is IT(0)
for x > 0. Therefore both R°® o(Cx (0©))(n0) = Os(—0O)(nf) and R4® »(Cx (©))(nf) =
wyx)(—®)(nf) are IT(0) for n > 1. Therefore one can take e~ = 1 (see Remark 2.5). O

As a consequence of Corollary 7.3 and Theorem 7.5 we get

THEOREM 7.7. — Let X be a geometrically non-degenerate d-dimensional GV -subscheme
of a g-dimensional p.p.a.v. A. Then

K (Ox) = (‘f) foralli <d.

(10) Actually in Proposition 7.6 below it will be shown that €~ = 1, but this is not necessary for the present Theorem.
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Proof. — Lemma 7.4 implies that the natural map A’ H'(04) — H'(Ox) is an isomor-
phism for i < d and injective for i = d. By Theorem 7.5 the coefficient of degree 0 of the
Poincaré polynomial, namely y(Cy), is equal to Zf:o(—l)i (%) The result follows. O

If one believes that the conjectures mentioned at the beginning of this section are true, then
geometrically non-degenerate GV-subschemes should be normal with rational singularities.
On a somewhat different note, we take the opportunity to prove some partial results in this
direction, using the results of [28] and [5].

LemMA 7.8. — Let (A, 8) be an indecomposable PPAV. Assume that X is a geometrically
non-degenerate GV-subscheme. Then X is normal.

Proof. — We know that X is reduced and irreducible by (a) of this section. Since an
irreducible theta divisor is smooth in codimension 1, by the argument in [5, Theorem 4.1],
GV-subschemes of 4 are smooth in codimension 1. Since X is Cohen-Macaulay, we conclude
that X is normal by Serre’s criterion. O

COROLLARY 7.9. — Let (A, 0) be an indecomposable PPAV. Assume that X is a geometri-
cally non-degenerate GV-subscheme of dimension 2. Then X has rational singularities.

Proof. — Fix u : X’ — X a resolution of singularities. By Lemma 7.8, we only need to
prove that pu.wx’ = wy to conclude that X has rational singularities.

We first claim that h'(COx/) = h%(QL,) = g. Assume the contrary. Then the Albanese
variety Ay has dimension 2'(Cx+) > g. We consider the commutative diagram

axs
X' —— Ay

!

Since X is normal, .« Ox = Ox. Hence h'(Ox/) = h'(Cx) + h°(X, R'uu« Ox/) > g. Thus
h%(X, R' i« Cx/) > 0 and hence there exists an irreducible curve C on X’ which is contracted
by p and ay| c is generically finite onto its image. In particular, there exists a holomorphic
1-form wy € H°(X’, Q}(,) such that (wo)|c is non-zero. Pick p € C a general point and
consider the following local calculation around p. Let x, y be local analytic coordinates of X’
around p and assume that C is defined by y = 0. We may assume that t(p) is the origin
of Aand t(x,y) = (fi(x,¥),..., fe(x,y)) in an analytic neighborhood of p. Let m be
the multiplicity of C in the fiber ©*(0). Then the holomorphic functions f; can be written
as y™g;(x, y) with g; holomorphic around p. For each holomorphic 1-formw € H%(A, Q}l),
we write T*w = hjdx + h,dy in a neighborhood of p. Then y™ | h; and y™~! | h,. Thus for
any s € t*H%(A, Qfl) C HO(X', Kx), the corresponding divisor D(s) has multiplicity of C
> 2m — 1. On the other hand, since wy| , # 0, writing locally o = g1dx + g2dy around p,
we have that (g1)|, is non-zero. Hence there exists t € wo A T*H(A4,Q)) C H(X', Kx/)
such as the corresponding divisor D(¢) whose multiplicity of C is m — 1. But then we have
a contradiction, since, by a result of Schreieder mentioned in the Introduction, the natural
map H%(X', Kx') ~ t*H°(A, Q%) is an isomorphism ([28, Theorem 2]). This proves what
we claimed. It follows that the natural map H'(04) — H'(Ox-) is an isomorphism.
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Consider the short exact sequence
0— psxwy - wy -1 —0.

By Theorem 7.7 and the result of Schreieder it follows that H(u.wyx) — H°(wy) is an
isomorphism. By Theorem 7.7 and the above claim it follows that the map H!(uswx:) —
H(wy) is an isomorphism. Thus #°(t) = 0 hence the cohomological support locus V°(7) is
strictly contained in A. On the other hand, we know that wy is M-regular by Corollary 7.3.
This, together with the fact that u.wy- is GV ([9]) yields that 7 is M-regular. Since V() is
strictly contained in A, this implies (as it is well known, see e.g., [21, Lemma 1.12(b)])
that t = 0. O

COROLLARY 7.10. — In the hypothesis of the previous corollary, let X' be any desingular-
ization of X. Then the induced morphism t : X' — A is the Albanese morphism of X'.

Proof. — In view of the fact that 2! (Cx/) = g = dim A, it is enough to prove that T does
not factor through any non-trivial isogeny. This means that if @ € A is such that t* Py is
trivial then @ = é. But this follows from the last part of Lemma 7.3, which implies by base
change that the cohomological support locus V¥ (wy) = {é} and Lemma 7.9. Alternatively,
one can use the results of [16]. O

8. Cohomological rank functions of the ideal of one point, multiplication maps
of global sections, and normal generation of abelian varieties

We refer to the Introduction for a general presentation of the contents of this section. Let
A be an abelian variety and / and n be polarizations on A (in our applications n will be a
multiple of /). Assume moreover that n is basepoint free. Let N be an ample and basepoint
free line bundle representing n. We consider the evaluation bundle of N, defined by the exact
sequence

(8.1) 0> My — H°N)® 04 - N — 0.

Finally, let p € A. We consider the cohomological rank functions h’;yp (xI) and hwa (xn). (D
In both cases for x > 0 the functions are zero for i > 2 and for x < 0 they are zero
fori # 1, g. We consider their maximal critical points, namely

B() = infix € thiyp (x1) = 0},
s(n) = infx € Qlhl, (xn) = O}.

As it is easy to see, the problem illustrated by Remark 5.5 about Proposition 5.4 does not
occur for these two sheaves. Hence if xo € Q is such that 7, (xol) (resp. My (xon))is GV but
not IT(0) then B(I) (resp. s(n)) is a critical point of h’;% (xI) (resp. ki (xn)) fori = 0,1,
in fact the maximal one. In any case, for x € Q, the fact that x > S(I) (resp. y > s(n)) is
equivalent to the fact that 7, (x/) (resp. My (yn)) is IT(0).

(1D Note that they don’t depend respectively on p and on N.
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Let us spell what the IT(0) (resp. GV) condition means for the above Q-twisted sheaves.
Forx = ¢ € Q~9, the fact that J,(xI) is IT(0) means that

W (up(Jp) ® L) =0

for all line o € ;1\, where as usual Lgb denotes L2* ® P,. This means that the finite scheme
p+ ;Lgl (0) imposes independent conditions to the line bundles L for all & € A. Since the
L2’s are all translates of the same line bundle this means that for all p € A the finite scheme
p+ /Lb_l(O) imposes independent conditions to the global sections of the line bundle 12°
(hence the same happens for a/l line bundles L2°). This condition can be interpreted as
basepoint-freeness for the fractional polarization x/. Note that if x € Z, writing x = % one
finds back the usual basepoint-freeness. In turn the fact that J,(x/) is GV but not IT(0)
means that for all « in a proper closed subset of A the finite scheme p+ M;I (0) does not
impose independent conditions to the global sections of the line bundle L. As above this
means that for p in a proper subset of A the finite scheme p + M;] (0) does not impose
independent conditions to the global sections of L2 (hence the same property holds for all
line bundles L2%). Again, for x € Z one finds back the usual notion of base points and base
locus. It follows that .J,(L) is any case GV and it is IT(0) if and only if [ is basepoint free.
In other words: B(1) < 1 and equality holds if and only if / has base points.
Similarly, for y = £, the fact that My (yn) is IT(0) (resp. GV) means that

= ¢,
R (15 (M) ® NG°) = 0
for all (resp. for general) o € A Pulling back the exact sequence (8.1) via u and tensoring

with L2 this has the meaning mentioned in the introduction, namely that the multiplication
maps obtained by composing with the natural inclusion H°(N) < H°(u}N)

8.2) HO(N) ® HO(NZ®) — HO(u}(N) ® N2°)

are surjective for all (resp. for general) o € A. The above maps (8.2) can be thought as the
multiplication maps of global sections of N and of a representative of the rational power N b
(twisted by Py)

PrOPOSITION 8.1. — Let (A, n) be a polarized abelian variety and assume that n is base-
point free. Let p € A. Fori =0,1andy < 1

i - (1-y)® i _ 1
g,n) = BTN My (1 + ]_y)a)-
Consequently
_ L 4¢3
8.3) s(ﬁ)__l-i_l—ﬂ(ﬁ)_l—ﬂ(g)'

Proof. — We can assume that p = e (the origin of A). The essential point of the proof is
that

(8.4) o (R°® p(J.(N))) = My @ N™".

Indeed, by the exact sequence 0 — J.(N) - N — N ® k(e) — 0 it follows
that RO® o(J.(N)) is the kernel of the map

R°® o(N) = N 5 RO® (N @ k(e)) = 0.
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By (1.5) the map ¢, (f) is identified to a map H°(N) ® N~!' — (04 which is easily seen to
be the evaluation map tensored with N 1.
Next, we notice that, since the polarization n is assumed to be basepoint free, we have that

(8.5) P p(Je(N)) = RO® p(Je(N)).
To prove this, we first notice that H (.7, ® Ny) = Oforalla € Aandi > 1. By base change
this implies that the support R’ ® o(J(N)) isequal to
VI(Je(L) = {a € Ah'(Je ® N ® Po) > O},
which is non-empty if and only if n has base points. This proves (8.5).
Therefore, by Proposition 2.3 and degeneration of the spectral sequence computing the
hypercohomology, we have that fori =0,1and¢ <0

(—1)*# @4 (=0
(N)(t_) = T ‘ﬂn RO(I)J)(JO(N))( l_) 1) N((_l - ;)ﬂ)

The first statement of the proposition follows setting y = 14¢. The second statement follows
from the first one. O

Applying the previous proposition to divisible polarizations n = hl we get Theorem D of
the Introduction, namely

COROLLARY 8.2. — Let (A,1) be a polarized abelian variety and let h be an integer such
that hl is basepoint free (hence h > 2, and h > 1 if [ is basepoint-free). Then

l
(8.6) s(hl) = ; f(,é)(l)'
Consequently:
(a)
1
s(hl) < 1

and equality holds if and only if | has base points.
(b) Assume that [ is base point free. Then s(l) < 1 if and only if B(l) < % In particular, if
B() < % then [ is normally generated.

Proof. — (a) By definition, h'y (x(hl)) = h'y ((xh)l). Hence B(hl) = 3pB(1). By the
previous proposition,

hl [
sy = POD_ O

L=Bhl)  h—pBWd)

The last statement follows from the fact that 8(/) < 1 and equality holds if and only if / has
base points.

(b) The first assertion follows immediately from (8.6). Concerning the last assertion, we
have that s(!) < 1 if and only if the multiplication maps

HO(L) ® H%(Lo) - H(LY)

are surjective for all @ € A. A well known argument (e.g., [13], proof of Thm 6.8(c) and
Cor. 6.9, or [4], proof of Theorem 7.3.1) proves that this implies that L, is normally generated
forall o € A. O
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Item (b) as well as the case & = 2 of item (a) of the above corollary have been already
commented in the Introduction. Here we note that the proposition implies that, for an integer
h>2and 3 > ﬁ the “fractional” multiplication maps of global sections

HO(L") ® H(Ly™) — H(uy (L") ® Lg™)
are surjective for general o € A and in fact for all @ € A4 as soon as 5> h%l or [ is basepoint
free. This is much stronger than the known results on the subject. For example, for 2 = 3

Koizumi’s theorem on projective normality, in a slightly stronger version ([13] Cor.6.9, [4]

Th. 7.3.1) tells that the above maps are surjective for all @ € Aforb=1anda = % while the

corollary asserts that the same happens for £ > 1 Moreover, for the critical value £ = %,

the corollary tells that the maps ’
H(L?) ® HO(LG) — H(u3(L) ® Lg)
are surjective for general o € A and in fact for all @ € A4 as soon as [ is basepoint free. For
arbitrary & the same happens for the “critical” maps
HO(L") ® HO(LEP D) — HO(uj;_ (L") ® LA*=D).

Note that, when [ is a principal polarization, the dimension of the source of the above maps
is equal to the dimension of the target, namely (h%(h — 1))8.
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GLOBAL REGULARITY FOR THE 3D FINITE DEPTH
CAPILLARY WATER WAVES

BY XUECHENG WANG

ABSTRACT. — In this paper, we prove global regularity, scattering, and the non-existence of small
traveling waves for the 3D capillary waves system in the flat bottom setting for smooth localized small
initial data.

To construct global solutions, we highly exploit the symmetric structures inside the capillary waves
system and control both a low order weighted norm and a high order weighted norm of the profile
of a good substitution variable over time to show that, although the nonlinear solution itself doesn’t
decay sharply at rate 1/(1+t) over time, the “1 + " derivatives of the nonlinear solution indeed decay
sharply, where « is some fixed positive number.

REsSUME. — Dans cet article, on démontre la régularité globale, la dispersion des solutions et
la non-existence des petites ondes progressives pour un systéme d’equations des ondes capillaires en
dimension 3 avec des petites données initiales réguliéres et localisées, dans le cas des fonds plats.

Pour construire des solutions globales, on exploite les structures symétriques du systéme d’ondes
capillaires et controle a la fois les évolutions des deux normes avec poids du profil d’une bonne variable
substitutive, 'une d’ordre petit et ’autre d’ordre grand. En conséquence, on montre que les dérivées
d’ordre 1 + « de la solution non-linéaire décroissent rapidement au taux de 1/(1 + ¢), bien que la
solution elle-méme ne décroisse pas aussi rapidement, ol & est un nombre positif fixé.

1. Introduction

1.1. The set-up of problem and previous results

We study the evolution of a constant density irrotational inviscid fluid, e.g., water, inside
a time dependent domain Q(t) C R3, which has a fixed flat bottom ¥ and a moving
interface I'(z). Above the water region Q(¢) is vacuum. We neglect the gravity effect and
only consider the surface tension effect in this paper. The problem under consideration is
also known as the capillary waves system.

0012-9593/04/(C) 2020 Société Mathématique de France. Tous droits réservés doi:10.24033/asens.2436
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After normalizing the depth of Q(¢) to be “1,” we can represent 2(¢), I'(¢), and X in the
Eulerian coordinates as follows,
Q@) :=={(x,y): x e R?2, =1 <y < h(t,x)},
L(t):={(x,h(t,x):x eR?}, X :={(x,—1):x e R?},
where A(t, x) represents the height of interface, which will be a small perturbation of zero.
Let “u” and “p” denote the velocity and the pressure of the fluid respectively. Then the
evolution of fluid can be described by the free boundary Euler equation as follows,
(1.1) dju4+u-Vu=-Vp, V-u=0, Vxu=0, in Q).
The free surface I'(r) moves with the normal component of the velocity according to the
kinematic boundary condition as follows,
d; +u -V istangent to U, I'(¢).
The pressure p satisfies the Young-Laplace equation as follows,

p=ocH(), onTI(),

[T 1)

where “o” denotes the surface tension coefficient, which will be normalized to be one, and
H (h) represents the mean curvature of the interface, which is given as follows,

Vh )
VI+ [Vh2"

Lastly, the following Neumann type boundary condition holds on the bottom X,

H(h):V-(

u-n=0, onX.

Because the bottom is assumed to be fixed, the fluid cannot go through the bottom. This
explains why the above boundary condition holds.

Since the velocity field is irrotational, we can represent it in terms of a velocity potential ¢.
Let ¢ be the restriction of the velocity potential on the boundary I'(¢), more precisely,
v(t,x) = ¢(t, x, h(t, x)). From the divergence free condition and the boundary conditions,
we can derive the Laplace equation with two boundary conditions as follows,

d¢

2 _ %@ _ —

(1.2) (05 + Ax)p =0, aﬁ|E =0, ¢|F(t) = .

Hence, we can reduce the study of the motion of fluid in (7) to the study of the evolution
of the height function “h(¢, x)” and the restricted velocity potential “yr(z, x)” as follows,

dth = G(h)Y,

1.3
(4 9y = H(h) — 3|y > +

(G(h)Y +V h-Viy)?
2(1 + |Vh]?) ’
where G(h)y = /14 |V h|? HN(h)Y¥ and oW (h)y is the Dirichlet-Neumann operator at the
interface I'(¢). See e.g., [42] for the derivation of the system (1.3).
The capillary waves system (1.3) has the conserved energy and the conserved momentum

as follows, see e.g., [7],
(1.4)

1
0. @) = [ [ v O6HOwo +-

|Va()?

+ 1+ V()2

dx] = SUh(0), ¥ (0)),
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(1.5) / h(t,x)dx = / h(0, x)dx.
R2 R2
From [34, Lemma 3.4], we know that

(1.6) (Flat bottom setting) :
A<[G(h)y] = [V[tanh |V|y — V- (AVY) — [V[tanh [V|(h|V|tanh [V]y),
(1.7) (Flat bottom setting) :  A<3[d;¢¥] = Ah — %|V1ﬂ|2 + %(|V| tanh |V|v)2,

where A <>[c/V] denotes the linear terms and the quadratic terms of the nonlinearity o/V.

From the above Taylor expansions, in the small solution regime, the conserved Hamilto-
nian in (1.4) tells us that the L2-norm of (V,A, |V|/tanh |V|y) doesn’t change much over
time. More precisely, the following approximation holds,

1
Z(IIVh(l)IIiz HIVIP<i [ O + 1V Pea [y O172) < FUA(@), ¥ (1))
(1.8) = GUO),¥(©0) < 4(IVRDIF> + IIVIP<i [y ONl7 + IIVI'? Poi [y ]I75)-

There is an extensive literature on the study of the water waves system. Without being
exhaustive, we only discuss some previous works here and refer readers to the references
therein.

Previous results on the local existence of the water waves system. — Due to the quasilinear
nature of the water waves systems, to obtain the local existence, it is very important to
get around the losing derivatives issue. Early works of Nalimov [32] and Yosihara [41]
considered the local well-posedness of the small perturbation of a flat interface such that
the Rayleigh-Taylor sign condition holds. It was first discovered by Wu [37, 38] that the
Rayleigh-Taylor sign condition holds without the smallness assumptions in the infinite
depth setting. She showed the local existence for arbitrary size of initial data in Sobolev
spaces. After the breakthrough of Wu’s work, there are many important works devoted to
improve the understanding of local well-posedness of the full water waves system and the
free boundary Euler equations. Christodoulou-Lindblad [10] and Lindblad [31] considered
the gravity waves with vorticity. Beyer-Gunter [8] considered the effect of surface tension.
Lannes [30] considered the finite depth setting. See also Shatah-Zeng [33], and Coutand-
Shkoller [11]. It turns out that local well-posedness also holds even if the curvature of the
interface is unbounded and the bottom is very rough even without regularity assumption,
only a finite separation condition is required, see the works of Alazard-Burq-Zuily [1, 2] for
more detailed and precise description of this result.

Previous results on the long time behavior of the water waves system. — The long time behavior
of the water waves system is more difficult and challenging. To study the long time behavior,
the low frequency part of the solution plays an essential role. It is very interesting to see that
the water waves systems in different settings have very different behavior at the low frequency
part. Even for a small perturbation of static solution and flat interface, we only have few
results so far. Note that it is possible to develop the so-called “splash-singularity” for a large
perturbation, see [9] and references therein for more details.

We first discuss previous results in the infinite depth setting. The first long-time result for
the water waves system is due to the work of Wu [39], where she proved the almost global
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existence of the 2D gravity waves for small initial data. Subsequently, Germain-Masmoudi-
Shatah [17] and Wu [40] proved the global existence for the 3D gravity waves system, which
is the first global regularity result for the water waves system. Global existence of the 3D
capillary waves was also obtained, see Germain-Masmoudi-Shatah [18]. For the 2D gravity
waves system, it is highly nontrivial to bypass the almost global existence. As first pointed
out by Ionescu-Pusateri [27] and independently by Alazard-Delort [3, 4], we have to modify
the profile appropriately first to prove the global existence. The nonlinear solution possesses
the modified scattering property instead of the usual scattering. Later, a different inter-
esting proof of the almost global existence was obtained in the holomorphic coordinates
by Hunter-Ifrim-Tataru [22], then Ifrim-Tataru [23] improved this result and gave another
interesting proof of the global existence. The author [35] considered the infinite energy
solution of the gravity waves in 2D, which removed the momentum assumption assumed
in previous results. Global existence of the capillary waves system in 2D was also obtained.
See Tonescu-Pusateri [28, 29] and Ifrim-Tataru [23]. For the 3D gravity-capillary waves
with any possible positive gravity effect constant and positive surface tension coefficient,
Deng-lonescu-Pausader-Pusateri [14] proved global existence for small localized initial data
in the infinite depth setting.

Now, we move on to the finite depth setting. The behavior of the water waves system in
the finite depth setting is more delicate than the infinite depth setting due to three factors
listed as follows, the presence of small traveling waves, the more complicated structure at low
frequencies, and less favorable quadratic terms.

Roughly speaking, the existence of small (in L2 sense) traveling waves for the water waves
system in different settings can be summarized as follows. From previous results [40, 17, 14]
on the 3D water waves system in the infinite depth setting, we know that there is no small
traveling waves regardless the size of o/g. However, we do know the existence of small
traveling waves for the 3D gravity-capillary waves system in the flat bottom setting as long
asa/g > 1/3, see [12]. From the recent work of the author [36], we know that there is no
small traveling wave for the 3D gravity waves system in the flat bottom setting, i.e., 6 /g = 0.
So far, it is still not clear whether there exist small traveling waves for the 3D gravity-capillary
waves system in the flat bottom setting if 0 < /g < 1/3.

On the long time behavior side. Only results on the gravity waves system were obtained.
The large time existence was obtained by Alvarez-Samaniego-Lannes [6] for the 3D finite
depth gravity waves system. Recently, the author [34, 36] showed that the 3D gravity waves
system admits global solutions for small smooth localized initial data in the flat bottom
setting. For the 2D gravity waves system in the flat bottom setting, Harrop-Griffiths-Ifrim-
Tataru [21] showed that the lifespan of the solution is at least of size 1/¢? if the small initial
data is of size €.

1.2. Main difficulties for the capillary waves system in the flat bottom settings

Note that the linear operator of the Dirichlet-Neumann operator changes with respect to
the depth of water region. To help readers understand the main difficulties of the capillary
waves in the finite depth setting, we compare the capillary waves system in the infinite depth
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setting and the flat bottom setting with the depth of water region normalized to be one.
Intuitively speaking, we have the following two types of dispersive equations,

(1.9) (Infinite depth setting) (0 + i|V|3/2)u = oNi(u),
(1.10) (Flat bottom setting) (9; + i|V|3/2\/tanh [VDu = No(u).

The main new difficulties of the 3D capillary waves in the flat bottom setting, which
are caused by the difference of linear operators in two settings at low frequencies, can be
summarized by the following two facts.

(1) The nonlinearity of (1.10) doesn’t have null structure at low frequencies, which does
appear in the infinite depth setting. Intuitively speaking, the presence of null structure
stabilizes the nonlinear effect. Hence, we expect a stronger nonlinear effect at low
frequencies, which makes the global regularity problem more delicate in the flat bottom
setting.

(i) A new type of time resonance set appears for the capillary waves system in the flat
bottom setting. The long time accumulated effect caused by the new time resonance
set has not been carefully studied before. Given the fact that there exists a finite time
blow up solution for a similar equation but with a different nonlinearity, we expect that
the nonlinear effect caused by the new type of time resonance set is very delicate.

For the sake of readers, we provide more detailed discussion about the existence of null
structure at low frequencies in two different settings here. Note that

(1.11)

(Infinite depth setting) : A <2[0;4] = A<a[G(W)W] = |V — V- (V) — |V|(|V|¥).
(1.12)

1 1
(Infinite depth setting) : A <2[d;¥] = Ah — 5|V¢|2 + §(|V|w)2.

From (1.11) and (1.12), it is easy to check that the symbols of quadratic terms vanish if the
output frequency of quadratic terms is zero. Moreover, if the frequency of the height function
“h(t)” is zero, then the symbol of quadratic terms in “d;/(¢)” also vanishes. Unfortunately,
we lose all these favorable cancelations for the capillary waves system (1.3) in the flat bottom
setting. From (1.6) and (1.7), it is easy to check that the symbols of quadratic terms in the
corresponding scenarios don’t vanish in the flat bottom setting.

Due to the lack of null structures at low frequencies in the flat bottom setting, we expect
much stronger nonlinear effect for the finite depth capillary waves. One way to capture the
nonlinear effect is to study the growth of the profile of the solution, which is the pull back of
the nonlinear solution along the linear flow, with respect to time.

For simplicity and also for intuitive purpose, we study a relevant toy model of the capillary
waves system (1.3). More precisely, we consider the long time behavior of the following toy
model,

(1.13) (Toy model) : (9, —iA)v = Q1(v,0)+ Q2(v,v)+ Q3(v,v), v:R,; XRJZC — C,
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where the symbols ¢; (§ — n,7n) of the quadratic terms Q;(.,.), i € {l,2,3}, satisfy the
following estimate,
(1.14)

I &' gi & — 0. MYk GV, (€ — MYk, ] L1 < € minf22maxtkrkal o e 1,2,3),

where C is some absolute constant.

The toy model (1.13) is derived by only keeping the quadratic terms of (1.3), which are
expected to be the leading terms in the small data regime, and replacing the linear operator
|V|3/2/tanh |V] by the leading operator |V|? at low frequencies. The estimate of symbol in
(1.14) captures the facts that there are at least two derivatives inside (1.3) and the size of
symbolis “1” in both 1 x 1 (sizes of two input frequencies) — 0 (size of the output frequency)
type interaction and the 1 x 0 — 1 type interaction.

It turns out that the toy model (1.13), which is a 2D quadratic Schrodinger equation,
is already a very delicate problem due to the presence of vv type nonlinearity. Even the
quadratic Schrodinger equation in 3D is not completely solved.

If without the vv type quadratic term, then the 1 x 1 — 0 type interaction is actually not
bad. Note that the phases are all of size 1 in the 1 x 1 — 0 type interaction if there is no
vv type quadratic term. The high oscillation of phase in time will also stabilize the growth
of the profile in a neighborhood of zero frequency even without the smallness arose from
the symbol. We refer readers to the works of Germain-Masmoudi-Shatah [15, 16] for more
detailed discussion.

To capture the nonlinear effect of vv type quadratic term in the toy model (1.13), we
study the growth of profile g(¢) := e **2v(t) over time, which gives us a sense of what the
dispersion of the nonlinear solution “v(¢)” will be. From the Duhamel’s formula, we have

(1.15)
g(l’g)zg(o’g”/ / (255741 (€ — 1, B, — B 1)
0 R2

+ ei2sn-(é—n)q2(§: —n,n)g(s, & —n)g(s,n)

+ eI EPHEE D g (6 — . )Z (s, — )& (s, m)dnds.
We start from the first iteration by replacing “g(s)” on the right side of (1.15) with the
initial data g(0), whose frequency is localized around “1”. As a result, intuitively speaking,
the following rough estimate holds in a small neighborhood of zero,

(1.16) ct <[g.§)| <Ct,  when [§] <c/t,

where ¢ and C are some absolute constants and the time “z” is very large.

Due to the nonlinear nature of the problem, the growth of profile at low frequencies will
trigger the growth of profile at other modes of frequencies. Therefore, it is reasonable to
expect that a certain instability could possibly happen. Recently, Ikeda and Inui [24] showed
that there exists a class of small L? initial data such that the solution of the quadratic
Schrédinger equation with v type nonlinearity blows up within a polynomial time in both
2D and 3D.

This intuition, which comes from the first Picard iteration in (1.16), says that the nonlinear
solution behaves differently from a linear flow. It says few precise information about the
nonlinear solution itself. In this paper, our goal is not trying to classify all possible outcomes
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for different types of nonlinearities inside the toy model (1.13). Because it is a very delicate
problem, we should not expect a universal answer. Instead, our goal is to exploit some hidden
structures inside the capillary water waves (1.3) and show that the 3D capillary waves system
(1.3) admits global solution for small localized initial data.

1.3. Main result

In this paper, we show that the solution of the capillary waves system (1.3) globally exists
and scatters to a linear solution in a weak normed space for small initial data. More precisely,
our main theorem is stated as follows,

THEOREM 1.1. — Let Ny = 2000,8 € (0,107°], and o = 1/10. Assume that the initial
data (hy, Yo) € HNoH2(R2) x HNo+HV2(R2) satisfies the following smallness condition,

Iho. Vol gno+ira + D I(Tho. To) o+
T'e{L,Q}

+ > CIT2he. T T?Y0) | g1z < 0.
'L, r2e{L,Q}

where € is a sufficiently small constant, Q = x+ -V and L := x - Vy + 2. Then there exists
a unique global solution for the capillary water waves system (1.3) with initial data (hg, Vo).
Moreover, the solution scatters to a corresponding linear solution in a homogeneous Sobolev
space HFS and the following estimate holds,

1.17)
sup (1407 (Ah, ) @) gvo + (1 + )] Y 20 FOKFEL) P [(h, ) (1)] || o] < Ceo,
t€l0,T] kez
where C is some absolute constant and A := |V|/2(tanh |V[)~1/2.

REMARK 1.1. — From (1.17), we know that the solution decays over time. This fact
implies that there is no small traveling waves for the 3D capillary waves system (1.3) in the
flat bottom setting, i.e., 0/g = oo.

1.4. Main ideas of proof

The idea of proving global existence for the 3D finite depth capillary waves system (1.3)
is classic, which is iterating the local existence result by controlling both the energy and the
dispersion of the nonlinear solution over time.

The whole argument depends on the dispersion estimate of the nonlinear solution, which
is very delicate. The main difficulty and the delicacy come from the complicated and large
time resonance set associated with the quadratic terms. More precisely, the time resonance
sets of the quadratic terms are defined as follows,

gu,,v = {(g’ T}) : A(|S|) - /“LA(E - 77|) - VA(MD = O}v Mm,v e {+’ _}'
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As a typical example, the following approximation holds at low frequencies for the case when
w=-4+andv =—,
(1.18)
Ty NAE D LIl =271 ~ (& ) : 8L Inl < 271 AED — AE — 1) + Adln)
~ 2£ -1 ~ 0}.

Note that the time resonance set is almost everywhere since it is possible that “£ -7 = 0” no
matter what the sizes of |&| and || are.

Recall (1.16). Since the growth mode happens at a small neighborhood of zero, it is
reasonable to expect that the spatial derivatives, which provide smallness at low frequencies,
compensate the L$° decay rate of the nonlinear solution. To capture this expectation, we aim
to prove the sharp decay rate for certain derivatives of the nonlinear solution instead of the
nonlinear solution itself.

Now, the first question is how many derivatives we associate with the nonlinear solution
to obtain the sharp decay rate. To answer this question, we need to keep a basic principle
in mind. Generally speaking, the more derivatives we associate with the solution the less
information we can tell about the solution itself. Recall (1.16). Intuitively speaking, because
of the accumulated effect of the 1 x 1 — 0 type interaction, it is unlikely that the “1-"
derivatives of the profile of the nonlinear solution do not grow over time. Therefore, in
practice, we expect that 14« derivatives of solution decay sharply, where « is a small positive
number.

Now, the real question is whether we can close the argument and show that our expec-
tation indeed holds globally in time. The argument that we will present is very complicated
and technical. There are two main ingredients that are very essential to the validity to
the argument: (i) there are requisite symmetric structures inside the finite depth capillary
wave system (1.3); (i) the bulk scenario, which is nontrivial to justify and will be clear
later, is the accumulated effect of the 1=1/2 x r=1/2 — t=1/2 type interaction. Recall (1.14),
there are two derivatives in total at low frequencies. Hence, the accumulated effect of the
t=12 x t=1/2 5 t=1/2 type interaction is compensated by the symbol of quadratic terms.
As a result, the bulk scenario is not an issue.

We discuss some main ideas and strategies used in the bootstrap argument with more
details as follows.

1.4.1. Energy estimate: controlling the high frequency part of solution. — We first point out
that the difference of the high frequency part between the infinite depth setting and the flat
bottom setting is very little. Thanks to the works of Alazard-Métivier [5] and Alazard-Burg-
Zuilly [1, 2], by using the method of paralinearization and symmetrization, we can find a pair
of good unknown variables, such that the equations satisfied by the good unknown variables
have symmetries inside, which help us to avoid losing derivatives in the energy estimate.
Recall that we expect that the decay rate of 1 4+« derivatives of solution is sharp. However,
within our expectation, the L$°-norm of the nonlinear solution itself in the worst scenario
is only (1 + ¢)~"/2%_ As a result, a rough L2 — L type energy estimate is not sufficient
to close the energy estimate. Hence, we need to pay special attention to the low frequency
part of the input putted in L°°-type space. To this end, an important step is to understand

4¢ SERIE - TOME 53 — 2020 — N° 4



3D FINITE DEPTH CAPILLARY WAVES 855

the structure of the low frequency part of the Dirichlet-Neumann operator, which has been
studied in details in [34].

We first state our desired energy estimate and then explain the main intuitions behind. We
expect that the following new type of energy estimate holds,

d
(1.19) IEE(I)I < CE@)(|(h(@0), y ) lwo.a+e + (@), Y O) |wor (A1), ¥ (1)) we.o),
where C is some absolute constant and the W type function space is defined as follows,

(1.20) 1 e =Y @* + 2| P fllpes, b <.

keZ
Note that the desired new type of energy estimate (1.19) is sufficient to show that the energy
only grows sub-polynomially as long as the nonlinear solution decays sharply in W 1%, To
derive the new type energy estimate (1.19), besides the quadratic terms, we also need to pay
special attention to the low frequency part of the cubic terms.

Now, we provide an intuitive explanation about why the desired estimate (1.19) holds.
Note that the following three facts hold: (i) there are at least two derivatives in total inside
the quadratic terms; (ii) we don’t lose derivatives after utilizing symmetries during the energy
estimates; (iii) the total number of derivatives doesn’t decrease in this process. As a result,
intuitively speaking, there are only two possible scenarios, which are listed as follows: (i)
Including the High x High type interaction, there are at least two derivatives associated
with the input with relatively smaller frequency; (i1)) Smooth error terms. In other words, the
high order Sobolev-norm of those terms can be controlled by their L2-norms. Therefore, we
can put the input with larger frequency in L and put the other input in L2. In whichever
scenario, the input putted in L* type space always associates with two spatial derivatives,
which explains the first estimate in (1.19). A very similar intuition also holds for cubic and
higher order terms, which leads to the second part of (1.19).

1.4.2. The dispersion estimate: sharp decay rate of the 1 + « derivatives of solution. — To
carry out the analysis of decay estimate, we first identify a good substitution variable, which
has the same decay rate as the original solution. Instead of proving the dispersion estimate
for the original variable, our goal is reduced to prove the sharp decay estimate for the good
substitution variable over time.

We divide the rest of this subsubsection into three parts. (i) In the first part, we explain
how to find such a good substitution variable. (ii) In the second part, we explain some main
ideas in the estimate of the lower order weighted norm. Our goal is to prove that, under the
assumption that the high order weighted norm only grows sub-polynomially over time, the
low order weighted norm of the profile doesn’t grow over time, which implies that the decay
rate of 1 + « derivatives of the nonlinear solution is sharp. (iii) In the third part, we explain
main ideas behind the estimate of high order weighted norm and show that it indeed grows
only sub-polynomially over time.

A good substitution variable. — The good substitution variable is obtained by using the
normal form transformation that removes some nonlinearities, which associate with phases
that are highly oscillating in time. As a result, the equation satisfied by the good substitution
variable has less terms, which simplify the whole argument.
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For simplicity, we consider the toy model (1.13) to illustrate the main idea behind. Define
the profile of u(¢) as f() := e’ u(t), as a result of direct computation, we have

~ ~ ! DMV —_ —
Feo=Foo+ Y [ [ 0,06 e - 0T ndds,
el 0 UE

where f+:= f =: PL[f], /™ := f = P_[f]. qu,v(§ — 1, n) is the symbol of u*u” type
quadratic term, and the phases ®*¥ (€, 1), u, v € {+, —}, are defined as follows,

O (€, ) = €1 — ulE =0l —vinl®, pv e {+ -
Note that
Vp@tF(E ) = (= §) —n = Vy @t (E.8/2) = 0.
Therefore, we can’t do integration by parts in “»” around a small neighborhood of (&, £/2)
(space resonance set) . Fortunately, (£, £/2) doesn’t belong to the time resonance set. From
the explicit formula, it is easy to check the validity of the following estimate,

DT, £/2) = |87 —2(1€1/2)* = [€?/2.
Very similarly, we can verify that the following estimate holds when || < 2710¢| and
p=—orlg <27y, pv = +,

272 max{[§], [n|*} < [®*7 (&, )| = 2> max{|¢[*, [n]?}.

Since the associated phases are relatively large, we refer those cases as the high-oscillation-
in-time cases.

To take the advantage of the high oscillation in time for these scenarios, we can use a
normal form transformation to remove the high oscillation in time cases as follows,

(1.21) vi=u+ Z AM,V(MM’ u), Qpy(E—n.n) = Z zquf(; m)'?)
w,vef{+,—} kez 1

1- 1
X (k1000 — €296 ) + LY@V 100) + U@Vt 100).

where a;, ,(§ — 1, 1), n,v € {4, —}, are the symbol of quadratic terms A4, ,(.,.). Note that
there are at least two derivatives inside the symbol, which cover the loss of dividing the phase.
As a result, the normal form transformation is not singular.

The discussion so far is restricted to the toy model (1.13). For the capillary waves system
(1.3), we use similar ideas not only for quadratic terms, but also for cubic terms and quartic
terms, see (4.20). Please refer to Subsection 4.1 for more details.

The low order weighted norm. — We first define the low order weighted norm Z;-norm and
the high order weighted norm Z,-norm as follows,

(122) lglz, =Y > lglse,. Ngls,, = @UT* +21%0)27 gk (x) Prg(x)| 2.
keZj>—k—

(123) lglz, = > IT'T%l2 + [T gl
r'l,r2e{L,Q}

where <pj’F (x) isdefined in (2.1), which is first introduced in the work of Ionescu-Pausader [25].
An advantage of using this type of space is that it not only localizes the frequency but also
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localizes the spatial concentration. The atomic space of this type has been successfully used
in many dispersive PDEs, see [14, 13, 19, 25, 26, 36].

Define the profile of the good substitution variable v(¢) as g(r) := e**Av(z). From the
linear dispersion estimates (2.10) and (2.11) in Lemma 2.7, to prove the sharp decay rate,
it would be sufficient to prove that the Z;-norm of the profile g(¢) doesn’t grow over time.
Now, under the assumption that the Z,-norm only grows polynomially, we explain some
main ideas of how to prove that Z;-norm doesn’t grow over time.

Note that the High x High type interaction is not an issue because we put a very
high order weighted (i.e., 2(1®k) in the definition of Z;-norm, see (1.22). It remains to
consider the High x Low type interaction, e.g., [n| < 27!°£|. As a typical example of
the bulk threshold case in the High x Low type interaction, we consider the case when
In| € [2719/¢,219/¢], |€] € [271°,210]. To get around the difficulty caused by the lack of
null structure and the growth of profile around the small neighborhood of zero frequency
(see(1.16)), we analyze more carefully the source of the growth mode inside the nonlinearity
of the capillary waves system (1.3).

Recall (1.5). We know that X (z,0) is conserved over time. Moreover, a simple Fourier
analysis shows that |/ (z,0)| < 2!°|¢|eo, where € is the size of initial data. These two facts
motivate us to expect that the source of trouble should be the restricted velocity potential
IZ (t,n) instead of the height function ﬁ(t n), i.e., the size of ﬁ(t n) should be much smaller
than g(z, n) when |n| < 210/¢, where time “t” is very large. As a matter of fact, we do have a
better estimate for h(t n), see (5.15) in Lemma 5.3, which says that h(z n) grows at most at
rate “+28” with respect to time if || < 21°/z. Recall again (1.6) and (1.7), we know that there
is at least one spatial derivative associated with the velocity potential “y (¢)”. Therefore, if
the velocity potential “y(¢)” has the small frequency “n,” the associated spatial derivative
contributes to the smallness of |5|. To sum up, either the symbol contributes to the smallness
of “|n|” or the input with smaller frequency is the height function “/(¢)”. In whichever case,
the bulk threshold case |n| € [2719/¢£,219/¢],1£| € [2719,219] is not an issue.

For the non-threshold case, we do integration by parts in “n” once to take the advantage
of the gap between the threshold case and the non-threshold case. For the High x High type
interaction, the gap is created by the extra “2%*” we put in the definition of Z;-norm. For the
High x Low type and Low x High type interactions, the gap is created by the observation
on the source of growth mode that we made in the above discussion. The gain of decay rate
from the gap between the threshold case and the non-threshold case is more than the loss
from the growth rate of the high order weighted norm. This fact leads to the conclusion that
the Z;-norm of the profile doesn’t grow in time.

The high order weighted norm. — Now, we explain some essential ideas that make it possible
to conclude that the high order weighted norm (Z,-norm) of the profile grows at most rate
“t3” with respect to time.

The losing derivatives issue. — Note that the high frequency part of the nonlinear solution is
controlled by the high order energy (H¥0-norm) of the nonlinear solution, which only grows
at most at rate 78 with respect to time. As a result, we only have to consider the case when the
sizes of all frequencies are less than 1°/1990 which is only a minor growth rate. Therefore, the
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losing derivatives issue can be reduced to the losing time decay rate issue. For the cubic and
higher order terms, we use the extra decay rate to cover the loss of losing derivatives. Since
the “1/¢” decay rate for the quadratic terms is critical to close the argument, we can’t afford
the loss of time decay rate.

To get around this issue, we notice that it would be sufficient to avoid losing derivatives
at the quadratic level if the losing derivatives issue is only relevant at the quadratic level.
After carefully studying the explicit quadratic terms of the capillary waves system (1.3), we
study the system of equations satisfied by (2, — T|v|tann|v|w/), Which is the truncation
up to quadratic level of the good unknown variable found in the paralinearization and
symmetrization process, instead of the system of equations satisfied by (%, ¥). As a result,
after utilizing the symmetric structure for the good substitution variable, the quadratic term
doesn’t lose derivatives.

The insufficient decay rates issue. — Now, we explain the main ideas used in two typical
scenarios in which it is not obvious to obtain the critical “1/¢” decay rate over time.

Recall that we applied the vector field “L := x - V + 27 (equivalently, “—§ - V¢”
on the Fourier side) on the profile of the nonlinear solution in the definition of Z,-norm.
A drawback of using the “L” vector field is that we face a loss of “¢#” when “L” hits the phases
of nonlinearities. To be more precise and as a typical example, we consider the High x Low
type interaction of the quadratic term. Note that (see (6.17) and (6.19) for more details), the
following decomposition holds if the vector field “L” hits the phase.

(1.24) - V@V (E ) = OOV (Em) + O(nl*),  when [n] < 27'0E].

For the first term on the right hand side of (1.24), which is comparable with the phase
function ®*¥ (&, ), we can take the advantage of oscillation in time by doing integration
by parts in time once first and then take the advantage of the space oscillation in “n”. For
the second term of (1.24), the smallness of “|5|?” acts like null structures, which allow us to
obtain sharp L decay rate even after taking the advantage of the space oscillation in “n”.

Another typical scenario with insufficient time decay rate is the case when all the vector
fields hit the input with the largest frequency. Since the L$°-norm of the nonlinear solution
itself only decays at rate (1 + 7)~'/2%% a rough L2 — L type estimate is not sufficient to
close the argument. To get around this issue, we use the hidden symmetric structure inside the
capillary waves system. As a result, a similar decomposition as in (1.24) holds for the symbol
of quadratic terms after utilizing the symmetric structure inside the capillary waves system.
Therefore, the aforementioned strategy is also applicable for the case we are considering. For
the cubic terms, similar to the desired energy estimate (1.19), the symmetric structure inside

the capillary waves system (1.3) also plays an essential role.

1.5. The outline of this paper

In Section 2, we introduce notations and some basic lemmas that will be used constantly.
In Section 3, we prove a new type of energy estimate by using the method of paralinearization
and symmetrization and paying special attention to the low frequency part. In Section 4,
we identify a good substitution variable to carry out the estimate of weighted norms. In
Section 5, we prove that the low order weighted norm doesn’t grow over time under the
assumptions that the high order weight norm only grows appropriately and a good control
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of the quintic and higher order remainder term is available. In Section 6, we prove that the
high order weighted norm only grows appropriately under the assumption that we have a
good control on the quintic and higher order remainder term. In Section 7, we first prove
some fixed time weighted norm estimates, which were taken for granted in Section 5 and 6,
and then estimate the quintic and higher order reminder terms by using a fixed point type
argument.

Acknowledgment. — Part of this work was done when I visited Tsinghua University during
the Summer of 2016. The author would like to thank Pin Yu for the invitation and the
warm hospitality during the stay. Also I would like to thank the anonymous referee for many
helpful suggestions which improved the presentation of this paper.

2. Preliminaries

For p € N, then we use A, (/) to denote the p-th order terms of the nonlinearity /.
Also, we use notation A > ,[ /] to denote the p-th and higher orders terms, i.e., Asp[V] :=
>_g>p NalcH]. For example, Az[c/V] denotes the quadratic term of /¥ and A>2[ce/V] denotes
the quadratic and higher order terms of ¢/V. If there is no special annotation, Taylor expan-
sions are in terms of the height function “A(¢)” and the restricted velocity potential “y(¢)”.

We fix an even smooth function ¥ : R — [0, 1] supported in [-3/2,3/2] and equals to 1
in [—5/4,5/4]. For any k € Z, we define

Vi (x) == P (x/25) = g (x /2571, Ve (x) 1= P (x/2) = " yi(x),

1<k
Vsk(x) =1 —=Y<—1(x),

and use Pk, P and Psj to denote the projection operators by the Fourier multipliers v,
Y<r and Y respectively. We use fi(x) to abbreviate Py f(x). We use both f(£) and
F () (&) to denote the Fourier transform of f, which is defined as follows,

F)E) = / % f(x)dx.

We use o _l(g) to denote the inverse Fourier transform of g(&). For an integer k € Z, we
use k4 to denote max{k, 0} and use k— to denote min{k, 0}. We use f *and P, (f) todenote
f itself and use f~ and P_(f) to denote the complex conjugate f of f.

Recall the Z;-normed space and the Z,-normed space we defined in (1.22) and (1.23).
The spatial localization function goj’-‘ (x) used there is defined as follows,

Y(—oo,—k](x) ifk + j = 0andk <0,
2.1) ¥ (X) =1 V(o) ifj=0andk >0,
Yi(x) ifk+j>1landj > 1.

Forany k € Z, j > —k_, we define

fij = P2 k+21[0F () Pi f1.
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For two localized functions f(x), g(x) € L2, we use the convention that the symbol ¢(., .)
of a bilinear form Q(.,.) is defined in the following sense throughout this paper,

) FIQUSNE = 15 [ FE=nEa(e —n.mdn

Very similarly, the symbol c(., .,.) of a trilinear form C(f, g, h) is defined in the following
sense:

SIS = 1o [ [ 76 =08t - 0)h(o)e(s = 0.0~ 0.0)dndo
Define a class of symbol and its associated norms as follows,
&% = {m : R* orR® — C, m is continuous and ||&7_1(m)||L1 < 00},
I goo =l F " (M)l
lm @€ Ml seo,, o, 7= ImE MV E) e, (€ = MY, M) 5o
(.12 4y 1y 7= 1mE .V (E) Yk, (€ = MYy (1 = )iy (@) | 5o

LemMma 2.1. — Fori € {1,2,3}, f € Wi+1’°°(R2i), there exists an absolute constant

C € Ry such that the following estimate holds,
(2.3)
i+l i
/ FEr... &) H e Y (E)dE - dE; =332 f e,

m=0j=1
LY J

LEMMA 2.2. — Assume that m, m’ € S, f.g.h € L®°R?>) N LY (R?), p,q.r,s € [1,00],
then there exists an absolute constant C € R, such that the following estimates hold,

24) [0 < C lmll s | <.
2.5) |71 [ men 76— ngman],, = Clmlg=lleoleler
if1/p=1/q+1/r,

(2.6)

|7 [, [ Gn.o) 6 = i@t - orandal] , < Clm' gl luolglerlhlis,
R2 JR2
where 1/p =1/q+ 1/r + 1/s.

DEFINITION 2.3. — Given p € Ny,p > 0Oand m € R, we use F;”(RZ) to denote the
space of locally bounded functions a(x, £) on R? x (R?/{0}), which are C > with respect to £
for £ # 0. Moreover, for any o € N2, there exists a constant Cy(a), which only depends

cc 2

on and the symbol a(x, &) itself, such that the following estimate holds for the symbol

a(x,§),
VIEl = 1/2.]|108a (. §)|woee < Cala)(1 + [E)™ 7,

where W#:*° is the usual Sobolev space. For a symbol a € I'”?, we define its norm as follows,

Ma):= sup sup [(1+ [EDI"0¢a(.&)]lwooe.
la|<2+p |E]=1/2
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DEFINITION 2.4. — (i) We use f;"(Rz) to denote the subspace of I')*(R?), which
consists of symbols that are homogeneous of degree m in .

(i) Ifa = Z a9 where a™=7) ¢ f‘;":jj (R2), then we call ¢ and a1 as the
0<j<p
principal symbol and the subprincipal symbol of a respectively.

(iii) An operator T is said to be of order m, m € R, if for all © € R, it’s bounded from
H*(R?) to H*™(R?). We use S™ to denote the set of all operators of order m.

Fora, f € L? and a pseudo differential operator d(x, £), we define the operator T, f and
T; f as follows,

@.7) Tf = &7 /R aE — )b —nm F ). Tsf
= 5 fR F o @)(E — 1.0 —n.m) F (.

where the cut-off function is defined as follows,

1 when [§ — | < 271%7],

28 PE=nm = {o when [§ — 7| = 210,

LEMMA 2.5. — Letm € Randp > Oandleta € T} (R?), if we denote (T,)* as the adjoint
operator of T, and denote a as the complex conjugate of a, then we know that, (Ty)* — Ty* is
of order m — p, where

Moreover, the operator norm of (Ta)* — Ta* is bounded by M (a).
Proof. — See[1, Theorem 3.10]. O

LEMMA 2.6. — Let m € R and p > 0, if given symbols a € F;”(Rd) and b € F/’,”/(Rd), we
define

1
ah = ¥ g adzb,

lee]<p
then for all i € R, there exists a constant K such that
(2.9) 1TaTs = Tasl g s pri—m-m o < KM @M (D).

We have the following lemma on the L$° decay estimate of the linear solution associated
with the capillary wave system (1.3).

LEMMA 2.7. — For f € LY(R?) and any 6 € [0, 1], there exists an absolute constant C and
a constant Cg which only depends on 6 such that the following L°-type estimates hold,

(2.10) e Py fllree < C(1+ 1t 22| fll1,  ifk > 0.

a-0)k

. o .
@.11) le!™A P fllee < Co(1 + [t~ 22" 2 || £l ifk <0.
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Proof. — After checking the expansion of the phase, see (6.13), we can apply the main
result in [20, Theorem 1:(a)&(b)] directly to derive above results. O

3. The energy estimate

The goal of this section is to prove that the energy of solution grows at most at rate (1+7)°
over time. We first state our bootstrap assumption as follows,
5/6

(3.1 S[l(l)pT](l + O NARE) Y Ol gvo + (1 + DO, YYD lworta < €1 =& °,

where A := |V|"/2(tanh |V|)~!/2 and the function space W1+ was defined in (1.20).
The main result of this section is summarized as the following proposition.

PROPOSITION 3.1. — Under the bootstrap assumption (3.1), there exists an absolute
constant C such that the following energy estimate holds for any t € [0, T],

ICAR@), ¥ () 135,

t
(32 =<c[g+ /0 NARES). Y )2 (1Y) ot + 1Y) oo |G ) e )ds]-

We separate this section into three parts: (i) Firstly, we introduce main results and briefly
explain main ideas of the paralinearization process for the capillary waves system (1.3). (ii)
Secondly, with the highlighted structures of losing derivative inside the system (1.3), we
symmetrize the system (1.3) such that it doesn’t lose derivatives during the energy estimate.
(1i1) Lastly, we use the symmetrized system to prove the desired new energy estimate (3.2).

3.1. Paralinearization of the full system

Most of this section has been studied in details in [34]. Here we only briefly introduce
related main results and main ideas behind those results. Please refer to [34] for more detailed
discussions.

To perform the paralinearization process, we need some basic estimates of the Dirichlet-
Neumann operator, which are obtained from analyzing the velocity potential inside the water
region “Q(¢)”.

Recall that the velocity potential ¢ (¢, x) satisfies the following Laplace equation with two
boundary conditions as follows,

(3.3) AP =0. Pl = VD). ig|y =0,

To simplify analysis, we map the water region “Q2(¢)” into the strap & := R x [-1,0] by
doing change of coordinates as follows,

_ Yy —h@x)
(x,y) — (x,2), z:= TS htx)
We define ¢(t, z) := ¢(t,z + h(t, x)). From (3.3 ), we have
(3.4) Po:=[Ay+adl+b-Vo, +3:lp=0, ¢ _ =¥, 0.9 __ =0,
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where
3.5) LU+ 1)2|Vh|? I 1+ (z+ D Vh]
‘ (1 +h)4 (1+h?2 (1 + h)2 ’
- 4+ DVA 2@+ DVE . —(z4+ DAk | _(z + 1)|VA]?
(3.6 b= 0T T T axr o ST T axn SENTEWATIE
14 VA
(3.7 Gy =[-Vh-Vé+dy¢]| _, = %azmzzo —Vy -Vh.

Hence, to study the Dirichlet-Neumann operator, it is sufficient to study the only nontrivial
part of G(h)¥, whichis d2¢|__ .

From (3.4), we can derive the following fixed point type formulation for V, .¢, which
provides a good way to analyze and estimate the Dirichlet-Neumann operator in the small
data regime. More precisely, we have

o e—EHDIVI 4 (G+DIV Y eEHDIVI _ o=G+1IV] Y
x,z(p - [ e_lv‘ + e|v| ] W» e_lv‘ + e|v| | hﬁ

0

+[0.81(2)] + / 1[K1 (z.5) — Kz(2.5) — K3(2,5)](82(5) + V - g3(s))ds

. _
(3.8) + [1 K3(z,9)|Vsign(z — 5)g1(s) — [V|[K1(z, 5) + K2(z, 5)]g1(s) dss,
where

—z|V \%
V M=V nwi . Ve
2V eV 1 eV V] :

(3.9  Ki(zs) = [

v —z|V
_ 1My e nm le(z+s)|vw]
2 e_|v‘ +e|V| ’
—z|V \% v —z|V
V eVt —(s+1)|V] _lezl |+ le—(s+1)\V|]
2|V] eVl 4 elVI T2 eIV elVl '

(3.10)  Ka(z,s) = [

v 1
(G11)  Ks(z,s) = [—e—‘HHV' , -e—lz—sl‘V‘sign(s—z)],

2V 2
C2h+ R —(z+ D)V AP (z+ 1)Vh-Vg ~
(3.12) gi1(z) = WL 0z¢ + T 7 . &= =0,
(z+ D|VAPo,e Vh-Vo (z + )V hdg
3.13 - _ _ e+ DVhizp
(3.13) 82(2) T+ 02 T g3(2) T

In the small data regime, the fixed point type formulation (3.8) is sufficient to derive the
L2-type and L®°-type estimates for V. ¢ as summarized in the following lemma.

LEMMA 3.2. — Assume that (h, ) € HNo+t1/2(R2)x HNo+1/2(R2) and given any k,y € R
s.t.,k < No—1landy < No—3. Under the bootstrap assumption (3.1), there exists an absolute
constant C such that the following estimates hold for the derivative of velocity potential “Vy ,¢”
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inside the mapped water region,

(3.14)
IVez@llreeme < CLIVY e + | 2l IV 157 ]
(3.15)
IVxplpeewm < CIVU I, 1020005 < CLIY wrata + | U] Pt IVl ],
(3.16)
IA>2[Vx 2@l oy < CIVY Il 171 55
(3.17)

1A2[Viz@lllLgegr < CI RN G NVIV e + 1V el Allgrs ]
1A>2Vaz@lllLger2 < C[(Ih W) lwe.r+a + N ) lwo.t |G ) lwso) (B ) 2],

where the L°-type function space W7 is defined as follows,

W7 = A{f 1 f i = [ P<olf1®) g + > 2K Pe(x)|Lee < oo}
keZ,k>1

Proof. — Thanks to the small data regime, above estimates can be obtained from the
fixed point type formulation in (3.8) by using a fixed point type argument. With minor
modifications, the proof of above estimates are almost same as the proof of Lemma 3.3
in [34]. O

During the paralinearization process, we usually omit good error terms, which do not lose
derivatives. For simplicity, we define the equivalence relation “~” as follows,
A~ B, ifandonlyif A— B isa good error term in the sense of (3.18),

(3.18) | |good error term|| g«
= Cll Wllwsave + 1 W) lwsol(h ) lwer [l gx + 11l o172 ).

where C is an absolute constant and 0 < k < Nj.

As a result of paralinearization in Alazard-Burq-Zuily [1], modulo the good error terms,
we can identify the principal part of the Dirichlet-Neumann operator as in the following
lemma.

LEMMA 3.3. — Under the smallness condition (4.49), the following equivalence relation in
the sense of (3.18) holds,
(3.19) Gy ~Tho—-Ty-Vh, o:=v—Tph,
Gy +Vh-Vy
1+ |Vh|? ’
A=2042O@ AW = A+ [VAP)ER — (Vh-£)2,
14 |Vh|? AW 4 iVh-& )L(l)—HVh-E))
221 1+ |Vh|? 1+ |Vh|? ’

where “w” is the so-called good unknown variable and AV and A are the principal symbol
and sub-principal of the Dirichlet-Neumann operator respectively.

abbr

B'= B(h)y =

V2 y(hyy = Vy — BV h,

210 —

Vh) +iVed® . v(
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Proof. — The detailed proof of above lemma can be found in Alazard-Burq-Zuily [1,
Proposition 3.14]. Only minor modifications are required. O

As a result of paralinearization in [1], modulo the good error terms, we can identify the
bulk terms of the nonlinearity of “d,v” in the capillary wave system (1.3) as in the following
lemma.

LEMMA 3.4. — Under the bootstrap assumption (3.1), the following equivalence relation in
the sense of (3.18) holds,

Hy~ b 1=10 210, 1@ (s (e - )
LR U )

—i
1D = - (V- Ve)l @,

1 1 (Vh-Vy + G(h)y)?
3.20 ~|Vy > == ~ Ty -Vo —TgG(h)y.
(3.20) LA AR e v Vo - T3G(hY
Proof. — See[l, Lemma 3.25 & Lemma 3.26]. O

3.2. Symmetrization of the full system

In this subsection, we use the results obtained in the paralinearization process to find
out the good substitution variables such that the system of equations satisfied by the good
substitution variables has requisite symmetries inside.

Recall (1.3) and results in Lemma 3.3 and Lemma 3.4, we have

8th ~ T,la)—TV -Vh

(3.21)
Y =-Tih+ TgG(h)Yy — Ty - V.

The symmetrization process, which is only relevant at the high frequency part, is same as
what Alazard-Burq-Zuily did in [1]. We first state the main results and then briefly explain
main ideas behind.

Intuitively speaking, the symmetrization process can be summarized as seeking two good
substitution variables (U, Uz) = (Tph, T;w) with good unknown symbols p(x,£) and
q(x, ) to be determined such that the system of equations satisfied by (U, U,) has requisite
symmetries such that it doesn’t lose derivatives during energy estimate. As a result of the
symmetrization process in Alazard-Burg-Zuily [1], the good substitution variables and their
associated symbols are given as follows,

U, = 1~\(h + Tp\&\—l/z—lh)» U)=w+ Tq_la),

(3.22) © =y —Tgh, A = |V|"2(tanh |V|)~V/2,

where

(3.23) p=p/D 4 D (VR

(3.24)

p1/2 = (1+|Vh|2)—5/4\/m, pC12 = ﬁ[ql(l)_y(l/Z)p(l/z)_Hvgy(3/2).vxp(1/2)]’

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



866 X. WANG

[1@ ReA®
(3.25) y = VI®rAOL 4 %% - %(vg V) VI@LM —|g)3/2,

Note that, in the sense of losing derivatives, U; and U, are equivalent to T,/ and T, w. Here,
we pulled out and emphasized the leading linear terms.

From (3.21) and (3.22), we can derive the system of equations satisfied by U; and U, as
follows,
0:Up = AU, + TyUz — Ty -VU; + Ry,

(3.26)
0;Uy = —AU; — TyUl — Ty - VU, + Ry,

where 81 and R, are good error terms in the sense of (3.18), i.e., the following estimate holds
for the error terms for some absolute constant C,
(3.27)

1Rl v + 1Rl v < C (10 W) weata + [ W) lwo.t |y lwoo) | (AR | -
Very importantly, the symbol “y(x, £)” satisfies the following equivalence relation,
(3.28) T, ~ (Ty)*,
where the equivalence relation “~” is defined in the following sense,

Tay ~ Tay. #f | Tay f=Tay fllgx = Ce(I(h ) lwo.tva + 1 ) lwor |G ) lwoo) LS Nl

where k € Ry and Cy is some constant that only depends on “k”. From the above equiv-
alence relation, we can verify that the system (3.26) indeed has requisite symmetries for
avoiding losing derivatives.

Now, we explain why the good unknown symbols p(x, §) and ¢(x, §) are given as (3.23)
and (3.24). Recall that A € I' and/ € T'2. To obtain the system (3.26) from the system (3.21),
naturally, we are seeking p € F51 / 2, geTl2and ) € F53 /2 such that the equivalence relation
(3.28) and the following two equivalence relations hold at the same time,

(329) TpTl ~ Ty+|§|3/2T N Tqu ~ y+|§|3/2Tp.

From Lemma 2.5, we have
— 1
(3.30) (1)~ Toe, 2% =y @D 4y /D 4 —V V72,

Hence, (3.28) can be reformulated as follows,

(3.31) Ty ~ T,,<3/2>+y(1/2>+llfv$.vx,,<3/2>-

By using Lemma 2.6, we can derive six equations about the principal symbols and sub-
principal symbols of p(x, ), q(x, ), and y(x, &) from the three equivalence relations in
(3.29) and (3.31). After solving those equations, one can see that the principal symbols and
sub-principal symbols of p(x, &), g(x, £), and y(x, §) are given as in (3.23), (3.24), and (3.25).
For more detailed computations, please refer to [1, Subsection 4.2].

From the bootstrap assumption (3.1) and estimates in Lemma 3.2, the following estimate
holds,

(3.32) [|Uy = Ahligno + Uz = ¥llgve < Clhlwos + 1V lwe ) I(AR ¥) | gao < Cef,
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where C is an absolute constant. From the above estimate (3.32), we know that the difference
of energy between (Uy, Us) and (Ah, ¥) is a higher order smallness. Therefore, to control the
energy of (Ah, ) over time, it would be sufficient to control the energy of (U;, U,) over time.

3.3. Energy estimate

We define the energy as follows,

(3.33) Eny(0) := U025 + 1020125 + 1UN 01125 + 11U, (0)]12,.
where

2Ny/3
(3.34) UM = TaU (1), UMy = TpU,(), B o= (@2 + [g172)7 N7,

where y /2 (x, £) is the principal symbol of y(x, £), which is defined in (3.25). Note that,
from the above definition, the following equality holds,

0c B (v? + [£17/7) = 0 (y®/? + 1£172) .
Hence, very importantly, the operator as follows is an operator of order zero,

TTy+igl3> = Tyrigpr2Th-

REMARK 3.1. — To estimate the high order Sobolev norm, we use the variable TgU;
instead of using |V|NoU; because the commutator [Tig)no - Ty] is of order 1/2, which causes
the loss of derivatives. The idea of using the good variables TgU; and Tg U, comes from the
work of Alazard-Burq-Zuily [1].

Recall the definition (3.34) and the system (3.26). As a result of direct computation, we
can derive the system of equations satisfied by UIN % and UZN 0 as follows,
9, U0 = AUuNe 4 T, UM — 1y, - vU Mo 4 ;o

(3.35)
9, U0 = —AUN — T, U0 — Ty - VU 4 mo,

where the good remainder terms 9%11\7 © and 9%11\’ O satisfy the following estimate,
(3.36)
1987 012 + 1985° 2 < € (1R ) lwo+e + NG ) et G ¥ w0 )N CAR ) v

where C is some absolute constant. Recall (3.33). From the bootstrap assumption (3.1), it is
easy to see that the following estimate holds,

A (IAR@ vy + 1V O3 ny) < et (IUIO 138 + 102015 5y) < Eng (0)
(3.37) < G101 O v + 1020117, )
< C(IAR@) 13,0 + 1V O 350)-

where ¢; and C;, i € {1, 2}, are some absolute constants.
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Recall the systems of equations in (3.26) and (3.27). From the estimates (3.35) and (3.36)
and the L2 — L™ type bilinear estimate, we have

d
| T Eno(®)] = C1[1U10. Uz gy |91 (1), R 0). R (0. 85 (0) .2
+ / Ui(=Ty - VUL) + Uz (= Ty - V)

R2
+ UM (= Ty - VU) + U (= Ty - VU, dx]

(3.38) 4 / U\(TyUs) — Un(T3Uy) + U (T02) — u o1y v
R2

]

= G (10 ) lworso + 1) lwor s 1) lwoo) (UL, Un) g
| [ 0= @ + U1, (@uiean|

< G (10 W) lwsa+e + W) llwer [0 ) [wo.o) | (U, U2)lIz wg

where C;,i € {1,2, 3}, are some absolute constants. Note that, in the above estimate, we used
the following facts, which are direct results from (3.30),

1
(3.39) M) = 612 (G0 — = Va(Vh- ). ME(Azaly) — Asaly*]) = Cllyer.

1§ 1§

where C is some absolute constant. The first equality in the above equality (3.39) is derived
from the explicit formula of y in (3.25). Note that A[y] only depends on the second deriva-
tive of &, which explains why we can gain (1 + «) derivatives at the low frequency part for
the input putted in L°°-type space.

Combining the estimates (3.38) and (3.37), it is easy to see that the desired estimate (3.2)
in Proposition 3.1 holds. Hence finishing the proof of Proposition 3.1.

4. The set-up of the weighted norm estimates

By using the linear dispersion estimates in Lemma 2.7, we reduce the study of the disper-
sion estimate of the nonlinear solution to the study of the weighted norms of the profile of
the nonlinear solution.

In this section, we mainly introduce the set-up of the weighted norms (the Z;-norm
and the Z,-norm) estimates, which includes two main steps as follows: (i) We identify a
good substitution variable, which allows us to study and control properly the evolution of
the weighted norms of the good substitution variable over time. (ii) We reduce our goal of
proving the sharp dispersion estimate to two desired estimates inside a fixed dyadic time
interval.

4.1. A good substitution variable

To avoid losing derivatives at the quadratic level, we use the following variable instead of
the velocity potential “yr” itself,

V=¥ — T/ tanh V| 1,
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@, 9

which is the linear and quadratic terms of the good unknown variable “w” defined in (3.22).
Hence, instead of working on the system of equations satisfied by (%, ¥), we work on the
system of equations satisfied by (h, V).

From (1.6) and (1.7), as a result of direct computations, we obtain the following equalities,

4.1) A<[3:h) = |V[tanh [V [y + V] tanh |V|(Tg| ann vi5:7)
— V- (hVY{) —|V|tanh |V|(h|V|tanh |V|¢)

~ 1 _- 1 ~
(42) A<ald] = Ah = 3|V + 2|V] tanh [ V]2

- T|V\tanh|V\1}|V| tanh |V|¢ — TV tanh |v| AR
We remark that the Taylor expansions in (4.1), (4.2) and also in the rest of paper are all in
terms of (h, V7).
Next, we reduce the system of equations satisfied by / and ¥ into a quasilinear equation
satisfied by u = Ah + iy, where A = |V|'/2(tanh |V|)_1/2. Very naturally, we have
Uu-—+u

), ¥ =cqu-tci, cyi=—pi/2.

4.3) h=A"Y(
There, from (1.3), (4.1), and (4.2), we can derive the equation satisfied by u as follows,
@ +iMu= D Qua@u )+ Y Cocuu”u )

wve{+,—} T,k e{+,—}
4.4 + Z Dy oy, P M2 ut u?) + R,

W1,m2,v1,v2€{+,—}

where <R denotes the quintic and higher order terms. From (4.1), (4.2), and (4.3), we can
obtain the detailed formulas of quadratic terms as follows,

Oy ) = =S R0 (Rl b
- %ixm tanh |V|(A™"u"|V| tanh |V|u’ — Ty tann | vjur A~ )

(4.5) + %[ — Vut - Vu® + |V|tanh |V |V tanh |V [u”

— 119 tanh |V}u | V] tanh | V]u” — Tjv|tanh [vjr | V] tanh | V]u# ]

I
- Zﬂvuanh\vmuvu“, W, v € {+, —}.

We gave the detailed formulas of quadratic terms Q. ,(.,.), u,v € {4, —}, because the
precise detailed formulas help us to verify a symmetric structure that we will reveal later.
Define the profile of the solution u(z) as f(¢) := e!* u(t). From (4.4), we have

afee= Y /R O ED G (& — ) FR(LE — ) ()

(n,v)e{+,—}

+ 2 / / YN e (6~ 00— 0.0) [E(1.E— ) J¥(t.n—0) [t 0)dndo
R2 JR2

Tkt €{+,—}

+ Z Az Az eitqml'uz'ul"’Z(E’W’U’K)dm,uz,vl,vz(g—n, n—0,0—kKk,Kk) fR1(t,E—1)

W1si2,v1,v2€{+,—}
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(4.6) x fr2(t,n— o) fOL(t, 0 — k) Fo2(t, k)dndodi + e Rt &),
where the phases ®#-V (&, ), ®%(§, n, o), and OH1-H2:Y1:2 (& g, k) are defined as follows,

4.7 V(1) = A(ED — nAUE — 1) —vA(nD),  A(ED = [§**Vtanh €],
(4.8) @€ n.0) = A(ED) — TA(E — D) — kA(In — o) —A(lo]),

4.9)

QHLHEIL2 (€ 1, 0.6) = A(E]) — 1A — 1)) — p2A(In — o)) = viA(lo —k[) — v2 A(|k]).

From (4.5), we write explicitly the symbol g, (§ — 1, 1) of O, (u*, u”) in the sense of (2.2)
as follows,

(4.10)
Cvi(|g|2)
JE—n) = (= (g — h h
Qup(§ —n.1m) <21(]S—n|2)(§ n — |€|In| tanh(|§]) tanh(|7]))
+ A2 (& —m) - n -+ 1 = nllnl x tanh()§ — n]) tanh(|)) ). & =)
GAER) o _
+ (S5 (€=~ 16— nlE]anh(lg) tanh(é — 1))
e L(EP) . i ,
e -yt 1 TeneE = n glal anh 9)?)00r. € — )
where

€]

AE) = &4 (anh (VIED)TVZ, A@) =1+ F + 0P, if Jg| <277,

@.11) 6(n.€ —n) :=1-000.§ —n) = —n.1)-
Note that, in (4.10), we switched the roles of £ — n and n when |§ — 5| < 2719|5|. As a result,
the following estimate holds inside the support of the symbol g, (§ — 1, 1), u,v € {+,—},

4.12) ky < ky +10, wheren € supp(Vx,(x)),§ —n € supp(¥g, (§ —n)).

From the estimate (2.3) in Lemma 2.1 and the detailed formula of the symbol g, (§—n. 17)
in (4.10), the following rough estimate holds for some absolute constant C,

(4.13) g1 & = 0. DVE) Wk, (= MYy (D g0 < C2241, pv € {+. -}
Moreover, from the explicit formula in (4.10), we can identify the leading part “c(§)”

of ¢+, (& — n, n) for the case when |n| < 2710/¢| as follows,
Co ~
(4.14) c(§) 1= S A(EP)IE (1~ tanh(|§])?).

After subtracting c(£) from the symbol g+ , (., .), from the estimate (2.3) in Lemma 2.1, the
following improved estimate holds for some absolute constant C,

@15 gnE—n.m) = c®)) Vi, (E — DV, (D) goo < C2F2TR1 1 if ey < Ky — 10.

Since it is also very essential to identify the symmetric structure inside the cubic terms,
which will play an important role in the Z,-norm estimate of the cubic terms, we summarize
some properties of the symbols of cubic terms of the Dirichlet-Neumann operator as in the
following lemma.
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LEmMA 4.1. — After writing the cubic term A3[B(h)Y] in terms of u and u via the
equality (4.3), we do dyadic decompositions for all inputs and rearrange inputs such that the
following unique decomposition holds

As[Byyl= Y Cluvcb u’ ub).

w,v,7e{+,—}

where the first input u* of cubic term C’,, , (u*, u",u%) has the largest scale of dyadic
localization among three inputs. Then there exists an absolute constant C such that the following
estimates hold for the symbol ¢’y (€., 0) of the cubic term Cl’w,t(u“, u’,ut),
(4.16) ¢’ v,z (§. 1, 0) Wk, (€ = MYk, (7 — 0) Yy (0) ]| oo < €221 F2K14,
4.17)

c ax

(¢’ ev,e (€. 1 0) = Tﬂd(é))l//kl (E = MYk, (1 — 0) iy (0)]| oo < C2mX2ATIH31A

ifka, k3 < k1 —10, where the detailed formula of d(§) is given in (4.19). Moreover, there exists
an absolute constant C such that the following rough estimate holds for the symbol of quartic
terms A4[B(h)Y],

(4.18) ||d/L1,v1,/L2,V2 ¢.n,0, K)l/fkl (e n)l/sz(n - O)Wk3 (0 — K)‘/fk4(")||¢§‘°°
< C22max{k1 ..... k4}+3maxiky,..., k4}+.

Proof. — Note that the detailed formulas of symbols of cubic terms and quartic terms can
be derived from iterating the fixed point type formulation of Vy ;¢ in (3.8). To prove (4.16)
and (4.18), it is sufficient to prove that the corresponding estimates hold for A3[g;(z)] and
A4lgi(2)],i € {1,2,3}. From (3.12) and (3.13), we have

Az[g1(2)] = 2hA1[0:9] + (z + DV h - A1[Vg],
Az[g2(2)] = =V h-A[Ve], Az[g3(2)] = (z + )VhA [0, ¢].
Recall that

A1[Vi,z0] = |:[

—(z+D|V| (z+1D)|V]| z+D|V| _ —(+1]|V]|
e +e e e
|vw. |V|w].

e_|v| + e|v‘ e_|v| + e|v‘

From the above formula and the formulation (3.8), we know that there are two derivatives
inside A»[Vx z¢(2)] at low frequencies. We can keep doing the iteration process to check the
minimal number and the maximal number of derivatives inside A3 [V, ;¢]. For example, from
(3.12) and (3.13), we obtain the cubic terms of g;(z),i € {1, 2, 3}, as follows,

Aslg1(2)] = 2hAs[3:9] + (= 3h% — (z + D?|VA?) A1[9:9] — (z + DhVE - Ve,
Aslg2(2)] = (z + DIVAPAL[9:0] + hVh - A[Ve] = Vi - A [Ve],
A3[g3(2)] = (z + DVhA3[9:¢0] — (z + DhVRAL[0:¢].

Recall that there are at least two derivatives inside A, [Vy - ¢]. Hence, we know that there are
at least two derivatives and at most four derivatives in total inside A3[Vy - ¢]. Following the
same strategy, we know that there are at least two derivatives and at most five derivatives
inside A4[Vy z¢]. There two facts imply that our desired estimates (4.16) and (4.18) hold.
Next, we prove our desired estimate (4.17). We first identify the bulk term, in which all
derivatives act on the input that has the largest scale of dyadic localization of frequencies.
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With this principle in mind, recall (3.12) and (3.13), we know that the bulk term only appears
in g1(z), which is T(pp 4 y2y/(14+1)20z¢. Recall the fixed point formulation (3.8). We know that
the bulk term of A,[0,¢(z)], in which all derivatives act on the input with the largest scale of
dyadic localization of frequencies, is given as follows,
% —(+D|V
(U] 4~V

0
_e sV v 2 T
/—1 (—e ¢ + eIVl 4 elV

S| _ p—(+DIV] EHDIV] _ p=G+DIV]
e Vi—e V(T )ds + 25 ¢

e?IVl L g=zIVI

IVI(Thv).

e|V| —+ e_|v| e_|V| —+ e|v‘

In the same spirit, we can derive the bulk term of A3[d,¢(z) l,— 0], in which all derivatives act
on the input with the largest scale of dyadic localization of frequencies, is given as follows,

Cnnyy =7 [ [ 7€k =)@ 660 -0 edndo],

where
) = 2 0 r0 (e—(2+1)|$| _ e(Z+1)IE\) DIl _ =G+
)= 1) e—IEl 1 olél elél 4 o—lél
[t —z|&y (o (s—DIE] —(s+DIE|
(4.19) % ((ez + e~ 2l (el + e ) _ p-lasliE] —e(z+s)‘s‘)|§|3dsdz
e—IEl 1 oIl
0 —(s+DIEl _ p(s+DIE]
(e e )2, 10
- ds + tanh .
f_ 1 ST ) 18] (€D IE]

After removing the bulk term, by definition, there is at least one derivative acts on the input,
which doesn’t have the largest scale of dyadic localization of frequencies, for the rest of terms.
This fact implies that our desired estimate (4.17) holds. O

With the previous preparation, which improves our understanding of the equation satis-
fied by u in (4.4), we are now ready to find a good substitution variable. We seek a good substi-
tution variable as follows,

v =u)+ Y A OOV + Y Braaut 0. (0.0 (1))

wvel+,—} The{+,—}

(4.20)
+ Z Epy g p o, @), ul2 (), u” (1), u™ (1)),
w1sp2,v1,v2€6{+,—}
where quadratic terms A, (., .), cubic terms By (., .,.), and quartic terms £, ;5,05 (s s 5 -)

are to be determined. From the equation satisfied by u(¢) in (4.4) and definition of v(¢) in
(4.20), as a result of direct computation, we have

4.21)
@ +iMv= Y 0uu@ O+ Y Coa0F )5 (0). 0 (1))

wve{+,—} Th€{+,—}

+ > Dty iz, o (01 (1), 092 (1), 071 (1), 072(1)) + R (1),

W1si2,v1,v2€{+,—}
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where R (¢) is the quintic and higher order terms. The quadratic terms and cubic terms are

given as follows,

(4.22) Qun(@*,0") = Qup(*,0") + i A(Ay, (", 07)) = ipAy  (Av* 07) —ivA, , (0%, AvY),
Coic (7,05, 1Y) := a,,(,t(v’, V0 + i A(Bry, (07,0, 0Y) — it By (AVT, 07, 0Y)

(4.23) — ik By (VF, AV*,0") —itBr i, (V7 V%, AvY),

where the cubic term C‘}M (v®, v*, v') is the unique cubic term associated with the following

equality, such that the scales of dyadic localized frequencies of inputs v®, v, and v* are
ordered in a descending manner after we rearrange the inputs,

Z 6r,/c,t(vrv v, UL) = Z Cr,/c,t(vr7 v, UL)

T,k t€{+,—} T,k E{+,—}
+ Y Aun(PalQuy @1 0] 0Y)
(4.24) V101,01 €44+,—}
+ Apw @, Py[Q g vy W 0]
- Q~M=V(PM(AM1M (vm’“vl))’ UU)
= O (v Po(Apuy vy (071, 0))).
More precisely, the following estimate holds inside the support of symbol ¢; . (§—1, n—0, 0)

of the trilinear operator C';,K,L(., "),
(4.25)
ks <k> <ki,  whereo € supp(Y,(x)),n— o0 € supp(V,(x)),§ —n € supp(V, (x)).
Similarly, for any w1, 2, vy, v2 € {4+, —}, the quartic term Dul,uz,w,vz (V™1 (1), v*2(2),
v¥1(t),v"2(t)) in (4.21) is given as follows,
(4.26)
lim,uz,vl,vz W1 (1), 072 (1), 0" (1), 072 (1)) = ﬁm,uz,mwz (1), 012 (1), vV (1), 02 (1))
i ACE iy iz ravs (011 (1), 072 (1), 0 (1), 072 (1))
- i:u'lE/M,le,vhvz(Ale (t)7 vH2 (t)7 UM (t)’ vvz(t))
- i/’LZE,ul,/Lz,vl,vz (v’ul (t)s AvH? (t)a v"! ([)’ vVZ([))
— VI E L a0, OFT(E), 0H2(2), AV (2), v72(2))
— V2B o v W), v"2 (1), v"1 (1), Av™2 (1)),
where ﬁm Javpve (VAT VM2 9V 9P2) is the unique decomposition associated with the
quartic terms such that the scales of dyadic localization of frequencies of all inputs are
ordered in a descending manner. More precisely, the following estimate holds inside
the support of symbol dy, v, (E — 1.7 — 0.0 — k,«) of the multilinear operator

D;,L| S22V ,V2 ('» *9 *y ')a
ka <kz <k <ki, where « € supp(Vk, (x)),0 — k € supp(Y, (x)),
(4.27) n—o0 € supp(Vx, (x)), & —n € supp(Yg, (x)),

The detail formula of BMI,MZ,Vl,VZ("”"') can be obtained explicitly from A, .(...),
Bri, (), Ouw(s.,), Coxule,...), and the quartic terms Dy, ys.vy 0, (s s, 2) 10 (4.4).
Since its detailed formula is not necessary in later argument, for simplicity, we omit it here.
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Now, we are ready to determine the normal formal transformation defined in (4.20).

Firstly, we consider the quadratic terms. Recall (4.7). Note that, if |5| < 2719¢|,
uw = —orif|§] < 2719y, uv = +, the size of phase “®*V(£,1)” is comparable to
“max{A(|n]), A(|&])},” which is relatively big. Moreover, if (£, n) lies inside a small neigh-
borhood of (&, £/2)(the space resonance set), the size of phase is also relatively big. More
precisely, the following estimate holds,

cA(lE]) < [ (€ m)| < CAED, if In—§£/2| =27l

where ¢ and C are some absolute constants.

To take the advantage of the fact that the phase is highly oscillating with respect to time in
the aforementioned scenarios, we use the normal form transformation A4, , (., .) by choosing
the symbol a, , (., .) defined as follows,

(4.28)

sl = 1) = 3 LI () (ko100 = §/ 2D o~ DVr-o(6)
ko€Z ’7)

+ L (WY sk+106 — 1) + Ly (0) V< —10(E)V<kr+9 (5 — 1)),

where 15 (-) denotes the characteristic function of set S and the phase ®*-V (&, ) satisfies the
following estimate inside the support of a;, ,(§ — 1, 1),

(4.29) ¢ max{[¢], [n|}*(1 + max{[¢], [n[)~"/? < |V (&, )]
< C max{[l, [n}*(1 + max{[£[, |n}) "2,

where ¢ and C are some absolute constants.

Next, we proceed to consider the cubic terms. Recall (4.8). Note that, for t,«,¢ € {+,—},
the phase ®%%'(&, n, 0) is relatively big in the scenarios listed as follows,

o If t = —and |n].|o| <2719)¢|.
o If|n—&/2| <2710¢|and o < 2710J¢].

o If |n —2£/3] < 2719%¢| and |0 — &/3] < 2719, ie, (§ — n.n — 0,0) is close
to (§/3,&/3,&/3), which is the space resonance in 7 and o set.

o If [ —n + t&| < 27|, In — o + «&| < 27", and o + (&| < 2710, ie,
(¢ —n,n — 0,0) is very close to (—t&, —«k&, —1&), which is the space resonance in 7
and o set, where (1.k,1) € § = {(+,—, —). (- +.—). (— — +)}. See the proof of
Lemma 5.7 for more details.

To take the advantage of the high oscillation of phase with respect to time in aforemen-
tioned scenarios, we use the normal form transformation By . (., ., .) by choosing the symbol
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be (., ., .) defined as follows,
(4.30)
iCrii(§ —n,n—0,0)
ort(§,n, 0)
< Y Y@ (A5 ((r. k. 0)W<ie—10((1 + 1)E = NY<k—10(0 + 1)

kez,
+ Y<k—10(n — 28 /3)Y<k—10(0 — &/3)
+ V<k—10(1 — §/2)Y <k—10(0)
+ 1 (D) V<k—10(1 — 0)Y<k—10(0)).
where C;,(.,.,.) is the associated symbol of cubic term a,“(., .,.) which is defined in

(4.24) and the phase “®% (&, n, 0)” satisfies the following estimate inside the support of the
symbol ¢, ., (., ., ),

b‘[,l{,t(é —-—nn—ao, U) =

(4.31) [®%4E 0. 0)
e max{[¢|, |1 — ol.|o]}*(1 + max{[&], [n - ol,|o|})7*?[c, C],

where where ¢ and C are some absolute constants.

Lastly, we consider the quartic terms. Note that the phase ®*1:#2:Y1:¥2(§ . g, k), which
is defined in (4.9), is relatively big if |5, |o], k| < 27'10&|, u; = — orif |n — £/2]. |0},
k| <2710|¢|. Hence, we use the normal form transformation E, uy.v;v5(ser-5.) Dy
choosing its symbol e;;; i, ,v;,0, (., -, .) defined as follows,

ic/ll\Ml U2,V1 vz(f—n,U—O,O—K,K) Z
e Vi (§)

eur v (§ =N —0,0—K k)= LTH2VI2(E, 7, 0, K)
b 9 b

keZ
(4.32)
X (Y <k—10(1—§/2)¥ <k—10(0 —K) ¥ <10 (k) + L3 (10 1) V¥ <k—10 (M V <k—10 (0 —K) Y <k—10(K)),
where a\ul,uz,w,vz (.. ...) is the associated symbol of quartic term D, iy v, (.. .. .. ) and

the phase ®#1:H2:Y1:¥2(& p g, k) satisfies the following estimate inside the support of the
symbol dyi; jip vy, (o es s )5
(4.33)  |QHVI2IL2(E 1, 0,k)]

e max{[§], [n — 0|, |0 — |, [k[}*(1 + max{|§], |n — o, |o — |, [c[})~"/?[¢, C],

where ¢ and C are some absolute constants.
From the estimates (4.29), (4.31), and (4.33, the estimate (2.3) in Lemma 2.1, and the
estimate (4.13), the following estimate holds for some absolute constant C,
laww € =10 MYrE) Vi, (§ = MVi, (M g0
+ 16z, (8 = 1. MV )Wk, (6 — M Vi, (1 — )Yk (0) || goo

(434) + ”eu],uz,vl,vz (‘i: —n,N—0,0 —K, K)Wk(&)‘ﬂkl (S - T])
X ‘/fk2(77 - 0)1/fk3(0 - K)¢k4(’<)|| e
< 2kt
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With the above determined normal form transformation, now we are ready to study the
time evolution of the profile g(¢) := e!*2v(¢) associated with v(¢). Recall (4.21). As a result
of direct computations, we obtain the following equality,

(4.35)
gt EWE) = > B 1, (0.8)
w,vel{+,—} ky,kr€Z,kr<k1+10
+ Z Z Tkr;c(llkz k3(t’g:)
T,k 0e{+,—} k3<kr <k
+ > Do KRN (1,8) + MO R (1,6 Y ),
w1,02,v1,v2€{+,—} ka<k3z<ka<k;
where

@36 B, 0.8 i= [ NG, 6~ gl 16— L v,
(4.37)
Tk oy (1:8) = / fR NN e (6 10— 0.0)g], (1.6 — Mgk, (1.0~ 0)
X g, (1.0) Yk (§)dndo,
Kic ki nknky 1:6) = fR , fR RO, i (E =1 = 0.0 —k.k)

(4.38) Xg/k‘?(t,é—n)gkz(t - o0)gp Lo — K)ng(z Ky (E)dndodi,

where

GuwE =11 = > quwE = 0.V ) (Vskr—0E = 2DV <y 44 — NVYskr—5(E)

ko€Z
1 1—
(439) s+ Ty @ aiate ).
(4.40)
dr,K,t(s —n,n—ao, 0) = é\‘L’,K,L(s —n,n—ao, 0) + ibr,K,t(g: —n,n—o, U)qDT’K,L(E» n, 0)7
(4.41)  euy o (E—non— — K, K)

A

=du pommE—N1—0,0—K,k)
+ Zeltl,u«z,mm (5 —n,Nn—0,0 —K, K)CDMI’”Q’V"”Z (g’ n,0,K).
Recall the fact that we rearranged inputs such that the scales of dyadic localization of inputs

are ordered in a descending manner, see (4.12), (4.25) and (4.27). It explains why we have
ko <ki+10,ks <k, <kjandks <kz <k, <k;in (435)

Note that, from (4.39), the following equalities hold if || < 2719|¢|,

(4.42) G-pE—nm) =0, G+vE—nn=qg+v(E—nn).
Moreover, if |§] < 2719|n|, we have
(443) qll,//«(s -, 77) = O’ JYAS {+v _}'
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Recall (4.40) and (4.41). From the rough estimates of the symbols of the cubic terms in
(4.16) and the quartic terms in (4.18), the following rough estimates hold for some absolute
constant C,

(4.44) |deaE =n.n—0.0) g, < €2t
(4.45)
ez (6 = 1.1 = 0,0 = K0k, (6 = MYk, (1 = )ik (0 = 1)y ()| g < C22K1H4K1

In later high order weighted norm estimate, we will also need to use the hidden symmetry
inside the symbol ds ., (§ — 1.1 — 0,0) when |a|, |§| < 271°|¢|. To this end, we identify the
leading symbol inside dr,,c,[(é —n,n — o,0) first. From (4.30) and (4.40), we know that we
only have to consider the case when © = + and the leading part of J,,”(S —1n,n—0,0)1s
same as the leading part of ¢;«,,(§ —n, n—o0,0). Recall (4.24) and (4.28).If k>, k3 < k; — 10,
then the following estimate holds,

(4.406)

(s § = 1.1 = 0.0) = e(E) Yk, (§ = MWk, (1 = 0) iy (0) [ oo < CRmIRITIIFAL
where C is some absolute constant and e(§) is given as follows,

ic(§)?

A(ED

where “d(£)” is defined in (4.19). We remark that the first part of e(§) comes from the cubic
term Cr,,(u®, u*, u') in (4.24), see (4.17) in Lemma 4.1 and the second part of e(§) comes
from the composition of quadratic terms and the normal form transformation in (4.24).

(447) () = L A(EPE) -

4.2. Further reduction of the dispersion estimate

In this subsection, we first show that the dispersion rate of the nonlinear solution v(¢)
and u(t) are comparable in W11 space and then reduce the control of the dispersion rate
of v(¢) into the control of weighted norms for the profile g(¢) of v(¢) in a fixed dyadic time
interval.

LEMMA 4.2. — Under the bootstrap assumption (3.1), the following estimate holds,

(4.48) sup 1+ t)||v(t) — u(l‘)||W6,1+a + ||v(t) — M(f)”HNOflO < €p.
t€l0,T]

Proof. — From the L — L type bilinear estimate in (2.5), the estimate of symbols in
(4.34) and the L>® — L2 type Sobolev embedding, the following estimate holds for some
absolute constant C,

o) = u@llwoara < Clu@ e sallu®]3R, < CO+1)7% < (1+1)7/%¢.

From the L? — L type bilinear estimate, the following estimate holds for some absolute
constant C,

(@) = u@)llgvo-10 < Clu@®llgno @) llws.0 < Cef < €o. O
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Therefore, to control the dispersion rate of the nonlinear solution u(z), now it would
be sufficient to control the weighted norms of the profile g(¢) of the nonlinear solution
v(2). Recall the definitions of Z;-norm and Z,-norm in (1.22) and (1.23), we expect that
the Z;-norm of the profile g(¢) doesn’t grow and the Z,-norm of the profile only grows
appropriately, which leads us to the following bootstrap assumption for some 77 € (0, 77,

(4.49)  sup ](1 +0)lle g lwerte + IOz, + A+ g@)z, < €1 = €°,

tef0,T’

where § := 4008.

To close the bootstrap argument, it would be sufficient to prove that there exists some
absolute constant “C” such that the following estimates hold for any t;,#, € [27~!,2™] C
[07 T/]a me Z+a

(4.50) lg(t2) — gz, < €277,
(4.51) g%, — g%, < C2%™e.

The proof of the desired estimate (4.50) is postponed to the Section 5 and the proof of the
desired estimate (4.51) is postponed to the Section 6.

5. The low order weighted norm estimate

In this section, we mainly prove (4.50) under the bootstrap assumption (4.49). Recall
(4.35). Note that, from the estimate (7.13) in Lemma 7.4, the low order weighted norm of
the quintic and higher order remainder term /C%\l (¢, &) is controlled. In the first subsection,
we estimate the low order weight norm (Z;-norm) of the quadratic terms B,‘c’: ’,:1 & in
details. In the last subsection, we estimate the Z;-norm of the cubic terms Tkr,';ll ks (1)
and quartic terms K;'p"2" " (1, §) at the same time because the methods we will use for
cubic terms and quartic terms are very similar.

5.1. The Z;-norm estimate of quadratic terms

Recall (4.35). Based on the possible size of k1 and k,, we separate into two cases, which
are the High-High type interaction and the High-Low type interaction.

The main result for the High-High type interaction is summarized in the following lemma.

LEMMA 5.1. — Under the bootstrap assumption (4.49), the following estimate holds for any
w,v €{+,—}, andany ty,t, € [2’"_1,2'”],

DYDY ) ! [ / 23,@{;;],,{20,9411}

keZ j>—k_ ki,k2€Z,lk1—k>2|<10

< C270meg,

Bk,j

where C is some absolute constant.
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Proof. — Recall (1.22) and (4.36). Note that, from the L? — L! type Sobolev embedding
and L? — L? type estimate, the following rough estimate holds for any u, v € {4+, =},

2]

—1 N i

I [[ B i (68N, ; = sup COCTORTMETTRT [lgy, (1)) 12 gk, (O] .2
1 te[2m—1 2m]

< C2(2+(x)k+m+j +(2—2a)k1—(No—12)k; —+ €o,

where C is some absolute constant. From the above estimate, we can first rule out the case
whenk < —(14+8)(m+j)/2Q+a)ork; < —(14+8)(m+j)/(4—a)ork, = (m+j)/(No—30).

As a result, it is sufficient to consider the case when k and k; are restricted in the following
range,

(5.2)

—(1+8)(m+))/Q2+a) <k <ky =< (m+j)/(No—30), ki =—-(1+8)m+j)/(4—-a).

Recall again (4.36). After doing spatial localizations for two inputs, the following decompo-
sition holds,

(53)  F B O = > I B (. 9))(),

J1=2—k1,—,jo=—k>o —

(G4 FBEILR 91 =/ REHIREIEN G, (€ —n.mgy, [ (6 E—n)
Y R2xR2 ’

x gy (Y (§)dnde.

From the linear decay estimates in Lemma 2.7, the bootstrap assumptions (3.1) and
(4.49), and the estimate (4.48) in Lemma 4.2, we obtain the following estimates for any
te2m 2" c [0, T,

lgk,; Dllz> < ek (V)gr (D)l 2 < € min{2 /(I Fek=8ky H=2j=2k+im)e,
le™ A gy (1)l oo < € min{2 ™~ (F@k=6ky p=mtdm—ire,
gk ()2 < C2~Nom10ks+dm e,

where C is some absolute constant.

Based on the possible size of j, we separate into two cases as follow.

Case 1. — If j > (1 + §)max{m + ky,—k_} + 28m. We first consider the case when
min{j;, jo} > j — 8j — dm, the following estimate holds,

%)
_l N
L [/ B o ),
minji,ja}>j—8j—8m 1

< sup Z C2C+k

1272 mming iy o> j—8j —8m

j k k
x 2T g (O L2 1 8ka o (D2

< C2(2+a)k+m+§m+105m—(2—28)j—(2—2a)k1—6k1,+€0
< C2_28m_28j60,

where C is some absolute constant.
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Now we proceed to consider the case min{ji, jo} < j — §j — §m. Note that, when 7 is
not very close to £/2 (space resonance set), e.g., |n — /2| > 2719|£|, the following estimates
hold,

(5.5)
[Vy @ (€. )| = 2| (1€ — nI*)(E —n) —vA'(In*)n| = 27016116 — nl + Inl + 1)_1/2,
(5.6) [V @7 (€. m)| + [Ve®*" (€. m)| < 2" max{|g|. [nl}(I&] + [n] + 1)™/2,

where A(|x|) := A(4/|x]). Therefore, from (5.6), we know that the following estimate holds
if |x| € [2/72,2/%2],

7 [Ve(x- &+ 10 (€ m)| = [x + 1 Ve@HV (€| € 277427,

If j, = min{;, j»}, then we can do change of variables first to switch the role of £ —n and 7.
As a result, the following estimate holds if |x| € [2/72,2/%2],

[Ve(x - &+t @Y (E.& — )| = |x + 1 Ve DV (E.E — )| € 2774274

To sum up, in whichever case, by doing integration by parts in £ once, we gain 2~/ by paying
the price of at most max{2™in{/1./2} 2=k} Hence, the net gain of doing integration by parts
in “£” once is at least 2783/ After doing this process many times, we can see rapidly decay.

Case2. — If j < (1 4+ 8)max{m + ky,—k_} + 28m. As j is bounded from above now, from
(5.2), we have the following upper bound and lower bound for k and k1,
(5.8)

—m/(1+a/3) <k <ky <2Bm, j<max{m+ky,—k_}+3ém, B :=1/(No—>50),

Hence, it would be sufficient to consider fixed k£ and k; inside the range (5.8), as there are

at most m3 cases to consider, which is only a logarithmic loss.

After doing integration by parts in n many times, we can rule out the case when
max{ji, jo} < m + k_ — 3fm. It remains to consider the case when max{j,, jo} >
m + k_ —3Bm. From L? — L type bilinear estimate in Lemma 2.2, the following estimate
holds after putting the input with the maximum spatial concentration in L? and the other
input in L°°,

5]
—1 ,
2 | [/ B (.&)di|s,,
max{j,j2}>m+k_—3Bm 3
< C2+k+m+j+2ki +10k f —m—(1+a)k

% min{z—m—k,—(wa)kl +6/3m’ 9—2ki —2(m+k_—3Bm)+3m }6%
(59) < C min{z(xk+l2k++(l—20[)k1 +10/3m’ 2—(1—a)k+12k+—¢xk1—m+10ﬁm}60
< C27108m€0’

where C is some absolute constant. To sum up, from the above estimate and the previous
discussion, it is easy to see that the desired estimate (5.1) holds. O

The main result of the High-Low type interaction is summarized in the following lemma.
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LEmMMA 5.2. — Under the bootstrap assumption (4.49), the following estimate holds for any
W E {4+, =), and any t1,t, € 271,27,

1 Y Y 1Y & [/ B o (6)dilg,, < C2,

kGZjZ—k7 k],kzéZ,szk]—lO U€{+ -}

where C is some absolute constant.

Proof. — Recall (4.42). Note that 4 = + for the case we are considering. Recall (4.14)
and (4.15). Motivated from the improved estimate (4.15), we split the symbol “G , (&, 1)”
into two parts as follows,

GroE—nm) =gl ,E—nn)+q3 ,E—nn),

(5.11) ay,E—nm)=c®. i, E—nmn=qr,E—nn—c@.

Hence, motivated from the above decomposition of the symbol G+, (§ — 1, 1), we do decom-
position as follows,

> / Bl ka8t = Y7 Ly iy

ve{+,—} i=1,2

—+.v — T .
B = / A YT EN I (6, g (1 E— gL (L MV ©)dndr, | = 1,2.
ve{+,—}

Recall (5.11). Note that q}r’v (§ — n,n) doesn’t depend on the sign “v”. Hence, we have

Bk =2 / /R MDA ) (1. & — nRe() (1 )Yy (DY (§)dndl.

From (4.20) and the estimate (5.15) in Lemma 5.3, the following estimate holds after using
the volume of the support of “n,”
I8, &, 1B, < sup C12(3+"‘)k+"’+-’“Ok+ gk, 0)1|22%2 [Re(v) (2, £) ¥, ®llzge
tE[ZW'*l,Zm]
< C22(3+°‘)"J”'“L“”’Jrf“kz_(NO_"’O)k*(IIﬁ(l,E)sz(i;‘)lngo + el F 10 + Il o + llulF10)

(5.12)
<G, (2(3+o¢)k+2m+108m+j+3k2—(N0—30)k+60 4 9BH+a)k+3m+108m+ j+4ko—(No—30)k 1 60)7

where C1, C,, and C3 are some absolute constants.
Now we proceed to estimate . Recall (5.11) and (4.15). From the L? — L™ type
bilinear estimate (2.5) in Lemma 2.2 and L*® — L? type Sobolev embedding, we have
IZ sollBi; = sup  Co@Facmiatbtiohe) o ()] L2 lle gy (1)l Lo
te[am—1 2m]
(513) < C2(3+a)k—(N0—10)k++m+j+2k2+23m6

)

where C is some absolute constant. To sum up, from (5.12) and (5.13), we can rule out the
case when k, < —(1 4+ 58) max{(m + j)/2,(B3m + j)/4} or k > 4(m + j)/(No — 40). Now,
we only need to consider the case when k» is restricted in the following range,

(5.14) — (1 +58)max{(m + j)/2,3m + j)/4} <k, <k < 3m + j)/(No — 40).
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Similar to the idea used in the proof of Lemma 5.1, we also separate into two cases based on

9

the size of “;” as follows.

Case 1. — If j > (1 + §)max{m + k,—k_} + 106m. We first consider the case when
min{j;, jo} < j —§j — m. Same as we considered in the High x High type interaction,
we can also do integration by parts in “£” many times to see rapidly decay. Now, we proceed
to consider the case when min{ji, j»} > j —§j — 8m. From L2 — L® type bilinear estimate
and L>® — L? type Sobolev embedding, we have

1 1+a)k+10k L +m+j+2k| +k
118, i, B ; < sup > C 2 HekA10ky Fmtj 42K+
te[am—1 2m]

min{/jy,j2}>j—8j—ém
”gk],j] (l‘)”L2 ||gk2,j2 (l) ”L2
< C2(1+0t)k+k2+(1+50ﬁ)m—(l—50ﬁ)j2—]/2—/(2/26% < C2_‘8m60,

where C is some absolute constant.

Case2. — If j < (1+8) max{m +k,—k_}+106m. For this case, whether j; is less than j,
makes a difference. Hence, we separate into two cases based on whether j; is smaller than j,
as follows.

If j1 < j,. — For this case, we don’t need to do change of coordinates to switch the role
between £ — 5 and 7. Note that [Ve®T¥(£,7)| < C|n| holds for some absolute constant.
Since this upper bound is better than the one used in the rough estimate, which leads to expect
that the upper bound of “j” can be improved. More precisely, we can rule out the case when
j = max{m + k,,—k_} 4+ 1008m and j; < j — dm by doing integration by parts in £ many
times. If j > max{m +k,, —k_}+1008m and j —6m < j; < ja, then the following estimate
holds after using the L2 — L type bilinear estimate and L>® — L? type Sobolev embedding,

5]
Yo / B o 6)dls,,

J—8m<j1<j2

1 k+10k j+2k k
< sup > ColFRRIO I g i (112222 8k, (Ol 2
f€[2m_1’2’"]j—8m<j <
=J1=J2

< C2(1+a)k+k2+(1+50ﬂ)m—(1—50ﬂ)j2—25Bj—25ﬂk26%
< C27Pme,
where C is some absolute constant.

It remains to consider the case when j < max{m + k,,—k_} + 1008m. If moreover
k— 4+ ko < —m + Bm, it is easy to see our desired estimate holds from (5.12) and (5.13).
Hence, we only have to consider the case when k_ + k, > —m + Bm. For this case, we have
j <m+ky + 1008m. Recall (5.14), we know that k, > —4m/5 — 308m.

Same as in the decomposition (5.3), we also do spatial localizations for two inputs.

After doing integration by parts in “n” many times, we can rule out the case when
J2 <m + ki— — 108m. Therefore, it remains to consider the case when j, > m + k;,— — 105m.
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After putting gx,.;, in L? and putting g, ;, in L™, we have

5]
3 Eall B k-0,

Jjazmax{m-+ky,——108m.ji}

< Z C2(1+0{)k+10k4r
Jjo>max{m+k| _—108m,j}
2k ' —itA
x 22K1tmtlqup e T g, i (O llLee |8ky. s (D L2

te[am am+1]
< C2—m—k2+150ﬁm6% < Cz_ﬁmG(),

where C is some absolute constant.

If —ky < j» < j1. — We first consider the case when k| + k, < —4m/5. From the L? — L™
type bilinear estimate and L — L? type Sobolev embedding, the following estimate holds
for some absolute constant C,

2
ST Bk Odln
1

J2=J1
14+a)k+10k 4 +m+j+2k k
< sup 20+ FTITE gy (ON1222%2 18k D 22
el < jy
2m+(G+a)k +ka n—2k1—2j1+508m 2
< Z C2 1+k29—2k1=2j) e
—k2<j1
< C2(2+0{)k+3k2+2m+503m6%
< C2_Bm€0.

Lastly, it remains to consider the case when k; + k, > —4m/5. For this case, we do
integration by parts in 7 many times to rule out the case when j; < m + k1 — 106m. For
the case when j; > m + kj_ — 108m, the following estimate holds from the L? — L type
bilinear estimate,

2

5]
—1 +,v
of |:/; Bklgjl,kz,jz(t’g)dt]
Jj1zmax{jz,m+k; ——108m} 1

< > CoU @k 10k om T2k sup  lgky jy (Dl z2lle ™A ghyjp () [0
t€[2m71 ,2m]

Bkul
j1>max{jo,m+k; ——108m}
—m—(1 k>+50 2 -
< c2m(Hkat ﬂmel < C27Pme,,

where C is some absolute constant. Hence finishing the proof of the desired estimate (5.10).
O

LEMMA 5.3. — Under the bootstrap assumption (3.1), the following estimate holds for
te2m 12" c0,T],meNandk € Z,k <0,

(5.15) 1A E)Yr®)llrge < €227 (22KF2m 4 2K,

where C is some absolute constant.
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Proof. — Recall (4.6). It is easy to see the following estimate holds for any ¢ € [271,2™]
and k <0,

~ t
(5.16) If @)Y (E)lLge < €0 + Cl/o 1f©)I310ds < C22™ e,

where C; and C, are some absolute constants. Recall the equation satisfied by the height
function “A(¢)” in (1.3) and the Taylor expansion of the Dirichlet-Neumann operator in
(1.6), we have

0:h(t,€) = [§] tanh(EDV (1,8) + FIAUCMPIIE) + FA=3[GIVINE).

Hence, from L2 — L? type bilinear estimate (2.5) in Lemma 2.2 and the estimate (5.16), the
following estimate holds for any & < 0,

17 &)Y (®)llzge < o+ Ca /0 2| (5. £) Y (©)lleods + /0 2 1) 10 1Y () g104ls)

(5.17)
t A t
< eo+Co [0 2K £ (5. )¥i (§) Lo ds+ /0 2K f(9) 1 F10ds) < C3225m (22K F2m okt m) e,

where Cy, C,, and C5 are some absolute constants. Hence finishing the proof of the desired
estimate (5.15). O

5.2. The Z; estimates of cubic terms and quartic terms.
The main goal of this subsection is to prove the following proposition,

PROPOSITION 5.4. — Under the bootstrap assumption (4.49), the following estimate holds
for some absolute constant C and any t € [2™~1,2™],

oL 2 T s €+ D N KL R, @ B, ]

keZj=—k— kz<ka<k; ka<ks<kr<k;

(5.18) < o mhme,
where Tkr’]f;‘kz ks (1.6) and K,’C‘}c’l”“i’zv,‘c;"i4 (¢, £) are defined in (4.37) and (4.38) respectively.
Proof. — Same as the strategy used in the estimate of quadratic terms, we can do integra-

tion by parts in “£” many times to rule out the case when j > (14-§) max{m-+k, —k_}+2(§m.
Hence, in the rest of this section, we restrict ourself to the case when

j < (148 max{m + ki, —k_} + 28m.
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From the L? — L — L™ type trilinear estimate in Lemma 2.2, the following estimate holds
for some absolute constant C,

_1 K
| F T @ OB,

< C2(1+a)k+j+2k1+2k1’++10k+ ”e—itAgk] ||Loo ||gk2 (t)”LZ ”e—iZAgk3 ||Loo

(5.19)
<C min{2(1+(¥)k+2k1+k3+205m 2(1+0¢)k+3k1—(N0—30)k1,++k3+m+/3m}60

—1 L2V,
I K e ke, @ Olllsy

< C2(l+a)k+10k++j+2k1+2k1_+ ”e—i i

A —itA
Pk oo le™ P gks llL2llgis ()2

(5.20)
> ”e—itAgk4 ()|l < C2(l+a)k+k4+20f3m min{22k1_m/2, 23k1—(No—30)k1,++m/2}60.

From the rough estimate (5.19), we can rule out the case when k3 < —m — 308m, or
k1 > 2Bmork < —m/(1 4+ «/2) for the cubic terms. From the rough estimate (5.20), we
can rule out the case when k4 < —m/2 —308m or ky > 2fm ork < —m/(2 + «) for the
quartic terms.

Therefore, for the cubic terms, it would be sufficient to obtain the following desired
estimate

(5.21) sup | F T DI g, < €2 P7eq,

te[2m—1,2m]
where integers k, k1, k», k3 are fixed inside the following range
(5.22) (Cubic terms) —m—308m <k3 <k, <ky <2Bm, —-m/(1+a/2) <k <2Bm.
For the quartic terms, it would be sufficient to obtain the following estimate,

429 sup K (010l = €27 e,
lE[mel ,2m]
where integers k, k1, k2, k3, k4 are fixed inside the following range,
(5.24)
(Quartic terms)  —m/2—-30fm <ky ks <k <ky <2pm, —m/(2+a) <k =2pm.

From the results in Lemma 5.5, Lemma 5.6, and Lemma 5.7, we know that the desired
estimates (5.21) and (5.23) ) indeed hold. Hence finishing the desired estimate (5.18. O

LEMMA 5.5. — Under the bootstrap assumption (4.49) and the assumption that k, < k1 — 10,
the desired estimate (5.21) for the cubic terms holds for fixed k, k1, k,, and k3 inside the range
listed in (5.22) and the desired estimate (5.23) holds for fixed k, k1, k2, k3 and k4 inside the range
listed in (5.24).

Proof. — Recall the normal form transformation we did in Subsection 4.1. Note that the
case when “r = —” is removed by the normal form transformation when k, < k;—10. Hence,

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



886 X. WANG

we can restrict ourself to the case “r = +”. Recall (4.8). Note that the following estimates
hold for the case we are considering,

V@4, . )] = [V @ #2142 (& . )] = \A’(Iél)é—| _ A - nl)é L
(5.25) < 2max{2F1 Z(£,& — ). |E| — |E — |} < 4|y < 2F213.
(526) 27h14/2710 < 9, 0046, .0)] = [ (1 — 1) ol + A (I — o) |
|& —nl [n—o|

< 2k1—k1_+/2+10.

After doing spatial localizations for the inputs gx, (-) and gx, (-), we have the decomposition
as follows,

(5.27)
Tkr;‘(llb k3 (1,8) = Z ]:IKJLI k2, )2 (.6).
J1z—ki,—,jpz2—k> —
T TRCUES Y I T R BTN
X gkz,jz(l? n-— ff)gk3 (t,0)dodn,
Kk evnies 1-6) = > KRR,

J1=2—k1 —, o=~k —
KRik2,v1v2 it OH1:-H2:V1:Y2 (& n,0,k) 5 _ _ _
kl JJ15k2.)2 t.8) = /RZ /RZ /};2 el‘«l,ﬂ«z,vl,vz(s n,nN—0,0—K,K)

x g jl(t E—-mgl jz(t,n—ﬁ)g,i;(t,a K)gkz(t K)dkdodn.

Based on the possible size of j, we separate into two cases as follows.

If j > max{m + ky,—ky—} + Bm. — Recall (5.25). By doing integration by parts in “£”
many times, we can rule out the case j; < j —8m. If j; > j —8m, then from L% — L®° — L>®
type multilinear estimate in Lemma 2.2, the following estimates hold,

Z 07 krlKJtl k2, Jz( ’S)]”Bknf

J1>=j—86m

Y colvtedktitRkitk s H 0k k2 0 (1) 2 le T gy (1) oo N1y (O 2
J1=j—8m
< C2—m/2+30ﬁm2k2—j€0 < C2—3m/2+40ﬁm€0

—1 m1,M2,V1,V
D I KL @ 6l
Jj1=j—6m

Z C2(1+0l)k+j+2k1 +2ky,++10k 2k2 ”gkz ([) ||L2 ”e—il‘Agk3 (Z) ||Loo
J12j—8m

—itA
X ||€ " gk4(l‘)||L°°||gk1,j1(l‘)”L2
< C2—2m+40/3m€0
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If j <max{m+ky,—ky_}+pm. — Fromthe L?— L% — L% —L* type multilinear estimate,
the following estimate holds for some absolute constant C,

—1 SU2,V15
” C? [Klﬁ}cﬁ]i;}@v}‘t(t» S)]”Bk}

< C2(1+0t)k+10k++j+2k]+2k1!+||e—itA i i

—itA —itA
S lzeolle™ 2 iy oo le ™ grs oo | 8ky ll 22

< C2—3m/2+40ﬂm60.

Hence finishing the proof of the desired estimate (5.23) for the quartic terms.
Now we proceed to estimate the cubic terms “kaé':’sz’h (t,£)”. If moreover
ki 4+ ko < —m/2 —12Bm, then the following estimate holds from the L? — L® — L*®

type trilinear estimate (2.6) in Lemma 2.2 and L* — L? type Sobolev embedding,
” (’?_1 [Tk_t_]élf’,lkz,ks (t’ g)] ”Bk,j
< CoUFRIOHTR 2+ T R g (1)]2002 Mgk, (D] 21183 (0122

< C22k1+2k2+20/3m60 + 2k1+2k2+20ﬂm€0 < C2_m_ﬂm60,

where C is some absolute constant. If k1 +k, > —m /2 —12m. Recall (5.26). By doing inte-

€, 9

gration by parts in “n” many times, we can rule out the case when max{ji, j»} <m + k- — fm.

For the case when max{j;, j.} > m + ki— — Bm, the following estimate holds from
L? — L™ — L type trilinear estimate (2.6) in Lemma 2.2,
_1 K,
> I TES iy OB
max{j1,j2}=m+k; ——Bm
k+10k +2k 4 —i —i
< S oIk A g ()| 2l gy ()00 e R gy (6w
J1zmax{m+ki,——Bm,j>}
+ ) ColrROe R g s Ol e M gk gy OllLoe e gay (1) 1200
Jozmax{m+ky ——Bm,j1}
(5.28)

< C2—5m/2+50ﬁm—k2€0 < C2_m_ﬁm€0,

where C is some absolute constant. Hence finishing the proof of desired estimates (5.21) and
(5.23) for the case when k, < k7 — 10. O

LEMMA 5.6. — Under the bootstrap assumption (4.49) and the assumption that k1 — 10 <
ky <ki 4+ landk, < ks —10 < ky + 1, the desired estimate (5.21) for the cubic terms holds
for fixed k, ky, ko, and k3 inside the range listed in (5.22) and the desired estimate (5.23) holds
for fixed k,kq, ko, k3 and ky4 inside the range listed in (5.24).

Proof. — From L? — L® — L™ — L type mutilinear estimate, we have
| T KT (1. 9))llp,, < C2OFORFIRHI 2Kk ot g (1) | o ™R gy (1) oo
(5.29) x e gy (1) 200 gy (1)l .2

< C2—3m/2+40ﬁm60.

Hence finishing the proof of the quartic terms. Now, it remains to estimate the cubic
terms “T,:”,’(‘;"kZ’ ks (1:6)7. After putting gy, in L? and the other two inputs in L, from the
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L? — L>® — L type trilinear estimate (2.6) in Lemma 2.2 when k < —28m, the following
estimate holds for some absolute constant C,

-1 WKy 1 k+j+2k+2k —itA —itA
| T e D) = C2UFORHI TR0t o=t (1) ol g, (1) 2 1y ()2

<C max{2‘1k—2m+2ﬁm’ 2(1+a)k—m+ﬂm}6i§ < Cz—m—ﬂmeo'

Hence, it remains to consider the case when k > —28m. Recall the normal form transfor-
mation we did in Subsection 4.1. Note that the case when 7 is close to £/2 is removed, see
(4.30). Hence, the following estimate always holds for the case we are considering,

(5.30) |V, @54 (E, n, 0)| > 2K F1.+/2710,

[739¢H)

From the above estimate, after doing integration by parts in “n” many times, we can rule out
the case when max{ i, jo} < m + k— —3Bm. Hence, we only have to consider the case when
max{ji, ja} > m +k_ —3Bm . From the L? — L™ — L™ type estimate (2.6) in Lemma 2.2,
the following estimate holds,

-1 e,
Z IleF [Tkrl’fjtl k2, )2 (. 6)] ”Bk,j
max{ji,j2}=m+k_—38m
< Z C2(1+ot)k+10k++j+2k1 ||gk1,j1 (l)||L22k2 ||gk2,j2 (l)”Lz ”e—itAgk3 (t)||Loo

max{j,j2}=m+k_—3Bm
< C2—3m/2+50ﬁm60,

where C is some absolute constant. Hence finishing the proof. O

LEMMA 5.7. — Under the bootstrap assumption (4.49) and the assumption that k; — 10 <
ky <ki+ landk, < k3 — 10 < ky + 1, the desired estimate (5.21) for the cubic terms holds
for fixed k, kq, ko, and k3 inside the range listed in (5.22) and the desired estimate (5.23) holds
for fixed k,kq, ka, k3 and k4 inside the range listed in (5.24).

Proof. — Note that, because the size of “k3” plays little role in (5.29), the estimate
(5.29) still holds for the quartic terms. Hence, we only have to estimate the cubic term
“r et (t,£)”. Define

k,ky.ko,k3
(531) C’SJ] = {(+»_’ _)v(_’ +» +)}’ 52 = (+7_’ +)’(_’ +’_)}a
(532) 53 = {(+v +7_)7 (_v Rl +)}’ 05))4 = {(+9 +7 +)s (_9_’ _)}

Recall (4.8). Note that the space resonance in both “n” and “o” set is given as follows,
Rrrpen =16 n,0) : Vy@T (6, n,0) = Vo @™ (§,1,0) = 0}

={(¢.n0):§=(0+w)(+k)—1k)o,n= (1 + K)o}, T,k {+,—}

More specifically, we have

Riews ={E0.0) § =0 =20}, E—nn-0.0), =(£EE, o0,

Rews ={EN0) E =0 =00  E—nn-00), =E-E8. @K0eS

Rews ={E0.0): E =00 =0}, E—nn-0.0), =E&-E. CL)eSs

Rewe = (E0.0)  E =30 =20}, (E—nn—0.0), =EAEAE. weeSs
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When (t,x,1) € &1 U &2 U &3. — Note that, after changing of variables, those three cases

are symmetric. Hence, it would be sufficient to estimate the case when (7, k,t) € & in details.
We first do change of variables and then localize around the space resonance set with a well

chosen threshold. As a result, we can decompose the cubic term Tkr,’c‘l‘ ko ks (t,&) as follows,

(5.33)
ThientH= 3 ChBep. ciben= 35 iRy,

I, =1y 1z—ki —,jaz—ka —

(5.34)
Jtll/lzlz(t §) = /Rz /1.@2 HOTIE g, w8, 2§+7]+0§+0)gk1 pt-=§=—n=-0)

X 8k iy g L E+ n)gk3 (t.§ + )¢y, ;i (M, (0)dodn,
where the phase 5”""(5, n, o) is defined as follows,

(5.35) (€. n.0) := A(EN—TA(E+n+0o))—kA(E+n)—A(E+0]). (T.k.1) € S
the thresholds /_ := —2m/5 — 108m and I; := k_ — 10 and the cutoff function @1.7() with
the threshold [ is defined as follows,

y_p(Ix)ifl =1

(536 G =0 S e s T

Ift =+, ie, (t,k,t) = (+,—,—). — Recall the normal form transformation that we did in
Subsection 4.1 , see (4.20) and (4.30). For the case we are considering, i.e., (z,k,t) € S, we
already canceled out the case when max{/,,/,} = I +. Hence it would be sufficient to consider
the case when max{/;, >} > [_. By the symmetry between inputs, without loss of generality,
we assume that [, = max{/;,[»} > Iy := k_ — 10. For this case, we take the advantage of
the fact that VnET’K"(é ,1,0) is relatively big, i.e., we are away from the space resonance in

[739¢ 1)

n” set. More precisely, we have

E+n+o / §+n
T AU+ D

§+n+o0l 1§ +n
Hence, we can do integration by parts in “n” many times to rule out the case when
max{ji, j»} < m + k_ — Bm. From the L? — L>® — L™ type trilinear estimate (2.6) in

Lemma 2.2 and the L*® — L? type Sobolev embedding, the following estimate holds,
Z I~ [CIJIr 2 lz(t,g)](x)"BkJ < Z C2(1+ek+10k ¢ +j+2k1

max{j,j2}=2m+k_—Bm max{j,j2}=m+k_—Bm
—itA k —3m/2+440
x [l gy (1) l|oo I gks, o (ON1L22%2 18k, jy ()2 < C273m/2H40Bm ey

where C is some absolute constant.

(5:37) [9,8"En.o)| = [N + 1+ o) SR

Ift = —, ie, (t,x,t) = (—,+,+). — By the symmetry between /; and /,, without loss of
generality, we assume that /, = max{/y, /5}. Recall (5.35). We have

[Ve@ ™t (€.n.0)|

— [aen = ftnto il st+o

A - AN .
Etntol (|§+n|)lé+nl (|S+0l)|g+0|

] + A& +nl)
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From the above equality, we know that the following estimate holds,

(5.38) Ve~ .m0y, 1, Dy, g, (0) = 27410,

Hence, we can first rule out the case when j > m + [, + 28m by doing integration by
parts in “£” many times. From now on, it would be sufficient to consider the case when
J<m+Ily+28m.

We first consider the case when I, = I = —2m/5 — 108m. After using the volume of
supports in “n” and “o,” the following estimate holds,

IFC™ (. O)(x) |3, , < C2WHORAFIRL 42k 08 0 ()| 218k (D] 118k ()| 1

< C251+m+30ﬂm6? < C2—m—ﬂm60,

where C is some absolute constant. Now, we proceed to consider the case when [, > I =
—2m/5 — 10B8m. Note that the following estimate holds for the case we are considering,

(5.39) |V, @ (g, 0)] > 2l27F+/2710,

Therefore, we can do integration by parts in 1 many times to rule out the case when
max{ji, j} < m + I, — 4Bm. From the L2 — L™ — L type trilinear estimate (2.6) in
Lemma 2.2, the following estimate holds for some absolute constant C when max{j;, j>} >
m—+ 1l —48m,

(5.40)

> I C 2 (0 9115,

max{j1,j2}=m+l—4Bm

< C2(l+ct)k+10k++j+2k1 ||e—itAgk3 (Z)HLOO

—itA
x [ > I8ks,jo Ol L2 lle™ A giey 1y ()| oo
Jj2>=max{m+Il,—4Bm,ji}

+ > le ™2 gy (1) | oo

J1zmax{m+I—4Bm,j>}
% ”gk],j] (t)||L2] < C2—2m—12—m/2+40ﬁm60 < C2_”’_ﬁmeo.

When (t,x,t) € &4. — Very similarly, we localize around the space resonance set
“(£/3,€/3,€/3)” by doing change of variables for “Tkrl"f,’;z’k3 (z,£)” as follows,

T ik 06 = / / P ENO G, (6.26/3+ 0+ 0,/3+ 0)gf (1.§/3—1—0)
1-k2,k3 r2 Jr2 s 1
x g (t.€/3 + n)gL (t.£/3 + 0)dodn,
where the phase 5”‘"(5 ,1,0) is defined as follows,

744 (E.n.0) 1= A~ TA(E/3—n— 0 —kA(E/3+ M) —A(E/3+0]).  (T.ku0) € Sa.

Recall the normal form transformation that we did in Subsection 4.1. The symbol around
a neighborhood of (£/3,&/3,£/3) has been canceled, see (4.30) and (4.40). Hence, the
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following decomposition holds,

T, . K,
T gy ) = D TES, 4 (.6),

i=1,2
T,K,L _ Y
T b ks (:8) = Z T koo (:8)-
J12=ky,—,j2=—k> —
Tkt _ T,k
Tk15k2ak332(t’ §) = Z Tk1,1'1 ,k3,j3;2(t’ §)

J12—ky —,j3=—k3 —

T8 = [ [ O ans6 2613 00803+ 0 087300

(5.41) x gk (t.E/3+ gL (t.£/3 + 0)Ysk—20(20 + 0)dod,
T a8 = [ [ 0 (62613 4 1+ 0,613 + 0020 +1)
(5.42) X Y<k—0(20 +0)gL,  (1.E/3—n—0)g (t.£/3+ 1)

X g;c3’j3 (t,€/3+ 0)dodn.

T,K,L T,K L

The estimates of“Tkl,k2,k3;1(t, £)” and “Tkl’kz’k%2
only estimate T,:I’K,’{’Z k31 (1, §) in details here. Note that “2n + o is bounded from below

(t,&)” are very similar. For simplicity, we

by 2¥=10 for the case we are considering, which implies that the size of Vi 5’”‘"(5 ,1,0) 18
bounded from blow by 2k=%+/2-20 Therefore, after doing integration by parts many times
in “n,” we can rule out the case when max{j, jo} < m + k— — 2f8m. For the case when
max{ji, j.} = m + k_ — 2fm, a similar estimate as in (5.40) holds for some absolute
constant C as follows,

> I UTES i OB, < RHS. of (5.40) < C27"7Feg,

max{ji,j2}=m+k_—28m

Hence finishing the proof. O

6. The high order weighted norm estimate

In this section, our main goal is to prove (4.51) under the smallness assumption (4.49).
The plan of this section is listed as follows. (i) In Subsection 6.1, we first classify different
scenarios when estimating the left hand side of (4.51) and then show a key decomposition,
e.g., (6.17), holds when the vector field I:g hits the phases ®*-¥ (&, n). (ii) In Subsection 6.2
and Subsection 6.3, we finish the Z,-estimate of the quadratic terms for the High-High type
interaction and the High-Low type interaction respectively; (iii) In Subsection 6.4, we finish
the Z,-estimate of the cubic terms; (iv) In Subsection 6.5, we finish the Z,-estimate of the
quartic terms. Therefore, combining the aforementioned estimates with the estimate (7.13)
of quintic and higher order reminder terms “ R,” in Lemma 7.4 in Section 7, we finish the
high order weighted norm estimate.
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6.1. The set-up of the Z,-norm estimate

Define
(6.1) Q¢ = —E1-Ve, dg =0, tq:i=—&Y, Lg:=—£-Ve, dp:=-2, & :=-¢
(6.2)
X = k1, ko) i |ki—ka| <10,k <ki+10},  x7 := {(k1,k2) : ko < k1—10, |k1—k| < 10}.
Recall that L := x -V 4+ 2 and Q := x* - V and the Z, norm is defined in (1.23). We have

Qe2(1.6) = Qg(1,6),  Leg(1,8) = Lg(t,§),

(6.3) lg@Wlzs e (> ITITZ8G. 8l + ITEEE )l12)e. .
I‘Sl,l“ge{ﬁé,ig}
where ¢ and C are some absolute constants.

Since the estimate of the second part of the right hand side of (6.3) is similar and also
much easier than the first part, for simplicity, we only estimate the first part in details here.
Therefore, to prove the desired estimate (4.51), it would be sufficient to prove the following
desired estimate for any T'}, I‘g € {Lg, Qg}(correspondingly, ', I'? € {L,Q}) and any
11,0 € [zm—l’ 2m]

(6.4) )Re / / TIT28(t.§)TiT20,2(t. g)dgdz])<c228meo,

where C is some absolute constant.

Recall (4.35). We first classify the quadratic terms. Recall (4.36). From the direct compu-
tations, we have the following identity for the quadratic terms,

/ / / TIT25( OTITEBLY | (t.E)dEdt
[ / / TITZgk(1.6)e @& ”)[F T2(Gyuw (& — 0. Mgp, (0.6 — ) gl (1. 0)
1 Z{ | £(TE™ (6 )T (Gyuw (6 — mom)gl (0.6 — )&l (1. 0)
n={1,2
(65) = PTO" (€ TEOY () € — 1.8k, (1.6 — mef, (1. |dndédr.

To make the formulation (6.5) symmetric, we separate I'; g(t &—mn),i € {1,2}, into two parts
as follows,

T2t —n) =T} 8.6 —n) — T8t —1)
After applying the above decomposition to the equality (6.5), we do integration by parts in

“n” in (6.5) to move the derivative in front of I'Z »&(t, & —n) around, see (6.1). As a result, the
followmg equality holds,

(6.6) Re/ /FFEgk(t ETITEBLY kz(t,é)dédt]: 3" Re[Pl 4]

i=1,2,3,4

4¢ SERIE - TOME 53 — 2020 — N° 4



3D FINITE DEPTH CAPILLARY WAVES 893

where
2 —_— . N
Piiis = D / f / C1T2g, (1, £)e™ " EMig(Tf + ThHo™" €. )
(n=t1,23 70 R R
(6.7) X [Guw (& —n.m)(gy, (€, T gy (1.6 —n) + g (¢, —mTngp (1)

+ (T + T2 4 drn)Guu (€ — 0. m)gp (1.6 — mgy, (t.n)]dndéd,

Peisni=— L, [ T e DR T 6 +T)

(68) X OV(E NI — 0. el (1.5 — Mgy, (. mdndEd,

Pirsai= | L, T ) (G = (M, 0,6 = g
+gf (1.6~ TTT2gY (t.m))

+ (T + Ty +dp)(TF + T + dr2)gue (€ —n.mgy, (6. = n)E,ﬁ\z(I, n)
(6.9) + (T} + Ty + dr))dpuw (§ = n,1)

x (D"l (1.6 = Mg, (t.0) + gp, (1.6 — Mgy (1.m) )dndEdr,

.. L. [5] ——————
4 o 4,71,)2 4,1.J2 . _ 172
Priin, = Z Peiiio Pk, = Z /t /R2 /11%2 Cr2ge (2, 8)
1

J1=—k1,—,j2=—ko — {I,n}={1,2}
(6.10)  xe"*EMNG, L —nmTlgy (. E—mT7gy (1, mdndEdt.

Now we reveal a subtle structure inside the symbol “(I'g 4 I';) @Y (£, ),” which appears
in P,i K kz,i e {1,2}, see (6.7) and (6.8). Note that, the following equalities hold when
In] <27'°¢and pu = +,

(Lg + Ly)o*v (g, 1) = =28 - (V(IE1P)E =X (1E — nlP)E —n) —2n- (= V(& —n>)(n—§)
(6.11) — v (Inhn) = =4V (EP) + A" (EP)IEP)E -0 + o(nl?),
(Qe + Q)@Y (£, ) = 26 - (V(IEP)E — pA(IE — nl*)(E — )

(6.12) =20 (= pA(E =) (=& —vX(In*)n) = —2uX'(E—nl*)(EF-n+nt-§) =0,

where A(|x]) := A(4/]x]). The following approximation holds when || is very close to zero,

1 1 _
(6.13)  A(l§) = |§” - gl%‘l4 +O(E°),  A(ED = €] - gl%l2 +O(EP), & <271
Moreover, the following equalities hold when |£| < 2710|»| and pv = —,

(Le + Ly)@"V (€, n) = =21 (E1PIEI? + 22 (1€ — n|PE - (€ — 1) + 21X (1€ — 0P - (n— )
(6.14) + 20 (InP) 0> = =4 (In*) + X" (0 n*)€ - n + O(E),
(6.15) Qe + Q@ (E ) = —2u) (E—n)EE -0+t 8) =o0.
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Now, we show that similar decompositions also hold for the phase ®*¥ (€, 1) in two
different scenarios so that we can link the symbol (I'y + TI';)®*¥(§,n) with the phase
®*V (&€, ). Note that the following expansion holds when || < 271°|¢| and u = +,

(6.16) @*V(&,n) = A(E%) = A(IE[* = 28 - n + [n*) —vA(nl*) = 22" (IE*)E - n + O(Inf).
Hence, from (6.16) and (6.11), the following identity holds when || < 271°|¢| and u = +,
(6.17)

A ~ i 2 2 A 2
(B + Ly 0 (6,m) = 26— @™ &) + O, 6y o=~ BSL 2 2B

A(1§1%)
Moreover, the following approximation holds for the phase ®*¥ (&, ) when |§| < 2710|n|
and pv = —,

(6.18) @V (&, n) = A(IE1*) = p(A(E1* =28 -+ nl*) = A1) = 2ud' (In)E -1+ O(IE).
Therefore, from (6.18) and (6.14), the following identity holds when |§] < 271°|5| and
my = —,

(6.19) (Le + Ly) @7 (€, 1) = &6 —mO™ (€. m) + O(IE).

6.2. Z,-norm estimate of the quadratic terms: if |k — k5| < 10

Recall the decomposition (6.6). We know that the Z,-norm estimate of the quadratic
terms in the High-High type interaction follows from the estimate (6.20) in Lemma 6.1 and
the estimate (6.22) in Lemma 6.2.

LEMMA 6.1. — Under the bootstrap assumption (4.49), the following estimate holds for
some absolute constant C,

3 4 28m
(6.20) > Piiho| t > Py, ky| = €27 €0
|k1—k2|<10,k<kq+20 |k —ko|<10,k<k+20

Proof. — Recall (6.6). From the L? — L™ type bilinear estimate (2.5) in Lemma 2.2, we
have

3
> Piki ks

lk1—k2|<10,k<k+20

< sup > TR Py 20T T2 ()2 (le ™A gk, (0) oo
n:2€R27 72 ey o <10

(6.21) + e g, ) D 1T Tk, Ollz2 + 1T 8k ll22 + 18k (1 2)
I,me{1,2}
< c2¥me,
where C is some absolute constant. The estimate of P} ky &, 18 similar but slightly different.
The spatial concentrations of inputs play a role. Note that, from the definition of Z;-norms,

i €{1,2}in(1.22) and (1.23) and the linear decay estimate (2.11) in Lemma 2.7, the following
estimate holds for some absolute constant C,

IT gk, jllpe < C27F7Homey e AT gy llpee < C2T™HR¥2T 10K (x) Prg ()] 2.

4¢ SERIE - TOME 53 — 2020 — N° 4



3D FINITE DEPTH CAPILLARY WAVES 895

After first doing spatial localizations for the inputs gi, (¢) and g, (¢) and then put the input
with smaller spatial concentration in L* and the other input in L2, the following estimate
holds for some constants C; and C,,

Z P/?,kl k2

lk1—k>|<10,k<ki+20

< sup Yo D G2 Py T ()]
1L2€R2M 2T 1 iy <10 (my={1,2)

l —itA —itA il
< (DI gk ll2lle ™ AT gry yllzoe + Y e ™ AT g,y oo T 8k o 12.2)

J1=)2 J2=J1
. k rs s
<Y G222 (x) Py g (D)2 ( ) 220 e)
J2 J1=)2
. k s )
+ Y G2l (x) Pry g ()12 (Y 220 2ey)
J1 J2=]1

< C2%med.

From the above estimate and the estimate (6.21), we know that the desired estimate (6.20)
holds. -

LEMMA 6.2. — Under the bootstrap assumption (4.49), the following estimate holds for
some absolute constant C,

1 2 28m
(6.22) > Py o | T > Py ky| = €27 €0,
lk1—k>|<10,k<k|+20 |k1—k2|<10,k<k{+20

Proof. — Note that, from the L? — L™ type bilinear estimate (2.5) in Lemma 2.2, the
following estimate holds for some absolute constant C,

1 2
| Prekey sl 1 Prcicy o |

< sup CEIHRTI 4G S T (g ()lle + 29 VeRk, (1. 6)I2)
te[am—1 2m] i,j=1,2

(6.23) $ T T2 g2 lle™ A gi; (1)l|Los

624) < C2§m+8m(2m+k+k1!,—15k14+ + 22m+2k+2k1,,—14k1,+)€§.

From the above rough estimate (6.23), we can rule out the case when k + k1 < —m+ §m /3
or k1 > m/5. From now on, we restrict ourself to the case when k + k; — > —m + §m/3 and
ki < m/5

Recall (6.7) and (6.15). We know that the integral inside Pk1 Ky actually vanishes when

I'" = Q. Hence, we only need to consider the case when I‘é = L. Based on the possible
size of k, we separate into two cases as follows.
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Case 1: if k < k1 — 10. — Recall the normal form transformation that we did in Subsec-
tion 4.1. For the case we are considering, we have uv = —. Recall (6.19). To take the advan-
tage of this decomposition, we decompose Pkl, Ky ko and P]i Ky o into two parts respectively
as follows,

1 1,1 1,2 2 pl D2
625) 1Pl = D Tkl Tkl Peki) < 1 Pha il + 1PEky i

re{L,Q}

where

. 2] . N o _ —
Tk ko 3=/ [Rz Azl‘lfzgk(hé)e”q’” i1, & =0 E—nm(Tgy, (¢, E—n)
t

1

(6.26)
gy, (t.m+gg, (t.E=mTgy, (t.m)+Te+Ty+dr)gu. E—n. mgy, (t.E=n)g}, (t.n)]dndEdt,

(6.27)
~ 2 — . un . — —
Plé,kl,kz = _/ /Rz Az LLgk(t,?;‘)e”q’M (s,n)ﬂz]\tmv(g, U)g;l;] (t.&E— n)gzz(t, n)dndé&dt,
t

1

where
(6.28) o
GhyE—n.m) =E-—@* E ). G, (E—n.n) = (Le+ L)@V (. n)—¢(E— PV (€. 7).

(6.29)
3L = DL, E O E D). PhyE ) = GuwE—nom)(Le + Ly) @Y (E, )EE —1).

(6.30)
GnyE ) = GuuE—n.m(Le + L)@V (€ ((Lg + Ly @7 (5. 1) — E(E — @Y (E.0).

From the estimate (2.3) Lemma 2.1, the following estimates hold for some absolute
constant C,

162, —mmllgee < C2* P, (E g < C2KFH1,
K.k .k % o

< C3k+3k1

(6.31) o
”qu,v(Sv Tl)” Sﬁklskz =C
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[739% 2]

After doing integration by parts in “n” once for F;:il ko and doing integration by parts in

[739¢ 1)

n” twice for }3;(2 Ky o the following estimates hold for some absolute constants C; and C,,

Z |rkk1 k2|+|Pkk1k2|
k<ky1+20,lk;1—k2]<10

<  sup > [Cl IT T2 g ()| 227 HE L
te2m=12M] b g 100 ki —ko|<10

< (D 2R Vign (.92 + 2 IVign @ Ol2)( D e g llzes)
i=0,1,2 i=1,2

+ Z C12k+3k1+k1'+
J1=Jj2
j k
X T T2 (1) 112222 (192 (x) Piey 8 (1) 1227 @) (x) P, (1) .2
+ ) CMRHR T g ()] 2
J2=J1
(6.32) X 221 [[gf? (x) Py g (01227 0] (1) Pey (1) 2] = €222 3.
To sum up, from the estimate (6.25), the estimate (6.32), the estimate (6.33) in Lemma 6.3

and the estimate (6.45) in Lemma 6.4, we finish the estimate of Plé ky oo L€ {1, 2}, for the
case we are considering.

Case 2: If k > k1 — 10 and |k1 — k| < 10. — For the case we are considering, the sizes of
all frequencies are comparable, which implies that the estimate (6.32) also holds for P k ki ko
and Pk ki ko without decomposing the symbols of quadratic terms as in the estimate (6.25).

Hence finishing the proof of the desired estimate (6.22). O

LEMMA 6.3. — Under the bootstrap assumption (4.49) and the assumption that k + k1 —
—m + ém/3, k < k1 — 10 and ky < m/5, the following estimate holds for some absolute
constant C,

(6.33) IThd | < c22/simeg,

Proof. — Recall the associated symbol c}}w(é —n,n) of F,i’,il ks in (6.28). To take the
advantage of smallness of symbol near the time resonance set, we do integration by parts
in time once. As a result, we have

TL1 — TJ1,J2,1,1
(6.34) kk1k2 Zrkklkz Dk, = > Dekiks

i=12 1=—k1,—.jo=—k> —
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~ 2 — . v 5 -
st == [ T e (e — g€ -

x (g1, MTgy, ; (€& —m) +gp ; €.&E=mTg . (t.m)
+ (Tg + Ty +dr)duvE gy, ;5 =gy, (. m]dndEdt

+ X0 [ T 0 € [~ 0

i=1,2
T s P ol
x (ngl,,-l (i, & —magy,, t.n) + g, 6. §—=mTgy . (ti,n)
(6.35) + (Tg + Ty + dr)duw(§ —n.mgy, ;. § —mgp, ;, (t.m)]dndE,
w2, = / [ [ e =l s o (T,

(6.36) x (l“gk1 (1.6 — Mgy, (t.m) + g (1.6 —)Tgp (1.1))
+ (T + Ty + dr)un (€ — 0,3 (T T2gx (1, £)g (1,& — mgp, (t.m) |dndgd.

For Fk ey deos WE do integration by parts in “n” once. As a result, from the L? — L
type b111near estimate (2.5) in Lemma 2.2, the following estimate holds for some absolute

constants C

k 12
Tl < sup  C2M0+ DT 2g 0
te[am—1 2m]

x |27k (N 2RV (1 8) 2 + 27 ViR, (1. 6)2)

i=0,1,2
B k311 [t g1y, 5
< (Y e A gr ()zee) + Y 27K T FV g i e gk o2
i=1.2 J12)2
+ Y aTkEskitR it [ngkl,jl]HL‘””gkz’-/i”Lz]

J2=71

< C2—m—k—k1 +28m+8m6§ < C298m/563.

Now, we proceed to estimate Fk k1 o in (6.36). Since “d,” can hit every input inside

F,i i Lk which creates many terms. We put terms that have similar structures together and

split F]::lzz,kz into five parts as follows,

~1,2 ~i
©3)  Tie= > Tikse
i=1,2,3,4,5

P = [ [, [ e Emmee - mlaente -

x (ng1 (t.& - rl)g,ﬁ2 (., + g, gl (k- 77)1‘g£2 (t.n))
+ (Te + Ty + dr)pu (€ — 0. gl (1.6 — )8l (1.0)]
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(6.38) x (0 TT2ge.6) = Y Y BN, .9)dndédr,
Vel =) (k) kb)ex:

where ’E,j,,ji:ké (t, £) is defined in (7.8),

~ 2 ; — —
I? = - et TV EOTIT 201 (1, — k) gy, (t, k)Gt v (E — K, K
=2 L[ L 85 16— )8, (1. (6 — .1)

Viel+ =) (k] ky)exZ

st P EDE(E — )G, (E —n.m)(Tgl (1.6 =gy (t.n) + gk (1.6 —)Tgl_(t.m))
(6.39) + (T + Ty + dr)dun(€ —n.n)gl, (6.6 — Mgy, (t.n)]drdndgdt,
R %) — . o . . — o
Diuks == [ [ T2k 006 D126 )G = 000 (e 16 = gl e
1

+d.g) (t.6—mTgy (t.m)+TAss[d,g) 1(t.6—mgp, (t.1) +gf, (t. 6 =T AZ3[0:gL 12, m))

(6.40) + (Te + Ty + dr)uv (& —1.md (g, (6. & — gy, (t,m)]dndédt,
(6.41)
=~j k' khi—3 k', kbi—4 L k", kL i i—4 .
1_‘llc,kukz = Z Iﬂk,lkl,zkz ’ Fk,lkl,iz T Z Fk’lkl’IkZZ ’ 1€ {4’5}’
K k,eZ JZ=k, _isz—k) _
kK ° Trog B (), -
e = Y - CIT2g; (1, §)e t¢(E —mquv(E—n,n)
Te{+,—} f1 k2 JR2 JR2

X(PM [eitq}r,t(s_n’g)fl‘r,t(g —n—o, G)gché,jz/ (, O)Fé—ng;i J] t.&—n— 0)]gzz . n)

(6.42) +gp (1.6 =P MG (n—0.0)Tygf, L (t.1=0)8}, ,(1.0)])dodndédt,

YA WY 5] ——
kisJ1:k5:J552 12 j v .2~ ~
s oy / / / / TTT2ge (1, £)e" " " ENir25(E — 1) (€ — 0. m)
Tielt.—} t1 JR2 JR2 JR2
X(Pule* ET Oy @5 (E —11.0)Gru(§ — 1= 0.0)8}, [ (1.0)gF, (1.5 —n—0)]gy (t.1)
(6.43)
8, (L E= M P [T MO 0T (0. 0)Ge (10,008, (L= 0)gy, (1. 0)])dodndEdL.

€, 9

Recall (6.38). For T‘\,i © k,» W€ do integration by parts in “n” once. From (7.7) in
sK2,K2
Lemma 7.2 and the L? — L type bilinear estimate (2.5) in Lemma 2.2, the following
estimate holds for some constant C,

|f1§ N k2| < sup C o k+5ki4+ki (25m+8m n 235m+k)

te[2m—1 2m]

< [( > 2% Vige (0 )l2) e gy (D)L

i=0,1,2
+ (Y 2MVig (1. ) llp2) e A g, e
i=0,1,2
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+ Y ammiikR o8 (g (0210 () gk (02
Jj12J2

+ Y Rkt ok () g (02 1le8 (0 8k, (2]
J2=J1

< C2—m+2§m+8m—k—k1€§ + 2—m+4ﬁm€§ < C29Sm/563_

Recall (6.39). For Fk ks ep WE do integration by parts in “n” once. Recall that |k} —k| < 10.

€, 9

The loss of 2% from integration by parts in “7” is compensated by the smallness of 22k
from the symbol G v (§ — k, k). As a result, from the L? — L type bilinear estimate (2.5)
in Lemma 2.2, the following estimate holds for some absolute constant C,

I k+k —itA
MRkial = sup 37 CmHERTI g o e gy (1) o
te[am— 1 zm]k, <k—10

) (Y 2MNVigk, (. O)ll2 + 2 I ViRK, (1. §) I 2)
i=0,1,2

) (D 2K )eT A F T Vegk, Nllzee + e A g, llLos)
i=1,2
< C2_m/2+ﬂme§.

Now, we proceed to estimate fi’ ks r® Recall (6.40). From estimate (7.1) in Lemma 7.1,
estimate (5.18) in Proposition 5.4, (7.13) in Lemma 7.4, and the L? — L™ type bilinear
estimate (2.5) in Lemma 2.2, the following estimate holds for some absolute constant C,

I’F\]:z kl k2| S Sup C22m+(2—(¥)k1
Y teem=12m] , 71,
[(19:8, 0. 6) = D o B k@ OlllleT A gk, (0o

wvel+,=} (k) ,k/z)exkl

08k, Ol Y e A F B gy (O]l

& kbext,
+ 1A3[0: g1, 1 2y lle ™ P gry, (Ol 2o JIIT T2 gxe ()| L2 < C2%M/2€2.

Lastly, we estimate f‘\;{‘ Ky s and f,f ki dr Recall (6.41). Based on the size of difference
between k| and k7 and the size of ki _ + k2, we split into three cases as follows,

If |k} — k3| < 10. — For this case, we know that V,®%'(.,.) is bounded from blow

[{Pt)

by 2k——ki Hence, to take advantage of this fact, we do integration by parts in “o” once
k32
twice for Fklk’ 2 Asa result, from the

cc 2

for F,]jlkiczkl and do integration by parts in
L? — L™ type bilinear estimate (2.5) in Lemma 2.2, the followmg estimate holds for some
absolute constant C,

k' .k
Z Z |Fkk12kz < sup Z Comtki+ki+2k]

—1
Ik} —kb| <10, |k —k2| <10 i=1.2 1RmL2M 1 k5 |<10, ki —ka <10

( > 2| Vige .92 + 251 Vigi (1. 6)ll.2)
i=0,1,2
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x () 2 e™ A F T Ve oo + lle M gu lloe)
i=1,2

< () fle™ A gr, llLoe) IT T2 gr (1)l 2 < C27P™ed.
i=1,2

Ifk, <ki—10 andk’l,_ + k5 < —19m/20. — Note that |k} —k;| < 10. For this case, we use
the same strategy that we used in the estimates (5.12) and (5.13). From the estimate (5.15) in
Lemma 5.3, we know that the following estimate holds for some absolute constant C,

> > I

ky<k1—10,kh+ki _<—9m/10i=1,2

3kL 1o
< sup > C (2%2)|gk, (1, )l
1€l N2 g ey 10,k k. <—9m/10

+ 2128 |Re[u] 1 )Yy (©)llge) (D e Mg o)

i=1,2
x (2P Dgp | 2+ 23 F2RIRRKS g (1)) 2) [T T2k () 2
< Z C23Sm+2m+2k1+3k’2(1 + 22m+2k1._+2k;)€§
khy<ki—10,k5+ki,—<—9m/10
< C27hmel,

Ifk <ki —10and k1 — + k), > —19m/20. — We first do integration by parts in “o” many
times to rule out the case when max{j{, j;} < m+ki——pm.lf max{j, j;} = m+k_—pm,
from the L? — L — L type trilinear estimate (2.6) in Lemma 2.2, the following estimate
holds for some absolute constant C,

Z Z |Fk,1 SJ K5 0550 |
kik1.k>
i=1,2 max{j{,j3}=m+ki ——Bm

< sup C[ Z (2m+j{+5k1 + 22m+5k1+k§)

—1.om
te[2m—12m] | =max{j},m+ki ——Bm}

—itA
xllgkg, sy Oll2 18k, Ol ( Y lle™ g loe)
i=1,2
545k k1+k,
n 3 x (2 g 2m IR gy O 2l gk (Ol
Jyzmax{j{,m+ki,_—Bm}
—7 a1/
X (D2 e A, o) [IT T2k (1) 2 = C27m ko +108m e
i=1,2

(6.44) < C27Pme2.
Hence finishing the proof. O

LEMMA 6.4. — Under the bootstrap assumption (4.49) and the assumption that k + ky — >
—m 4+ 8m/3, k < ki1 — 10, and ki < m/5, the following estimate holds for some absolute
constant C,

(6.45) Pl | < €252
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Proof. — Recall (6.27) and its associated symbol in (6.29). To take the advantage of the
small symbol near the time resonance set, for Pk1 Ky deos WE do integration by parts in time
once. As a result, we have

~ .
Pivin= 2. Pirii
i=1,2,3,4,5
Pkl,kl,kz = Z (_l)i /1.32 /]Rz LLgk(ti7g)eitiq:‘“!v(é’n)ilizﬁllt,v(g» T))
i=1,2
x gy, (timgy, (ti, & —ndndé
2 — . auwv R — —
646 [ [ [ TEou. e EPiapl € gl .6 gk . nddgar
t

~

5]
—— =~y
sz’k"kz - /;1 /Rz /Rz (0 LLgk(1.8) — Z Z Bk’k,l’k,z (t.8))

Ve{+,—} (k] ,k,)ex?

(6.47) x e PTED 2B (€ el (€ — gy (1, mdndEd,
(6.48)

D3 ._ D3.J1sJ

Pikie = 2 Pt

12—k1 —,jo=—ko —

(6.49)

.. %) /
p3.J1:02 _ - PtdHV(Em) ;2 —itd TV (E,k)
Rit= X X [T, [ererrenie

Vel =} (k) kY exz

X LLgg, (1, =108y, (t:6)q 1, (§ = k.1 Py (€. )
x g & =gy . (t,ndrdndkdt,

~ 2 U o —_—
Poowi=— [ [, [ e emirpl 6 nrTgue
1 R2 JR2

(6.50) X (A=3ldegy 1. & —may, (6, 1) + g, (.6 = mAs3[d: g}, 12, m))dndédt,
(6.51)
~ —~k" Kk
Plriia= 2. Plikiio
k1.k5€Z
kK —k{.j1.kh. i}
Plikikr = > Pk, s
J ==k _jhz—kh _
(6.52)
=5k kS 2 ST POV (E,) ;2 A1
Piogoe "= 2o = [, T2t e i By (E0)
W el —} 31 R= JR
it (E—p.0) ~ o W e
X [PM[e Gu (€ —n G»O)gk/l’j{(hg n U)g,‘éé,jé(l,a)]
(6.53) X Y, (€ —mgy, (6. m) + g (t.E =) Py
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—
-

x [T Mg, (- o, (7)g},‘€‘/l g0 = o)gl‘;;z,jé (t.0)Yk,(n)|dodndédt.

[739% 4]

Recall (6.46) and (6.47). For ﬁkl k1 &, @nd ﬁ,f ky &, » We do integration by parts in “n” twice.
As a result, from the L2 — L type bilinear estimate (2.5) in Lemma 2.2 and estimate (7.7)
in Lemma 7.2, the following estimate holds for some absolute constant C,

Z |P/<l’«,k1,k2|

i=1,2
< sup C2k1+6k1'++8m(2t§m—k+23gm)
te[zm—l’zm]
X [( Do 28V, @O N2) (Y lle gk (1) ]lLes)
i=0,1,2,j=1,2 i=1,2
+ Y 22 A T Veg, o Tleee gk (D)2
J1=J2
+ 30 PR Ve, g oo Igk,is (0122
J2=J1

< C2—m—k—k1+28m+8m63 + C2—m+4ﬂm€§ < C298m/5€§.

Now, we proceed to estimate ﬁ,f, k1.kp- Recall (6.49). Note that (ki,k3) € 7, ie,
|k} — k| < 10. Hence the symbol G4 ./ (§ — k., k) contributes the smallness of “p2k» By
doing integration by parts in “»” many times, we can rule out the case when max{ji, j»} <
m+k_—ky +—Bm. If max{ji, jo} > m+k_—ky 4 — Bm, from the L? — L> type bilinear
estimate (2.5) in Lemma 2.2, the following estimate holds for some absolute constant C,

—3
I
Z |Pk,k1,j1,k2,j2|
k,<ki—10
max{jy,j2}=m+k——ky 4 —Bm
S sup Z C23m+3k+3k1
relm=t2m Ky <k —10
max{j1,2}=m+k——ki +—Bm
d 2 e gy o () lloo 181,51 ().
J1zmax{jz,m+k_—ky +—pm}
* 2 k2,12 (O)lz2

Jozmax{j,m+k_—ky —Bm}
—itA —itA
x le™ " gry jy O llLoe) I LLgg (0|2 e ™ gry () [l Loo

< C2—m/2+10;3m65‘

Now, we proceed to estimate f’\,f 1 k- Recall (6.50) and the estimate of symbol “pl (£,n)”
SK1,K2 MV
in (6.31). For this case, we do integration by parts in “n” once. As a result, from estimate
(5.18) in Proposition (5.4), estimate (7.13) in Lemma (7.4), and L? — L type bilinear
estimate (2.5) in Lemma 2.2, the following estimate holds for some absolute constant C,

| < sup  C2MFCTORHRLLIPIT? gy (1) 2

54
| Pk s
te[am—1 2m]
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—itA —itA

X (I1A2300:8k, 1z, e ™ % giey ()| Loo + 1A 23[0: 81,1z, lle ™ gy ()] o2)

< C2_ﬁm+28me§ < C2_5me§.

Lastly, we proceed to estimate ﬁ,f Ky s Recall (6.51) and (6.53). We first consider the case
when |k} — k}| < 10. By doing integration by parts in “o’” many times, we can rule out the
case when max{j{, j,} <m+ki——kj , —Bm.Ifmax{jj, j;} > m+ki,——kj . —Pm,after
using the L2 — L>® — L type trilinear estimate (2.6) in Lemma 2.2, the following estimate

holds for some absolute constant C,

ﬁ\,k'l,jf,k'z,jﬁ

P ke s |
|k —k5|<10,k; <k|+10

max{jl/,j2/}2m+k1’,—k’lA+—ﬂm

< sup Z C23m+k+3k1+2ki
te[zm—l’zm] i=12
|k|—k51<10,k1 <k|+10
—IitA
x ( > lgw; ;O llzzlle ™ giy gy oo
Jjizmax{j;,m+ky ——ky L —Bm}
—itA
+ > I8k, iy Oll2lle™ P gry jrliLee)

Jjpzmax{j{,m+ky _—k{ , —Bm}

A g ()|l Lo | LLgk (1) 2
< C27m+10ﬁm€g‘

X ||le

It remains to consider the case when k) < k} — 10. We split it into four cases based on the
size of k| + k’ and whether k is greater than & as follows.

Ifky _ +kjy < —19m/20 and k < kj, +20. — By using the same strategy that we used in the
estimates (5.12) and (5.13), from estimate (5.15) in Lemma 5.3, the following estimate holds
for some absolute constant C,

KK
> 1P i ker o |
Ky <k! =10, |k 1 —k' | <20

3m+k+4k
< sup > COM UL Lgr (0] 2llgi; ()2
1el2M L2 g e 10, kg —K) | <20

< (lle™  giey (1) oo + lle ™A gy (1) Lo0)
x (2517252 | Re[v] (¢, €)Yy (8l Lgo + 22118y (1, 8) | L2o)

< C23m+28m+4k§+3k1—15k1,+(1 + 2m+k1+k/2) < C2_ﬁmeg.

Ifky _ +ky < —19m/20 and k > k; + 20. — For the case we are considering, we have
lo| <273|€] < 271%p|. Hence, the following estimate holds,

(6.54) |V (@ (5, ) + v(D* (0, 0)))| + |V (@HV (E,m) + (@Y (& — 1, 0)))]
> 2—10|%- _O_|(1 + |n|)—1/2 > 2k—k1.+/2—20'
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To take advantage of this fact, we do integration by parts in “5” once. As a result, from
estimate (5.15) in Lemma 5.3, the following estimate holds for some absolute constant C,

|f)\/:ll;]:2k2| < sup C22m+3kl+kl’+
e te[zm—l’zml
— — —1 o~
< (D e gr 0)llzee + 25 [leT A F T [ Vegr, (1. 6)]llLo)
i=1,2

< (D7 lgr O llz2 + 25 Ve, (1. )2 + 251 Ve iy (1.6 1.2)

i=1,2
x (222 | Re[v] (1, )ik () 1o + 272118y (1, §)lge ) 1L Legie (1) 2
<C2Pme,

Ifky _+ky > —19m/20andk < k;+20. — By doing integration by partsin “o” many times,
we can rule out the case when max{j;, j;} <m+ky_—pm.Ifmax{j{, j,} = m+ki,——pm,
from the L2 — L>® — L type trilinear estimate (2.6) in Lemma 2.2, the following estimate
holds for some absolute constant C,

ﬁ\/k/l 21 k5,75
P kkihy |
max{j{,j3}=m+ky ——Bm

< sup C23m+k+3k1-|—2k1 ( Z ”e_itAgk,- (t)||LOO)

IE[2m71 ’2m]

i=1,2
— A
x ( > g i1 Ollz2lle™ A grg s ()| oo
Ji=zmax{j;,m+ky ——Bm}
—itA
+ > lexs.js N2 x e g jr () llLoo) ILLgx (1) 2

Jh=max{j{,m+ky _—Bm}

< Cz—m—ké—i—loﬂmeg < C2—ﬁm€§.

Ifky _+ky > —19m/20 andk > k;+20. — By doingintegration by partsin “o” many times,

we can rule out the case when max{;, j;} < m-+k,_— fm. Now, it remains to consider the

case when max{ |, j3} > m + ki _ — fm. As k > k} + 20, it is easy to see that the estimate

(6.54) still holds. For this case, we do integration by parts in “n” once. As a result, from the

L% — L™ — L type estimate, the following estimate holds for some absolute constant C,
> P

max{j{,j3}=m+ki _—Bm

< COMHH( N M A T Vg, (1, 9)]llLee + e A gk, (1) |zoe)

i=1,2
v —itA
% ( ) Vi llgur Ol lle™ A gry iy (Ol
J1=max{j;,m+ky _—Bm}
_ 27!
+ > 2 gk g (O l2 8k 3 ) | L Lk (]2

Jhzmax{j{.m+k _—pm}

< C2—m/2+10ﬂm6§ + C2—m—k'2+10ﬂmeg < CZ_ﬂmeg.
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Hence finishing the proof. O

6.3. Z,-norm estimate of the quadratic terms: if k, < k; —

Note that, for the case we are considering, we have u = + (see (4.42)). To simplify the
problem, we first rule out the very high frequency case and very low frequency case.

We first consider the case when k1 + k, < —19m/20. By using the same strategy that we
used in the estimates of (5.12) and (5.13), from estimate (5.15) in Lemma 5.3, the following
estimate holds for some absolute constant C,

| f / iT22(, g)rérgB,jk”l kz(z,g)dgdq

= sup  CINT2gr@l( Y 2% 1 VeBk (1 )ll2)2" T4 (1 4 2220 t2)
t€[2’n7 ,2m] i=0,1,2

x min {25129 [ Re[v] (1, §) Y, (§) lge + 22118k (1, §) lge . 2512 1 g1y (1) 2}

< C23gm min{2m+2k‘+k2(l + 22m+2k1 +2k2)’ 22m+k1 +3k2(1 + 23m+3k1 +3k2)}

< C27ﬁm6§.

Next, we consider the case when k is relatively big. More precisely, we consider the case
when ky > 5Bm and ki + ko > —19m/20. Recall (6.5). Note that egy, (1,6 — 1) =
—&r - Vy8k, (t, & — n). When I¢ hits g, (¢, £ — ), we do integration by parts in “n ”to move
around the derivative V,, in front of gi, (¢, & — ). As a result, from the L? — L type bilinear
estimate, the following estimate holds for some absolute constant C,

| / / TITZg(t.§)PITEBE) | (1 E)dEdt|

k1>58m, k2> m—ky

< > sup  C[ITiTage(®)l 2118k, (1)) 122%

k1 >58m ko> —m—k, te[am—1 2m]
x (272 )gk () llz2 + 2721 Ve, (0122 + Vi Zko (0)]12)
(6.55) < > C23mFBmtaki—ka=(No=30k1.+ ¢ < C27Bm¢,

k1=58m,ky>—m—k

Hence, for the rest of this subsection, we restrict ourself to the case when k; +k, > —19m /20
and k; < 5Bm. Recall the decomposition (6.6). We know that the desired estimate for
the remaining cases follows from the estimate (6.56) in Lemma 6.5, the estimate (6.71) in
Lemma 6.6, and the estimate (6.93) in Lemma 6.8. Hence finishing the Z,-norm estimate of
the quadratic terms for the Highx Low type interaction.

LEMMA 6.5. — Under the bootstrap assumption (4.49), the following estimate holds for
some absolute constant C,

(6.56)

28 2
> IRe[P i, i)l + 1Pk iy | < C22°7€5.
k1,k2€Z,\k—k11<10,k2<k1—10,k1+k>>—19m/20,k1<58m
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Proof. — We first estimate P]fj Ky o Recall (6.10). By doing integration by parts in “n ”

many times, we can rule out the case when max{ji, jo} <m + ki — — Bm. If max{ji, jo} >
m + ky— — Bm, from the L? — L™ type bilinear estimate, the following estimate holds for
some absolute constant C,
ORI
max{ji,j2}=m+k; ——Bm
< sup 2t > y—mAki+ i+ +2)2
te[am—1 2m]

J1zmax{jz,m+k; ——Bm}

< @i () gk, (Ol 2 912 () gy (1) 122

+ 3 R g2 () gy ()12
J2zmax{ji,m+k; ——Bm}
(6.57) X [T 2ge (1) || 2 < C27m—h220Bm 2 < co=Bm 2

It remains to estimate Plg’ Ky o WE decompose it into three parts as follows,

(6.58)

Pk3,k1,k2 = Z Q;-C,klakz’
i=1,2,3

(6.59)

¥} . —

Okrer = / /R , fR T2, £)e" ™" 60 (6 — 0T 2g0, (.6 — n)gl, (1. mdndEd,
131

(6.60)
t . ot —

Ot sk = [ [, [ FTou(0. 06" €0, ¢ i 16 — U2 0. i,
131

3 _ J1,2,3 ]1 J2:3 . 1120 itdTV(E,n)
Qickr oo = > Orivin Pk / / / [iT2ge(r,§)e

J1=—k1,—, o=~k —

x[ ) (Tf+ Ty +dr)dsn(E—n.n)
{l,n}={1,2}

x (Trgy 5 (@ E=mgp, ; (t.n) + g, (t.€=mTng) . (t.0)
(6.61)  +(T¢ + T} +dpi) (T2 + T2 + dp2)ien (€ — m)gg 5 (L E— Mgl (t.m)]dndéd.

We first estimate Q ,lc ki ko Note that after switching the role of £ and & — 5 inside Q ,1 Ky o
we have

Re[Qii,kl,kz] = Re[éli,kl,kz]’

—~ 1 2 —_— . — o

Ohsini=3 [ [, [T 006" €0 iy (6 = )T (0.6 = gl 0. s,
t

where

(6.62) pyi (=00 = Grv(E =0 MYEE Y, E — 1) + G E V& (E — )V, ().
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From (4.10) and (4.39), we have

PieE—nm) =pl E—nn) + p02E =) = 0()E 0+ O(n).

Recall (6.16). From the above decomposition, we can decompose p ,(§—n, n) into two parts
as follows,

(6.63) pii (& =Y R E=n, B E—n) = akkl(g:)@*"(s n),
i=1,2

where uniquely determined symbols ag x, (§) and p,j kvl 2(5 — 1, n) satisfy the following esti-
mate for some absolute constant C,

(6.64) I3 E=nmlsg, < C2%% lark ®ll s, ., =€

Correspondingly, we decompose Q ,i Ky ko into two parts as follows,

31
Okkrda = D Ok ko

i=1,2

Qli;q . / / / F1F2g(t ég')e”q) V(&.m)

X Bt (6 —n.MTIT2g(1.6 — gy (t.p)dndEdr, i € {1.2).

From the L2 — L type bilinear estimate (2.5) in Lemma 2.2, the following estimate holds,

> 10k, 4|

lk—k1]|<10,k<k1—10

< sup > C22|T T2 g, (1) ll2lle ™ gay (1) oo
te2M1 2] kg 1<10,k0 <k —10
(6.65) X [T T2gr(t)||2 < cz”meo,

where C is some absolute constant. For Q k; Ky deos WE do integration by parts in time. As a
result, we have

N1;1
Ot = 2 Qkkrko

i=1,2

Q]lcllcl’kz Z( l)l 1/ /mg”l (S'I)Flrzg(t £E—n)

i=1,2

kk1 (S)

8k, (ti.mdnd§

+// / ﬂ(r,é)ei’¢+’v(5’”)wﬂ(t,é—n)azgz\(t,n)dndsdt,
t1 JRZ JR2 2 2

. 1 5] ot - o

1;2 — it ®TV(€,m) 172 172 _
Qbrkr = 2/” /Rz /Rze ag ey (§)3: (D102 (e, §)TIT2g (1, & — ) gy, (¢, )dndéd.
From the L2 — L type bilinear estimate (2.5) in Lemma 2.2, the following estimate holds

for some absolute constant C,

0%k, k2| < sup CIT'T2ge() 21T T8, (Ol (e gy o + 2™ €781 gk, (1) | 0)

2m 12m

(6.66) < C2m/2HBm2
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Recall the estimate (7.7) in Lemma 7.2. It motivates us to do the decomposition as follows,
A1;2 _ Al21 ~1:2,2
Qieres = Liciere T Licer o

where

5]
A2l _ ity € ) Ahk (S)/"\t
Qk,kl,kz : /;l AZ Aze ) gkz( 1)

<[0T~ Y. Y B L O T -

(K ky)ex2 v'el+,—}

+ T2 (0T T2, (= = Y. D B (8 —m)]dndsa,

(kydep)ex, Vet

Al22 . roty akk (é)
Qk,k1,k2 . Z ];1 A;z Azl m s [Flrzg(t £— n)gkz(l n)

k) <k{—10,|k1—k||<10 v/ €{+,—}

X STV GOTTT gy (1,6 = )y, (1K) (6 = . K) + T2 (1, £)gF, (1.1)
1T Em0g, (€1 — k)T T2gy (1. — 1 — g, (. K>]dndxd$dr

From estimate (7.7) in Lemma 7.2 and the L? — L type bilinear estimate (2.5) in
Lemma 2.2, the following estimate holds for some absolute constant C,

10w = e ]c24°ﬂmeo||rlrzgk(r>||u||e—”Agk2(t)||Looscz""/”“ﬂ’"eé.
te[2m—1,2m

Now, we proceed to estimate Q k. k k . To utilize symmetry, we do change of variables for the
second part of integration as follows (&,1n,) — (§ — K, n,—«K). As a result, we have

Ali22 . _ nq>+ V(E ) —itdTV (&)
Ok ks * > /n Az /1;2

kS <k —10,lk1—k|<10 V' €{+,~}
Ak i, (§)
2

x [TTT2g(1,€ — mgf, (t.)
ag iy (§ — k)
2

I (R K)g;?z (. 1) G+, (§ — K, k)
CIT2g (1.6 —k)gy, (6. MG+, (E — 1. —x)

x T2, (1.5 — ey, (. K)]dnd/cdgdt

- 3 ) /// 19 ()it ()
R2 JR2

kS <k{—10,|k1—k||<10 v/ €{+,~}

+

(6.67) X F1F2g(t £ — n)gkz(t n)FlFZg(t E—K)gk, (t, —K)rv W (E n,k)dndrdédt,

where
P 6010 1= gy (O € — KWk (6 = ) + g ey (§ =)0 (6 = 1. =)W (E = 1),

OH (g ) — DTV (E, 1) = —A(E —n) — vA() + A(E — ) — V' A(K),
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Recall (4.14) and (4.15). From the Lemma 2.1, we know that the following estimate holds
(6.68) o (&, 1)V (DY, (€ = MV (D] o0 = C2mxlb2ka} e,

where C is some absolute constant. From (6.68), and the 12— L — L — L type multilinear
estimate, the following estimate holds for some absolute constant C,

S1;2,2 ko k5 +k 112 —itA
10k 22k, < sup > cymtmedte IR DI g (1) 2 ]le T gy (1) [l Loo
te[zm—l,zm]kéﬁkl_lo

x e gy (1) | oo [T T2 ge (1) [ 2 < C27m/2H30BmeS,

Next, we estimate Qi Ky s Recall (6.60). From the L2 — L type bilinear estimate (2.5) in
Lemma 2.1, (4.14) and (4.15), the following estimate holds for some absolute constant C,

| > OQtiiil = sup Y ComPR P [T T )02
ka<ky+2,/k—k1|<10 tel2m712M] k<10
(6.69) x le™ " gie, ()| Lo [T T2 g (1) [ 12 < €22

[739% 2]

Lastly, we estimate Q ;’C’ ko Recall (6.61). By doing integration by parts in “” many times,
we can rule out the case when max{ji, jo} < m+ky——Bm.If max{j;, jo} > m+k; _—fm,
from the L2 — L type bilinear estimate, the following estimate holds for some absolute
constant C,
J1,J2,3
Z | Qkf/qz,kz |
max{j1,j2}=m+k) ——Bm
< sup Yo > 21 gk iy (D)2
€212 =15 J1=max{jz,m+ki,_—pm}

X (”e_itAFigkz,jz(t)”Loo + ||e_itAgk2,j2([)“L°°)

+ > C224 2| gy, 4y (1) 12
Jazmax{j1,m+ky ——Bm}

< (e AT gy jy (D lLoe + lle™ " gry ) (Do) T T2 gie ()1 2
(6.70) < C2mH20Bm—k2 2 < Cp=Bm2,

Hence finishing the proof. O

LEMMA 6.6. — Under the bootstrap assumption (4.49), the following estimate holds for
some absolute constant C,

1 28m 2
(6.71) > 1Pl k| < C227ed.
k1,k2€Z,lk—k1]1<10,ky<k;—10,k1 +kr>—19m/20,k1 <58m

Proof. — Recall (6.7) and (6.12). Same as in the High x High type interaction, we know

that the integral inside Pkl Ky ko vanishes if '/ = Q. Hence, we only have to consider the case

when I'! = L. Recall (6.17). We know that similar decompositions as in (6.25) and (6.28) also
hold. Recall (6.28) and (6.17). From the estimate (2.3) in Lemma 2.1, the following estimate
holds for some absolute constant C,

(6.72) 1%, (& MYk )Wk, (E — MYk, ()| g0 < €222, if ky < ky — 10.
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[739% 1)

After doing integration by parts in “n” once, the following decomposition holds,

1,2;1 1,2:2
(6.73) |I'k Tk k2| <y s k2| + T, kl,k2|*
where
Ill%llkz / / [ Fll"zgk(z g)glfq>+”(§n)v
- i
Vy®tU(E ) N
‘(W G5, E—=nm[G+vE—nn)

x (Tgy (t.§ — gy, (t.) + &5 (.6 — )Tg}_(t.m)
+ (T + Ty + A0 € = 0., (1 = gL, (1))

—TT2g, (1, £)e!®T €Ny,

CI>+ v o /\
(6 =106 = &, 0.1) P 1.6 = dndr

1,22 . 1,2;2
Dk, = > Dk i kaia®

J1=2—k1 —.jo=—k>o —

t -
1,2;2 . 1720 itd TV (),
et o ez '—/ /Rz/ T2 (r, §e’ T8y, (18 =My

V + —_—
(s Tl = 1 esE = 0 0EL, o) )dndEd.

From the L? — L™ type bilinear estimate, the following estimate holds for some absolute
constant C,

1,2;1
Z |Fk,k1,,k2|

ko<ki—10,lk1—k|<10
< sup Z Z C2" 22 |IP' 2 g1 (1) 2

€212 o <key —10, [k —k| <10 i=1,2
< [(2%11VE 8k, (1. ©)ll2 + 25 V@i, (1. §) 1 L2) e gy (1) Lo
+ 25 [le T A g, (1) oo (252 V28R, (2. 6) | 2
+ Vg8, (1. 6)l2 + 272 g1, (D] 2)
- ik ik
+ Y 2R () gk, (01|22 10y, ()8, (022
J1=J2
(6.74) + 30 a2 g (g, (0227 g (Vg (0l 2] = €22
J2=J1
Now, we proceed to estimate F,iilz ks By doing integration by parts in “z” many times, we
can rule out the case when max{ji, jo} <m + ki, — — Bm. If max{ji, jo} > m + k- — fm,
from the L2 — L type bilinear estimate, the following estimate holds for some absolute
constant C,
1,2;2
Z Fk,kl,jl,kz,j2|

max{jq,j2}>=m+ki ——Bm
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< sup Comtkethkif Z 2l gk i (Ol 2
te[2m=1,2m] Jj1zmax{jo,m+ky ——Bm}
% (2—k2||e—il‘A . —itA o1 v )
gkz,]2||L°° + ||€ (? [ Sgkz,jz(t)]”LOO)
+ > 272 gk jo ()]l 2 e A Ty g, (Ol JIT T2 () .2

J2zmax{ji,m+k; ——Bm}
(6.75) < C2m/2+208m 2

Recall the estimates (6.25) and (6.73). From the estimates (6.74), (6.75) and the estimate
(6.76) in Lemma 6.7, we know that our desired estimate (6.71) holds. O

LEMMA 6.7. — Under the bootstrap assumption (4.49) and the assumption that k1 + ko >
—19m /20 and k1 < 56m, the following estimate holds for some absolute constant C,

(6.76) T, k| < C27P7e.

Proof. — Same as in the High x High interaction, we do integration by parts in time once.
As a result, we have the same formulations as in (6.34), (6.35) and (6.36).

We first estimate F,l,ll ko Recall (6.34). By doing integration by parts in “n” many times,
we can rule out the case when max{ji, jo} < m+ki——pBm.If max{ji, j»} > m+k,_—pm,
from the L2 — L™ type bilinear estimate (2.5) in Lemma 2.2, the following estimate holds for
some absolute constant C,

2 Tielia|
max{j1,j2}=m+k; ——Bm
< sup  C2"PIDIT g
te[am—1 2m]
x [ > 2 gk, iy Iz (lle™ 8y oo

Jj1zmax{jz,m+ki ——Bm}
_ —1 ~

+ 29217 F T ViGis, o (O]l

+ > 22772 gy gy O 2 (le ™ iy o oo

J2zmax{ji,m+ky ——Bm}
+ 260l F T V@i g (D]lzo0)]
< C2—m—k2+20ﬁm6(2) < Cz—ﬁmE(Z).
Now, we proceed to estimate F,lil ko Recall (6.36). Since now kq and k, are not compa-

rable, different from the decomposition we did in (6.37) in the High x High type interaction,
we do decomposition as follows,

1,2 _ 1,250
(677) Fk,k],kz - Z Fk,k],kz
i=1,...7
~122 BN S BN A 1 k151K 051
(6.78) Fk,kl’kz = Z Iﬁk,kl,kz’ Fk,kl,kz - Z rk’k1=k2=12 ’
ky<k|+10 Jaz—ka —,j{=—k| _.j5=—k5 _
=123 Sk kb2 okikp2 Bl Tk 2.2
679 Toel, = > Tk Tk = > Uik
ky<k|+10 1z—k1—,j{z—k| _.j3=—k; _

4¢ SERIE - TOME 53 — 2020 — N° 4



3D FINITE DEPTH CAPILLARY WAVES 913

~1,2:i ~1,2:i .
Dekig, = > Ciindagn | ESH

1=k —,ja=—k2 —

Tk = / A ] / TIT2ge(r, )" " EDe (g — yud g, (1, 1)

% (G40 (. MTgi, (1€ =) + (Te + Ty + dr)s.o (E. )k (1. — ) dndid.
which results from the case when 9, hits the input “gg, (t, & — )" in (6.36).
VSE DD f [ [T e e it 6o

w v e{+,—}

X v (€ —n—0,0)Yk, (§ - n)gkf (8§ —n— o)gk/ ,(1.0)
(6.80) X (G4.(E = 0. TEYL L (t.1) + (Te + Ty +dr)du(§ = n.mgy, . (t.1)dndéd,
which is resulted from the quartic terms when 9, hits the input “gg, (z,& — n)” in (6.36).
Rt 2 [T ] T et e e - )

W' e{+,—}

X G (& = e OOy G (0 = 0,008 (1.1 = 0)
+ itrnq)“/’”/(ﬂ, 0)‘?#’,1}’(77 — 0, O’)g;:,l J] (t, n— 0)]
(6.81) X gl‘;ﬁ L (t,0)dodndédt,
2472
which is resulted from the quartic terms when 9, hits the input “@(r, n)” in (6.36).

(6.82)
2 e
T1,2;4 . it®TV(E,9), %
Fk,kl Jska,ga T _/tl /R2 /1;2 PIr2gk(t,6)e"! § ")IC(S -n)
X [(TA2309:glky,jy (0.6 = Mg, ;, 1) + Zky (1€ = MTA3[0:8" ks, 5 (8, 1)
+ A=3[0:8lk,, 5, (1.6 —mTgy, (2, )G+ (& —n.1)

(6.83) + (T + Ty +dr)grw(E — 0.mMA>3[0:8lk, 5, (. & — Mgy, ;, (¢, m)dndEdt,

which is resulted from the quintic and higher order terms when 9, hits the inputs “gg, (¢),”
“ngl (t),” and ((ngz(t))’ in (6'36)‘

=1,25 itd+v (&) _
e, Jervkangn / Az /1;2 1€ —m

x (3T T2g(t.8) — ooy B,jk”/k/(z,g))

ve{+,—} (k}.ky)ex?
X (q+.0E = 0,0 &k, (0.6 —mTgy, (6 1) + Tk jy (6.€ =gy, (1)
(6.84) + (e + T)d+vE — 0.8k, 5, (1.6 — g, 5, (€. m)dndédt,
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which is resulted from the good error terms when 9, hits “I''I"2g (t)” in (6.36).

=126 kK53 =k k.3
685 o= 2 Dhioat X Dl
k| —k,|<10 K,y <k|—10
BN kLK, 553
(6.86) 1—‘k,k1,kz;i = Z Fk,kl,kz,jz;i . 1eil2,

J{=—ky _jp=—ky _jaz—ka —
. . t2
NN Ao it®tT V(&)
Tyl > | T2kt 6)e )
wovetr,—y Ui JRZIR

~ gy it E—pe) o
X144 (E—n.mg, i, (. MYk, (§—ne 851 0)
x [i1Te g ' (€ = 1,004,006 =1 — 0,008l (1.6 —1—0)

(6.87) + Temy (G € = 1= 0,0)8h, /(1.6 = 0 —0)) |dodndsar,

which is resulted from the quartic terms when 9, hits the input “F/g;1 (t,€—n)” in (6.36) and
moreover two inputs inside A,[0;"gg, (¢, & — n)] have comparable sizes of frequencies, see
(6.85).

T WY, %) ——
«~k",ji.k5, 75,3 T ; “+.v - - _
R = - [ [ T e e i Gnmi e
ve{+,—} 1
irptv (E— - . ’ ~ —

X, E=me T EI Dy (1,0)|i1Tey O (E=1,0)G40(E-1-0, 008, (1. E=11-0)
(6.88)

Ty (G0 (E=1-0, 008 (1. E-1-0)) T, . (1.6-1=0)q 4, E—1—0,0) |dodndgdr,

which is resulted from the quartic terms when 9, hits the input “lfg;k\1 (t,€—n)” in (6.36) and

moreover two inputs inside A;[d; I‘/g;1 (z, £ —n)] have different size of frequencies (see (6.85))
and the bulk term of this scenario is removed.

~1.2:7 Z 2 itV (=it ® T (E) vV

24 14 ’ ,N)—1 : K >

Ui, = 2 _/ /2/2e ' iy (6212
K<k —10,lk, —k||<10v/€{+,—} *71 REJR

—

(6:89) x Tg(t.§ —mgy, (.M T2 (1.& — gy, (1. —k)dwdndEd,

which is resulted from putting the bulk term inside “A;[d; I{g?1 (t, &€ —n)]” and the bulk term
inside “A,[0,T1T"2g. (¢, §)]” together, and the symbol r,‘:;”,;, (&, n, k) is given as follows,
K

e (60 K) = 66— ) (E — 0. T5 & — 1 Vi (6 — )V, (6 = )Yi(©)
£ EE =0 = 03006 — = 1T E — 1=y € — DYRE — 0, € — 11— K.

Recall (4.14) and (4.15). From the estimate (2.3) in Lemma 2.1, the following estimate holds
for some absolute constant C,

(6.90) I s (60 (M)W () | oo < Comexthabib ek,
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With the above preparation of classifying all terms inside Fli i | ky» SEC the decomposition
(6.77). Now, we are ready to estimate them one by one. From estimate (7.2) in Lemma 7.1
and the L? — L type bilinear estimate, we have

71,21 2m+2k —
Tl < sup Y €229 18,201, 6)])2
te[szl,zm]i:l,z

x ([le™ AT gie, (D lLoe + lle ™ giey (0)llLoe) T T2 gx (2) ]| .2

< C2m+28m(2—21m/20 + 272m7k2+2¢§m)€§ < Cz—ﬁmeg,

where C is some absolute constant. Now, we proceed to estimate F,i ’,fizkz. Recall (6.78) and

(6.80). We split into two cases as follows based on the size of difference between k| and k7.
If |k} — k5| < 5. — Note that k] > k1 —5 > k, + 5. By doing integration by parts in “n”
many times, we can rule out the case when max{jj, jo} <m+k; _— Bm. Hence, it would be
sufficient to consider the case when max{;;, j>} > m + k/l,— — Bm. From the L2 — L® — L
type trilinear estimate (2.6) in Lemma 2.2, the following estimate holds for some absolute
constant C,

Z Z i:k’l,j{,k/z,‘jz’,l
k.k1,k2,j2

|ky—k5|<5 |max{j{,j2}=m+kj _—pm

< sup C22m+2k1+2k; ||T1F2gk(t)||L2
t€[2m_1,2m] Iki_kélfs
—itA
x| > Ik jjlizzlle™ *guylloo
jizmax{j2,m+k| _—Bm}
—itA —itA
X (le™" gy jp lLoe + €T AT gy, llL00)

s e o
+ > le™ 2 grr s llLeo2*2 T2 | ghy o 12 €™ gar (1) | ov ]
Jozmax{j{,m+k| _—Bm}

< C2—m—k2+20ﬂm6§ < C2—2ﬂm6§'
If k) < kj — 5. — For this case we have |k; — k7| < 2 and k] > k, + 5. If moreover

ki + k5 < —9m/10, then from estimate (5.15) in Lemma 5.3, the following estimate holds
for some absolute constant C,

=~k k1
) IThcky ex
k% <min{—9m/10—ky k| —10}

< sup > C2mHRTIM2 g (1) |12

1R2ML2M] 4 min{—9m/10—ky k1 —10}

X ™ gy llos (Igks 122 + 17" ks l12)
x (2208 (0. 9l + 27 T2 ReDI (1 5) Wiy () )
< C272mel,

[T 1)

Lastly, if ky + k5 > —9m/10, we can do integration by part in “oc” many times to
rule out the case when max{j;, j;} < m + ki,— — fm. Also, by doing integration by
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[739% 2]

parts in “n” many times, we can rule out the case when max{jj, j»} < m + ki— — fm.
Hence, it would be sufficient to consider the case when max{;j{, j»} > m + k;,— — fm and
max{ji, j;} = m+ ki — pm, which implies that one of the following two cases must holds:
@) j{ =m+ki——Pm; (i) j; <m+ki——Bmand jp, j5 > m + ki — fm. From the

L? — L — L™ type trilinear estimate (2.6) in Lemma 2.2, the following estimate holds for
some absolute constant C,

Z fk; 2J1 k555551
k.k1,k2,j>
max{j{,j3}.max{j{,j2}=m+ky ——Bm
2m+4k; —itA
< sup (2 [ D ek lezle ™ gy s llees

tef2m=1,2m] Jizm+ky ——Bm

—itA —itA
S (”e i gkz,j2||L°° + ”e 1 ngz,janoo)
2ko+j —itA 112
+ > 22272 gy, o2 llgry g llz2lle ™ gur s lLos JIT T2 g (1)l 2
JhsJ2=m—+ki ——Bm
< Cz—m—k’2+2oﬂm€(2) < Cz—zﬂmeg_
Now, we proceed to estimate Fll ’i;lz’kz. Recall (6.79) and (6.81). We separate into two cases
as follows based on the size of difference between & and k5.

If |k} — k5| < 10. — Note that k] > k, —5. By doing integration by parts in “o,” we can rule
out the case when max{{, j,} < m+ko——kj . —pm.Ifmax{jj, j,} > m+ks_—k|  —Bm,
from the L2 — L> — L type trilinear estimate (2.6) in Lemma 2.2, the following estimate
holds for some absolute constant C,

Z Z i_:ki,j{ ,_k/z,jé,2
k.ki,j1.k2

[k} —k5|<10 |max{j{,js}=m+k> ——k| , —Bm

< sup C2m R PP gy (1) 2
1€ML g <10
x ( > 242N + 272 g (O ll2lle ™ A gy g (D)oo
iz} .m+ks _—k|  —Bm}
k/ =/ k _
+ > 22N + 272 ghy i (11227 Mgk 1 (Ol 1)

Jaz{jim+ky ——k\ | —Bm}

X e gp, (1)||poo < C27MK2H20Bm 2 < Co=26m 2

If ky < kj — 10. — For this case, we have k, —2 < k| < k» +2 < k; — 5. By doing
integration by parts in “»,” we can rule out the case when max{,i, j{} < m + k- — fm.
If max{ji, j{} > m + ki,— — Bm, from the L? — L® — L type trilinear estimate (2.6) in
Lemma 2.2, the following estimate holds for some absolute constant C,
k1, 71.kS,75.2
Z | Z Fk,kl,jl,kz

k5 <ki—10 max{ji,j|}=m+ki _—Bm

4¢ SERIE - TOME 53 — 2020 — N° 4



3D FINITE DEPTH CAPILLARY WAVES 917

7 s
< sup C2 T2 g ()| 2 [le ™ A gy (1) Lo

rel2mL2M 1o

k/ =/ k k/ —
x ( > @t oty g s Ol227 gk (O

J1zmax{j{,m+ky ——Bm}

k' +j! ko+k’ —itA

+ > @t 4 2Rt g (O 2 lle ™2 gk gy ()| Loo)

J1=zmax{j1,m+ky ——Bm}
< Cz—m/2+20ﬂm€(2).
Now, we proceed to estimate F,i ’i;14k2 and F,i ’i;sz .Recall (6.77), (6.83), and (6.84). By doing
integration by parts in “n,” we can rule out the case when max{ji, jo} <m + k; - — fm. If
max{ji, j2} = m + ki, — Bm, from estimate (7.7) in Lemma 7.2, (6.137) in Lemma 6.14,
and the L2 — L™ type bilinear estimate (2.5) in Lemma 2.2, the following estimate holds for
some absolute constant C,
=1,2:0
Z Z |Fk,k1,j1,k2,j2|
i=4,5max{j1,j2}=m+k; ——Bm

< sup C2m+2k1+ﬂm[ Z Sk1+ii

—1
refam=i,2m] J1=max{jo,m-+ky ——Bm}

x (e gry o ()|l Loo + ||e_itAng2,j2(l)||L°°)
< (2% |1 gky 1y D2 + 2™ 1 A23[008(O]ky  ll2)

+ 272 g 11222522 | A s (008 (D]ky o 112

+ > 29T g, e + 27 A3 [0 8Ok, o 122) 2 1 8k 12
Ja2=max{ji,m+k; _—pm}

+ 20272 (2% gy, ol 4+ 27 1 A=3[0: 8 (D]ksso 12)

x le A gp, s ()llpee] < C2TmHA0BmKa e < cpm2bmd,

Now, we proceed to estimate Ff,i”isz. Recall (6.85) and (6.86). We split into three cases
based on the difference between k; and k), and the size of k| + k5.
If |k} — k5| < 10, ie., we are estimating f:/‘kfékjl — Note that we have k] > ki — 5.
Recall (6.87). By doing integration by parts in “o” many times, we can rule out the case when
max{jj, j;} < m+ki——kj — Bm. Ifmax{jj, j;} > m+ ki — k| ; — Bm, from the
L? — L — L™ type trilinear estimate (2.6) in Lemma 2.2, the following estimate holds for

some absolute constant C,
Z f,k’l,jl’,ké,jﬁﬁ
k.k1,k2,j2;51
max{j{,jé}zm-i-k]__—k'ly_,’_—ﬂm

< sup  C2¥MPEAPIR2g0 (1) o lle T A gry (1) 1 2oe
te[am—1 2m]

ki +k/ kh+j1 —itA
x ( > @M 4 252 )| il lle T R gry g llzee

J1 Zmax{jé,m-‘rkl,,—kiﬁ_—ﬂm}

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE
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+ 3 @kt 4 25 g o l12227" gk )
Jpzmax{j|,m+ki ——k} —pm}
< C2—m/2+20/3m€(2)'

@ Ifk), <ki—10and k] + k, < —19m/20. For this case, we have |k} — k1| < 5. Recall
(6.85). From estimate (5.15) in Lemma 5.3, the following estimate holds for some absolute
constant C,

=k’ k5,3 _

Tk doal < sup C22PRTIT2 g0 () 2 ]le ™ gay (1) | oo
te[zm—l,zm]
X (@R L Dgerllze + ) 2% Vegk (¢.6)l2)

i=1,2
X (2218 Ol + 25 R IRDIE Y Ollge)
< C272me2,

Ifk), <ki—10andk}+k} = —19m/20. — Recall (6.88). By doing integration by partsin “c”
many times, we can rule out the case when max{;, j;} < m-+k, _—pm.By doingintegration
by parts in “»” many times, we can rule out the case when max{j, j} > m + k1,— — fm.
Therefore, we only need to consider the case when max{j;, j5} > m + ki - — fm and
max{ji, ja} = m + ki,— — fm. In other words, either j; > m + ki_ — fm or j;, j» >
m + ky— — Bm. From the L? — L™ — L* type trilinear estimate (2.6) in Lemma 2.2, the
following estimate holds,

Z i:ki JJ1 k5053

k.k1:k2,5252
max{j{,j;}.max{j{.j2}zm+ki ——pm
< sup C22m+4k( Z (2m+k1+k’2 + 2k§+j{)

tef2m=1,2m] Ji=m+ky ——Bm

—itA i

—itA
x lgrr jill2lle ™ gry jslLoelle™ 2 gicy o (1) | oo
ki+ky | ,—itA k) ,—itA o—1
+ Z @Mt e gy prllLee + 22T F T [Vegiy slliLee)
Jhsja=m4ki _—Bm
k
X N gis. 51222 18k, jo Ol L2) IT T2 g1 (1) 2

< C2_2ﬂme§.

Lastly, we estimate F,i’isz. Recall (6.89). After doing spatial localizations for inputs

« 99 « 99 st ~1,2;7
[gr,” and “gg,” inside I'; ">, we have

=127 TL27
(6.91) Fk,kl,kz = Z Fk,kujl,kz,]'z’
1z—ki,—,ja=—kz —

[5) ,
%7 = i@t E =it @V (k) 0
VIS > [ e e Enok)

k4 <k{—10,lk1—k]|<10 v/ €{+,—}

—

(6.92) X iy, (0.6 =gy, 1, (LT T2g (1.6 = 00gy, (1. —)dnddidr.
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[739% 2]

By doing integration by parts in “n” many times, we can rule out the case when max{j;, j>} <
m+ky ——Bm.1Ifmax{ji, j»} > m+ky_—PBm, from the L?—L>— L type trilinear estimate
(2.6) in Lemma 2.2 and (6.90), the following estimate holds for some absolute constant C,

Z |~1 257 |
k Kisj15k2572

max{ji,j2}=m+ky ——Bm

< sup C22m+max{k2,ké}+3k1 ”e—il‘Agké (l) ||L°°
’e[zm_l’z'"]k’zgkl—lo
x ( > ITgky, 5 )2 lle 2 gy jp (D)l]o0
J1=max{jr,m+ky _—pm}
—itA
+ > le™ AT giy jy (OllLoo | 8kso (DN 22) IT T2 (1) .2

Jazmax{ji,m+k; ——Bm}
< Cz—m/4+20,3m€f 4+ Cco e k2+20/3m 2 <C2 Zﬂm 2

Hence finishing the proof. O

LeEmMA 6.8. — Under the bootstrap assumption (4.49), the following estimate holds for
some absolute constant C,

2 28m 2
(6.93) > |PZ e iy| < C227€]
k1,k2€Z,lk—k11<10,ky<k1—10,k +kr>—19m/20,k1 <58m

Proof. — Recall (6.8) and (6.12). Note that P? k1 .k, vanishes except when r=rz=»L.
Hence, we only have to consider the case when I'' = I'? = L. We decompose it into two
parts as follows,

2 2, oty
Pk = X P Pih=[ [, / LLge(t. " V3G, (e )

i=1,2

where Zj’+v (§—n,n),i € {1,2}, are defined in (6.29) and (6.30). After doing integration by

(139 1)

parts in “n” twice, from the estimate of the symbol ai,v(g — 1n,n) in (6.31), the following
estimate holds,

+ki+3ky+k
Z |Pkk1 kz{ < Sull) Z om+ki+3ka+ky +
ko <k;—10,Jk;—k|<10 e gy <ky—10,i=1,2
(e iy () low (I VE By (1 )1 22 + 272 ViR (1. 6) ] 2)
+lle™ " gry (D 1zow (I1VE8ao (1. D)2 + 2752 V8, (1. )2 + 272 1, (1))
k
n Z - m+2]2+11”(p]Z(x)gkz(t)HLz”gﬂjll (¥)&ky (D)l 2

J1=2

+ 2 2R gt (g, (Ol 2l () gk (02 ]IT Tk (1)l 2
J2ZJ1

< C228me§
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For “ k k o > we do integration by parts in time once. As a result, we have

(6.94)

2,1 _ i o1 _ DilsJ2,1
Pl = 2 Piri Pk = > Ly
=1,2,3,4,5 J1=2—k1 —,jo=—ko —

e
Bl = 3 (1) /R [ T 2ge(t;, ) EMi2 L (E.n)
i=1,2
X G (11§ — B,y (. )
7L [ T i e

+.v ~ —
X By (.6 — mgp, (e — T EDi2 L (e g e —n)

(6.95) xgp @I T2gee— Y ) By o, (. 9)dndsa,

ve{+,—} (k] ,kb)ex?

(6.96)
~5 _ S2.k Ky 52k K, 52.k1,71:k5.75
Plre= 2 P Peiin = > Pt
K, <k|+10 J1==k1 —j{=—k] _,ji=—k) _
AZ,k/,j/,k/,j/ P
Pogiier =y f [ [T P e i g 0.6 - 0
w v e{+,—} R
w v v -
6.97) x Pyl 10, (o, o)gk, Ve o)gk, (. o)]dndgat,
(6.98)
~3 _ 53Kk, 53Kk, 53.k1.01:k5.75
Prw= D Pixii Polie= > Pk
|kj—k5]|<10 j1’>—k/ JJh=— k/
k! 2~
R = [T T pes g e e
wov'e{+,—}
(6.99) X G (== 0,0)gp (1.6 —n—0)gy, , (t,0)gy, (L, mdndédr.
D4 _ D4
Pk,kl o T Z Pk,kl,jl ko, ja
J1==k1,—,jo=—ko —
(6.100)

~ +ov —
P]?,kl,jl,kz,jz = / \42 /1;2 i® Em; [ p-‘,— v(é’ n)Flegk(tvs)

% (A3[0:8lky g, (1.6 — n)gk2 B + g (& = A23[0:8V]k,,, (1. m))dndEdL,
(6.101)

D5 _ it®tV(€,n) Al
P> = Z Z / /]RZ/RZ/RZ it°py (.M

k5 <kj—10,lk1—k|<10 v €{+,—}

p————

(20,16 = g, (el @ COTTI gy (1,6 = K)gy, (1K) (§ — K, )
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+ T2, (. 8, (e €m0 (6 — 51— e, 0)

(6.102) xgﬁl(t,é'—n—x)g};; (t,K)]dndeédt.

_ 3 3 //// it ® Y () —itd Y ()
R2 JR2 JR2

kb <kj—10,lk1—k]|<10 v €{+,—}

/\

X it? k”k/ (€. n.K0)g(t. & — n)gkz(l r/)Fleg(t E—K)gk,z(t —Kk)dndrdEdt,

where the symbol “ﬁ},d ,(&,1)” is defined in (6.29) and the symbol’r‘;:;”,;, (&, 1, k) is defined as
K
follows,

T (€:1.) = Bl (6 - € — K, )Wy (€ — 0V, (€ = )Y (©)
P (& — ko) (€ — 0.~V (€ — )V, (€ — 0 — Y€ — 1),

Recall (6.29), (4.14) and (4.15). From the estimate (2.3) in Lemma 2.1, the following estimate
holds,

(6.103) 78 61y (Vg () oo < €O thASIH 4K,

where C is some absolute constant. After doing spatial localizations for inputs g, (¢) and
8k, (t)in P k Ky o the following decomposition holds,

(6.104)
~5 . =5.k1 .k 55k .k, 55,k k5
Pk,k1,k2 - Z Pk,k1,k2’ Pk,kl,kz - Z Pk,kl,jl,kz,jz’
kh<k|—10,lk;—k}|<10 hz—ki,—,j2z—ka
=5,k k) it (8, —it @ T (E.0) ; 2~vv
Pkakll,jlz,kz,Jz - Z / /2/2 l s &g 1K & n, K)gkl aEE—n)
el r2 JR
(6.105) X g,‘éz’jz(t, n)FIFngi (t, & — /c)gk, (t,—x)dndrdédt.
With the above preparation, now we are ready to estimate P,é Ky oo L € {1,...,5}, one by
one.

[739¢ 2]

We first estimate 1’3k1 Ky e Recall (6.94) and (6.95). By doing integration by parts in “z
many times, we can rule out the case when max{ji, jo} < m + ki — — fm. If max{j;, jo} >
m + ki— — Bm, from the L? — L type bilinear estimate (2.5) in Lemma 2.2, (7.7) in
Lemma 7.2,, the following estimate holds for some absolute constant C,

Z |P ]1 2J25 1|
kok1,ko
max{j1,j2}=m+k; ——Bm

< sup  CEmEAbmtkatkiveks( > gk, (Dlz2

—1
refam=1.2m] j1=max{ja,m+k ——Bm}

—itA —itA
X ”e 1 gkz,jz(t)”lzoo + Z ”gkz,jz(t)”Lz”e 1 8k, 1 (I)HLOO)
Jazmax{ji,m+ky ——Bm}

< C2_2ﬂmeg.
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Now we proceed to estimate ﬁkz Ky o Recall (6.96) and (6.97). Based on the size of the
difference between k| and ky, we split into two cases as follows,

If k] = ky —5. — For this case, we have k| > k, + 5 and |k} — k}| < 5. By doing integration
by parts in “o,” we can rule out the case when max{j{, j;} < m + ka— — ky , — Bm. If
max{j{, j;} > m +ka— — k| , — Bm, from the L? — L® — L type trilinear estimate (2.6)
in Lemma 2.2, the following estimate holds for some constant C,

Z Z ﬁZ,kﬁ I k553
k.k1,j1,k2
ki=k1—=5 |max{j{,j;}=m+ka ——k| , —Bm

C 23mtka+3k1+2k]

< sup
tE[2n171,2m] ‘ki—k£|§5
—itA
x ( > lgx;. i1 Oll2lle™ * guy s llLoe
Jizmax{j3,m+ka ——k\ | —Bm}
—itA
+ > gy, iy Olz2lle™ A gir e llLos)

Jazmax{ji,m+ky _—ky | —pm}
< [T T2gie ()| 2 e gy (1) || Loe < C27mR2H30Bm B < Co72mel.
If k| < ki — 5. — For this case, we do integration by parts in “n ” many times to rule out
the case when max{j, j1} < m + k1 — fm. If max{j|, j1} = m + k1,— — fm, from the

L? — L — L™ type trilinear estimate (2.6) in Lemma 2.2, the following estimate holds for
some absolute constant C,

Z Z ﬁZ,k’l,J’{,ké,iﬁ
k.k1,j1,k2

k <k’ <ki—5 |max{j{,j1}=m+ki ——Bm

< sup Z C23Wl+k2+3k1+2k/1
te2m L2 ger <ky—5
—itA
< ( ) Ik iy Oll 2 e A gy Ioe
Jjizmax{j1,m+ky,——pm}
+ Z ”gkl,jl(l)”L2

Jj1=max{j{,m+ky _—Bm}

e A gpr jrlizeo)lle™ A gry (llLoo T T gk (1) 2
< C2—m/2+306m6(2).

Now, we proceed to estimate 1’3k3 ky k- Recall (6.98) and (6.99). Note that |k} — k5] <10
and “V, ®*Y' (¢ — 1, 0)” always has a lower bound, which is =k By doing integration
by partsin “o” many times, we can rule out the case when max{{, j,} < m+ki,——k; . —pm.
If max{;{, j;} > m+ki——ky . —Bm, from the L? — L — L type trilinear estimate (2.6)
in Lemma 2.2, the following estimate holds for some constant C,

53.k1,71 k575
> > P

Ik k5| <10 max{j{.j5}zm-+k1 ——k, —Bm
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< sup C23m+k2+3k1+2ki
re2m=L2M e kg <10
—itA
x ( > gy i1 Ollz2lle™ guy g oo
j{zmax{jy,m+ki,——k} ,—Bm}
+ > gy, 12l z2

Jh=max{j{,m+ki !,—k’l._i_—ﬁm}

X e R i jillzoe) e A gy (00w T T2 (1) 2
- Cz—m/2+30ﬂm€g.

Now, we proceed to estimate 1511 Ky r Recall (6.100). By doing integration by parts in “n”
many times, we can rule out the case when max{ji, jo} < m + k1 — — fm. If max{ji, jo} >
m+ky——pBm, from the L?— L type bilinear estimate (2.5) in Lemma 2.2, estimate (6.137) in
Lemma 6.14, and estimate (7.3) in Lemma 7.1, the following estimate holds for some absolute
constant C,

D4
Z ”Pk,kl,jl ,kz,janz
max{ji,j2}=m+k; ——Bm

< sup C2HRtkPIT20 (1)) 0
te[z’"*l ,2’"]

—itA
x [ > 1A 23008k, s 2 lle ™ D gry o llzoo
Jizmax{jz,m+ky ——Bm}

+ 118k, j1 12222 1A >3[0: g1, ]l 2
+ > 1A>300: " Vks o 2 lle ™2 gy o oo

Jazmax{ji,m+k; ——pm}
+ 2% gks o (D22 A3[0e g 1l 2]
< C2_m_k2+40ﬂm€g + C2—m/2+40f3m65 < C2_26m€§.

Lastly, we estimate 15,? ks Recall (6.104) and (6.105). For the case we are considering,
we have k), < k| —10and |k} —k;| < 10. By doing integration by parts in “;” many times, we
can rule out the case when max{j, jo} <m + ki,— — fm. If max{ji, j»} > m+ky_ — Bm,
from the L2 — L® — L type trilinear estimate (2.6) in Lemma 2.2 and estimate (6.103), the
following estimate holds for some absolute constant C,

=5.k/ k)
Z Z |Pk,k1,j1,k2,j2|

kf<ki—10 max{ji,j2}2m+ki,——Bm

< sup C23m+k2+max{k2,k§}+4k1
e T
x I 2 g (1)l 2 > gk o 22 lle ™ gy gy lloo
J1zmax{j2,m+ky ——Bm}
+ > lgks, o lz2lle™ gry i lzoe) e ™ gry (1) 1200

Jozmax{ji,m+ky ——Bm}
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< Cz—m/2+30ﬁm 2+C2 m— k2+30ﬂm62 < Cc2~ 2Bm 2.

Hence finishing the proof. O

6.4. The Z, norm estimate of cubic terms

Recall (4.35) and (4.37). Note that we have k3 < k, < k; for the case we are considering.
For any '}, I‘g € {L¢, Q2¢}, we have

LTEA[0, 8 O = ) > R i ()
Tk t€{+,—} k3<kr+1<k +2i=1,2,3,4
AN .
lf;:ltliz k3( %-) Z T]:,kl,jl,kz,jz,k3,j3(t’S)’ 1€ {374}7
J12=ky —,j2=~ko —,j3=—k3 —
where
]:;c(ltklzk,;(t E) / /Rz ltCI>1:K (SﬂO’)d (i; n.n—o, U)Fgrggk (l g )
(6.106) x g (t,n — 0)g (t.0) Y (§)dndo,
Tkr;cclt,kzz,kg (1.6) = Az /Rz eitd)t,x,z(é',n,a)[l"g Fg(c?,,x,t(é —n.n—o, ov))glil (t,E—1)
6.107 rld _ _ Mot _
(6. ) + Z £ r,/c,t(s n,n—o,0) sgk1 (t,¢ 77)]
{l,n}={1,2}

x g, t.n—0)g (t.0)yi(§)dndo,
2 3
T,K,L,3 _ it TKL(E o) it DTHL(E,n,0) ] K,
Tk’kl’jlsk2aj2:k3:j3 (r.§) = [RZ ./RZ e et "7 1[(FS(I)’K1(§, 77’0))

(6.108) X Tf (deeu(§ =m0 —0,0)gF,  (1,E—m)gE , (t,n—0)
X 8y, j5 (- O)Yk (§)dndo,

i T.K.L
Tkr;cclt;ll Fnadkais (.86 =— Az /Rz oit® (E,H,U)IZ(FEI DU (E, )770,)F§(DT,K,L(§’ '7»0))

(6.109) X deyeu(§ —n,n— 0,008} ; (1LE—mgL  (t.n—0)
x g, . (1, 0)Yr(§)dndo.

Therefore, we have
(6.110) Re / / F I‘ZA(t E)F$F§A3[8zg(t E)]wk(é)dédt]

= Z Z Z R kr;ccltliz k3]

Tk €{+,—} kza<kr<k;i=1,2,3,4
(6.111) T,:,’c‘l"liz’k% / / / (t E)Tk’,’;‘,;z Ky (. E)dEd.
The main goal of this subsection is to prove the following proposition,
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PROPOSITION 6.9. — Under the bootstrap assumption (4.49), the following estimates hold
for some absolute constant C,

(6.112)
sup / | TITER GO Aslo . O ©)dgdr]] < 2P,
ty,tp€[2m— 12m] kEZ
(6.113)

sup Y > Y T )] < C2TH (1 g g2k sk

te2m=1.2M) 13 3.4 kez ky<ka <k,

Proof. — To simplify the problem, we first rule out the very high frequency case and the
very low frequency case. Very similar to what we did in the estimate of quadratic terms (see
(6.55)), we do integration by parts in 7 to move the derivatives V, of Vegy, (t.§ — 1) =
—V, 8k, (t, § —n) around such that there is no derivatives in front of g, (¢, & — 7). As a result,
from the L? — L™ — L type trilinear estimate (2.6) in Lemma 2.2 and the L*>® — L? type
Sobolev embedding, the following estimate holds for some absolute constant C,

2m+2k+6k ko+k —2k:
Y TS k@O 2 < C2MRAR L g ()] 1222755 gy (0] 12 (272 [ gay ()2
i=1,2,3,4

(6.114) + 272 Ve (0l 2 + | VERk, ()l 2) < €22 HAm(Nom20k11 ¢,

From the above estimate, we can rule out the case when k; > 48m. It remains to consider
the case when k; < 48m. Next, we proceed to rule out the very low frequency case. If either
k < —2m or k3 < —3m — 30Bm, then from the L? — L> — L type trilinear estimate, the
following estimate holds for some absolute constant C,

D ITEE a8 e = O+ 22 2epbhorib (20 25 (1, 9)] 12
i=1,2,3,4

(6.115) + 24 Vegi, (1. 6) 2 + llgr, (D 22) llghs Dl 2 llghs ()2 < €277

Therefore, from now on, we restrict ourself to the case when k, k1, k>, and k3 are in the range
listed as follows,

(6.116) —3m—308m <ksz <k, <k, <4Bm, —2m <k <4fm.

Recall (6.107). From the L? — L™ — L™ type trilinear estimate (2.6) in Lemma 2.2, the
following estimate holds for some absolute constant C,

2 2k +4k —itA —itA i —itA
1T @)l < CO T4t (e g oo + 3 e AT g, l100) ™A gy | os
i=1,2

—3m/24508m 2 2 —m/24+508m 2
X ”gk3”L2 =C2 mi2t 3m€0 = |Tl:l’c(1lk2 k3| <C2 m/2+ ﬂmEO.

Since there are only at most “m* “cases in the range (6.116), to prove (6.112) and (6.113),
it would be sufficient to prove the following estimate for any i = 1, 3,4, any 7, «,t € {+, —},
and any fixed k, k1, k2, k3 in the range (6.116),

(6.117)

IRe[ krllccltliz kz]l = C235m/2€0’ “Tkrllc{ltliz k3 ([’ S)”L2 = C2—m+<§m/2(1 + 22¢§m+k+5k+)€0’

where C is some absolute constant.
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From the results in the next three lemmas, i.e., Lemma 6.10, Lemma 6.11, and Lemma 6.12,
we know that our desired estimates in (6.117) indeed holds for fixed k, k1, k», k3 in the range
listed in (6.116). Hence finishing the proof. O

LEMMA 6.10. — Fori = 1,3,4 and fixed k, k1, k>, k3 in the range (6.116) , our desired
estimates listed in (6.117) hold if moreover k, < ki — 10.

Proof. — Recall the normal form transformation that we did in Subsection 4.1, see (4.30)
and (4.40). For the case we are considering, which is k, < k1 — 10, we have “t = +” and the
fact that the estimate |V OTHKL(E, n, 0)| < 2k2 holds for some absolute constant C.

We first estimate 7,0 and 7%, (1,). Recall (6.106) and (6.111). From the
L? — L™ — L type trilinear estimate (2.6) in Lemma 2.2, the following estimate holds for
some absolute constant C,

1T e, (. Ol < €224, (22K V2 g (1, 6)ll 2 + 291 | Vegh, (¢, §) Iz + llgk, (0)l2)
(6118) X ||e_itAgk2||L°°||e_itAgk3 ”Loo < C2—m+78m/3+k+5k+€0'

Since the LS decay rate of the nonlinear solution itself is slightly slower than t=1/2, a

rough L?—L*— L is not sufficient to close the estimate of 7, ;" 1k3 . An essential ingredient

is to utilize symmetry such that one of the inputs putted in L associates with a spatial
derivative. To see the symmetric structure, we decompose T,::",i’z",; into three parts as follows,

. 1§) —_—

+,K,1,1 _ +,k,t,150 +.6,0,1;1 1172 it®dtKL(En,0)

Teivhaks = 22 Tekvioks Tekyiaks —/ /2/21“ 8. 5)e e
i=1,2,3 f1 JR2JR

x PIT2g (1,6 — My (§) Vi, (6 — Mg, (t.n — 0)g, (t.0)dndodédr,
2 e
. P YoRELI 5
et = [ [T oe e (@ o) - @)
t R2 JR2
X YOTT2g, (1.6 —n)gg, (1.n—0)g; (1.0)dndod§dr,
5] ——
. . +.Kk.t ~ —_
rid, = [ [, LT 0 06— 000 1)

X Yi )8k, (1.0)(TA T2, (1.6 — ) — T1T2g, (1§ — n))dndodéds,

where e(£) is defined in (4.47). After switching the role of £ and £ — 7 inside ka',;‘;;, we
have

. - " 1 5] —_—
4,650,151 +,K,L +,K,0 A
YRR = Y Rl T, = / /l; /Rzrlrzg(z,é)
Kk, te{+,—} Kk, te{+,—} g

xe P ENO G (6., 0TI T2g (1§ — )l (1.1 — 0)g, (t.0)dndodEd,
where

di i, (§,1,0) 1= e(&) Yk, (€ — MYk (€) + €€ — MYk, (E)Y(E —n).

Recall (4.47). From the estimate (2.3) in Lemma 2.1, the following estimate holds for some
absolute constant C,

(6.119) i ey (€7, 0) Wiy (0 — )Yy (0) || goo < C2maxtk2kadhiraky 4
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From (6.119), (4.46) and the L? — L™ — L type trilinear estimate (2.5) in Lemma 2.2, we
have
+.k,0, 150
2 2 RG]
i=1,2,3 ke{+,—}
< sup Comtk +4k1,++max{k2,k3}(22k1 ||V§§k1 (. &2
te[am—1 2m]
+ 25V [V, (1, §)ll2 + llgk, OllL2) IT T2 g, lz2lle ™ giy oo lle ™ gis [l
< C2—m/2+50ﬂm€§,

where C is some absolute constant.

Therefore, now it would be sufficient to estimate kaz;;g and Tk“:’,z;;@ (t.§),i € {3,4}.
Recall (6.108), (6.109), and (6.111). By doing integration by parts in “7” many times, we can
rule out the case when max{j;, jo} <m+k; - —Bm.lf max{ji, j»} > m+k; - —fm, from
the L2 — L™ — L type trilinear estimate (2.6) in Lemma 2.2, the following estimate holds

for some absolute constant C,

+,K,,0
Z Z Tk,k1,j1,k2,j2,k3,j3 (.8
i=3,4 |max{/1,j2}=m+k ——Bm L2
< CamHr T Tt g oo
k j ki1+k —itA
dl > @O+ 4 (1 2R g e A gy, e
J1zmax{jz,m+ky ——Bm}
k —itA o—1
4 3 (24 A 7 [Vega, o (1. 1=

Jozmax{ji,m+k; ——Bm}

(1 2R o gy )k 22

< C2—3m/2+50ﬂm€0.

Note that the above estimate is sufficient to imply our second desired estimate in (6.117).
Hence finishing the proof. O

LEmMMA 6.11. — Fori = 1,3,4 and fixed k,ky, k>, k3 in the range (6.116) , our desired
estimate (6.117) holds if either k1 — ka| < 10 and ks < kp — 10 or |k; — k2| < 10,
|k3 —k2| <10,k < k; —10.

Proof. — The estimate of T} ,’(‘l‘klz &, (1. ) is straightforward. As |ky —k»| < 10, the size of
symbol compensates the decay rate of e 74 gk, (t). From the L? — L> — L type trilinear
estimate (2.6) in Lemma 2.2, the following estimate holds for some absolute constant C,

TS e Ol < C2RFTs (020|922, (1,8) 12 + 25 | Ve, (1,622 + gk, ()] 2)

(6.120) X ”e_itAgkz||L00||€_itAgk3||Loo < C273m/2+50Bm

Now, we proceed to estimate T,:’,';’L’,S’z 1, (1,§) and T,:’,f]’",?z ks (1.6). Recall (6.108) and
(6.109). Note that, if either |k; — kp| < 10 and k3 < kp — 10 or k1 — ka| < 10,
|ks — ka| < 10,k < k; — 10, we know that V, ®>“*(§, n, k) has a lower bound, which

[739% 1)

is 2K=48™ To take advantage of this fact, we do integration by parts in “;” many times to
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rule out the case when max{j,, jo} <m+k_ —58m. lf max{j,, jo} > m+k_ —5m, from
the L2 — L™ — L type trilinear estimate (2.6) in Lemma 2.2, the following estimate holds
for some absolute constant C,

+.K,L,0
Z Z Tk,kl 2J1:,k2,)2:k3,j3 .8)

i=3,4 |max{jy,j2}>m+k——58m L2

< C2m+2k+k1+4k1,+ ”e—itAgk3 ||Loo

x ( > ((1+ 220y e gp o [lpee + 2F1 e
Jazmax{ji,m+k——58m}
X F [ Vegy g1 (Ol ) 18k, so Iz
(6.121) + Z (2m+2k1 + 2J1 +k])||e—itAgk2,]_2 ||L°<> ||gk1,j1 ”LZ)

Jizmax{jz,m+k_—5Bm}
< C 2—3m/2+50;9m60

From (6.120) and (6.121), it is easy to see our desired estimates in (6.117) hold. O

LEmMMA 6.12. — Fori = 1,3,4 and fixed k,ky, k>, k3 in the range (6.116) , our desired
estimate (6.117) holds if k1 — ko| < 10, |k3 — k| < 10, and |k — k1| < 10.

Proof. — Since we still have |k; — ko] < 10, the estimate of Tkr,'c‘l‘kl2 ks (2. 6) in (6.120)
still holds. It would be sufficient to estimate 7~ ,’: o k3 &, (t.6) and T,: ,';1’ ,fz k, (1.€), which is

[739¢ 1)

more delicate. For those cases, we need to study the space resonance in “n” set and the space
resonance in “o” set carefully as we did in the Z;-norm estimate of cubic terms in the proof
of Lemma 5.7.

Recall that we already canceled out the case when (t,k,t) € &4 (see (5.32)) and
(¢ —n,n—o0,0) is very close to (£/3,£/3,£&/3) in the normal form transformation. There-
fore, for the case when (z, «, t) € &4, we only have to consider the case when (§—n, n—o, 0) is
not close to (§/3,£&/3,&/3), in which case either V,®%“*(£, 1, k) or Vo ®%*(§,n,k) has a
good lower bound, which allows us to do integration by parts either in 7 or in o. The
estimate of this case is similar and also easier than the estimate of (6.121) in the proof of
Lemma 6.11. We omit details here.

Now, we focus on the case when (t,k,t) € &;,i € {1,2,3}. By the symmetries between
inputs, it would be sufficient to consider the case when (z,k,t) € &7, i€, (1,k,1) €
{(+,—,-), (=, 4+, +)}. After changing the variables as follows (¢,7,0) — (£,26 + n + 0,& + 0),
we have the following decomposition for i € {3, 4},

11,lr,T,i—2
T GO =Y HVRE 2@ ),

I,y

I1,02,7,i—2 _ I,l,Ti—2
HU2 (1 6) = ) Hy 5™ 8),

1=2—k1 —,jo=—k> —

]lll,jztl(l S) — Z / /Rz ltCI>1:K (%‘770)”( @‘L’KL(g 2§+T]+0§+0))¢111 (77)
{l,n}={1,2}

X @ OV OTE (dreu(—€ —n— 0.6 + 1.6 +0)gf, (1.~ — 11— 0))
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X 8y i, E + M8, 1, (1.6 +0)dndo,
Hjlll’,g,ryz - _/ / eit5’~""(g,n,g)t2(rgl PHNE 26 +n+o.E+o0)
R2 JR2
X FgZCDI,K,L(E, 26+n+o0&+ O))dr,x,t(—é —n—0t+nE+0)

X gll;],l'l (l, _S —-n—- O')ggz’jz(l,%' + U)gg(t,é + U)wk(é—)
X (pll ;if (n)wlz;ir (U)dﬂdU,

where 5’”‘"(5, n, o) is defined in (5.35), the cutoff function @7 is defined in (5.36) and the
thresholds are chosen as follows, [ := ky — 10 and [_ := —m/2 + 108m + ki,4+/2.

If t = +, ie, (t,k,t) = (4+,—,—). — Recall the normal form transformation that we
did in (4.1), see (4.20) and (4.30). For the case we are considering, (t,k,t) € S, we have
already removed the case when max{/;,/,} = . Hence it would be sufficient to consider
the case when max{/;,l>} > [4. Due to the symmetry between inputs, we assume that
I, = max{ly,}. As [, > l_+, we can take the advantage of the fact that “Vn5”K=‘(§, n,0)”

[T39¢1)

is big by doing integration by parts in “n”. From (5.37), we can rule out the case when

[T 2}

max{ji, jo} <m + k_ — Bm by doing integration by parts in “»” many times.

If max{ji, jo} > m + k_ — Bm, from the L? — L>® — L type trilinear estimate (2.6) in
Lemma 2.2, the following estimate holds for some absolute constant C,

11,l2,7,i
) D IH Y @8l

max{ji,j2}>m+k_—Bmi=1,2

< C2m+4k1+4k1.+< Z (2m+2k1 + 2k1+j1)
j1=zmax{jz,m+k_—Bm}

X ”gkl JJ1 (l‘)”L2 ”e_itAgkz,jz (t)”LOO
+ Z (@K 4 1) le " g,y (0)lLoe
J2zmax{ji,m+k——Bm}
(6.122) + 250 e T Ve, 5y (D)) ks, ()12 ) e gy (1) oo

<C 2—2m+50;3m co.

If t = — ie, (t.k,t) = (—, +,+). — Note that the estimates (5.38) and (5.39) hold for the
case we are considering. Same as before, due to the symmetry between inputs, without loss
of generality, we assume that [, = max{/y, [»}.

9

We first consider the case when I, > [_. Recall (5.37), by doing integration by parts in “
many times, we can rule out the case when max{ji, jo} < m + [, — 4B8m. If max{ji, j»} >
m 4+ I, —4Bm, from the L? — L® — L™ type trilinear estimate, the following estimate holds
for some absolute constant C,

> > MHE T 9l e = Com kL

max{ji,j2}>m+lr—4fmi=1,2

< ( Yoo @R R g Oz e gk, () 1o
J1zmax{jz,m+Il—4Bm}
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+ > (2t e R gy (1)L
Jazmax{ji,m+Il>—4Bm}
(6.123) + 25T T Ve gy (1 6] 1) 8ka, o (D2 ) e gy ()00

< C2—2m+50ﬁm6(2).

Lastly, we consider the case when I, = [_ = —m /2 + 108m + k1,+/2. Recall the estimate
(5.38). For this case, we use the volume of support in “n” and “o”. As a result, the following
estimate holds for some absolute constant C,

S HE T )

i=1,2
< Cotkur (2mreltakn gmtSIEky) (Kt g (1) + ([ Vegi (1. 6)(0)]]2)
(6.124) X | gk (DllL1 | grs (@)l < C27mH1000m R,
hence finishing the proof. O

6.5. The Z, norm estimate of the quartic terms

Recall (4.38). For any '}, FSZ € {Lg, Q2¢}, we have

112 -~ JU2,V1,V2,50
TITZA4[0:2(, 6]V () = > > D KRN0, 8),
w1,m2,v1,v2€{+,—} ka<kz<kr<k; i=1,2,3,4
H1:42,V1,V2,0 _ M1s142,V1,V2,1 :
Kk K1.kok3.ka ©.§) = Z Kk,k1,jl=k2,jz,k3,k4(t’ §). 1€3.45

J1=2—k1,—,jo=—k> —

where
(6.125)
n1,42,v1,V2,1 . it QH1-H2:V1-V2 (£,n,0,k)
Ky k1,k2 k3 k4 (t.8) = /]Rz /Rz /Rz ¢
(6.126) X ey oy (§ — 0, —0,0 — K,K)Fg Fg gm(t )

ngz(f U U)g L@ U—K)g S )Y (§)drdodn,
H1s12,V1,V2,2 o it ®M1-H2:V1:V2 (£, 0,)
Kic kv ez ey -8) 7= /Rz Az Aze Vi ()

X [Fglrgz(ém,ﬂz,vl,vz(s —n,N—0,0 —K, K))g;:ll (Z,E _ 77)
+ Z Fgéul,llaz,m,vz(s_rlaﬂ—d, —K, K)Fé'gk (t’é—ﬂ)]

{l,n}={1,2}
(6.127 xgztr] ag ta—K)gthd/chdn,
k> k4
H1,142,V15V2, it DL1H2VIV2 (E,,00K)
K e 0= //Rz [ e
{l,n}={1,2}

(F Q22 (E . 0,K))TE (Epuy uawy v ( — 1.1 — 0.0 — K. K)

X g ,,( £~ 17))gk2 =) (t,0 —K)g2 (t, k)drdodn,
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KL 000 == [ [ [ s e aenon ooz, g 0.0
X TZ ORIV (£, 0, K)8 1y a0y 0 (€ = 11,1 = 0,0 = K, k)
(6.128) X g (18 = g2 L (40 = 0)gs (1.0 = gL 1, k)ddndo.
The main goal of this subsection is to prove the following proposition.

PROPOSITION 6.13. — Under the bootstrap assumption (4.49 ), the following estimates hold
for some absolute constant C and any t € [2™~1, 2™,

(6.129)
o Z/ | TIZR O TN g Ol edr] < 2

t1,tr€[2m—1 2m]

(6.130) sup [[T{TZA40,2(, )] 2 < C27HOmed
16[2”171,2’”]

Proof. — As usual, we first rule out the very high frequency case and the very low
frequency case. Same as what we did in the estimate of cubic terms, we move the derivative
Ve = —V,, in front of gk, (t,§ — n) around by doing integration by parts in 7 such that there
is no derivative in front of g, (t, & — ). As a result, the following estimate holds,

2 2k\~6k
Yo KL )2 < €O+ 22Kt g (1) 2
i=1,2,3,4

(6.132) < (IV286 . &)l + 272 Vegiy (4. )22 + 27222l gk, () 2)
x 2K tka | g ()2l gk, ()2 < €22 HAm=(No=100k1 4 2.

where C is some absolute constant. Hence, we can rule out the case when k; > 48m. It
remains to consider the case when k; < 48m. We can also rule out the very low frequencies
case. If either k4 < —3m — 308m or k < —2m, then the following estimate holds for some
absolute constant C,

1 2 2k\~k+ka+4k
Do KRN 1, €) 2 < C(1 4 22m 2Kk rhat ek
i=1,2,3,4

x (22 VEgk, (1.8 1L2 + 28 [ Vegi, (1, 8)ll2 + gk, (D)]22)
x le A gr, ()llLoe llgks () 221 8xa (D2 < €277 PG
Now it would be sufficient to consider fixed k, k1, k2, k3, and k4 in the following range,
(6.133) —3m—=308m <ky4 <ks <k, <ky <4Bm, —-2m <k <3Bm.
From the L2 — L® — L>® — L type multilinear estimate, the following estimate holds

2k +4k
S IR )2 < 22k

i=1,2
x (291 VEgk, (1. ©)lL2 + 25 I VeBi, (1.9 L2 + llgw, (1.6 2)
(6.134) x e A giy (1) llzoc lle ™ gry (D)oo lle ™ M gy () | oo < C273/2H30Bm R,

where C is some absolute constant.
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It remains to estimate the case when i = 3, 4. We first consider the case when k1 —10 < k3.
For this case, the following estimate holds from the L2 — L™ — L — L type estimate, the
following estimate holds for some absolute constant C,

Z IIK’LI’M’vl’vz’i(t,S)Ile < Comtaki+ak ¢

k.,k1,k>.k3,kyq
i=3,4
< [(le™ gr, (1)l|zoe + 251 e A F 1 [Vgk, (. E)]llLoo) + 27" TR e A gy (1) oo |
(6.135)
x [le™ A giey ()| oo lle ™ gay (1)l oo Il iy ()2

< C2—m+8m/2€§'

Lastly, we consider the case when k3 < k; — 10. Recall (4.32) and (4.41). Because of
the construction of the normal form transformation we did in Subsection 4.1, we know that
the case when 7 is very close to £/2 and |o|, [x| < 271°|¢| is removed, which means that
“Vy@H1-r2:V1v2 (£ o, k)” has a lower bound, which is 2k=k1.+ To take advantage of this
fact, we do integration by parts in “zn” many times to rule out the case when max{j, j>} <
m4+k_—5B8m. If max{ji, jo} > m+k_—5Bm, from the L? — L® — L — L* type estimate,
the following estimate holds for some absolute constant C,

H1,02,V1,V2,0
Z Z ”Kk,khjl ,k2,j25k3,k4(t’ Ol

i=3,4 max{ji,j2}>m+k—_—58m
< Z C2m+k+k2+2k1+4k1,+(2m+k+k1 + 2k1+j1)||gkl NOIE

J1zmax{jo,m+k_—58m}

—itA —itA —itA

X |le™" P gry,jp O)llLoo le ™ 7 grs (D) lLoo le ™ i, (1) | Lo

+ Z sz+k+kz+2k1+4klgr (2k1 ”e—itA 037—1 [ng(l, E)]”Loo
Jo=max{ji,m+k——5Bm}

(6.136)
omtkrk e itA gy ()00 ) 252 | 8ks o (1) 2 €T gay ()| 200 | g1y () ]2
< C2—3m/2+50ﬂm€(2).

To sum up, from the estimates (6.134), (6.135) and (6.136), we know that our desired esti-
mates (6.129) and (6.130) hold. O

LEMMA 6.14. — Under the bootstrap assumption (4.49), the following estimates hold for
anyt € [2"1, 2™ and any T}, I‘g € {Lg, Q)

(6.137) ITET2AZ5[0: Gk (1, )]l 2 < C27H0m (1 4 920m sk e
E-E0=

Proof. — The desired estimate (6.137) follows straightforwardly from the estimate (6.113)
in Proposition (6.9), the estimate (6.130) in Proposition (6.13), and the estimate (7.13) in
Lemma 7.4. O
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7. Fixed time weighted norm estimates

There are mainly two tasks to complete in this section. (i) Firstly, we prove some fixed
time weighted norm estimates, which are stated in Lemma 7.1 and Lemma 7.2 and have been
used in previous two sections. (ii) Lastly, we estimate both the low order weighted norm
(Z1-norm) and the high order weighted norm (Z,-norm) of the profile of the quintic and
higher order remainder term R, see the equation satisfied by the good substitution variable
v in (4.21). Therefore, finishing the bootstrap argument of the weighted norms of the profile
g(t) = e u(r) over time.

LEMMA 7.1. — Under the bootstrap assumption (4.49), the following estimates hold,
(7.1) sup (108t E)— D Y Bk, (692 < C22 20,

te[am—1 2m] wwel{+,—} (klakl)e)(k

(7.2) sup 19,8k (1, £)[ 2 < C ming2 2k +28m pomtbmy oy co=21m/20
te[am—1 2m]
(7.3) sup [ As3[d: 8k (. &)l 2 < C273m/2HBme,
tE[Zm_l ,2m]

where C is some absolute constant, y! i is defined in (6.2) and Bk oy e (t,&) is defined in (4.36).

Proof. — For the cubic and higher order terms, after putting the input with the smallest
frequency in L2 and all other inputs in L, the decay rate of L2 norm is at least 2737/2+8m
which gives us our desired estimate (7.3). Hence to prove (7.1) and (7.2), we only have to
consider the quadratic terms “B” k1 koo (,8)”. Recall (4.36), after doing spatial localizations
for two inputs, we have

B &)= 3 B,

J1=—k1,—,jo=—k> —
B2 (1, 8) = / NG, (€ ey, (L E—ngL i . )YrE)dn.

We first consider the case when |k; — k| < 10. From the L2 — L® type bilinear estimate
(2.5) in Lemma 2.2, the following estimate holds for some absolute constant C,
(7.4)

k —itA —m48
Y B @Ol = Y C2%M gk Nz e gk (0l < €27 e
lk1—kz|<10 k1 —ka|<10

[739% 4]

Meanwhile, after doing integration by parts in “n” once, the following estimate also holds,

ki~r—m—k+k —itA —itA
YooIBE @ ON2 s Y CRT R (e A gy oo + [le T A g, 1)
|k1—k2|<10 lk1—k2|<10

(7.3) % (1 Ve8i, (1. 8)ll2 + | VeBir (1. 812 + 271 | ga, (1) 12) < C272mHH20me

Now, we consider the case when k» < k; — 10 and k; - + k» < —18m/19. Similar to
the proof of the estimate (5.10) in Lemma 5.2, from the estimate (5.15) in Lemma 5.3, the
following estimate holds for some absolute constant C,

Z Z Bkk1 kz(t’é)

k1,—+ko<—18m/19 ||ve{+,—}
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< > Cligk, (1) 2 min{2*1 %2 g, ()] .2,
k1, —+koy<—18m/19

x 2KH3k2 g (1, 6) | oo + 22K1F22 [Re[u] (1, £) Vi, (6) |20

< Z C23¥m min{22k1.—+k2 2k (Zkl,_+k2+m + 22k1,_+2k2+2m)}
ki —+kr,<—18m/19
< C2_21m/2060.

Lastly, we consider the case when k, < k; — 10 and ki - + k; > —18m/19. After
doing integration by parts in “»” many times, we can rule out the case when max{ji, j»} <
m +ky— — Bm. If max{ji, jo} > m + ky.— — Bm, from the L? — L™ type bilinear estimate
(2.5) in Lemma 2.2, the following estimate holds for some absolute constant C,

> IBE .9

max{ji,j2}>m+ky ——Bm

ey jj ,—it A
< Z C2% e A gr, i lloollgiy i llz2
Jjirzmax{jo,m+ki,——Bm}
2ky | —itA
(7.6) + > C2% e ™ A gy jy oo llgha .ol 2

Jazmax{ji,m+ky ——Bm}
< C2—3m—2k2—k1,7+3ﬂm60 < C2_21m/20€0.

Combining the estimates (7.4), (7.5), and (7.6), it is easy to see that our desired estimate (7.2)

holds. O
LEMMA 7.2. — Under the bootstrap assumption (4.49), the following estimate holds for any

t e 2m 1 2m,

(7.7)

19, T Tagr (2, &) — > > E,j’;("hkz(z,g)||L2 < ComHBmIm (1 4 g2bmetkeskey
velt,—} (ky,k2)ex?

where C is some absolute constant, Ty, Ty € {L, 2} and §Ij ,’c”l ks (t, &) is defined as follows,

. e . _
(18) B .86 = A; LTI EDG (6 — ) TaTage, (1§ — Mgy, (t )Y ()dn.

Proof. — From (6.113) in Proposition 6.9, (6.130) in Proposition 6.13, and (7.13) in
Lemma 7.4, we know that all terms except quadratic terms inside 8,F1/F—Ek (t,&) already
satisfy the desired estimate 7.7. Hence, we only need to estimate the quadratic terms. Based
on the possible size of k1 and k,, we separate into two cases as follows.

If (k1,kp) € X}C, i.e., k1 — ka| < 10. — Note that the following equality holds,

112 pit,v _ JURTS
TeTEBL o) = > Ky

i=1,2,3

Kot = /}R L EMTITE (G0 (6 = n. g, (1.6 = ) gL, (e ),

K}‘ffféi;z — Z /Rz eit@#ﬁ(é,ﬂ)ﬁ(l"é@ﬂ«&(%—, n))l—*g (q,u’v(g_- -, 77)
I,m={1,2}

4¢ SERIE - TOME 53 — 2020 — N° 4



3D FINITE DEPTH CAPILLARY WAVES 935

x g (t.€ —m)gy, (¢, mdn,
KLt = = [ 0 (T e T3 6m) e € = 1)

x gp (1.6 —n)gp (t.mdn.

From the L? — L type bilinear estimate (2.5) in Lemma 2.2, the following estimate holds
for some absolute constant C,

v, 151 ~ ~ ~
> KL e < C22R (221 VERk, (6.) 2 + 281 VeBiy (4. 82 + 18k, (1 6)I12)
|k1—k2|<10

x [le™ A gi, (1)lLoe < €27+ Mgy,

e, 9

We do integration by parts in “n ” once for K ]’jl’v,;;;z and do integration by parts in “n ” twice

for K ]‘fl’v,é;ﬁ. As a result, the following estimate holds for some absolute constant C,

v, 150
> 2 K e

lk1—k2|<10i=2,3
< Y k(> 2MVig (.62 + 2| Vigk, (t.§)ll2)

lk1—ko|<10 i=0,1,2
% (Ile™ ™ gie, (1) | Loo + e ™2 g, (1) | o)

+ > Do e T Ve gy (6 O lLoe [ Ve, (1. )2
|k1—k2|<10 ji>max{—k1 —,j2}

+ ) > 2 e A I T Ve, gy (0O Lo | VeBhy. g (1 )2

|k1—k2]|<10 jo=max{—ko —,j1}
— § — 1 k i k
< CamHIme 4 N cam R (g (D2 () 2721052 () gk, (0)2)
j1>—ki — J2=J1
— i k . k
+ Y R 2 () gk, (D2 (Y 27 lef () gk, ()]22)
Jo=—ko — J1=Jj2

< Cz—m+8m€0.

If (k1,k2) € )(i, i.e., ko < ky —10. — For this case we have u = +. We separate it into two
cases based on the size of k1 + k». If k1 + k5 < —18m/19, the following estimate holds from
estimates (5.15) in Lemma 5.3,

2| X KR | X Biawed

i=1,2,3 |lve{+,—} 12 ve{+,—} L2
L
=(( X 2%1Vi8 (. )l2)
i=0,1,2

2R (N 2R VgL, (1. 6) | 2) + 22T gy (r)||Lz)
i=0,1

x Cmin{2° 32 g, (1) g + 2217222 | Re[v] (1 €)Yk, (§) lge . 2251 T2 gy 2}
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< C(2k1+(§m + 22m+3k1+2k2+21§m) min{2k1+k2 23k2+m + 2k1+4k2+2m}60
< 2 Pme,

where C is some absolute constant.

Now, we will rule out the case when k; is relatively large. Same as before, we move the
derivative V¢ = —V,, in front of gi, (¢, £ — n) around by doing integration by parts in 7 such
that there is no derivative in front of g, (t,§ — ). As a result, if k; + k» > —18m/19 and
k1 > 5Bm, the following estimate holds for some absolute constant C,

+.v,151 nt,
> K e + 1B 4, @ )2
k1+ko>—18m/19,k1>58m i=1,2,3
< C22m+2k1 +ko+4ky 4 ”gkl (l)||L2

x (IVZ8k (1, E)lI 22 + 27| VeBiy (1, )22 + 272 | gk (1) 2)
< Z C22m+ﬂm+2k1—k2—(N0—lO)k1!+€% < C2—m—/3m60.
ki1+ka>—18m/19,k|>58m
Lastly, we consider the case when k; + k, > —18m/19 and k1 < 58m. Note that

4

itptv - 5 — .

TiTZB. Y (1,6)— / LT ENG L E = T T2 gk, (1 E =gy, (nydn = ) K
R i=1

where
K2 = [ et O, e~ n g 0,6 = T T,
Kl:’,‘;gzz;z = Z K’jl:l},lz,;kzzajz’
J1zki,—, jo=—ko
KGR = [ e e T 6 - DT,

(,n)€{(1,2),(2,1)}
+ (CL + T} + drn)g (€ — 0. (Mg, (.6 — g, (1)
+ B (. E—T7gy (1))
it (T + THOHY (€ ) (TE + T+ drn)ds € — 0.0k (1. — gL, L (t.7)
+ (D4 + T2+ dpa)(TE + T2 + )0 (6 — 1,18k, 1 (12 = Mg, o, (E.0)d.

_ e ]
Ko=) e €€ )
mel(1,2),@.03 7 F

(&1, (. MT i, (1,6 — 1) + giey (6, € — T gy, (t.m))dn
. S H.v ~
K2 = - fR L TTEDRT + T (E TE + THOTYE MG (€ —1.1)

X &k, (t.& — gy, (t.mdn.
From the L2 — L™ type estimate (2.5) in Lemma 2.2, the following estimate holds,

” K;;:‘;;ZZJ HL2 = C 2%k ||F1F2gk2 Oz ”e—itAgkl )|l < C2_m+8m60,
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where C is some absolute constant. Now, we proceed to estimate K ,:rl ‘,;222 By doing integra-

tion by parts in n many times, we can rule out the case when max{ji, jo} <m + ki - — fm.
From the L? — L* type estimate (2.5) in Lemma 2.2, the following estimate holds when
max{jlv ]2} Z m + kl,— - ﬁms

+,0,2;2
Z ”Kkl,jl,kz,jz”Lz

max{j,j2}>2m+k; ——Bm
< Z C22k1 (2j1+k1+k2+j2 + 2m+k1+k2)
J1zmax{m+ky ——Bm,j2}
X ”gkl J1 (t) ||L22_m ”gkz,jz (t) ”L1
+ Z C 2%k (2j1+k1+k2+j2 + om+tki +k2)
Jazmax{m+ky ——Bm,j1}
X &k jo Ol 227" 8Ky, 1 Dl 1
< C2—2m—k2+20ﬂm€0 < Cz—m—ﬁmeo,

where C is some absolute constant.

Lastly, it remains to consider K k+1 ,1;(,22;1" i € {3,4}. We do integration by parts in “n” once
for. K ,:“1 ‘;(223 and do integration by parts in “n” twice for K ]:_1 ’,‘;(’22;4. As a result, the following
estimate holds,

+,v,2;3 +,v,2;4
K22 e + K4 2

=C( Y 2P V{8 )l + 2% |Vigk, (.8 ].2)
i=0,1,2
x (2217 R gy oo + 2612 eI gy o)
- 14272 | k
N Z C2 m+3k1+k2+]1+212||(pj11 ()C)gk1 (l)”LZ ||(pj22(x)gk2(f)||L2

Jizmax{—kj —,j2},j2>—ka —
+ > Comritka T2 6] () g (1) 2 102 (0) gy (1) 1.2
Jazmax{—ka —,j1},j1=—k1,—

< C27m+28m+5m/2+k60

)

where C is some absolute constant, hence finishing the proof. O

The rest of this section is devoted to prove the weighted norm estimates for the remainder
term R in (4.35), which will be done by using the fixed point type formulation (3.8). Before
that, we first prove the weighted norm estimates for a very general multilinear form, which
will be used as black boxes.

Forgi € HNo™ 10N 7, N Z,,i €{1,...,5}, we define a multilinear form as follows,

Okt (21(1). £2(1). g3(1). ga(1). g5(1))(€)

— it @ (Em,0m,07) Tkl ro
_////e - g €m0 0)
r2 Jr2 Jr2 JR

X gLt & — gkt n—0)gs(t,0 — gk (1.0 — o")gl(t, 0" )Y (§)da’dy dndo,
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T,K,L

where the phase ®,;;° (£, 1. 0,1, 0”) is defined as follows,

QL5 E . 0.n' ') = AED—TA(E—nD—kA(n—o)—tA(o—n'—pA(n =o' ) —vA(o]).

T’K,

and the symbol g% (&,n,0,1,0') satisfies the following estimate for some absolute
constant C,

”q;,ﬁf(%_» n,0, TI/» 0/)Wk (E)kal (‘i: - ’I)sz (77 - 0)1/fk3 (0 - T/)WIM (’l/ - 0/)1///(5 (OJ)” g

< C22k1 +6max{ky,....ks}+ )

Fori € {0, 1,2}, we define auxiliary function spaces as follows,
(7.9)
1f1z :=sup sup [ fllg . [fllg =207 Dt @OSDRLHTH Gk (x) Py f ] 2.
! keZ j>—k_ k.j k.j
From the above definition and the definition of Z;-norm, i € {1,2}, in (1.22) and (1.23), we
know that the following estimates hold for some absolute constant C,

> kOO VL f (1. 8) 2 < Clf N1z, 1 £z, = Cllfz,
kez

wherei € {0,1,2},/ € {1,2}.

LEMMA 7.3. — Let gi(t) € HN71°N Z, N Z,, i € {1,...,5}. Assume that the following
estimate holds for any t € [2™~1,2", m € Z,

27 g ()l o0 + gDl zy + 27" g (Dl zo < €1 :=€/®, i €{l,....5},

then the following estimates hold for any t € [2™~1,2™] and any p, v, k1, T € {+, =},
(7.10)

Y 2T F T OE (61D, 82(1). g3(0). 84(1). g5() ()] 7, < C2TEHIEMEG,
i=0,1,2

where C is some absolute constant.

Proof. — As usual, we rule out the very high frequency case and the very low frequency
case first. Without loss of generality, we assume that k5 < k4 < k3 < k; < k;. From the
L?—L®— L% —[*®— L% type multilinear estimate and the L>® — L? type Sobolev estimate,
the following estimate holds for some absolute constant C,

D 25T QRN (81 (1) 82,5 (1) 83,2 (1) 8.k (). 85, () 5
i=0,1,2 "
(71 1) < C23m+(2+8)j230k1,++(1—5)k+k5 ”gk] ”L2 ||e—ilAgk2 ||Loo

i —itA

—itA
x lle™ " gis oo lle ™" giy oo llgis I L2-

ks < —=3m —2(1428)j,ork <—3m—2(1+ 28);j. Hence it would be sufficient to consider
fixed k, k1, k2, k3, k4, and k5 in the following range,

From estimate (7.11), we can rule out the case when k1 + > (3m + 2j)/(No — 45) or

(7.12) —3m—2(14+28)j <ks,k <ki+2=<Q@m+2j)/(No—45).
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From now on, k,k;,i € {1,...,5}, are restricted inside the range (7.12). We first consider
the case when j > (1+4) (m +k1,+) + Bm. For this case, we do spatial localization for inputs
“gk,” and “gg,”. Note that the following estimate holds for the case we are considering,

270 < |Velx - § + 1 @R E 0 o) ][ (x) < 27410,

Therefore, by doing integration by parts in “£” many times, we can rule out the case when
min{jy, jo} < j —§8j —dm, where j; and j, are the spatial concentrations of g, and gi,
respectively. For the case when min{ji, j,} > j —§j —dm, the following estimate holds from
the L2 — L® — L® — L*® — L™ type multilinear estimate,

> —i —1[ s
Y 2T TR (81 (0. 8240, ()

RIS 834 (1), 20y (1), 254 O 5,
= E E C2G—m+ij+8j+3Bm+(3-8)k1+30k 4

i=0,1,2min{j,j2}>j—8j—8m

i i i

X g1k, j1 1222°2 182,80 22 le ™ g3 s oo lle ™ ga ey oo lle ™ g5 s 100

< C2—m/2+50ﬂm€g,

where C is some absolute constant.

It remains to consider the case when j < (1 4 §) (m + k1,+) + Bm. Recall (7.12). Note
that j now is bounded, we have —6m < k5 < ky < 58m. We split into three cases based on
sizes of the difference between k1 and k5 and the difference between k5 and k5 as follows.

T,k L

If ko < ki —10. — For this case, we have a good lower bound for V, &5 (&, n.0,1',0").
Hence, we can do integration by parts in “n” many times to rule out the case when
max{ji, j} < m + ky— — Bm. From the L2 — L® — L% — L*® — L* type multilinear

estimate, the following estimate holds for some absolute constant C,

_; -1 3
Z Z 2B=Dm [ F [Q}?va (gl,kl »J1 (). 82,k2,j2 (1),
max{ji,j2}zmtk——pmi=0.1,2 2343 (1), 8a.key (1), g5.45 (1)) ()] g,
< Z C23m+4ﬂm+3k1+30k1’+||g1,k1,j1 ||L2||e_itAg2,k2,j2”L°°

J1zmax{—ky —,j2,m+ky ——Bm}

x [le™ A g3 as oo lle ™ gapy oo lle ™ g5 ks llLoo
+ Z C23m+4ﬂm+3k1 +30ky, 4 +ka+ks ”g2 k
k2,

Jjazmax{—kz —,j1,m+ky ——Bm}

J2 (7%
i

i

A —itA
Pgrkr i lleee e gs ks Lo g4k |2 g5,k l2

< Cz—m/2+l80ﬂm€(2).

X |le”

If |ky — k2| < 10 and k3 < k; — 20. — Note that, Vo ®;5" (6, n,0,7',0") has a good lower
bound for the case we are considering. Hence, by doing integration by parts in o, we can
rule out the case when max{j,, j3} < m + ko — Bm, where j, and j; are the spatial
concentrations of inputs g, and gi, respectively. From the L? — L® — L® — L® — L®
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type multilinear estimate, the following estimate holds for some absolute constant C,

3—i —1 Ky
Z Z 2 l)m”C? [Q;,va(gl,kl (1) 82k, (1) 83.k3,5 (1),
maxtjz,J3)2m o, -—fm i=0.1.2 G (1) 851l
< > CPmHBm N30t gy 2
J2zmax{—ka, —,j3,m+ki,——Bm}
—itA i i

—itA —itA —itA
S2ka o llLoelle ™ gy lzoelle ™ 2 ga iy oo e ™ gs Il oo

+ Z C23m+4ﬂm+3k1 +30k1,++k4+k5”g3 k3 j3||L2

Jzzmax{—k3 —,j2,m+ki ——Bm}

X |le

—itA —itA
X e g2 kg lLoolle™ P g iy llLoo g L2 1185 ksl 2

< C2—m/2+180,3m€§.

If |ky — k| < 10 and |ky — k3| < 10. — This case is straightforward. By the L2 — L — L™ —
L°° — L*° type multilinear estimate, the following estimate holds for some absolute constant
C b

> 28T QR (81 (0. 82 (1) 834y (1), 8y (1) 8545 () @) I3
i=0,1,2
< CPmHBmEIRAIR |l o ()2 le TR g1y O] Los e g2 e, (1) |00

i —itA

e A g3 ay ()| Loolle™ " ga ks () [lLoo
< szm/2+180ﬂm63.
To sum up, our desired estimate (7.10) holds, hence finishing the proof. O

With the multilinear estimate (7.10) in the above lemma, now we are ready to estimate the
Z;-norm of the quintic and higher order remainder term R, i € {1,2}.

LeEmMA 7.4. — Under the bootstrap assumption (4.49), there exists some absolute
constant C such that the following estimate holds for the profile of the remainder term R,

(7.13) sup Y [ A Ry llz, < €270,
l€[2m71,2m]i:1,2

Proof. — Recall the definition of u = Ah+iv and the definition of v in (4.20). To estimate
the weighted norms of the reminder term e’2 R, from estimate (7.10) in Lemma 7.3,
we know that it would be sufficient to estimate the weighted norms of e?*A A 5[B(h)y] =
eitAAzs[az¢](f)|Z=0-

Recall the fixed point type formulation for V, ;¢ in (3.8). We decompose A >s[g;(z)] into
two parts: one of them doesn’t depend on A>5[Vy @] while the other part does depend
(linearly depend) on A>5[Vy :¢]. For the first part, estimating (7.10) in Lemma 7.3 is very
sufficient. Hence, it remains to estimate the second part. As usual, by doing integration by
parts in £ many times, we can rule out the case when j > (144) ( max{m-+ky 4, —k_}) +Bm.
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If j < (14 8)(max{m + ki 4+, —k_}) + Bm, from the estimate (7.10) in Lemma 7.3 and the
L? — L type bilinear estimate, the following estimate holds for some absolute constant C,

3 1A Ass[Va zpl 1)o7, < C27/24200mg,

i=1,2

(7.14)
+ €22 (| A Vi 2] E) | oo prrslle T g w00 + 1811201 VIAS[ Vi 2]l o ar15)
+ C2%" g 20 | A5 [V, z 0] (1, §) | oo 0.

Similar to the proof of (3.17) in Lemma 3.2, the following estimate holds for i € {5, 6},

|Asi [Vx,z(p]”L?"HZO
< CI W)llwso.t |0, ) g 30,0102 ¥) L r30 + 1, ) lwo A i [V, 2] | oo pr20],

where C is some absolute constant. Under the bootstrap assumption (4.49), the above esti-
mate further implies the following estimate,

(7.15)  [|A5i[Vx,z@]ll L2o mr20
< 2C | (h ) w01 |G )35 50 0l (e W)l 30 < C27M2HEm G i e (5,6},

Therefore, from the estimates (7.14) and (7.15) and the estimate (7.10) in Lemma 7.3, we

obtain the following estimate,

(7.16) D e Ass[ Ve 2] (1) || Loz, < C273m/2H200me,

i=1,2

where C is some absolute constant, hence finishing the proof of the desired estimate (7.13).

O
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QUADRIC RANK LOCI ON MODULI OF CURVES
AND K3 SURFACES

BY GAVRIL FARKAS AND RicHARD RIMANYI

ABSTRACT. — Assuming that ¢ : Sym?(€) — & is a morphism of vector bundles on a variety X,
we compute the class of the locus in X where Ker(¢) contains a quadric of prescribed rank. Our
formulas have many applications to moduli theory: (i) we find a simple proof of Borcherds’ result that
the Hodge class on the moduli space of polarized K3 surfaces of fixed genus is of Noether-Lefschetz
type, (ii) we construct an explicit canonical divisor on the Hurwitz space parametrizing degree k covers
of P! from curves of genus 2k — 1, (i) we provide a closed formula for the Petri divisor on Wg of
canonical curves which lie on a rank 3 quadric and (iv) we construct myriads of effective divisors of
small slope on Wg.

REsuMmE. — Etant donné deux fibrés vectoriels £ et F sur une variété X et une application de
Sym? (&) dans ¢F, nous calculons la classe de cohomologie du lieu en X ot le kernel de cette application
contient une quadrique de rang donné. Nos formules ont plusieurs applications a la théorie d’espaces
des modules: (i) nous trouvons une preuve simple du théoréme de Bocherds qui établit que la classe
de Hodge dans I'espace de modules de surfaces K3 polarisés avec genre fixé, est du type Noether-
Lefschetz, (i) nous construisons un diviseur canonique explicite dans ’espace d’Hurwitz paramétrisant
les applications de degré k de courbes du genre 2k — 1 sur la droite projective, (iii) nous fournissons une
formule fermée pour le diviseur de Petri dans I’espace de modules de courbes consistant de courbes
canoniques contenues d’une quadrique de rang 3 et (iv) nous construisons une myriade de diviseurs de
petite pente dans Wg.

1. Introduction

Let X be an algebraic variety and let £ and ¢¥ be two vector bundles on X having ranks
e and f respectively. Assume we are given a morphism of vector bundles

¢ : Sym?(&) — .

0012-9593/04/(C) 2020 Société Mathématique de France. Tous droits réservés doi:10.24033/asens.2437
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946 G. FARKAS AND R. RIMANYI

For a positive integer r < e, we define the subvariety of X consisting of points for which
Ker(¢) contains a quadric of corank at least r, that is,

T, (@) = {x €X:304#q e Ker(p(x)) with rk(g) < e — r}.
Since the codimension of the variety of symmetric e x e-matrices of corank r is equal to (r; 1),
it follows that the expected codimension of the locus fz, s(@)isequalto (31— (T + S +1.
A main goal of this paper is to explicitly determine the cohomology class of this locus in
terms of the Chern classes of £ and ¢7. This is achieved for every e, f and r in Theorem 4.4,
using a localized Atiyah-Bott type formula. Of particular importance in moduli theory is the

case when this locus is expected to be a divisor, in which case our general formula has a very
simple form:

THEOREM 1.1. — We fix integers 0 < r < e and set [ := (‘Hz'l) - (H;). Suppose ¢ :

Sym?(€) — & is a morphism of vector bundles over X. The class of the virtual divisor
f:,,f (¢) is given by the formula

51, @) = 4 (e~ L) e 2.0,
where
4o OCT) - ()

T EO6 -G

The quantity A7 is the degree of the variety of symmetric e x e-matrices of corank at least
r inside the projective space of all symmetric e x e matrices, see [31].

Before introducing a second type of degeneracy loci, we give a definition. If V' is a vector
space, a pencil of quadrics £ € P(Sym?(V)) is said to be degenerate if the intersection of £
with the discriminant divisor D(V) € P(Sym?(V)) is non-reduced. We consider a morphism
¢ : Sym?(E) — & such that all kernels are expected to be pencils of quadrics and impose
the condition that the pencil be degenerate.

THEOREM 1.2. — We fix integers e and f = (“}') — 2 and let ¢ : Sym*(E) - f be a
morphism of vector bundles. The class of the virtual divisor Dp = {x € X : Ker(¢(x)) is a
degenerate pencil} equals

9] = (e = D(ecr(F) = (€ + e = 4e1(6)) € HAX. Q).

Theorems 1.1 and 1.2 are motivated by fundamental questions in moduli theory and in
what follows we shall discuss some of these applications, which are treated at length in the

paper.

4¢ SERIE - TOME 53 — 2020 — N° 4



QUADRIC RANK LOCI ON MODULI OF CURVES AND K3 SURFACES 947

Tautological classes on moduli of polarized K3 surfaces. — Let ¢, be the moduli space of
quasi-polarized K3 surfaces [X, L] of genus g, that is, satisfying L? = 2g — 2. We denote
by 7 : X — f, the universal K3 surface and choose a polarization line bundle Z on cX.
We consider the Hodge class

A= c1(me(wxr)) € CH' (F ).
Note that CH'(f,) = H?*(¢f,.Q). Inspired by Mumford’s definition of the « classes
on ¢M,, forintegersa, b > 0, Marian, Oprea and Pandharipande [39] introduced the classes
kep € CH at+2b=2( & ¢) Whose definition we recall in Section 9. In codimension 1, there are
two such classes, namely

k30 1= a(c1(2)°) and k1,1 = e (e1(2) - e2(F ) € CHU(F),

Both these classes depend on the choice of Z, but the following linear combination

k11 € CH' (F ¢)

is intrinsic and independent of the polarization line bundle.

For a general element [X, L] € ¢f, one has Pic(X) = Z - L. Imposing the condition
that Pic(X) be of rank at least 2, one is led to the notion of Noether-Lefschetz (NL) divisor
on ¢f .. For non-negative integers 2 and d, we denote by D 4 the locus of quasi-polarized
K3 surfaces [X, L] € ¢f , such that there exists a primitive embedding of a rank 2 lattice

7Z-L®7Z-D C Pic(X),

where D € Pic(X) is a class such that D - L = d and D? = 2h — 2. From the Hodge Index
Theorem Dy, 4 is empty unless d2 —4(g — 1)(h — 1) > 0. Whenever non-empty, Dy, 4 is pure
of codimension 1.

Maulik and Pandharipande [40] conjectured that Pic(¢f,) is spanned by the Noether-
Lefschetz divisors Dy, 4. This has been recently proved in [6] using deep automorphic tech-
niques. Note that the rank of Pic(¢f ) can become arbitrarily large and understanding all
the relations between NL divisors remains a daunting task. Borcherds [8] using automorphic
forms on O(2,n) has shown that the Hodge class A is supported on NL divisors. A second
proof of this fact, via Gromov-Witten theory, is due to Pandharipande and Yin, see [46]
Section 7. Using Theorem 1.1, we find very simple and explicit Noether-Lefschetz represen-
tatives of both classes A and y. Our methods are within the realm of algebraic geometry and
we use no automorphic forms.

We produce relations among tautological classes on ¢f , using the projective geometry of
embedded K3 surfaces of genus g. We study geometric conditions that single out only NL
special K3 surfaces. Let us first consider the divisor in ¢#, consisting of K3 surfaces which
lie on a rank 4 quadric. We fix a K3 surface [X, L] € ¢f, with g > 4andlet¢r : X — P* be
the morphism induced by the polarization L. One computes h°(X, L®?) = 4g—2. Assuming
that the image X < P# is projectively normal (which holds under very mild genericity
assumptions, see again Section 9), we observe that the space Ix, 1 (2) of quadrics containing
X has the following dimension:

. g
Y ‘= K30 —

-2
dim Iy,(2) = dim Sym® H®(X, L) — h°(X, L®?) = (g 2 )
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948 G. FARKAS AND R. RIMANYI

This equals the codimension of the space of symmetric (g + 1) x (g + 1) matrices of rank 4.
Therefore the condition that X C P? lie on a rank 4 quadric is expected to be divisorial
on ¢f . This expectation is easily confirmed in Proposition 9.1, and we are led to the divisor:

DI = {[X, Lle &y :30#q¢elx(2), tkig) < 4}.

THEOREM 1.3. — Set g > 4. The divisor Dg,k“ is an effective combination of NL divisors
and its class is

B 2
D) = 453 (g = DA+ ) € CHU ().

In order to get a second relation between A and y, we distinguish depending on the parity
of g. For odd genus g, we obtain a second relation between A and y by considering the locus
of K3 surfaces [X, L] € ¢, for which the embedded surface ¢ : X — P# has a non-trivial
middle linear syzygy. In terms of Koszul cohomology groups, we set

Roszy = {[X,L] € Iy Koz (X, 1) # 0}.

For instance Ros35 consists of quartic K3 surfaces for which the map Sym?*H%(X,L) —
H°(X, L®?) is not an isomorphism. Voisin’s solution [52] of the generic Green Conjecture
on syzygies of canonical curves ensures that Ros3, is a proper locus of NL type. She proved
that for a K3 surface [X, L] € ¢f, with Pic(X) = Z - L, the vanishing

Ket (X,1) =0
2 £}

holds, or equivalently, [X,L] ¢ Ros3,. We realize fosj, as the degeneracy locus of a
morphism of two vector bundles of the same rank over ¢f,, whose Chern classes can be
expressed in terms of k11, k3,0 and A. We then obtain the following formula (see Theorem 9.5)

g—4)((g—1)(g+7)

4
() [Rosp,] = —( s S04y ) e [Dial € CHY (),
2

g—1
where recall that D; ; is the NL divisor of K3 surfaces [X, L] for which the polarization L is
not globally generated. Theorems 1.3 and 9.5 then quickly imply (in the case of odd g):

THEOREM 1.4. — Both tautological classes A and y on &f o are of Noether-Lefschetz type.

Theorem 1.4 is proved for even genus g > 8 in Section 10 using two further geometric
relations between tautological classes (in the spirit of Theorem 1.3) involving the geometry
of rank 2 Lazarsfeld-Mukai bundle E;, one associates canonically to each N L-general polar-
ized K3 surface [X, L] € ¢f,. The vector bundle E}, satisfies det(Er) = L and h(X,Er) =
£ 42 and has already been put to great use in [37], [42], or [52]. A direct proof of Theorem 1.4
when g < 10 has already appeared in [27].

In Section 11 we discuss an application of Theorem 1.3 to the Geometric Invariant Theory
of K3 surfaces. The second Hilbert point [X, L], of a suitably general polarized K3 surface
[X, L] is defined as the quotient

[X. H]z := [Sym?HO(X, L) — H(X,L®2) — 0] € Gr(Sym? H(X, H), 4g - 2).

We establish the following result:
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THEOREM 1.5. — The second Hilbert point of a polarized K3 surface [X, L] € ¢f, \Dz,k4 is
semistable.

Note that a similar result at the level of canonical curves has been obtained in [19].

The Petri class on Wg. — A non-hyperelliptic canonical curve C € P#~! of genus g is
projectively normal and lies on precisely (g ;2) quadrics. This number equals the codimension
of the locus of symmetric g x g-matrices of rank 3. The condition that C lies on a rank 3
quadric in its canonical embedding is divisorial and leads to the Petri divisor Q@g of curves
[C] € oM, having a pencil A such that the Petri map

w(A): H(C, A) @ H°(C,wc ® AY) - H°(C, wc)
is not injective. Using Theorem 1.1, we establish the following result:

THEOREM 1.6. — The class of the compactified Petri divisor a@g on Wg is given by the

Sformula

[GP,] = A§—3(7g7+61 . 5) e CH'(M,).

Here A is the Hodge class on Wg and § denotes the total boundary divisor. The Petri
divisor splits into components D, ., where LgTHJ < k < g — 1, depending on the degree
of the (base point free) pencil A for which the Petri map ©(A) is not injective. With a few
notable exceptions when k is extremal, the individual classes [Eg,k] € CH! (Wg) are not
knofvzrl. However, we predict a simple formula for the multiplicities of D x in the expression
of [(&P, ], see Conjecture 6.3.

Effective divisors on Hurwitz spaces. — We fix an integer k > 4 and denote by &/ the
Hurwitz space parametrizing degree k covers [f : C — P!] from a smooth curve of
genus 2k — 1. The space ¢/ admits a compactification @k by means of admissible covers,
which is defined to be the normalization of the space constructed by Harris and Mumford in
[30]. We refer to [1] for details. We denote by o : @k — Wzk_l the morphism assigning to
each admissible cover the stabilization of the source curve. The image o(#) is the divisor
W;k_l,  consisting of k-gonal curves in ' Moy, which was studied in great detail by Harris
and Mumford [30] in the course of their proof that Wg is general for large genus. The
birational geometry of & is largely unknown, see however [51] for some recent results.

Let us choose a general point [f : C — P'] € §#; and denote by 4 := f*(Cpi(1)) € WA(C)
the pencil inducing the cover. We consider the residual linear system L := w¢c ® A € Ws'jg_a(C)
and denote by ¢ : C — P*7! the induced map. Under these genericity assumptions
L is very ample, H'(C, L®?) = 0 and the image curve ¢, (C) is projectively normal. In
particular,

k—3
dim I¢ 1 (2) = dim Sym?>H°(C, L) — h°(C, L®?) = < 5 ),

which equals the codimension of the space of symmetric & x k matrices of rank 4. Imposing
the condition that C < P*! be contained in a rank 4 quadric, we obtain a (virtual) divisor

HEd = {[C, Al € M 130 # q € Icweoav(2). tk(g) < 4}~
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The condition [C, A] € Y),r(k“ amounts to representing the canonical bundle wc as a sum
) wc=A® 41 ® A

of three pencils, that is, h°(C, A1) > 2 and h°(C, A,) > 2. To show that 532‘4 is indeed a
divisor, it suffices to exhibit a point [C, A] € ¢&# such that (2) cannot hold. To that end,
we take a general polarized K3 surface [X, L] € of,,_; carrying an elliptic pencil E with
E - L = k (that is, a general element of the NL divisor D; x € ¢#p5_1). If C € |L]isa
smooth curve in the polarization class and A = O¢(E) € Wkl (C), we check that one has an
isomorphism /¢ »-04v(2) = Ix,1(—E)(2) between the spaces of quadrics containing C and
X < P*1 respectively. Showing that this latter space contains no rank 4 quadric becomes a
lattice-theoretic problem inside Pic(X'), which we solve.

We summarize our results concerning .6;{1‘4. We denote by A := ¢*(1) the Hodge class
on @k and by Dy the boundary divisor on @k whose general point corresponds to a
1-nodal singular curve C of genus 2k — 1 and a locally free sheaf A of degree k with
ho(C, A) > 2 (see Section 12 for details).

THEOREM 1.7. — For each k > 6, the locus S'j,r(k“ is an effective divisor on &iy. Away from

the union of the boundary divisors o~ W(A;) wherei = 1,...,k — 1, one has the relation
k—12 k —rk4
K5 =—(71—[D _— .
Tk k—6( [ 0])+(k—6)A’,§_4[ﬁk ]

Theorem 1.7 follows from applying Theorem 1.1 in the context of Hurwitz spaces to
compute the class [52(4] in terms of certain tautological classes on @k, see Theorem 12.6,
then comparing with the formula we find for Ko, in terms of those same classes. Proving
that Y)zk“ is indeed a genuine divisor on $# is achieved in Theorem 12.5.

We mention the following consequence to the birational geometry of .

THEOREM 1.8. — For k > 12, there exists an effective Q-divisor class E on Sy supported
on the divisor Zf:ll 0*(A;) of curves of compact type, such that the class Kg, +Eis big.

This result should be compared to the classical result [30] asserting that ¢M,_; is of
general type for k > 13, whereas the Kodaira dimension of ¢¥,5 is at least 2, see [14].
Assuming that the singularities of ‘T impose no adjunction conditions (something one
certainly expects), Theorem 1.8 should imply that for k > 12 the Hurwitz space & is a
variety of general type.

Effective divisors of small slope on Wg. — Theorem 1.1 has multiple applications to the
birational geometry of the moduli space of curves. Recall that if A, 8o, ..., 8| £ denote the
standard generators of Pic(Wg), then the slope of an effective divisor D C Wg such
that A; ¢ supp(D) foralli = 0,..., |£ ], is defined as s(D) := b 2 0, where

[D] = aA — ZE(J) b;é; € Pic(Wg). The slope of the moduli space, defined as the quantity
S(Wg) = inf{s(D) . D is an effective divisor of Wg}

is a fundamental invariant encoding for instance the Kodaira dimension of the moduli space.

For a long time it was conjectured (see [29]) that S(Wg) > 6+ %, with equality if and
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only if g + 1 is composite and D is a Brill-Noether divisor on Wg consisting of curves
[C] € M, having a linear series L € WJ(C) with Brill-Noether number p(g,r,d) = —1.
This conjecture has been disproved in [15], [16] and [35], where for an infinite series of genera
g effective divisors of slope less than 6 + gI% were constructed. At the moment there is no

clear conjecture concerning even the asymptotic behavior of S(Wg) as g is large, see also
[45]. For instance, it is not clear that liminfy . oo5(cM,) > 0.

Imposing the condition that a curve C of genus g lies on a quadric of prescribed rank
in one of the embeddings g7, : C < P given by a linear system L € W7 (C) with Brill-
Noether number p(g,r,d) := g— (r + 1)(g —d + r) = 0, we obtain an infinite sequence of
effective divisors on %g of very small slope (see condition (20) for the numerical condition g
has to satisfy). Theorems 7.1 and 7.2 exemplify two infinite subsequences of such divisors
on W(“_l)(g ¢—1) and W4(3£+1)(2e+1) respectively, where £ > 1. We mention the following
concrete example on oMo,.

THEOREM 1.9. — The following locus defined as
D3 = {[C] € Moy :IL € WL(C). 30 # q € Ic.L(2). tk(g) < 6}

is an effective divisor on ¢M,4. The slope of its closure D73 in Moy is given by s(D73) =
34423 g 4 12
5320 25

Theorem 7.3 establishes that D7 3 is a genuine divisor on ¢#,4. We show using Macaulay
that there exists a smooth curve C C P’ of genus 24 and degree 28 which does not lie on a
quadric of rank at most 6 in P”. Using the irreducibility of the space of pairs [C, L], where
C is a smooth curve of genus 24 and L € W,5(C), we conclude that D73 # My, hence
D73 is indeed a divisor on ¢Myy.

Theorem 1.2 has applications to the slope of le. A general curve [C] € oM, has a
finite number of embeddings C € P° of degree 15. They are all residual to pencils of minimal
degree. The curve C C P° lies on a pencil of quadrics and we impose the condition that one
of these pencils be degenerate.

THEOREM 1.10. — The locus of smooth curves of genus 12 having a degenerate pencil of
quadrics

Dpyy 1= {[C] € My 3L € Wi5(C) with P(Ic,1(2)) degenerate}

is an effective divisor. The slope of its closure ®p,, inside M, equals s(Dp,,) = % <6+ %

Acknowledgements. — We warmly thank Rahul Pandharipande, Alessandro Verra and
Claire Voisin for very interesting discussions related to this circle of ideas. We are thankful
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and whose many insightful remarks, concerning all sections of the paper, significantly
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2. Equivariant fundamental classes, degeneracy loci

2.1. Equivariant fundamental class

We consider a connected algebraic group G acting on a smooth variety V, and let ¥ be an
invariant subvariety. Then ¥ represents a fundamental cohomology class—denoted by [X]
or [¥ € V]-in the G-equivariant cohomology of V', namely

[E] c HéCOdim(EgV)(V).

Throughout the paper we use cohomology with complex coefficients. There are several equiv-
alent ways to define this fundamental cohomology class, see for example [34], [12], [22], [41,
8.5], [24] for different flavors and different cohomology theories.

A particularly important case is when V is a vector space and ¥ is an invariant cone.
Then [X] is an element of H((vector space) = Hj(point) = H*(BG), thatis, [X] is a
G-characteristic class. This characteristic class has the following well known “degeneracy
locus” interpretation. Let £ — M be a bundle with fiber V' and structure group G. Since
¥ is invariant under the structure group, the notion of belonging to ¥ makes sense in every
fiber. Let X (E) be the union of ¥’s of all the fibers. Let s be a sufficiently generic section. Then
the fundamental cohomology class [s~! (Z(E)) € M] of the “degeneracy locus” s~1(Z(E))
in the ordinary cohomology H * (M) is equal to [X] (as a G-characteristic class) of the bundle
E—-> M.

2.2. Examples
We recall two well known formulas for some equivariant cohomology classes. The second
one will be used in Sections 4 and 5.
DEFINITION 2.1. — For variables c¢; and a partition A = (A1 > Ay > -+ > ;) let
sp(e) = det(cn; 4j—i)ij=1,..r
be the Schur polynomial. By convention co = 1 and c<o = 0.
ExAMPLE 2.2. — The Giambelli-Thom-Porteous formula. Fix r < n, £ > 0 and let Q" C

Hom(C”, C"**) be the space of linear maps having an r-dimensional kernel. It is invariant
under the group GL,(C) x GL,¢(C) acting by (4, B)-¢ = Bo¢ o A~1. One has [47]

[Q7] = sa(c).
where

A=(r+¢ r+4) 1+C1t+cztz+...=1+blt+b2t2+"‘+bn+el”+£
\Af.,_-/’ 1+all+a2t2+---+anl‘” .

r

Here a; (respectively b;) is the i th universal Chern class of GL, (C) (respectively GL,,¢(C)).

EXAMPLE 2.3. — Symmetric 2-forms. Let r < nandlet " = X/ C Symz((C") be the
collection of symmetric 2-forms having a kernel of dimension r. It is invariant under the
group GL,(C) actingby A- M = AMAT . One has [33, 49, 31] that

[f;] = 2rs(r,r—l,...,2,1)(c)a

where ¢; is the i th universal Chern class of GL,(C).
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3. Affine, projective, and restricted projective fundamental classes

In this section we recall the formalism of comparing equivariant fundamental classes in
affine and projective spaces.

Consider the representation of the torus 7 = (C*)¥ acting by
k

k k
S1.4 S22 Sni
(@r,...,ar) - (x1,...,x,) = (nail"xl, naiz"xz,...,nai””xn).
i=1 i=1

i=1
We will assume that the representation “contains the scalars”, that is, there exist integers
ri,...,rr and r such that

k
Zrl-sj,i =r, for all j=1,...,n.
i=1
In other words, the action of (b™,...,b"*) € T (b € C*) on C" is multiplication by b".

Under this assumption we have that the non-zero orbits of the linear representation, and
the orbits of the induced action on P"~! are in bijection. We will compare the (T -equivariant)
fundamental class of an invariant subvariety ¥ € C" with the (7T -equivariant) fundamental
class of the projectivization P(X) € P"~!. For this we need some notation.

The fundamental class [X] of X is an element of H7(C") = H*(BT) = Clay, ..., o],
where «; is the equivariant first Chern class of the C*-action corresponding to the i th factor.
Hence we can consider [X] as a polynomial in the «;’s.

Let w; = Zf-;l sjioi, j = 1,...,n be the weights of the representation above. Then we
have

n
Hp(P"™Y) = H*(BT)[E)/ [ [ (€ —w)).
j=1
where & is the first Chern class of the tautological line bundle over P"~!.
ProprosSITION 3.1. — [20, Thm. 6.1] Let ¥ be a T-invariant subvariety of C*. For the
T -equivariant fundamental class of P(X) we have

PO = [Z), ,_n, € HIP.

Here, and in the future, by p(o:,~)|aiH p, WWe mean the substitution of f; into the variables
a; of the polynomial p(«;).

We shall need a further twist on this notion. Let F; be the j th coordinate line of C”, which
is a fixed point of the T-action on P"~!. We have the restriction map H} P Y > H 7(F)) =
H*(BT), which we denote by p p|Fj .

COROLLARY 3.2. — We have

P, = (Xl gy, e H*(BT).

Proof. — The restriction homomorphism H7 P > H7(Fj) is given by substituting
w;j for §. O
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EXAMPLE 3.3. — Let (C*)3 act on C2 by (a1,az,a3)-(x1,x2) = (afaz_layxl, alagag-xz).
The numbers r; = 2,r, = 1,r3 = 1,r = 6 prove that this action contains the scalars. Let
¥ be the x;-axis. Then [X] is the normal Euler class, that is [¥] = o1 4+ 205 + 2a3. According
to Proposition 3.1 we have

[P(E)] = a1 + 202 + 203, ) = o + 202 + 203 — &.

Lt oran—tEasraz—EE

According to Corollary 3.2 the two fixed point restrictions of this class are
[P(E)H(I:O) = a1+ 20 + 2a3|a1»—>a1—%(3&1—a2+a3),a2!—>a2—%(3oc1—a2+a3),a3b—>a3—%(3a1—ot2+a3)
= 201 + 3ay + o3

and
[P(D)]| g,y = @1 + 202 + 203,

=0.

o —%(0‘1 +2az+2a3),¢12'—>t¥2—%(a1 +2a2+2a3),a3»—>a3—%(a] +2a5+2a3)

The vanishing of the second one is expected since the x;-axis is not in X, and the first one
can be verified by seeing that the action on P! in the coordinate r = x,/x; is

2.2
aiasa _
(ar,a2,a3)t = —23 .t = 611261;613 -t
ala;la
142 @3

The calculations of this example were deceivingly simple caused by the fact that X was
smooth.

4. Loci characterized by singular vectors in the kernel
4.1. The E:,f locus

For positive integers e, f, let E := C¢ and F := C/ be the standard representations
of GL.(C) and GL (C) respectively. Consider the induced action of G = GL.(C)xGLf(C)
on Hom(Sym?E, F). Define the locus

Zr= {q') € Hom(Sym?E, F) : 3¢ € Sym?E with dim(Ker ¢) = r and ¢(q) = 0},
which is invariant under the G-action. Using the notation of Example 2.3 we have
5= {¢ € Hom(Sym?E, F):30 # g € . N Ker(¢)}.

We will assume that d := (e;rl) — f is positive, that is, the condition above is not that ¢ has
a kernel, but rather that this kernel intersects X, < Sysz . We shall also assume that this
intersection is generically at most O-dimensional, thatis, d < codim(Z] C Sym?E) = (”2”).
In this section our goal is to find a formula for the G-equivariant fundamental class

(=7 1€ HE (Hom(Sysz, F)) = Cley. ... Qe Br..... P15

Here «; are the Chern roots of GL.(C) (that is, their elementary symmetric polynomials are
the Chern classes), and f; are the Chern roots of GL ¢ (C) respectively.
The calculation—which will complete the proof of Theorem 1.1—is done via torus-

equivariant localization. To bypass complications caused by a complete resolution of X7 f
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we will use a method of [5, 23] which requires only a partial desingularization exhibited as a
vector bundle over a compact space.
4.2. A partial resolution

Let &f be the partial flag manifold parametrizing chains of linear subspaces C € D C
Sym?E, where diim C = 1 and dim D = d. Recall that in Example 2.3 we defined the subset
X =% C Sysz. Define

I = {((C, D).¢) € & xHom(Sym’E, F) : C C X7 and ¢|p = 0} and
Y={(C,D)e F:CCXr}
and let p : I — Y be the map forgetting ¢p. We have the commutative diagram

o

3) Ifﬁ & x Hom(Sym?E, F) - Hom(Sym?E, F)
A
Y% C’?a
j

with i and j being natural inclusions and 71, 7, natural projections. The map p = 7, o is

birational to X7 2 We have

dimY = (e—;l)_(r ; 1)—1+(d—1)f, dim 7 = ("’;1)_( ;L 1>—l+(d—1)f+f2.

Hence the codimension

S 1 1 1
codim(E;ngom(Sysz,F))=(r; )_(e; )+f+1=(“2L )—d+1,

which is thus the degree of the fundamental class [E; f] we are looking for.

4.3. Localization and residue formulas

Let W = {a; + o }1<i<j<e be the set of weights of Sym?E. Let h,(ay,...,a.) be the
polynomial 2" s(.,—1,.1y(c), where 1 + ¢17 + 1% + -+ = [[{_; (1 + ;1) (cf. Example 2.3).

.....

THEOREM 4.1. — Using the notations and assumption above we have

- hrly e o T2y Tlsen (B — 6)
4 ST _ aj—ai—y/2 J .
@ [ e’f] Z |#1=a Z HSGW—{y}(8 -y): HSEH—{)/} [leew—n(e —9)

HCW yeH

Proof. — To calculate the fundamental class [EZ, f] it would be optimal to find an
equivariant resolution ¥ — Hom(Sym?E, F) of ff C Hom(Sym?E, F), with a well
understood Gysin map formula. While the description of such a full resolution is difficult,
in diagram (3) we constructed an equivariant partial resolution p : / — Hom(Sym?E, F)
of the locus ?f C Hom(Sym?E, F). Although p is only a partial resolution (since / is not
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smooth), it is of special form: [ is a vector bundle over a (possibly singular) subvariety of a
compact space &f.

In [5, Section 3.2] and [23, Section 5] it is shown that such a partial resolution reduces
the problem of calculating [X7 f] to calculating the fundamental class [Y < 7] near
the fixed points of the maximal torus. Namely, [5, Proposition 3.2], or equivalently [23,

Proposition 5.1], applied to diagram (3) gives

— [Y < iy - I, < Hom(Sym®E, F)]
(5) = 1=> . Z(Tq s :

q

where ¢ runs through the finitely many torus fixed points of ¢ and I, = p~!(q).

Let us start with the obvious ingredients of this formula. The fixed points of ¢f are pairs
(C, D) where C C D are coordinate subspaces of Sym? E of dimension 1 and d respectively.
The coordinate lines of Sym?E are in bijection with W, and hence the fixed points ¢ are
parameterized by choices H C W (|H| = d) and y € H. Denoting the tautological rank 1
and rank d bundles over ¢ by Z and ) we have

T & = Hom(Z, D/ Z) ® Hom(Z, Sym?E/ D) ® Hom(D/ L, Sym?E | D).

Hence, for a fixed point ¢ corresponding to (H, y) we have

— [Ig € Hom(Sym?E. F)] = [T/_; [Tsen (B — 9).

— e(Ty ) = [lsew-1,,6 = V) [ ser—g3 [leew—m (€ = 9),
both following from the fact that for a G-representation K and invariant subspace L € K
the fundamental class [L C K] is the product of the weights of K /L.

It remains to find the non-obvious ingredient of formula (5), the local fundamental class
[Y < &Fllg- However, this problem was essentially solved in Section 3. The space Y is the
complete preimage of P(X7) under the fibration z : f — P(Sym?E). Hence [Y € ]|, =
[P(T)HZ((]). We have [X7] = h,(a1,...,a.) (see Example 2.3), and hence Corollary 3.2

calculates [P(X7)] 2@ to be A, las sy 2" This completes the proof. O

ExAMPLE 4.2. — We have

[g,z] _ (B1 —201)(B2 — 201) n (B1 — 202)(B2 — 2a2) — 4y + o) + 281 + o).

0y — a1 — Q2

More structure of the localization formula (4) will be visible if we rewrite it as a residue
formula, with the help of the following lemma, which we prepare by setting some notation.

Let0 <k; <k, <--- <k, beintegers and let V be a vector bundle of rank k, on X. Let
P Fky...k, (V) — X be the bundle whose fiber over x € X is the variety of chains of linear
subspaces Vlkl - Vzk2 c...C Vrk’ = V4, where upper indices indicate dimension and Vy is
the fiber of 1 over x. The Chern roots of the tautological bundle of rank k; over ¢y,
will be denoted by o; ; fori =1,...,rand j = 1,...,k;. The o, ; classes are the pullbacks
of the Chern roots of V. In notation we do not indicate the pullback, so o, ; will also denote
the Chern roots of V.
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LemMA 4.3. — Consider the variables z; ; fori = 1,....r — 1, j = 1,...,k;, and
let zy ;j = oy j. Let g(z;,j) be a polynomial symmetric in the sets of variables z;« for all i,
andlet D =} ;_ (ki —ki—1)(k; — kj—1) be the dimension of the fiber of p. We have
(6)

px(g(0i7)) = (=1)P

g(z; j) 1—11—1 H1<u<v<k, (1 Z:)
=k X :
Hz—l 1—1 =1 lj+1 nz—l H r+1 H ( - ZHT]’M) 0 0

v 21 PR —1 %
where, by {P}, 0 mzo |, Wemean the constant term in the variables z; ; fori = 1,...,k —1
—1.%
and j = 1,...,k;, ofthe Laurent expansion of P in the region |z1,j,| > |z2,j,| > +++ > |z}, |.

Proof. — First we prove the statement for » = 2. To that end, we temporarily rename

ki = k,ky = n,01,; = 0j,02,; = 1;,z1,; = zj, and we shall use the abbreviations
o= (01,...,0%), T =(11,...,7), 2 = (21,...,2x). By [48, Lemma 2.5] we have
gltr, 1)
(7) p*(g(O', T)) = )
; ng!] [lies(zj — @)
where the summation is over k-element subsets /| = {sy,...,sx} of {1,...,n} and
17 = (Tsy, ..., Ty ). Define
k—1,k—2
_ A e Zp_1
H=)Peizr) [] (-2) =—2
1<i<j<k 1_[_/=1 [liciz — 7))

and consider the differential form w = Hdzy A--- A dz.
Let R = Res;; —co ReS;;, | =00 - ReS; =00 (w).

First we calculate R by applying the Residue Theorem (the sum of the residues of a

meromorphic form on the Riemann sphere is 0) for z1, z5, . . ., zx. We obtain
= (=¥ Z Z ZRCSZk—’w Resz, =z, -+-Resz =, (@).
Sk Sk—1

The terms corresponding to choices with non-distinct s;’s is 0, due to the factor [[(z; — z;)
in the numerator of w. Thus we have

3

k=1 _k—2
R = (—1)ko— k)+kZ Z g, ) [i<j (Tws)) Tw(si))‘[w(sl]{)fw(sz)“'Tw(sk—l)
T wes,  izjTwis) = twep)) [igr iz (fweny — )

where the summation is over k-clement subsets I = {s1,...,st} C {l,...,n}. This further
equals
k=1 k=
k g(n, T) w(sl) w(sz) * Twlsg—1)
k=0 Y
T | e ier (@ =) S5 Tisj (Tues)) = twesn)

(%)

However, the sum marked by (*) is equal to 1—because of the well known product form
of a Vandermonde determinant—, and using (7) we obtain that p4(g(c,7)) = (—1)*R
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Calculating the residues at infinity as a coeflicient of the Laurent expansion we get

k
H'l_[zi} ,
ZO ZO

i=1 ez

ps(g(0,7)) = (~)FR =

where { }, 0..z0 means the constant term of the Laurent-expansion in the |z;| > |z;| (for all
i,j) reglon ThlS proves (6) for r = 2.

For r > 2 the push-forward map p. can be factored as pix © pa« © -+ o pp for the
Grassmanian fibrations

pi: C?ki,ki+1,...,kr (V) g gki+ls~~~skr (V)9

with the notation ¢f4(V) = X. The map p; is a special case of the construction in the
theorem for r = 2 and the tautological rank k;4; bundle over ¢y, +1sder (V). Hence
Pix can be computed with the formula in the theorem (as it is proved for r = 2 above). The
iterated application of (6) for r = 2 gives the general (6), which completes the proof of the
theorem. O

THEOREM 4.4. — We have

h 1— d oo 2
[Er f] (— 1)d+1 r|ai'—>ai—z/2 H1<’<J<d( 1—[ Z ci(FY — Sym EY) ,
zd—1 1—[,_ (1-%) el
Jj=1 z j=li= J 20440
where { P} ,0,,0 means the constant term in P with respect to z and uy, ..., ugq.

Proof. — The formula (5) for [?,f] is the Atiyah-Bott localization formula for the equiv-
ariant push-forward p.([Y € Fle(Hom(), F)), where ) is the tautological rank d bundle
over 7, and p : ¢f —pt. Calculating the equivariant push-forward p, with the formula in
Lemma 4.3, we obtain

®)

(_1)d(€J2rl)—d2+d—l

d i
"l(x,r—m —z/2 l_[l_l l_[j=1(,3i —uj) H15i<j5d(1 - Z_j)
_ et d N ‘
24 g - ug) DT (= D) T Teew (1 — i) o0

Observing that

d
T, (Bi —uy) _ daf [T, (1 — B /uy)
o=, =" H Hneewa—e/u»

2 v
=D 1_[ oy " :
j=1 i=0 J

and that f = (“2'1) — d, we have that (8) further equals the formula in the theorem. O
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4.4. The divisorial case

The residue formula of Theorem 4.4 is more manageable in case the codimension
of 22, f is 1—the case relevant for most applications given in this paper. After two technical
lemmas we will provide a simple formula for the [ ] in this case.

LEMMA 4.5. — For the z-expansion of the polynomial h , e have

rlo{,—l—)ﬁt,'—z/

e
©) hr|a[»—>a,‘—z/2 = (_1)(;1) (AZZ(HZ_I) + Ber ’ Zai 'Z(r;l)_l + I-O-t-)
i=1

where

A7 =270) det (( e )) C OG-

r1=2i+j) ) iy e (é)(?)(;) (er:ll) ’

2(r+1
Be'::—z( 2 )Az
r—+1

Proof. — The polynomial 4, is a homogeneous degree ( ’ ) symmetric polynomial in the
o1, ...,a. variables. Hence the expansion (9) must hold for some numbers A}, B, . We will

calculate them via the substitution oy = --- = .. Let D = det ((r 1 +j)). L From
i,j=1,...,r

the definition of &, we see that i, («,...,a) = 2’Doz(h2q), and hence, for the z-expansion
———

e
of hy(a—%.....a—%) we get

1 ("3 r41 r+1 1 (31 1 r+1
2"D | —= (3D 4 orp —— —(eoz)z( 371 4 Lo,
2 2 2 e
which proves the first expression for A, and the expression for B . The equivalence of the
two displayed expressions for A7 is proved in [31, Proposition 12]. O

LeEMMA 4.6. — We have

d—1
Ui Uj
(10) 1-=L)=1- ,
.l_[. Uj Z Uit+1 +Q
1<i<j<d ’ i=1

where Q is the sum of u-monomials in which the degree of the denominator is at least two. Also,

d
(Z ui> . 1_[ (1 — Z—Z) = uy + fractions,

i=1 1<i<j<d 7

where fractions stands for terms of monomials with at least one u; in the denominator.

For example, if d = 3 then we have
u u u u u U u? u?
Uy Uus us Uy us Uz UrU3 22

and (u; + up + u3) ]—L-<j§3(l —u;/u;) = usz+fractions.
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Proof. — Arguing by induction on d we have that the left hand side of (10) is

(B o)) (-Eeo)(-E-o)

i1 Hit1 i=1 “d iz Hit1 i=1
d—2 u
1

B 3 DR S AR
— Ui+l ; —
i=1 i=1 i=1
d—1 .

= 1 - ! + Qv
Z Uit+1

i=1
where Q; and Q, are sums of terms that multiplied with anything in the other factor will
result in monomials with denominator degree at least 2.

The second statement of the lemma follows directly from the first one. O

We now determine the class of X7 7 when it is a divisor, which leads to a proof of
Theorem 1.1.

THEOREM 4.7. — Assume that X)) 7 is a divisor, that is,

(11) (r;rl)—dﬂz(r;rl)—(e;l)+f+1=1.

Then
(12) 57 ,) =47 (cl(F) - zc1<E>) .
’ e

Proof. — Under the assumption (11) Theorem 4.4 reads

— ¢ [Th<icj<a(l- 35 >, ¢;(F¥ —Sym?EY)
(=) 1=~ (AZZI-I-B;-Z(X,'-ZO-I-I.O.L)- ( - ])HZZ

d i i ’
T g 1=2L L u;
i=1 szl( z j=1i=0 J 20410

Looking at the z-exponents, this is further equal to

- A’Zu] [l ( Z;)—I—B:iai [1 ( ) li[i L SjymEV)

1<i<j<d i=1 1<i<j<d u0
Lookmg at u-exponents, and using Lemma 4.6, this is further equal to
e d oo 2
. . ¢i(FY —Sym“EY
_ (A: (ud + fractlons) + B, Zai(l + fract1on5)) . l_[ Z i( uiy ) ’
i=1 j=1i=0 J u0

where the term fractions stands for terms with at least one u; variable in the denominator.
Hence the formula further equals

—AlLcy(FY —Sym?EY) — Blci(E).
Using that ¢; (FY —=Sym?EY) = ¢1(FY)—c1(Sym?EY) = —c1(F)+ (e + 1)c1 (E), we obtain
(2] ;1= Aver(F) — (Ag(e + 1) + B.) c1(E).

Using the divisorial condition (11), this expression can be rewritten as (12). O
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ExAMPLE 4.8. — We have

[£3.5] = —4c1(E) + 2¢1(F), [£1 5] = —10¢1(E) + 3¢1(F),
[£o] = —18c1(E) + 4c1(F). [£33] = —8¢1(E) + 41 (F),
[23,] = =35c1(E) + 10¢, (F), [22 ,,] = —96¢1(E) + 20 (F).

5. Loci defined by discriminant

Let e > 2 and use the short hand notation N = (e;rl) — 2. Let E := C° be the standard
representations of GL.(C). Consider the tautological exact sequence of GL,.(C)-equivariant
bundles0 — S — S?2E — Q — 0 over the Grassmannian Gr(2, Sym?®E) of 2-planes
in Sym?E. Recall that we have introduced in Example 2.3 the GL,.(C)-invariant subset
! C Sym?E as the set of degenerate symmetric 2-forms. Define

P, = {W € Gr(2,Sym?E) : P(W) is tangent to P(El)} C Gr(2,Sym?E).

Notice that we require P(W) to be tangent to P(X!) (which is a smooth but not closed
subvariety of P(Sym? E)), that is we require that the projective line P(W) intersect the smooth
part of P(ﬁ), and the intersection be tangential. Our goal in this section is to calculate the
equivariant fundamental class [®.] € H2(Gr(2, Sym?E)).

Denote the GL.(C)-equivariant Chern roots of S by y1, v», those of E by aq, ..., o, and
those of Q by B1....,Bn. The GL.(C)-equivariant cohomology ring of Gr(2, Sym?E) can
be presented by one of

Clats .. .. e, y1. y2]5¢*52 /relations or Clay. ... . 1. ..., Bn]5>SN /relations.

Since in each case the relations have degree > 2, the class [®,.] is a well-defined linear
polynomial f(aq,...,®e, y1,y2) in the o and y variables, or a well-defined linear polyno-
mial g(oy,...,%, B1,...,Bn) in the o and B variables. Using the short exact sequence
0 — S — Sym?E — Q — 0, we obtain

2 N
13) Svi4d Bi= > (wita).
i=1 i=1 1<i<)<e

hence f(«, y) and g(«, B) determine each other.

The polynomials f(«, y) and g(«, B) have “degeneracy locus” interpretations as follows.

— Consider the GL(C) x GL.(C) representation Hom(C?, Sym?E) given by the
following action (A4, B) - ¢ := Sym?B o ¢ o A~*, and the locus

@, = {q) € Hom(C?,Sym?E) : rk(¢) = 2 and P(Im(¢)) is tangent to P(Zl)}.
Then

[@,] = f(@.7) € Hip,o)xGL. ) (Hom(C?, Sym? E))

= Cly1,y2,a1,. .., 525,
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— Consider the GL.(C) x GLy(C) representation Hom(Sym?E ,CcM) given by the
following action (A, B) - ¢ := B o ¢ o Sym?>A~!, and the locus

o) = {q& € Hom(Sym?E, C") : dim Ker(¢) = 2 and P(Ker(¢)) is tangent to P(El)}.
Then
[®7] = (. B) € Hip oo o) (HomSym?E. CV))
=Clai,....de,B1.....BN]5"SN.

THEOREM 5.1. — We have
n 2
flay)=(e—1) <4Zai —eZVi)~
i=1 i=1

Proof. — For ¢ € Hom(C?, Sym?E) let ¢((1,0)) = K, ¢((0,1)) = L. The equation of
the hypersurface @/, in terms of the entries of K and L is the discriminant of the polynomial
det(AK + L) = ao(K, L)A® + ae—1 (K, L)A*™! 4+ --- + ao(K, L).

Consider the Sylvester matrix form of the discriminant

ap ay dz -+ de—1 de
ap dai crr lde—1 de
ap dai crrle—1 de
1
—det | a1 2az -+ ede
de
ay 2a, -+ ed,
ay 2ap - ed,

((e—1)+e)x((e—1)+e)

One of the terms of its expansion (the one coming from the main diagonal) is a non-zero
constant times (aga. )¢~ . We have a.(K, L) = det(K) and ao(K, L) = det(L). Hence one
of the monomials appearing in the discriminant is ([T, Ki:)¢ (i, Li;)¢"!. The weight
of this monomial is

e e
(14) (e—1) (Z(Zai - }/1)) +(e—1) (Z(zai - Vz)) :
i=1 i=1
Since @ is invariant, all other terms must have the same weight, and this weight is the equiv-

ariant fundamental class of ®,. Expression (14) simplifies to the formula in the theorem. [

REMARK 5.2. — Instead of the Sylvester matrix we could have used specializations of
advanced equivariant formulas for more general discriminants, see for instance [21].

THEOREM 5.3. — We have

N e
gl f)=(—1) (eZﬂi —(e2+e—4)2ai).
i=1

i=1
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Proof. — The statement follows from Theorem 5.1 using relation (13). O

This completes the proof of Theorem 1.2.

6. The Petri divisor on the moduli space of curves

An immediate application of the Theorem 1.1 concerns the calculation of the class of the
Petri divisor on Wg consisting of genus g curves whose canonical model lies on a rank 3
quadric. We fix some notation. For 1 < i < [£],let A; C Wg be the boundary divisor
of Wg whose general point is a union of two smooth curves of genera i and g — i meeting
in one point. We denote by A the closure of the locus of irreducible stable curves of genus g.
As customary, we set §; = [A;]g € CHl(Wg) fori =0,...,[£] and denote by

51=80+81+"'+5L%J

the class of the total boundary. Often we work with the partial compactification
Mg 1= Mg U Ag, for which CH'(cHM,) = Q(A, §o).

DEFINITION 6.1. — For a projective variety X and a line bundle L € Pic(X), for each
integer k > 0 we denote by Ix (k) = Ker{SymkHO(X, L) — HO(X,L®k)} and set
Ix.L = Do Ix.L(k).

We fix a smooth non-hyperelliptic curve C of genus g. From M. Noether’s Theorem [4]
the multiplication map Sym* H%(C.wc) — H°(C,»&?) is surjective. The space I¢(2) =
Ic.0c (2) of quadrics containing the canonical curve C < P¢~! has dimension

dim I¢c(2) = (g 5 2).

We conclude that the locus QJ/Dg of curves whose canonical model lies on a rank 3 quadric is
expected to be a divisor. Via the Base Point Free Pencil Trick [4] p. 126, this expectation can
be confirmed.

PRrROPOSITION 6.2. — The locus Q&Dg coincides set-theoretically with the divisor of curves
[C] € Mg having a pencil A such that the Petrimap p(A) : H*(C, A) ® H(C,wc ® AY) —
H(C, wc) is not injective.

Proof. — Let A be a line bundle on C with h°(C, A) = 2. Denote by F := bs |A] its base
locus and set B := A(—F). Thus H°(C,B) =~ H°(C, A). Applying the Base Point Free
Pencil Trick, we obtain

Ker(i(A4)) = H(wc ® A™2(F)) = H°(C,wc ® B™*(—F)).
Thus if £(A) is not injective, by possibly enlarging the effective divisor F, we find there exists

a base point free pencil B on C and an effective divisor F, such that woc = B?(F).

Assume the canonical curve C < P#7! lies on a rank 3 quadric Q. Denote by
F := C - Sing(Q), where Sing(Q) = P¥~*. Then if B is the pull back to C of the unique
ruling of Q, we obtain the relation wc = COc (1) = B?(F). Setting A := B(F), we obtain
that £(A) is not injective.
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To conclude that g@g is a divisor in ¢}, , we invoke the Gieseker-Petri Theorem which
asserts that the Petri map p(A) is injective for every line bundle A on a general curve C of
genus g. O

The divisor C}JDg can be extended over Wg. Let 7 : Wg’l — Wg the universal
curve of genus g. We denote by E := m.(w;) the Hodge bundle on Wg, having fibers
E[C] := HY(C,wc). Let F := 7, (02?). Both sheaves E and I are locally free over o/,
and denote by

¢ : Sym*(E) — F
the morphism globalizing the multiplication maps ¢¢ : Sym* H%(C, wc) — HO(C, a)?z), as
the curve [C] € Wg varies in moduli. Set

(P, = {IC1 € My :30 # q € Kex(ge), tk(g) <3},

Clearly T@g is a divisor on Wg and TQ\JCSg N M, = §P,. For a generic point
[C := C1 U, C3] € A;, where C; and C; are smooth curves of genus i and g — i respectively
meeting at one point p, one has H°(C,wc) =~ H(C1,wc,) ® H°(Cs, wc,), that is, every
section from H(C, wc) vanishes at p. On the other hand,

H°(C,w¢) = Ker{H"(C1, ¢, (2p)) ® H'(Ca, 0}, (2p)) — Cp},

that is, there exists quadratic differentials on C not vanishing at p. It follows that the multi-
plication map ¢c is not surjective, hence for dimension reasons Ker(¢c¢) contains quadrics
of rank 3, whenever [C] € A;. Thus A; C C}J/Dg, fori =1,..., L%J. On the other hand,
Ay is not contained in fg?)g. In fact, the generic g-nodal rational curve satisfies the Green-
Lazarsfeld property N 1453 ) that is, a much stronger property than projective normality, see

[53]. Denoting by Q_@g the closuie of the Petri divisor (¢, inside Wg, we thus have an
equality of effective divisors on oM,

151

Tg"}ig =Q_§3g +ZbiAi’
i=1

where b; > 1, for all i > 1. The class of TQZ?JDg can now be easily determined.

Proof of Theorem 1.6. — We apply Theorem 1.1 in the case of the morphism
¢ : Sym*(E) — F over Wg given by multiplication. We have ¢;(E) = A, whereas by
the Grothendieck-Riemann-Roch calculation carried out in [43] Theorem 5.10, one has
Cl(F)Z)L—FK]:lSA—(S. O

The Petri divisor decomposes into components depending on the degree of the pencil for
which the Petri Theorem fails. For L%J < k < g — 1, we denote by D, ; the locus of
curves [C] € oM, for which there exists a base point free pencil A € Wk1 (C) such that u(A) is
not injective. It is shown in [17] that Dg  has at least one divisorial component. In light of
Proposition 6.2, we have the decomposition
(15) Py = D agiDgk.

k=542
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It is an interesting open question to determine the classes [Dg 4] € CH! (Wg) and their
multiplicities ag . For birational geometry application, it is more relevant to compute the
slopes s(D x). Few of the individual divisors D, j are well understood.

By the proof of Proposition 6.2, the divisor Dg o_; consists of curves with an even theta-
characteristic ¢ € Pic®1(C) such that 1°(C,9) > 2. The class of its compactification
in Wg has been computed in [7] and we have:

151
(16) [Deg] = 2g—3((2g DA 28738 =Y (26 — 12 — 1)5,»).
i=1

When k is minimal, for odd g = 2k — 1, the locus Dy x is the Hurwitz divisor of curves
of gonality at most k. Its compactification is the image of the space of admissible covers &/
defined in the Introduction. Harris and Mumford [30] computed its class, on their way to
show that Wg is of general type for large odd genus g > 25:

_ 1 2% —2 iy .
A7 Daera) = s 7 (6(k+1)x—k50—23z(2k—z—1)5,-).
i=1

2k —2)(2k —3)

For even genus g = 2k, the divisor Dy x+; can be viewed as the branch map of the
generically finite cover ¢/ak k+1 — Moy from the space of admissible covers of degree k +1.
The calculation of its class in [13] Theorem 2 has been instrumental in proving that ¢}, is
of general type for even genus g > 24:

202k —2)!
(k— D!k + 1)!

The only case when k is not extremal has been treated in [17] and it concerns the divisor
Dog—1 k+1. It is shown in [17] Corollary 0.6 that its slope equals

6k? + 14k + 3
k(k +1)
In the range g < 7, these known cases exhaust all Gieseker-Petri divisors and we can

compare Theorem 1.6 with the previously mentioned formulas (16), (17), (18). We denote
by Dg % the closure of D, x in Wg In order to determine the slope of D ¢.k» it suffices to

compute the class [D ¢kl € CH! (J/lg), for asin the case of Qﬁ?g, the §o-coefficient is smaller
in absolute value than the higher boundary coefficients in the expansion of [D x] in terms
of the generators of CH' (/).

For g = 4, there is only one component and we obtain [Qﬁ%] D4,3] = 341 — 4§y €
CH! (W4) For g = 5, we obtain [QJ/DS] = [Ds 4] + 4[D5 3] = 4(414 — 58¢), whereas
for g = 6, we find

[Qﬁ@ = [De,s] + 4[Dg 4] = 8(1121 — 1489) € CH' (M)
Finally, in the case g = 7, there are three Petri divisors and we obtain
[G:P;] = [D76] + 4[D7,5] + 16[D74] = 96(554 — 780) € CH ' (7).

Based on this formulas for small genus, we make the following conjecture, though we
admit that the evidence for it is rather moderate.

(18) [Dakks1] = ((6k2+13k+1))L—k(k+1)50—(2k—1)(3k+1)81—---).

(19) S(Dag—1k+1) =
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CONJECTURE 6.3. — One has ag j = 4g_l_kfor gTH <k < g—1, that is, the following
holds:
o _
[CPgl = Y 47 [Dg -] € CH' (cMy).

i=1

7. Effective divisors of small slope on Wg

We now present an infinite series of effective divisors on ¢}, of slope less than 6 + gI%,

which recall, is the slope of all the Brill-Noether divisors. We fix integers r > 3 and s > 1
and set
g:=rs+sand d :=rs+r.

Observe that p(g,r,d) = g — (r + 1)(g —d + r) = 0, hence by general Brill-Noether
Theory a general curve of genus g has a finite number of linear systems of type gJ;.
Let JVZZ the open substack of ¢}, classifying smooth genus g curves C such that
Wi (C)=8, W;T(C) = 0 and furthermore H'(C,L®?) = 0, for every L € W} (C).
Then codim(M, — oﬂfl# . cMg) > 2. For codimension one calculation, one makes no differ-
ence between ¢, and Wg. We denote by QSZ,, 4 the stack parametrizing pairs [C, L], with

[C] e Jylz, and L € W} (C) is a necessarily complete and base point free linear system. Let
0:8, ;> @ﬂfiz,

be the natural projection. It is known from general Brill-Noether Theory that there exists a

unique irreducible component of &} , which maps dominantly onto Mg.

We pick a general point [C, L] € QSZ, 4 ©of the dominating component. It follows from
the Maximal Rank Conjecture proved in this case in [16] or [38] Theorem 1.4, that the
multiplication map

¢c.L : Sym*H(C, L) — H°(C, L®?)
is surjective. Since H!(C, L®?) = 0, by Riemann-Roch, the dimension of its kernel /¢ 1 (2)
equals
r+42
) -2d+1-g).
2
We impose the condition that this number equal the codimension of the space

4T c Sym*HO(C, L)

dim IC,L(Z) = (

of quadrics of rank at most a + 2 (that is, corank r —a — 1). Since codim(27747") = ("),
we obtain the following numerical constraint on s and r:

_a@r—1-a)

o 2(r—1)

For each r and s such that the equation (20) is satisfied, we consider the locus

Zs = {[C, Lle® ,:30#qelci(2), k) <a+ 2}

(20)

and set D, s := 0«(Z,,). Then D, is expected to be a divisor on ¢}, that is, either it is a
divisor in which case there exists a smooth curve [C] € ¢}, such that /¢ 1 (2) contains no
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quadrics of rank at most a +2 for every L € W] (C), orelse D, s = ¢M,. We shall determine
the slope of the virtual class of its closure in Wg.

Before moving further, we discuss some solutions to equation (20). If a = r — 1 (that
is, when one considers quadrics of maximal rank), then r = 2s and g = s(2s + 1). In
this case Doy is the locus of curves [C] € ¢M (25+1) for which there exists a linear series

Le szss(sﬂ)(C) such that the multiplication map ¢c 7 : Sym* H%(C, L) — H°(C, L®?) is

not an isomorphism. This series of divisors has been studied in detail in [16] Theorem 1.5, as
well as in [35] and shown to contradict the Harris-Morrison Slope Conjecture [29].

The first series of genuinely new examples is when for an integer £ > 1, we take

(21) s=4L—1, r=9%—-2, a=23¢—1), and g= 4 —-1)(OC—-1).
Specializing to the case £ = 1, we obtain the following effective (virtual) divisor on ¢M4:

D= {[C] € Moy :IL € WL(C). 30 £ q € IcL(2). tk(g) < 6}.

A second series of examples is when for an integer £ > 1, we take the following values

(22) s=30+1,r=8+3,a=40+1, and g =43L+ 1)(2L+1).
The first example in this series appears produces an effective (virtual) divisor on ¢M4g:
Dt i={[Cle Mg :3L € WH(C), 30# g € Icr(d). kig) < 7).

We now describe the (virtual) divisor structure of D, ; and set up some notation that will
help compute the class of their closure in ¢},. We introduce the partial compactification

/jflz, defined as the union of Wi, and the open substack Aﬁ C Ay classifying 1-nodal
irreducible genus g curves C’ = C/p ~ g, where [C, p,q] € ¢M4_ is a Brill-Noether
general 2-pointed curve in the sense of [13] Theorem 1.1, together with all their degenerations
consisting of unions of a smooth genus g — 1 curve and a nodal rational curve. Note that o}/,

and ;71752 agree outside a set of codimension 2 and we identify the Picard groups of the two
stacks. We denote by @; 4 the parameter space of pairs [C, L], where [C] € c]Vlﬁ, and Lisa
torsion free sheaf of rank 1 and degree d on C such that h°(C, L) > r + 1. We still denote
byo : @Z,, P 0]1/12, the proper forgetful morphism.

We now consider the universal curve 7 : W‘;l — %2 and denote by Z a universal

bundle on the fiber product %2’1 X~ @; Pt
L e

—_—

: ~ —~t S G
: X—y B - and : X—i B > &
p1i Mg, My g Mg P2 Mg, e gd g.d

are the natural projections, then £ := ps«(Z) and & = pz*(ﬁm) are locally free sheaves
of ranks r + 1 and 2d + 1 — g respectively. Finally, we denote by

¢ : Sym*(&) — F

the sheaf morphism given by multiplication of sections.
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THEOREM 7.1. — Setr = 9 —2 and s = 4¢ — 1, therefore g = (4€ — 1)(9_6— 1), where
€ > 1. Then the virtual class of the closure of the divisor Dog_ 4¢—1 inside cMr—1y90-1)
equals

5s(Dog—2,40-1) =

)

SO

where
a = 1511654448 — 3023308847 + 26605584£° — 13594392¢° + 4419720£* — 899433¢3
+ 10565642 — 61014 + 122

and
b :=2(9¢ —2)(9¢ — 1)(15552£5 — 259204° + 17484£* — 61020 + 118142 — 107( + 2).
In particular, s(Dog—p 4¢—1) < 6 + gI%.

If we look at the difference between the slope of Do ¢—2,4¢—1 and that of the Brill-Noether
divisors we get a slightly simpler formula:
s(Dog—2.40-1) = 6+ %
(13€ — 2)(36£ — 13)(27€2 — 19€ + 2)(36£2 — 130 — 1)
T 2(9€ —2)(9¢ — 1)(1555206 — 2592045 + 1748404 — 610203 + 1181¢2 — 107¢ + 2)(36(2 — 130 + 2)
We now record the slope of the effective divisors in the second series of examples:

THEOREM 7.2. — Setr = 8L + 3 and s = 3¢ + 1, therefore g = 4(3¢ + 1)(2€ + 1). Then
the virtual class of the closure of the divisor Dgyy3 3011 inside Mazi+1)2e+1) equals

(D. ) =16+ 12
S = —_—
8(+3,3(+1 e+ 1

~ (11£ 4 5)(2€ — 1)(12€2 + 10€ + 1)(24€2 + 20 + 3)
(30 4 2)(8L 4 3)(2304£6 + 412865 + 299204 + 112843 + 2482 + 41( + 5)(2442 +20L + 5)°

Proof of Theorems 7.1 and 7.2. — We choose integers r > 3, s,a > 1 such that (20) holds.
Recall that d = rs + r and g = rs + s. We shall apply the techniques developed in [16] and
[35] in the context of Theorem 4.7. Recall that we have defined the vector bundle morphism
¢ : Sym?(&) — & over the parameter space (’5;, 4+ Applying Theorem 1.1,if Z, 5 is a divisor

on Qﬁ; 4- then the class of its closure Zr,s inside 8; 4 18 given by the formula

~ d -
(3) 7 )=o) - 220 0),

We call the right hand side of the formula (23) the virtual class [Z ; d]Vi“ of the virtual
divisor Zg’, 4 Following [16] we introduce the following tautological divisor classes on @; 4

a:= (pz)*(clz(%)), b:= (pz)*(cl(Z) . cl(wpz)) and ¢ := (pz)*(cf(wp2)> = o*(k1),

where we recall that k; = 124 —§ € CH! (Wg) is Mumford’s class, see also [43].
Since R!( pz)*(im) = 0, applying Grothendieck-Riemann-Roch to p,, we compute

c1(F) =0*(A) — b+ 2a.
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The push-forwards of the tautological classes a,b and c;(E) under the generically finite

proper morphism o : 652 4= %g are determined in [16] Section 2 and [35] Theorem 2.11
and we summarize the results: There exists an explicit constant 8 € Z~¢ such that

ox(a) = ,B(g_l)d(g_z)((dgz —2¢%+8d —8g + 4\ — (dg —2g> + 4d —3g +2)50),
d 8o

and
ou(c1(E)) = ﬂ(_r(r +2)(r2s3 —1—22rs3 — 125+ 6rs% 4+ 53 —2rs + 65> — 8r + 35 — S)A
r+s+D0s+s—2)Fs+s—1)
rs—DE+Dr+2)r+D0s+s+ 4)8 )
12(r+s+D(@rs+s—=2)(rs+s—1)
We substitute these formulas in (23) and we obtain a closed formula for [Zr,s]. Substituting
the particular values in Theorems 7.1 and 7.2, we obtain the claimed formulas for the
slopes. O

We expect the virtual divisors constructed in Theorems 7.1 and 7.2 to be actual divisors
for all £. We can directly confirm this expectation for all bounded £. We illustrate this in the
case L = 1.

THEOREM 7.3. — The locus D73 is a divisor on oMyy, that is, for a general curve C of
genus 24, the image curve ¢r : C — P’ lies on no quadric of rank at most 6, for any linear
system L € W278 (C).

Proof. — By residuation, we have a birational isomorphism &7, ,5 = ®3, |4 of parameter
spaces over ¢M,,. The latter space is a quotient of the Severi variety of plane curves of
genus 24 and degree 18 which is known to be irreducible [28], hence &7, ,q is an irreducible,
generically finite cover of ¢#,4. To show that D7 3 is a divisor, thatis, D73 # <My, it suffices
to produce one smooth curve [C] € ¢M,, and one very ample linear system L € W,5(C) such
that the image curve ¢z : C — P’ does not lie on any quadric of rank at most 6. The curve
we construct lies on a rational surface X in P” and has the property that all the quadrics
containing C also contain X.

Precisely, we start with 16 general points pq,..., p1g € P2. We embed the surface
X := Bl6(P?) obtained by blowing-up these points in the space P’ via the linear system

14
H =9h—3E, —2) E;— Es — Ej6 € Pic(X),
i=2
where & is the hyperplane class and E; is the exceptional divisor corresponding to the
point p;, fori = 1,...,16. By direct computation we find
14
1(X, Ox (2)) = hO(X, Ox (18h — 6E; — 4 E; —2Eys — 2516))

(ERCRURCE
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By using Macaulay, we check that |H | embeds X into P’ the natural multiplication map
Sym?H®(Ox (1)) — H°(Ox(2)) is surjective, hence dimlx p,(1)2) =3 and
HY P, Jx/p7(2)) = 0. We check furthermore with Macaulay that Ix, o, 1)(2) N T = 0,
that is, X € P’ lies on no quadric of rank at most 6.

We construct a curve C C X as a general element of the linear system

13
C € |20h —6E; =5 E; —4E14 —3E1s — 3Ej¢|.
i=2
Then C - H = 28 and we check by Macaulay that such a curve C is smooth. In particular, it
follows that g(C) =1 + %C - (C 4+ Kx) = 24. Furthermore, one has an exact sequence

0 —> Ix, 0, (1)(2) — Ic,0c1y(2) — H°(X, Ox(2H — C)) — 0,

induced by the exact sequence 0 — Jy p7(2) > J¢/p7(2) — Ox(2H — C) — 0, where we
use once more that H!(P’, Jy /p7(2)) = 0. Since H(X, Ox (2H — C)) = 0, this induces an
isomorphism Ix g, 1)(2) = Ic,o.1)(2). This shows that the smooth curve C € P’ lies on
no quadric of rank at most 6, which finishes the proof ™. O

8. The slope of Wu

We explain in this section how using Theorems 1.2 and 5.3 one can construct an effective
divisor on o, having slope less than 6 + g‘%.

A general curve [C] € M, has finitely many linear systems L € W%(C). As already
pointed out, the multiplication map ¢c, 7, : Sym* H®(C, L) — H°(C, L®?) is surjective for
each L € W%(C), in particular Py := P(I¢,1(2)) is a pencil of quadrics in P* containing the
curve ¢ : C — P°. By imposing the condition that the pencil P be degenerate, we produce
a divisor on o};,, whose class we ultimately compute.

Proof of Theorem 1.10. — We retain the notation of the previous section and recall
that o : 6?2,15 — %ﬁz denotes the proper forgetful morphism from the parameter space
of generalized linear series g3 onto (an open subset of) the moduli space of irreducible curves
of genus 12. Furthermore, we retain the same notation for the tautological bundles £ and &
over gf2’15, as well as for the vector bundle morphism ¢ : Sym?(&) — &, globalizing the
multiplication maps ¢c. 1., as [C, L] varies over @?2,15- In particular Py, = P(Ker(¢c,z)), for
every [C,L] € 6?2,15 Noting that k(&) = 6 and rk(&¥) = 19, we apply Proposition 5.3.
The virtual class of the locus Z of pairs [C, L] € 6?2,15 such that Py, is a degenerate pencil
equals

[Z]virt — 10(661(@‘}7) — 38(1(8)) € CH1(6?2,15).

The pushforward classes o4 (c1 (€)) and o« (c1(5F)) have been described in the proof of Theo-
rems 7.1 and 7.2. After easy manipulations, we compute the class [Dp;,]"™ 1= 04 ([Z]"'™) €

CH\(I,).

(O The Macaulay file containing all the computations appearing in this proof can be found online at https: //www.
mathematik.hu-berlin.de/~farkas/computations-gen24.m2.
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It remains to establish that Z is indeed a divisor inside @?2’15. To that end, we observe
that one has a birational isomorphism &3, |5 = &, ;. The latter being the Hurwitz space
of degree 7 covers of P!, it is well-known to be irreducible, hence ®7, 15 is irreducible as well.
Therefore it suffices to exhibit one projectively normal smooth curve C € P° of genus 12 and
degree 15, such that P, (1) is non-degenerate. This is achieved in a way similar to the proof
of Theorem 7.3, by choosing C to lie on a particular rational surface.

We pick 11 general points py,...,p;; € P?. We embed the surface X := Bl (P?)
obtained by blowing-up these points in P° via the linear system

11
H =5h—2E, —2E, — Z E; € Pic(X),
i=3
where 4 is the hyperplane class and E; is the exceptional divisor corresponding to the point
pi,fori = 1,...,11. We compute h°(X, Ox(2)) = 19 and dim Ix g, 1)(2) = 2. We check
furthermore with Macaulay that the pencil Py, 1) is non-degenerate.
We construct a curve C € X as a general element of the following linear system on X
10
C €|10h —4E) —4E; —3E3 —3E4 -2 E; —E“‘.
i=5
Then C is a smooth curve of genus 12 with C - H = 15. Since H%(X, Ox(2QH — C)) = 0,
we have an isomorphism Iy o, (1)(2) = Ic, e 1)(2), showing that the pencil Py (1) is non-
degenerate. O

9. Tautological classes on the moduli space of polarized K3 surfaces

For a positive integer g, we denote by ¢f , the moduli space of quasi-polarized K 3 surfaces
of genus g classifying pairs [X, L], where X is a smooth K3 surface and L € Pic(S) is a
big and nef line bundle with L2 = 2g — 2. Via the Torelli Theorem for K3 surfaces, one
can realize ¢f, as the quotient Q¢ /I'y of a 19-dimensional symmetric domain Q. by an
arithmetic subgroup I'y of SO(3, 19).

We denote by 7 : X — ¢f, the universal polarized K3 surface of genus g and by
Z € Pic(&X) a universal polarization line bundle. Note that Z is not unique, for it can be
twisted by the pull-back of any line bundle coming from ¢f . Recall that the Hodge bundle
on ¢f . is defined by

A= mi(wr) € Pic(f 5).

Following [39], for non-negative integers a, b we also consider the « classes on ¢ ¢, by setting

Kap = 7 (1D - 2(T ") € CHPP2(F ).

We shall concentrate on the codimension 1 tautological classes, that is, on «3, and x1,1.
Replacing Z by Z := Z ® n*(a), where @ € Pic(¢f,), the classes «3 0 and «1,; change
as follows:

73’0 =K3,0 + 6(g — Do and 71’1 =K1,1 + 24q.
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It follows that the following linear combination of « classes

Y = K30 — £ K1,1 ECHI(Q?g)

is well-defined and independent of the choice of a Poincaré bundle on &Y.

9.1. K3 surfaces and rank 4 quadrics

Recall that in the Introduction we have introduced the Noether-Lefschetz divisors Dy, 4
consisting of quasi-polarized K3 surfaces [X,L] € ¢f, such that there exists a primitive
embedding of a rank 2 lattice Z - L @ Z - D < Pic(X), where D € Pic(X) is a class with
D-L = d and D? = 2h—2. In what follows, we fix a quasi-polarized K3 surface [X, L] € 7,
and consider the map

oL X —> P8

induced by the polarization. We recall a few classical results on linear systems on K3 surfaces.
Since L is big and nef, using [50] Proposition 2.6, we find that L is base point free unless there
exists an elliptic curve E € X with E- L = 1. Inthiscase, L = gE + T, where I'> = -2
and £ - I' = 1. This case corresponds to the NL divisor D; ;. If L is base point free, then
L is not very ample if and only if there is a divisor E € Pic(X) with E? = —2and E-L =0
(which corresponds to the NL divisor Do), or there is a divisor E € Pic(X) with E2 = 0
and E - L = 2, which corresponds to the NL divisor D 5.

When [X, L] € Dy,p, the morphism ¢;, contracts the smooth rational curve I'. The NL
divisor D, consists of hyperelliptic K3 surfaces, for in this case ¢z maps X with degree 2
onto a surface of degree g — 1 in P®. Furthermore, for [X, L] € of*fg - (Do,o UD;i1 U Dl,z),
it is shown in [50] Theorem 6.1 that the multiplication map

éx.r : Sym*H(X, L) — H°(X, L®?)

is surjective. By Riemann-Roch, h°(X, L®?) = y(X, Ox) + 2L? = 4g — 2 and we obtain

2 -2 _
dim Iy.1(2) = (g;r ) ~(4g—2) = (g , ) = codim(433).

Recall that we have defined in the Introduction the locus Dér,k4 of quasi-polarized K3
surfaces [X, L] € ¢f, such that the image ¢ (X) C P# lies on a rank 4 quadric.

PROPOSITION 9.1. — The locus Dg,k“ is a Noether-Lefschetz divisor on ¢f ,. Set-theoretically,
it consists of the quasi-polarized K3 surfaces [X, L] € ¢f 4, for which there exists a decompo-
sition L = D1 + D, in Pic(X), with h°(X, D;) > 2, fori = 1,2.

Proof. — Suppose the embedded K3 surface X <> P¢ lies on a quadric Q C P# of rank
at most 4. Assume rk(Q) = 4, hence Sing(Q) = P¥~*. Then Q is isomorphic to the inverse
image of P! xP! under the projection psing(0) : P¢ --+ P* with center Sing(Q). Accordingly,
0 has two rulings which cut out line bundles D; and D, on X such that 2°(X, D;) > 2 and
L = Dy + D5. The argument is clearly reversible. O
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For n > 1, we introduce the following tautological bundles
Uy = 1 (T2
on ¢f,. Note that R (Z%") = 0fori = 1,2, hence 9, is locally free and rk(%,) =
2+n%(g—1).

PROPOSITION 9.2. — The following formula holds for everyn > 1:

3 2
c1(Un) = K11+n6 K3,0—(%(g—1)+1))tECHI((’?g)

Proof. — We apply Grothendieck-Riemann-Roch to the universal K3 surface 7 : &0 — &
and write:

g

ch(mZ®") = = [(1+nc1(zz)+—c1(zz)+—cl(zz$)+ )

< (1= 3er(0m) + 5 () + 2(20) ~ szer@aea@o +-)]

Note that k2,0 = m«(c?(2)) =2g -2 € CHO(c‘fg), hence by looking at degree 2 terms in
this formula, we find k9,1 = 24. We now consider degree 3 terms that get pushed forward
under 7, and use that ¢1 () = 7*(4), hence 74 (c1(Z) - ¢}(wx)) = 0. Collecting terms, we
obtained the desired formula. O

We are now in a position to compute the class of the Noether-Lefschetz divisor D;k“.

Proof of Theorem 1.3. — On the moduli space ¢f, we consider the vector bundle
morphism
¢ Symz(%l) — Us.
The divisor D;k“ coincides with the locus where the kernel of ¢ contains a rank 4 quadric.
Applying Theorem 4.7, we find the formula

8g —4
(D) = A (1) = (),
In view of Proposition 9.2, ¢1 () = élq,l + %Kg,o - g+1)& and ¢{ (%) = 6/<1 1+ K3 0—
(2g — 1)A. Substituting, we obtain the claimed formula. O

9.2. Koszul cohomology of polarized K3 surfaces of odd genus

Theorem 1.3 shows that a certain linear combination of the classes A and y lies in the
span of NL divisors. To conclude that both A and y are of NL-type, we find another linear
combination of these two classes, that is guaranteed to be supported on NL divisors. To that
end, for odd genus, we use Voisin’s solution [52], [53] to the Generic Green’s Conjecture on
syzygies of canonical curves.

We fix a quasi-polarized K3 surface [X, L] € ¢f , — D1,1, so that L is globally generated
and we consider the induced morphism ¢y : X — P%. We introduce the coordinate ring

Ix (L) := P HO(X. L®"),

n>0
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viewed as a graded module over the polynomial algebra S := Sym H°(X, L). In order to
describe the minimal free resolution of 'y (L), for integers p, ¢ > 0, we introduce the Koszul
cohomology group
Kpq(X.L) = T0r§ (Tx (L), C)p+q
of p-th order syzygies of weight g of the pair [X, L]. We set b, 4(X, L) := dim K, 4(X, L).
For an introduction to Koszul cohomology in algebraic geometry, we refer to [26] and [3].
The graded minimal free S-resolution of I'y (L) has the following shape:

0«—TIy(L)y<— Fy«— Fi <— - <«— Fg 3<— Fg_5,<—0,

where Fj = @, S(—p —q) ® Kpq(X, L), forall p < g —2.

The resolution is self-dual in the sense that K, 4(X, L)Y = Kg_2—p3-4(X, L), see [26]
Theorem 2.c.6. This shows that the linear strand of the Betti diagram of [X, L] corresponding
to the case ¢ = 1 is dual to the quadratic strand corresponding to the case ¢ = 2. In
[53], in her course of proving Green’s Conjecture for general curves [26], Voisin determined
completely the shape of the minimal resolution of a generic quasi-polarized K3 surface
[X,H] € ¢f, of odd genus ¢ = 2i + 3. We summarize in the following table the relevant
information contained in the rows of linear and quadratic syzygies of the Betti table.

TaBLE 1. The Betti table of a general polarized K3 surface of genus g = 2i + 3

1 2 |- i1 i i+1 | i+2 |- 20
bl,l b2,1 bi—l,l bi,l 0 0 0
0 0 || 0 [ 0 |bitin]|bisss| | bas

The crux of Voisin’s proof is showing K;1,1(X, L) = 0, which implies K, ;(X,L) = 0
for p > i. Then by duality, the second row of the resolution has the form displayed above.

Our strategy is to treat this problem variationally and consider the locus of polarized K3
surfaces with extra syzygies, that is,

Rosy, = {[X, Lle g Kip1a(X, L) # 0}.

We shall informally refer to Ros, as the Koszul divisor on ¢f ,, where g = 2i + 3. Itis
shown in [3] Corollary 2.17 that the group K;4+1,1(X, L) of linear syzygies has the following
interpretation

Kitv11(X. L) = Ki>(Ix,.. H*(X, L)),
where Iy 1 := @y Ix,(k) is the ideal of X C P#, cf. Definition 6.1, viewed as a graded
Sym H°(X, L)-module. Thus, one has the following identification

i i—1
Kit11(X, L) = Ker{/\ HX.L)®Ix.(2) > \ H*(X.L) ® IX,L(3)}

= HO(P, Qi +2) ® Txype).

where the map in question is given by the Koszul differential. The last identification in (24)
is obtained by taking global sections in the exact sequence on P

24

i—1

0— A\ Mpe ® Jxjpe(2) — \ HY(P%, Cpe (1)) ® Txjpe(2) — /\ Mpe ® Jxsps(3) — 0,
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where Mps := Qpz(1). More generally, we introduce the Lazarsfeld bundle of [X, L] as the
kernel of the evaluation map of global sections, that is,

(25) 0— M, — H°X,L)® Ox — L — 0.

Note that My, = Qps|x(1). Via (24), [X, L] € Rosj, if and only the restriction map is not
injective:

i i
(26) HO(Pg, N\ M (2)) = HO(X, AM @ Lz).
The key observation is that the two spaces appearing in (26) have the same dimension, which
leads to representing Rosj, as the degeneracy locus of a morphism between two vector
bundles of the same rank over ¢ ,.
We collect a few technical results that will come up in the following calculations:

LeEMMA 9.3. — Let [X, L] € ¢f»;y3 be a quasi-polarized K3 surface such that L is base
point free.

(M HY (XN ML ® L'T277) =0, for j =0,....1i.

) RO (X. N\ ML ® L?) = i°(P* 3 N Mpi3(2)) = (0 + D).

Proof. — Itis proved in [9] Corollary 1 that under our assumption, the vector bundle My, is
ur-semistable. This implies that A’ My ® L2~/ is iz -semistable for all i and j as well.
We take cohomology in the exact sequence

j+1 o j+1 o J o
0— AML@LT — N\HX.L)® L™ — AM,®L*7 —o.

Since HY(X, Li*t1=/) = 0and H?(X, L'*'=7/) = 0 for j < i, we obtain the isomorphism

J . ' J+1 ' '

H' (X, A\ML® L'y = H*(X, \ ML ® L'*'7).
Since rk(My) = g and ¢; (M) = —L, by standard Chern class calculation, we find
j+1 .
1 +2
My L) = 22200 =2 +1) >0,
ML(/\ L® 2i+3(l J+1>

which establishes H?(X, N My @ Lit-) ) = 0 by the stability of the vector bundle in
question.

The fact that h°(P8, \' Mp2i13(2)) = h®(P8. Qpai+a(i +2)) = (i + D3 follows
directly from Bott’s formula on the cohomology of spaces of twisted holomorphic forms
on projective spaces, see e.g., [44] page 4. To compute the last quantity appearing, noting
that c,(Mp) = 2g — 2, after a Riemann-Roch calculation on X, we obtain

WX \ML®L?) = y(X. A\ML® L?) = (i + 1)(2i +5>,

i+2

where we have used the standard formulas ¢ ( N M L) = (%iflz)cl (Myz) and

Cz(/\ ML) = %(Ziij-f) ((zl_ij_lz) - 1)612(ML) + (2l,i_+11)6‘2(ML). O
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Taking exterior powers in the short exact sequence (25) and using the first part of
Lemma 9.3, for j = 0,...,i, we obtain the exact sequences, valid for [X, L] € ¢, — Dy1:

j J
0— HO(X, A\ML® L") — A H(X.L)® HO(X, L'*?7/)
j—1

— HO(X, \ ML ® L'*377) — 0.
0,...

Globalizing these exact sequences over the moduli space, for j = ,i, we define

inductively the vector bundles ¢ ; ,_; over ¢f, via the exact sequences

J
(27) 0— Gjito; — /\ U @ Uita—j —> §i_yip3—; — 0,
starting from Gy ;5 == Uit2.

Similarly, taking exterior powers in the Euler sequence on P&, we find the exact sequences

j J
0 —> HO(/\ Mps (i +2—j)) — [\ H(Cps (1)) ® H*(Cps (i +2~ j))
j-1

— HO(/\ Mps(i +3—j)) — 0,

which can also be globalizes to exacts sequences over ¢f .. We define inductively the vector
bundles ¢#; ;o for j =0,...,i, starting from /g ;1 1= Sym‘*2(%;) and then via the
exact sequences

J
(28) 0— Fjiva—j — [\ U @ Sym'™ > (U) — Flj_1i43-; — 0.

In particular, there exist restriction morphisms ¢#;; 42— ; — ¢4, forall j =0,....i.
Setting j = i, we observe that the second part of Lemma 9.3 yields rk(¢&#; 5) = rk(§; ,),
and the degeneracy locus of the morphism

¢ Hip— Gis

is precisely the locus Ros3, of quasi-polarized K3 surfaces having extra syzygies.
PROPOSITION 9.4. — The locus Rosj, is an effective divisor on of , of NL type.

Proof. — Let [X, L] € ¢f, be a quasi-polarized K3 surface with Pic(X) = Z - L and
choose a general curve C € |L|. Using the Koszul duality K; »(X, L) =~ K;+1,1(X, L)Y, in
order to conclude, it suffices to show that K; »(X, L) = 0. Using the main result of [53], we
have that K;»(X,L) = K;»(C,wc) = 0, for the genus g curve C € |L| is known to be
Brill-Noether general, in particular it has maximal Clifford index Cliff(C) =i + 1. O

In what follows, we shall repeatedly use that if E is a vector bundle of rank r on a stack
X, then

n

(29) a(/\E) = (; B i)cl(E) and ¢, (Sym"(E)) = (r +’:_ l>cl(E).
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THEOREM 9.5. — Set g = 2i + 3. The class of the Koszul divisor of K3 surfaces with extra
syzygies is given by

2

Ros,] = ——
[Rosse] = 7=

2i —1
( y )(2(z' +1)( + 9 +7y) +a [Diil € CHY(F,),
for some coefficient a € 7.
Proof. — As explained, off the divisor Dy ;, the locus Rosj, is the degeneracy locus of
the morphism ¢ : ¢#;, — ¢ ,, therefore [Rosz,] = ¢1(§; ) — c1(Hip) + - [Dya], fora

certain integral coefficient «. Using repeatedly the exact sequences (27) and the formulas for
the ranks of the vector bundles %/, ;, we find

i iej
c1(Gin) = Z(—l)jcl(/\ U ® 6Mz+j>
Jj=0

= Z(—l)j((z +(j +27%(g - 1) <i _f-_ 1)c1(%1) + (g +].1)Cl(%2+j))~

‘ i—
J=0

Similarly, in order to compute the first Chern class of ¢#; ,, we use the exact sequences (28):

i i—j
ci(Hip) = Z(_l)jcl(/\ UL ® Symjﬂ%l)

j=0
(et g g+1\[(g+j+2

_J;o( 1)](( g )(i—1—1)+<i—j)< g+1 )>61(%1)
_ ; 1 (21.1':25)61(%).

Substituting in these formulas the Chern classes computed in Proposition 9.2, after some
manipulations we obtain the claimed formula for [Ros3,]. O

10. Lazarsfeld-Mukai bundles on K3 surfaces of even genus and tautological classes

For even genus, in order to obtain a Noether-Lefschetz relation between the classes A
and y which is different than the one in Theorem 1.3, we use the geometry of the rank 2
Lazarsfeld-Mukai vector bundle one associates to a sufficiently general polarized K3 surface.
We denote by Dni C of , the Noether-Lefschetz divisor consisting of K3 surfaces [X, L]
of genus g, such that L = Ox (D1 + D5), with both D; and D, being non-trivial effective
divisors on X. We set ¥ g, = ¢fg — D~ and slightly abusing notation, we denote by

RS AN F z, the corresponding restriction of the universal K3 surface. Throughout this
subsection we fix an even genus g = 2i, with i > 4. Our aim is to show that the restriction
of both classes A and y to &f g, is trivial. The geometric source of such a relation lies in
the geometry of Lazarsfeld-Mukai vector bundles that have proved to be instrumental in
Lazarsfeld’s proof [37] of the Petri Theorem.
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DEFINITION 10.1. — For a polarized K3 surface [X,L] € @72, we denote by Ep the
unique stable rank 2 vector bundle on X, satisfying det(Er) = L, co(EL) = i + 1 and
hO(X,Er) =i +2.

The vector bundle £ := E, which we refer to as the Lazarsfeld-Mukai vector bundle
of [X, L] has been first considered in [42] and [37]. In order to construct it, one chooses a
smooth curve C € |L| and a pencil of minimal degree A € W', | (C). By Lazarsfeld [37], it is
known that C verifies the Brill-Noether Theorem, in particular gon(C) = i + 1. We define
the dual Lazarsfeld-Mukai bundle via the following exact sequence on X

(30) 0— Ey — H°(C,A) ® Ox —> 1.4 —> 0,

where ¢ : C — X denotes the inclusion map. Dualizing the previous sequence, we obtain the
short exact sequence

0— HY%C,A)V ® Ox — Ef — wc ® AY — 0.

We summarize the properties of this vector bundle and refer to [37] for proofs:

ProrosiTiON 10.2. — Let [X,L] € 072 and E = Ep be the corresponding rank 2
Laczarsfeld-Mukai bundle. 1.1.

1. E is globally generated and H'(X, E) = H?(X,E) = 0.
2. WX, E) = hO(C,wc @ AY) + h%(C, A) = i +2.

3. E is ug-stable, in particular h°(X,E® EV) =1 as well as rigid, that is,
HY(X,E® EY) =0.

4. The vector bundle E is independent of the choice of C and of that of the pencil

Ae Wl ().

In particular, Proposition 10.2 implies that E is the only p; -semistable sheaf on X having
Mukai vector v = v(E) = (2, L,i). We denote by det : A> H'(X,E) — H°(X, L) the
determinant map.

Let & be the universal rank 2 Lazarsfeld-Mukai vector bundle over 36“, that is,
8|X = Ey, for every [X,L] € &’i,. In this case £ := det(E) can be taken to be the
polarization line bundle, and apart from the classes k1,1 = 7«(c1(E) - c2( »)) and
i3,0 = 7« (c1(E)?), we also have a third tautological class

¥ = 1 (c1(E) - c2(E)).

To show that both classes A and y = k1,1 — ng1/<3,0 are of NL type, we need two further
sources of geometric relations in terms of Lazarsfeld-Mukai bundles. These provide two
relations involving A, 3,0, k1,1 and ¥, hence by eliminating %, one relation between A and
y, which turns out to be different than the one given by Theorem 1.3.
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10.1. The Chow form of the Grassmannian and Lazarsfeld-Mukai bundles.

One such source of relations is provided by the recent work [2], where among other things
a Schubert-theoretic description of the Cayley-Chow form of the Grassmannian Gr(2, n) of
lines is provided.

Let V be an n-dimensional complex vector space and choose a linear subspace K € A% V.
Then K+ C /\2 VY. Ttis shown in [2] Theorem 3.1 that the condition P(KJ-) NGr(V,2) =0,
the intersection being taken inside P( /\2 VV), is equivalent to the exactness of the complex

§ 8
K ® Sym" (V) = V ® Sym" 2(V) —> Sym" " (V),

where §; : /\i V®Sym(V) — /\"_l V ® Sym(V') denotes the Koszul differential, fori = 1, 2.

We apply this result for polarized K3 surfaces, when we take V := H%(X, E)Y and

2
KL= Ker{det : \ H(X. E) — H°(X. L)}

is the kernel of the determinant map. Note that det does not vanish on any element of rank 2,
see [53] page 380, for the existence of an element 0 # 57 A 55 € /\2 H°(X, E) such
that det(s; A s2) = 0, would imply a splitting of L as a sum of two pencils. By dualizing,
we conclude that the complex

(31) Sym' "' HO(X, E) — H°(X, E)®Sym' H’(X, E) LN H°(X,L)®Sym' 'H°(X, E)

is exact for every point [X, L] € &F Q,. The map f is obtained by composing the (dual) Koszul
differential

2
H°(E) ® Sym' H*(X,E) — /\ H*(X. E) ® Sym' ' H%(X, E)

with the map det ® idgy,i-1 gocy gy : A> H(X, E) ® Sym' " HO(X,E) — H(X.L) ®
Sym' " 'HO(X, E).
We globalize this geometric fact. For n > 1, we introduce the vector bundle

Un = m(Sym”™ €) on F*  where we observe that R 7, (Sym"€) = o, fori = 1,2.
We shall make use of the following formulas:

PropPOSITION 10.3. — The following formulas hold in CHI(C?#ZI.):

1 1 3 6i — 3
A—Eﬁ and c1(62)2)=ZK1,1+§K3,0— 12

1 1 i+2
(V) = EKI,I + 8K3’0 I

A —49.

Proof. — We only discuss the calculation of ¢;(%,). For any [X, L] € &F i , observe that

c?(Sym?(E))

h°(X,Sym*(E)) = x(X,Sym*(E)) = 5

—¢2(Sym?(E)) +3x(X, Ox) = 6i —3,
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where we use the formulas ¢1 (Sym?(E)) = 3¢y (E) and ¢ (Sym*(E)) = 2¢2(E) + 4¢»(E).
Applying Grothendieck-Riemann-Roch to the universal family 7 : I$F - F " , we find:

c1(V2) = Cl(ﬁ!(s}’mz 8))

5¢3(E) —8c2(E) N 93 (&) — 2401(8)cz(8)>
2 6

1 1 1
x (1= 3e10x) + T5(c2@n) + e2(2m) = 3ze1@n)e2(@a) + - )| .

= n*[(3 +3¢1(8) +

Expanding the product and using again that m«(c2(2;)) = 24, we obtain the claimed
formula. O

In order to treat the complex (31) variationally, we consider the following vector bundles
over ¢f gi
V) ® Sym' (V1)
Sym ()
Note that rk(¢7) = (i +2)(*}'") - (2ii:12) = (2i + 1)(;*',) = rk(B) and there is a sheaf
morphism

A = and B := U Q Sym' (V).

B:h— B
which over a point [X, L] € ¢F ﬁ, is precisely the map

H°(X,E)®Sym' H(X, E)

: — H%X,L)® Sym' 'H°(X, E
Sym'*'HO(X, E) (X. L)y &Sy (X, E)

Bx,L
induced by (31). As explained, the morphism f is everywhere non-degenerate over &/ g.

THEOREM 10.4. — One has the following formula

i i i+2
9 = _Lre,
§i 4 T 0T

Proof. — The morphism 8 : ¢Z — B being everywhere non-degenerate, we find
that ¢1 (%) = c1(B). Applying systematically the formulas (29), we write:

() = ((” ! 1) FE+2) (2’ :21) - (Ziijzz))cl(wn,
2i , 2i
c1(B) = (i - 1)61(%1) + (2i + 1)(1' N 2)6’1(601),

hence, after manipulations

4i +2
i+2

0=ci(B—cA) = (l.z_il)(cl(%l)— 01(51)1)>-

We then replace ¢1 (%) and ¢1 (1) with their respective expressions provided by Propo-

sitions 9.2 and 10.3, clear denominators (our Chow groups are with Q-coefficients), then
conclude. O
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10.2. Lazarsfeld-Mukai bundles and rank 6 quadrics

A second source of relations between the classes A, k1.1, k3,0 and ¥ is obtained by studying
the kernel of the multiplication map

pe : Sym*H(X,E) — H(X,Sym*(E))

associated to the Lazarsfeld-Mukai bundle £ = E corresponding to an element [X, L] € f §i~
We assume throughout that i > 4.

LeEmMA 10.5. — One has Hi(X, SymZ(E)) =0, fori =1,2

Proof. — We choose a general curve C € |L| and a minimal pencil A € WiIH(C ).
Tensoring the exact sequence (30) by £V and taking global sections implies that H? (X JE®
E) = H°(X,EY ® EV) = 0. Similarly, we can prove that H!(X, E ® E) = 0, which implies
that H'(X, Sym*(E)) = 0. We tensor again (30) by EV and take cohomology. The vanishing
of HY(X,EY ® EV) = H' (X, E ® E)V is implied by H°(C, A ® E|f) = 0, which follows
because E| , is stable on C and u(A ® E|() = 4—2i <0. 0O

Using Lemma 10.5, we compute 4°(X, Sym*(E)) = 6i — 3, then observe that

dim Sym? H°(X, E) — h°(X, Sym*(E)) = (i ;3> —(6i=3)= (i ;3)

that is, the locus
D= {[X. L] € %, : 30 # g € Ker(ug), tk(g) < 6},
is expected to be a divisor on ¥ gi. We confirm this expectation in a very precise form.

THEOREM 10.6. — For a polarized K3 surface [X, L] € &721 the kernel of the map uEg
contains no non-zero elements of rank at most 6, that is, D5k = 9.

Proof. — We start with a K3 surface [X,L] € o gi and assume we have an element
0 # g € Ker(ug), where tk(q) = n < 6. We write ¢ = s? + --- + s2, where s; € H*(X, E).
Denoting by P(E) — X the projective bundle associated to E, we have the canonical
identifications
H°(X,E) =~ H°(P(E), Cp)(1)) and H®(X,Sym*(E)) = H°(P(E), Op(r)(2)).

LetV := (s1,...,5,) € H%X, E). Since H°(X, E(—=L)) = 0, the cokernel of the evaluation
map V ® Ox — E is supported along finitely many points and we denote by

2
ov 1 X --> Gr(V.2) < P(\ V)

the induced rational map. Note that ¢}, (0(1)) = L. We further denote by 0 < P(VV)
the quadric given by the equation ¢ = 0. The condition ¢ € Ker(ug) can be interpreted
geometrically as saying that the image of P(E) under the composition

p(E) B p(HO(E)Y) s POVY)

lies on the quadric Q. This in turn, amounts to saying that ¢y (X) is contained in orthogonal
Grassmannian Grg € Gr(V,2) of lines in P(VV) contained in Q. The essential observation
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is that for n < 6, the pull-back Cg:,, (1) splits non-trivially as the sum of two effective
line bundles, which in turn, induces a decomposition of the polarization class L on X,
contradicting the assumption that [X, L] is NL-general.

We discuss in detail the case n = 6, the situation for n < 5 being similar. Thus
0 C P(VV) = P° is a rank 6 quadric and we may assume that 0 = Gr(2,U) <
P(/\2 U ) ~ P(VV) is the Grassmannian of lines in P*> = P(U), where U is a 4-dimensional
complex vector space such that /\2 U = VV. Then every line inside Grg is of the form
Leg = {1 € Gr2,U) : £ € T1 € H}, where { € U is 1-dimensional and H € U
is a 3-dimensional subspace. Accordingly, one has an isomorphism between Gro and the
incidence correspondence X~ € P(U) x P(U"Y), assigning to the pair (£, H) € ¥ with{ C H
the line L, g defined above. Denoting by

P(U) <« — Grp = X CPU) xP(UY) — 2 PUY)

the two projections, we have Cgr, (1) = 7 (Cpw)(1)) ® 75 (COpwv)(1)). Let g1 := 7y o
v : X --» P(U)and g, := myogey : X --» P(UY). It is now enough to observe
that h%(X, ¢*(0(1)) > 2, fori = 1,2. Indeed, else the image of one of the maps ¢;, say g1,
is a point, hence there exists £y € P(U), such that Im(py) < ny7'({p). But 77 1(fy) =
P? C P(/\2 U), that is, gy (X) € Gr(2, 3), which is impossible, for V' is 6-dimensional. We
conclude that L = ¢7(Cpw)(1)) ® g5 (Opwv)(1)) is NL special.

We briefly mention the cases n < 5. For n = 4, we have Q0 C P? and the variety of lines
Grg consists of two copies of P!. Forn = 5, when Q C P*is a rank 5 quadric, the variety
of lines Gry is identified with P? in its second Veronese embedding P? < P® ~ P( A VY).
The assumption that there exist 0 # g € Ker(ug) with rk(g) € {4,5} implies that L is
non-primitive, a contradiction. O

THEOREM 10.7. — The relation 5y + (i +2)A = 0 holds in CH' (5,).

Proof. — We first use the fact that the divisor D;‘l?6 is of Noether-Lefschetz type, that is,
by applying Theorem 1.1 coupled with Proposition 10.3, we obtain the relation
2(6i — 3) 2i—11_. i-8 3i—4
re— : s K3,0—— K
i+2 i+2 2i +4 77 4i 4+ 8
Substituting ¢ obtained in this way in the formula provided by Theorem 10.4, we obtained
the desired relation between A and y. O

3
0 = [DX®] = c1(V2)— (V) = 5(21'—1)/\4‘ L1

Proof of Theorem 1.4 for even g. — Theorem 1.3 provides the relation (4i —1)A+ %ﬂy =
0e CHY(& gi). Coupled with Theorem 10.7, we conclude that both classes A and y vanish
on ¢ gi, hence they are of Noether-Lefschetz type on &7 5;. O

11. Semistability of the second Hilbert point of a polarized K3 surface

A simple and somewhat surprising application of the techniques developed in Subsec-
tion 9.1 concerns the GIT semistability of polarized K3 surfaces. We fix once and for all a
vector space V =~ C8+1,
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DEFINITION 11.1. — For a polarized K3 surface [X, L] € f 4 such that Pic(X) = Z- L,
we define its second Hilbert point to be the quotient

(X, H]s := [SymzHo(X, L) — HO(X,L®%) —> 0] c Gr(SymzHO(X, H), 4g — 2).

The group SL(V') acts linearly on the Grassmannian
4g—2
Gr(Sym?V, 4g — 2)C P( A SyszV),

where the last inclusion is given by the Pliicker embedding. Let Hilbg be the closure inside

the quotient
4g—2

P( A Sym2VV)//SL(V)
of the locus of semistable second Hilbert points [X, H], of quasi-polarized K3 surfaces of
genus g. Then the GIT quotient

F ¢ == Hilby //SL(V)

is a projective birational model of the moduli space ¢f,, provided the locus Hilby' of
semistable second Hilbert points is not empty.

TueOREM 11.2. — Let [X, L] € ¢f ; be a polarized K3 surface with Pic(X) = Z - L. Then
the second Hilbert point [ X, H ], is semistable. In particular, ﬁg, defined as above, exists.

Proof. — By definition of semistability, since the Grassmannian Gr(Sym?V,4g —2)
has Picard numer 1, it suffices to construct an SL(V)-invariant effective divisor &)
of Gr(Sym?V, 4g — 2) such that [X, L], ¢ &. Theorem 1.3 provides such a divisor. We
take ) to be the locus of (4g — 2)-dimensional quotients ¢ : Sym?V — Q such that Ker(¢)
contains a quadric of rank at most 4. The parameter count from Subsection 9.1 shows
that ) is indeed a divisor. If [X, H] ¢ D™*, then Ix 1 (2) contains no quadrics of rank at

g
most 4, in particular [X, L], ¢ &), hence its second Hilbert point is semistable. O

REMARK 11.3. — By the analogy with the much studied case of the moduli space of
curves [32], we expect that, apart from smooth K3 surfaces, yg also parametrizes degenerate
K3 surfaces with various singularities. It is also likely that the 2nd Hilbert point of NL special
smooth K3 surfaces is not semistable, that is, the natural map ¢, --» ﬁg might not be
regular along NL special loci.

12. The geometry of the Hurwitz spaces of admissible covers

In what follows, for a Deligne-Mumford stack M, we shall denote by ¢/ its coarse moduli
space. If X C oM is an irreducible subvariety, we denote by [X] € C Hé(oﬂﬁ) its class in the
stack sense, that is, we divide by the order of the automorphism group of a general element
in X.

We denote by &#; the Hurwitz space of degree k covers f : C — P! with simple ramifica-
tion from a smooth curve C of genus 2k — 1, together with an ordering (p1, ..., pex—a) of its
branch points. Let @Z denote the compactification of §#; by admissible covers. By [1], the
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stack ﬁz (whose coarse moduli space is precisely @Z) is isomorphic to the stack of twisted
stable maps into the classifying stack 36y of the symmetric group &y, that is,

Hy = Ho,sk—4($6k)~

Points of @Z are admissible covers [ f : C — R, p1, ..., psk—a], where C and R are nodal
curves of genus 2k — 1 and O respectively, and pi,..., pek—4 € Rreg are the branch points
of f.Letb : @Z — %0’6,(_4 be the branch morphism. The symmetric group Ggr_4 acts
on @Z by permuting the branch points of each cover. Denoting by

Tl = Ty /G4

the quotient parametrlzmg admissible covers without an ordering of the branch points, the
projection ¢ : Q%k — Sl is a principal Sg_s-bundle. We denote by o : Sy — Mak_1
the map assigning to an admissible cover the stable model of its source curve. We shall
use throughout the isomorphism CH&(@;() ~ H?*(.Q), see [10] Theorem 5.1 and
Proposition 2.2.

Fori = 0,...,3k — 2, let B; be the boundary divisor of Wo,ek—4 whose general point
is the union of two smooth rational curves meeting at one point, such that precisely i of the
marked points lie on one component. The boundary divisors of @Z are parametrized by the
following combinatorial data:

1. Apartition/ UJ ={1,...,6k —4},such that |I| > 2, |J| > 2.

2. Transpositions {w; }ieyr and {w;}jes in Sk, with [[;c; wi = u, ]_[jej w; = u~!, for
some u € &.

To this data, we associate the locus of admissible covers with labeled branch points
—0
[fC — R, Pl,---,P6k—4] S gék,

where [R = Ry Up Ra, pi1,..., Pek—a] € B|I| - Wo,ék—4 is a pointed union of two smooth
rational curves Ry and R, meeting at the point p. The marked points lying on R; are precisely
those labeled by the set 7. Let  := (u1, ..., pig) I k be the partition induced by u € S and
denote by E;.,, the boundary divisor on @Z classifying twisted stable maps with underlying
admissible cover as above, with f~!(p) having partition type u, and precisely i of the points
D1, - ... Dek—a lying on R;. We denote by D;., the reduced boundary divisor of ‘S pulling
back to E;.;, under the map q.

Fori = 2,...,3k — 2, we have the following relation, see [30] p. 62, as well as [25]
Lemma 3.1:

(32) b*(B)) = ) lem(i) Eizp.

ukk

The class of the Hodge class A := (0 0 ¢)*(1) on @; has been determined in [36] and
[25]:

*2 ik—4—i) 1, &1 g
3 A=Y Zlcm(u)(m -5k ;))[Eizu] e CHY ().
i=2 ukk j=1"7
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The sum is taken over partitions u that correspond to permutations that can be written
as products of i transpositions. Furthermore, £(u) denotes the length of the partition u and
Iem(p) is the lowest common multiple of the parts of u.

We now discuss in detail the divisors of @Z lying over the boundary divisor B,. We pick
a cover

[f :C=CiUCy, —>R=R, Up R,, pla'--»p6k—4] € [‘J*(Bz),
where C; = f~!(R;). We assume I = {1,...,6k — 6}, thus pi,..., pek—s € R; and
Pék—5, Pek—4 € Ra.

We denote by E,. (1« the closure in @Z of the set of admissible covers for which the trans-
positions wek s and wgi—4 corresponding to the points pgr_5 and pgr—4 areequal. Let Ej be
the component of E,.(;«y corresponding to the case when C is connected, which happens
precisely when (wq, ..., wer—e) = Ok. Clearly Ej is irreducible. When wer—s and wegr_4
are distinct but not disjoint then u = (3, 1¥73) F k and one is led to the boundary divisor
E5.(3,15-3). We denote by Ej the (irreducible) subdivisor of Ej. (5 1x-3y corresponding to the
case (wy,...,Wek—s) = Op. Finally, the case when wer_s and wer_4 are disjoint corre-
sponds to the boundary divisor E,.(, , jx-4) and we denote by E» the irreducible component
of Ey.(5 5 14—4) parametrizing covers for which (wi, ..., wex—¢) = Sk.

We discuss the behavior of the divisors Ey, E; and E3 under the map ¢ and we have

q* (Do) = 2Ey, q*(D2) = E, and ¢*(D3) = 2E3.

Indeed the general point of both £y and E3 has no automorphism that fixes all branch points,
but admits an automorphism of order two that fixes C; and permutes the branch points
Pek—a4 and per_s. The general admissible cover in E;, has an automorphism group Z, X Z;
(each of the two components of C; mapping 2 : 1 onto R, has an automorphism of order 2).
In the stack ﬁz we have two points lying over this admissible cover and each of them has
an automorphism group of order 2. In particular the map ﬁz — @Z from the stack to its
coarse moduli space is simply ramified along E.

The Hurwitz formula applied to the finite ramified cover b : @Z — W0,6k—4a

coupled with the expression K—; Tlocha = Z?"gz("(ﬁé‘;—“;") — 2)[B,~] for the canonical
class of K— Tlo.ck—a® yields the following formula (on the stack!):
(34) Hf =b* K o ona T Ram(b),

where Ram(b) = >, (Ilem(p) — 1) Ejzyy.

12.1. A partial compactification of the Hurwitz space

It turns out to be convenient to work with a partial compactification of &#;. We denote
by @k the (quasi-projective) parameter space of pairs [C, A], where C is an irreducible
nodal curve of genus 2k — 1 and A is a base- pomt -free locally-free sheaf of degree k on C
with h%(C, A) = 2. There exists a rational map S --» O%k, well-defined on the general
point of each of the divisors Dy, D, and D3 respectively. Under this map, to the general
point [f : C; U C; — Ry U, Ry] of D3 (respectively D,) we assign the pair [Cy, A; =
S*0r,(1)] € @k. Note that C; is a smooth curve of genus 2k — 1 and A, is a pencil with a
triple point (respectively with two ramification points in the fiber over p). The two partial
compactifications #; U Do U D, U D3 and §# differ outside a set of codimension at
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least 2 and for divisor class calculations they will be identified. Using this, formula (33) has
the following translation at the level of &/#y:
3k —1) 1 3k —7 L=
Dy| — D D3l e CH .
(Do)~ 3 =5 P2+ T =510 € CH' ()

We now record the formula for the canonical class of §#y:

(35) A= 4(6k — 5)

PROPOSITION 12.1. — One has K; = 8A + £[D3] — 3[Do.

Proof. — We combine the equation (34) with the Hurwitz formula applied to g : @Z - f(%k
and write:

2 6k —3 6k — 11
4" (K3,) = Ko —Eol-[Ea]—[E3] = ¢* (-

— D3] ——[D ——[Ds]).
ok —5.02] 2(6k — 5)[ 0]+2(6k - 5)[ 3])

The divisors Ey and E3 lie in the ramification locus of ¢, so they are subtracted from Kﬁ]«:.
Furthermore, the morphism ﬁz — @Z is simply ramified along E,, so this divisor has to
be subtracted as well. We now use (35) to express [D;] in terms of A, [Dy] and [D3] and reach
the claimed formula. ]

Let f: Cx — F@%k be the universal curve and we choose a universal degree k line bundle
% on Cy, that is, satisfying $|f71 cal = A, forevery [C, A] € &#y. Just like in Section 7, we
define the following codimension one tautological classes:

a:= fu(c2(D)) and b:= fu(c1(L)- 1 (wy)) € CH (Fh).

Note that %) := f, Z is a vector bundle of rank two on @k. Although Z is not unique, the
class

(36) y:=b—2 ae CH ()

is well-defined and independent of the choice of Z.
PROPOSITION 12.2. — We have that a = kc1(%) € CHl(@k).

Proof. — Recall that ;%k has been defined to consist of pairs [C, A] such that A4 is a base
point free pencil of degree k. In particular, the image under f of the codimension 2 locus
in C; where the morphism of vector bundles f*(%) — < is not surjective is empty, hence
by Porteous’ formula

0= fu(e2(f* V) = 1 (S* V) 1(D) + (D) = ~ker(D) +a. 0

We now introduce the following locally free sheaves on @k:
&= filwr ® ZY) and & = f*(a)} ® 7%

PrOPOSITION 12.3. — The following formulas hold

2k

cl(g)zk—%b+ a and ¢1(F) = 13X + 2a — 3b — [Dy].
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Proof. — We apply Grothendieck-Riemann-Roch twice to f. Since R! f; (w} ® :Z_z) =0,
we write:

1 (Q}) + c2(Q})
c(F) = f*[(l +2c1(wf)—2c1(5z)+2(c1(wf)—c1(z)2) : (1 - cl(;"f) N > f )]2
Now use Proposition 12.2 as well as f; (clz(Q}) + cz(Q})) = 121, see [30] p. 49, in order to

conclude. To compute the first Chern class of £, note that ¢; (R1 So(wr ® %v)) = —c1 (),
hence applying again Grothendieck-Riemann-Roch together with Proposition 12.2, we
write:

c1(€) = —ke1 (V)

(c1(wr) —c1(2)? cilwp) T (Q)) 2R
+ £ (1+ @) —a@) + SO (12 )]

which quickly leads to the claimed formula. O

We summarize the relation between the class y and the classes [Dy], [D2] and [D3] as
follows:

PROPOSITION 12.4. — One has the formula [D3] = 6y + 241 — 3[Dy].

Proof. — We form the fiber product of the universal curve f : Cp — @k together with
its projections:

Cx PELLI Cx XZ, Cr EELLIN C-
For £ > 1, we introduce the sheaf of principal parts @ﬁ(%) = (nz)*<n1*($) ® ﬂ((gH)A).
Observe that U@f;(SZ) is not locally free along the codimension 2 locus in C; where f is

not smooth. The jet bundle J}(?Z) = ((@f(%))w, viewed as a locally free replacement

of (_F/ch(i), sits in a commutative diagram:

0—— Q¥ @t — Ph(D) — P (D) ——0

Ll

J4 _
0— 07 JH(D) TN (2 ——o.

We introduce the vector bundle morphism v, : f*(?) — JJ?( Z), which for points
[C, A, p] € Cx suchthat p € Creg isjust the evaluation morphism H°(C, A) — H°(A® Os)).
We consider the codimension 2 locus Z < (i where v, : f*(V) — J ]?(27)) is not
injective. Over the locus of smooth curves, D3 is the set-theoretic image of Z. A simple local
analysis shows that the morphism v, is simply degenerate for each point [C, A, p], where
P € Ciing, that is, the divisor Dy also appears (with multiplicity 1) in the degeneracy locus
of v,. Assuming this fact for a moment, via the Porteous formula we obtain:
J2(2)

[D3] = fuca (W) —[Do] € CHI(@k)-
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One computes cl(Jjg(SZ)) = 3c1(2) + 3c1(wr) and cz(Jﬁ(EZi)) = 3c¢X(2) + 6c1(2) -
c1(wr) + 2¢}(wy), therefore

fC sz(%) =3a+ 6b —3(5k —4)c1 (V) + 21 = 6y + 2k
*C2 (V) = 1 1 =0y 1-
Recalling that k1 = 124 — [Do] € CH'! (ngk), the claimed formula follows by substitution.
We are left with concluding that Dy appears with multiplicity 1 in the degeneracy locus Z.
Let F : ¥ — B be a family of curves of genus 2k — 1 over a 1-dimensional base B, with
¥ smooth, such that there is a point by € B with X, := F~1(b) smooth for b € B\ {bo},
whereas Xp, := F~!(bo) has a unique node u € . Assume we are given ¢# € Pic(&l)
such that 4, = C%|Xb € Wkl (Xp), for each b € B. We pick a parameter t € Opp, and
x,y € Ogu, such that xy = ¢ represents the local equation of ¢¥ around u. Then wr is
locally generated by the meromorphic differential z given by “;—x outside the divisor x = 0
and by —dy—y outside the divisor y = 0. We choose a C[[t]]-basis (51, s2) of H°(, A), where
s1(u) # 0, whereas s, vanishes with order 1 at the node u of X3, along both its branches.
Passing to germs at u, we may assume that s, = (x + y)s1,,. Denoting by d : Oy — wp
the canonical derivation, we note that d(x) = xt and d(y) = —yt. Then Z is locally given

by the 2 x 2 minors of the matrix
1 0 0
X+yx—yx+y)

which proves our claim, that Dy appears with multiplicity 1. O

12.2. The divisor H;**

We fix a cover [f : C — P!] € {x andset 4 := f*(Cp1(1)). First we observe that by
choosing [ f] outside a subset of codimension 2 in §#;, we may assume that wc ® AV is
very ample. Otherwise by Riemann-Roch there exist points p,q € C such that A(p + ¢q) €
szJrl (C). The Brill-Noether number of this linear series equals p(2k — 1,2,k + 1)
= —1 —k < —3 and it follows from [11] that the locus of curves [C] € ¢M,i_; possessing
such a linear system has codimension at least 3 in moduli, which establishes the claim.

THEOREM 12.5. — Fix a general point [C,A] € ¢Hy. Then the embedded curve
Yoceav : C — P! lies on no quadrics of rank 4 or less. It follows that ,V)ik“ is a divisor

on Hy.

Proof. — We choose a polarized K3 surface X such that Pic(X) ~ Z-L & Z - E, where
L? = 4k — 4, the curve E is elliptic with E2 = 0 and L - E = k. First we observe that X
contains no (—2)-curves, hence an effective line bundle o € Pic(X) must necessarily be nef
and satisfy o? > 0.

Since (L — 2E)?> = —4, we compute y(X,L(—2E)) = 0. Furthermore, as we have
just pointed out H%(X,L(—2E)) = 0, whereas obviously H?(X,L(-2E)) = 0, which
implies that H1(X, L(—2E)) = 0, as well. We choose a general curve C € |L| and set
A:=0c(E) € Wk1 (C). By taking cohomology in the exact sequence

0 —> L(—2E) — L®*(-2E) — 0@*(-24) — 0,
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we obtain an isomorphism H°(X,L®2(—2E)) =~ H°(C,»&*(—2A4)). Since clearly, the
isomorphism H%(X, L(—E)) = H°(C, wc (—A)) also holds, we obtain

Ix,1.(2) = Ic,oc(-a)(2).

so it suffices to show that the embedded surface ¢ —g) : X — P*~! lies on no quadric of
rank 4. This amounts to showing that one cannot have a decomposition L — E = Dy + D,
where D and D, are divisor classes on X with h°(X, D;) > 2, fori = 1,2. Assume we have
such a decomposition and write D; = x;C + y; E, where x; + x, = l and y; + y, = —1.
Since E is nef, we obtain that both x; and x;, have to be non-negative and we assume x; = 0
and x, = 1. Then Dy = yE, therefore y; > 1, yielding y, < -2, which implies
that h°(X, D,) < h%(X, L(=2E)) = 0, which leads to a contradiction. O

The divisor 5321‘4 decomposes into components, depending on the degrees of the pencils A4
and A, for which the decomposition (2) holds. For instance, when deg(4,) = deg(4) = k,
we obtain the component denoted in [18] by 89t and which consists of pairs [C, A] € &y,
such that C carries a second pencil of degree k. It is shown in [18] that B9t has a syzygy-
theoretic incarnation that makes reference only to the canonical bundle, being equal to the
Eagon-Northcott divisor on &/ of curves for which bg_1 1(C. wc) > k. Itis an interesting
question whether the remaining components of Sﬁ,rck“ have a similar intrinsic realization.

We now compute the class of the closure of f)ik“ inside @ki

THEOREM 12.6. — The following formula holds: [8 ] = A’,§—4(5k,+lzx + sy, [DO]).
Proof. — We are in a position to apply Theorem 1.1 and then [52‘4] =
A’,E_“ <c1 (F) — %(Zk — 3)61(8)) and we substitute these Chern classes with the formulas
provided in Proposition 12.3. O

The proof of Theorem 1.7 from the Introduction now follows. We substitute the formula
for the class y obtained from Theorem 12.6 in the expression provided by Proposition 12.4,
then compare it to the formula for K .

Proof of Theorem 1.8. — 1t is enough to observe that for k > 12, the class 74 — gy is
big on oM, _; and there exists an effective divisor of this slope that does not contain

Im(o) = Wzk—l,k as a component. This follows from results in [17] Corollary 0.6, where

it is proved that the divisor 52k-1,k+1 on Wzk—l already considered in (19), has support

2
6k“4+14k+3 < 7. O

- —1
distinct from that of ¢}, _; ; and slope 255
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PSEUDOSPECTRAL AND SPECTRAL BOUNDS
FOR THE OSEEN VORTICES OPERATOR

BY Te LI, DonGgYlI WEI AND ZHIFEI ZHANG

ABSTRACT. — In this paper, we solve Gallay’s conjecture on the spectral lower bound and pseu-
dospectral bound for the linearized operator of the Navier-Stokes equations in R? around rapidly ro-
tating Oseen vortices. This shows that the linearized operator becomes highly non-selfadjoint in the
fast rotating limit, and the fast rotation has a strong stabilizing effect on vortices. The main difficulty
is to handle the nonlocal part of the linearized operator. By introducing the polar coordinate, the lin-
earized operator can be reduced to a family of one-dimensional operators @k for |k| > 1. For the case
of |k| > 2, the nonlocal part could be treated as a perturbation by establishing some sharp coercive es-
timates. The case of |k| = 1 is critical in some sense. For this case, the nonlocal part is eliminated by
constructing a wave operator. After these reductions, the resolvent estimates can be proved by using
the multiplier method.

RESUME. — Dans cet article, nous résolvons la conjecture de Gallay sur la borne inférieure spectrale
et la borne pseudospectrale pour I"opérateur linéarisé des équations de Navier-Stokes dans R? autour
des tourbillons Oseen en rotation rapide. Cela montre que "opérateur linéarisé devient trés non auto-
jointif dans la limite de rotation rapide et que la rotation rapide a un fort effet stabilisant sur les tour-
billons. La principale difficulté est de gérer la partie non locale de ’opérateur linéarisé. En introduisant
la coordonnée polaire, ’opérateur linéarisé peut étre réduit a une famille d’opérateurs unidimension-
nels @k pour |k| > 1. Pour le cas de |k| > 2, la partie non locale pourrait étre traitée comme une
perturbation en établissant des estimations coercitives précises. Le cas de |k| > 1 est critique dans un
certain sens. Dans ce cas, la partie non locale est éliminée en construisant un opérateur d’onde. Apres
ces réductions, les estimations de résolution peuvent étre prouvées en utilisant la méthode du multipli-
cateur.

1. Introduction
In this paper, we consider the Navier-Stokes equations in R?
d;v—vAv+v-Vv+Vp =0,
(1 dive =0,
v(0,x) = vo(x).
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where v(z, x) denotes the velocity, p(¢z, x) denotes the pressure and v > 0 is the viscosity
coefficient. Let w(z, x) = d,v! — d;v2 be the vorticity. The vorticity formulation of (1) takes

2) 0iw —vAw +v-Vo =0, w(0,x) = wy(x).

Given the vorticity w, the velocity can be recovered by the Biot-Savart law

1 I

o(t,y)dy = Kps * .
It is well known that the Navier-Stokes Equation (2) has a family of self-similar solutions
called Lamb-Oseen vortices of the form
o X o x
4 wt"x = - <_)7 vta-x :_UG(_ s
4) ()= —0(=). vix)=—=0(5=)
where the vorticity profile and the velocity profile are given by
1 2 1 gt 2
_ Ll Gy = LS (1 lePre)
G = e 0@ = s (1)
It is easy to see that [ w(f,x)dx = « for any t > 0. The parameter & € R is called the
circulation Reynolds number.
To investigate the long-time behavior of (2), it is convenient to introduce the self-similar

variables

gz—x T = logt,

NOTA

and the rescaled vorticity w and the rescaled velocity u

o(t,x) = %w(logt, \/%) v(t,x) = \/§u<logt, %)

Then (w, u) satisfies

() d;w—+u-Vw = Lw,
where the linear operator L is given by
(6) L=A+§-V+1.

For any « € R, the Lamb-Oseen vortex o ((£) is a steady solution of (5). Gallay and Wayne
[14, 15] proved that for any integrable initial vorticity, the long-time behavior of the 2-D
Navier-Stokes equations can be described by the Lamb-Oseen vortex. More precisely, for any
initial data wy € L!(R?), the solution of (5) satisfies

J0(0) =0l 1y =0 @ = [ woera.

This result suggests that « ( is a stable equilibrium of (5) for any & € R. This situation is
very similar to the Couette flow (y,0) in a finite channel, which is stable for any Reynolds
number [9]. Recently, there are many important works [2, 3, 1, 20, 30] devoted to the study
of long-time behavior of the Navier-Stokes(Euler) equations around the Couette flow.

To study the stability of @G, it is natural to consider the linearized equation of (5) around
a §(§), which takes as follows

@) d.w = (L —aN)w,

lim
T—>+00
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where A is a nonlocal linear operator defined by
®) szvG-Vw+u-V§=A1w+A2w, u=Kpg *xw.

The operator L — aA in the weighted space Y = L?(R?, (}_ldx) defined in Section 2
has a compact resolvent. Thus, the spectrum of L — oA in Y is a sequence of eigenvalues
{An(a)}nen. Moreover, L — aA is also dissipative, so ReA, (o) < 0 for any n, a(see [13] for
example). A very important problem is to study how the spectrum changes as |¢| — 400,
which corresponds to the high Reynolds number limit(the most relevant regime for turbulent
flows).

The eigenvalues corresponding to the eigenfunctions in the kernel of A do not change
as o varies. Thus, we introduce two operators L and A, which are the restriction of the
operators L and A to the orthogonal complement of ker A in Y respectively. We define the
spectral lower bound

) E(oc):inf{Rez:zeo(—Ll~|—aAl)}

and pseudospectral bound
_ -1
(10) W@ = (supl(LL—ars—=id) " ly-r)
AER

It is easy to see that X () > W(x) for any @ € R. For selfadjoint operators, the spectral
and pseudospectral bounds are the same. Since L — oA is a non-selfadjoint operator, X («)
and W(«) could be different. Let us mention that the pseudospectra has become an impor-
tant concept in understanding the hydrodynamic stability [27]. The spectral theory of non-
selfadjoint operator is also a current active topic [5, 6, 25, 26].

There are many works devoted to studying ¥(«) and ¥(w). Mackawa [22] proved
that X () and W(«) tend to infinity as || — +oo. However, the proof does not provide
explicit bounds on ¥(«) and W(«). Numerical calculations performed by Prochazka and
Pullin [23, 24] indicate that X(¢) = 0(|oz|%) as |@| — +oo. For the rigorous analysis,
the main difficulty comes from the nonlocal part A, of the linearized operator. In [10],
Gallagher, Gallay and Nier considered the following toy operator(see also Villani [29, 28]):

H, = —a§ +x2 +iaf(x).

Let ¥ () be the infimum of the real part of o (Hy) and () ~! be the supremum of the norm
of the resolvent of H, along the imaginary axis. Under the appropriate conditions on f, they
proved that X («) and ¥ («) go to infinity as |@| — 400, and presented the precise estimate of
the growth rate of W(«). Their proof used the hypocoercive method, localization techniques,
and semiclassical subelliptic estimates.

For the simplified linearized operator L — oA, Deng [7] proved that ¥(«) = O(|x| %).
The same result was proved by Deng [8] for the full linearized operator restricted to a smaller
subspace than ker(A)* by using the multiplier method and the Weyl calculus [18].

In this paper, we proved the following conjecture proposed by Gallay [11].

THEOREM 1.1. — There exists C > 0 independent of « so that as |a| — 400,

S(@) > Clal2, C7Ya|3 < W(a) < Clal®.
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This result shows that the linearized operator L — A becomes highly non-selfadjoint in
the fast rotating limit, and the fast rotation has a strong stabilizing effect on vortices. This
effect is related to a well-known experiment fact in 2-D viscous flows, where the isolated
vortices relax to axisymmetry in a relatively shorter time than the diffusive time. Bernoff and
Lingevitch [4] proposed the following mixing hypothesis:

If the vorticity distribution is subject to a nonaxisymmetric linear perturbation that preserves
the first momentum of vorticity, this perturbation will decay on a time scale O(Re'/?), here Re is
the Reynolds number.

Recently, Gallay [12] made significant progress on this hypothesis, and proved that the
vortex relaxes to axisymmetry in a time scale Re2/3. The key point is to derive the enhanced
dissipation rate of the semigroup ¢/Z=®4) from the resolvent estimate of L — aA. The
pseudospectral bound may be helpful to understand other related problems such as the
stability of Burgers vortices [16, 21].

The hypocoercive method introduced by Villani [29] seems efficient for the linearized
operator without the nonlocal part. In this paper, we introduce two methods to handle the
nonlocal part of the linearized operator. One method is to eliminate the nonlocal part by
constructing a wave operator, which is motivated by the scattering theory. Another one is
to establish the sharp coercive estimates so that the nonlocal part could be treated as a
perturbation in some situations. After making these reductions, we can use the multiplier
method to establish the resolvent estimates. In [31] and [19], these two methods are applied
to study the linearized Navier-Stokes equations around the Kolmogorov flow.

2. Spectral analysis of the linearized operator

In this section, we recall some facts about the spectrum of the linearized operator L —aA
from [14, 15, 11, 13]. Although these facts will not be used in our proof, they will be helpful
to understand this spectral problem.

Let p(£) be a nonnegative function. We introduce the weighted L? space
L2®2.pd) = {w € L@ : [l = [ | [0@Pp(E)ds < +oo).
R2
which is a (real) Hilbert space equipped with the scalar product

(o1 ws)12g) = [ 01(Ewa(©)p ).

In this paper, we will choose the Gaussian weight p = (}_1 and denote Y = L2(R?, Q_ld £).
Let us refer to [11] for more discussions on the choice of the weight.

LemMaA 2.1. — It holds that
1. the operator L is selfadjoint in Y with compact resolvent and purely discrete spectrum

(11) o(L)={—%:n=0,1,2,...}.

2. the operator A is skew-symmetric in Y.
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The first fact follows from the following observation:

_1o 1 €2 1
12 L=—-02L0?=—-A+ > ——
(12 A
is a two-dimensional harmonic oscillator, which is self-adjoint in L?(R?) with compact
resolvent and discrete spectrum given by —o (L). Furthermore, we know that

1. Ao = 0is a simple eigenvalue of L with the eigenfunction ¢,

2. A = —% is an eigenvalue of L of multiplicity two with the eigenfunctions d; { and
020;
3. A1 = -1 is an eigenvalue of L of multiplicity three with the eigenfunctions A (,

(8% — 8%) g/ and 010, C}

Now we consider the spectrum of L —aA in Y for any fixed o« € R. Since A is a relatively
compact perturbation of L in Y, L — aA has a compact resolvent in Y by the classical
perturbation theory [17]. So, the spectrum of L —«A is a sequence of eigenvalues {A,, (@) }en-
Using the fact that

Aw=0 for w=0,00.0,0,A0,

we deduce that 0, —%, —1 are also eigenvalues of L — aA for any o € R. Let us introduce the
following subspaces of X:

(13) Yo={wey: /Rz w(E)ds =0} = (¢},
(14) ni=fuet: [ sw@as =0} = {60,006}
(15) =fwen: [ lPu@ds = 0f = {g.0:0.0:0.00)"

These spaces are invariant under the linear evolution generated by L — aA.
The following proposition shows that the Oseen vortex a { is spectrally stable in Y for any
aeR, a#0.

PROPOSITION 2.2 ([15]). — Forany o € R, a # 0, the spectrum of L — a/ satisfies
O'(L—(XA)C{ZE(CZREZSO} in Y,
o(L—aA) C{z e(C:Rezf—%} in Yo,
o(L—aA)C{zeC:Rez <—1} in Yi,
o(L—al) C {z €C:Rez <—1} in Y.

The operator L — aA is invariant under rotations with respect to the origin. Thus, it is
natural to introduce the polar coordinates (r, 6) in R%. Let us decompose

(16) Y =P Xa,

neN

where X, denotes the subspace of all w € Y so that
w(rcos B, rsinf) = a(r)cos(nd) + b(r) sin(n)

for some radial functions @, b : Rt — R.
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LEMMA 2.3 ([22]). — ker A = Xo ® {01 { + B0 Q). In particular, ker A+ C @, Xn.

3. Reduction to one-dimensional operators

Following Deng’s work [8], we reduce the linearized operator to a family of one-
dimensional operators.

We conjugate the linearized operator L — oA with Q%, and then obtain a linear operator
o in L2(R?,d§):

(17) Fa=—-C LG +a@ NG = T+ aol,
where Z is defined by (12) and ¢/ is defined by
1
Mw =19 Vw — 5(}%&' - (Kps * (Q%w)).

Let us introduce some notations:

1 oo . r s k|
(18) Tl = 5 [ min(E ) Fshas,
2lk| Jo s r
1 —e /4 2
— — o T°/8
(19) U(V)—T, gr)y=e .
Then for w = Y4 o Wi (r)e’*?, we have

((Ho — iMw)(rcosf.rsind) = Y (Feppwic)(r)e™*?,

kezZ*

where the operator ¢ x4 acts on L?(R4., rdr) and is given by

k2 r2

Q0 Thagon =~ — i g+ D i) ) — iBrg Fils ],

16 2
where

ak
(21) ,Bk = 8—, A= /Skvk € R.
b4
Without loss of generality, we assume |8 | > 1 for any |k| > 1.

We introduce the operator

= 1 _1
(22) Haks =12 Hapar™ 2 = Hy.
Then @k acts on L2(R4,dr) and is given by

N 2_ 1 2 1 ~
23) Ji = =07 + 54 + T =S +iBo () — ) — iBrg Fal )
— 1 +o0 .
(24) Fulh] = o fo min(g, ;)|k|(rs)7h(s)ds,

and C§°(R; ) is a core of the operator ’(‘3775;{ with domain

25) D(Fh) = {w € HZ (R4, dr) N L* Ry, dr) - Fhw € LA(Ry, dr)).
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That is,

999
D = D(J) = {w € L2Ry.dr) : Pw, =, rPw e LZ(R+,dr)} k| > 2,

D1 = D(J) = {w € L2(Ry.dr): r2d?(w/r2), rzd,(w/r?), rPw e L2(R+,dr)} k| = 1.
Then the resolvent estimate is reduced to the following estimate

I fgzkuHL%R_,_,dr) 2 |/3k|% ||MHL2(R+,dr)'
We also write
(26) i = Ay + i By — ik,
where
/Tkz—aerkzr;% +%—%,
By = o(r) — g Falg].
It is easy to see that
27

Ker(B,) = span{r%g(r)}, Ker(By) = {0} for [k| > 2.
Thus, L — aA| (ker )L is unitary equivalent to |k€|21 He| ker 5y ® |k6|22 Hr.
In the sequel, we denote by (-,-) the L>(Ry, dr) inner product, and by || - || the norm

of L2(R4,dr), || - |L» the norm of L?(R4,dr). The notationa > b or a < b means that
there exists a constant C > 0 independent of &, k, A so that

a>C7'b or a<Cbh.

4. Sketch of the proof and ideas

With the notations in Section 2 and Section 3, we are in a position to present some key
ideas in this paper. Recall that

(28) i = A+ iB By — i,
where B = %,/\ = Prvr € Rand

~ 5 k% —
Ak_—8,+

r2

% r2 1 ~ ~
— -, By =o(r) - 1.
63 K =0(r)—gXlg]
4.1. Resolvent estimate of @k, k| =2

First of all, we can establish the following key coercive estimates: for any |k| > 1 and
w e L2(Ry:dr)

—_ +o0
(I — Bow.w) > /0 (1 — o (r)|w 2dr,

~ 1
(Brw,w) > (1 — —

+o00
2
|k|)/0 o(r)|w|=dr.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1000 T. LI, D. WEI AND Z. ZHANG

In particular, when |k| > 2, this implies that
1 ~
Eo(r) < Br <a(r).

This fact ensures that the nonlocal operator g;%k [g-] could be treated as a perturbation
of o (r) for |k| = 2. Thus, we do not need to use the wave operator for |k| > 2.

According to the sign of o(r) — v, the resolvent estimate is split into two cases. When
Vg > lorvg <0,thesign of o(r)—vg does not change The resolvent estimate of (%k k=2
could be proved by using the coercive estimates of Ay and By.

The case of 0 < v < 1 is difficult. We will use the multiplier method to handle it. We
know that o (r) — v has a unique zero point r,. Then we divide the proof into two subcases:

kI |kI?

JkPP.rd) and |Bi| = max (—

|k|3a k)
rk rk

|Bic| < max (—-

The first case is simple. In fact, we know that |(@kw w)| > (g;cw w) and Ax 2 Ir‘—; +7r% > k|,
thus the case of |Bx| < |k|? is trivial. When |k|? < |Bx| < max (l N .7f), we need to use the
coercive estimate of By and some simple properties of o (7).

The second case is highly nontrivial. It is natural to divide the integral interval into (0, r¢)

. . (i) .
and (rg, +00). We introduce the truncated integral operator j{krk (see (51)). For this, we
have the following important coercive estimate:

3
Re /0 ¢ T [ewl(NB(rdr < / (0 (s) — v) lw(s)2ds.

|k| +1
This is another key point why the case of |k| > 2 is relatively simple. First of all, we choose
the multiplier like isgn(Bx)(X(0,r1) — X (rx ,+00)) and make the following estimate

Re(Few, isgn(Bi) (X 0.r) = X(ri+00))W)s

from which and by integration by parts, we can obtain a good term like |B| f0+°° lo —
vk ||w|?dr. To handle the case when |0 — vi| is small, it is natural to try another multiplier
isgn(Bx) (f Rj , which is however singular at r;. Thus, we use the multiplier

ngn(ﬂk)m\(;k—w On the other hand, we just control ||w||iz(3(rk,8)) by §|wl|? e,

and control ||w||? 7o in the following way
2 2 57
[wilzeo < lw'llllwll,  wlI* < [wll| Hrwl.

The terms §||w||? o, §*||w'||?, S2|wll|| Hpw| and §4|| Ky w|? are of the same order. This
motivates us to introduce the energy functional

(29) Fw) = 8|wl2e + 82w |2 + 8 |wll| Fawll + 8*|| Frw]?.
It can be proved that
lwl? < € Fw) = CE| Fhewl)?,

Then the resolvent estimate follows by a suitable choice of §.
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4.2. Resolvent estimate of @k, |k| = 1 and wave operator

From the above arguments, the case of |k| = 1 is critical. To handle this case, we need to
use the wave operator method. More precisely, we will construct a partial unitary operator 7'
which satisfies the following important properties:

TEI =ao(rT, [T,Zl]w = Tle - ZlTw = f(NTw
for some f(r) > 0. Then we conjugate @1 with 7' to obtain
T@lT_lu = A+ f(ru+ipro(ru—itu = Zyu.

The operator Z; is similar to the model operator. The resolvent estimate of Z; can be
obtained by following similar arguments as in the case of |k| > 2.

This idea is motivated by the scattering theory. Let 4, B be two selfadjoint operators in
the Hilbert space H. Let U(t) = ¢*4 and V(t) = !B be the strongly continuous groups of
unitary operators. The wave operator is defined by

Wy = lim W), W) =Un)V().
t—=+o0
Here the limit is understood as the strong convergence. Then it holds that
(30) AWy = Wi B.
In fact, we have
eisAe—itAeitB — e—i(t—s)Aei(t—s)BeisB
which gives by taking t — +oo that
eiSA W:i: — Wj:@iSB .
Then the identity (30) follows by taking the derivative in s at s = 0.

Here the construction of the wave operator will follow a different procedure. The intuitive
origin of our construction comes from our work on the inviscid damping [30]. Let us present
some key details.

Let €2 be a simply connected domain including the spectrum o(By) = [0,1] of B;. We

have the following representation formula of the semigroup e’/ 51:
= 1 . ~
By = — e'“(c — B1) 'wdc,
2mi Q
—_ = 1 L~ ~
Filge'"Brw] = — | " Flg(c — Br) ' w]dc.
2ri Jaq
Let ® € H!(R4) be a solution of the inhomogeneous Rayleigh equation:
3P g? gw
PO — 4 2= >,
r 4r2 + o—c o—c
Then we find that
(31) Falg(c — B wl(y) = @(y.c).
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1~
Here we used the formula (— 92 + k2r_24) Fr[w](r) = w(r) in (48). Moreover, the Rayleigh
equation can be written as

o 3
0y ((0 —¢)*r3o, (—(o - c)r3/2)) =r2gw,

and hence the solution is given by

oo [ 52 g(s)w(s)ds

0 — 73 du forc e C\J0,1].

O(r,c) = —(o(r) —c)r?

The next step is to establish the limiting absorption principle: as ¢ — 0+,
®O(r,c tig) > dyr(r,c) forc € (0,1).
In fact, for ¢ € (0, 1), let r. € Ry be so that o(r.) = c¢. Then we find that

oo [ s2g(s)w(s)ds

i o) — 73 du forr >re.

Dy(r,c) = —(o(r) —c)r?

The expression of @ (r,¢) for 0 < r < r. is more complicated. We write ¢, = ¢ + ie and

O(r,ce) = —(o(r) — Ce)r% /+°° f’c s2g(s)w(s)ds

(o) —coyud "
du
(o) — co)2ud’

3 [Te 3 +oo
—(a(r)—ce)rf/0 S7g(s)w(s)ds/

where

Foo du 1 T o/ (u)du T 367 (u) — rfo’(rc)d
/r (0(u) —ce)2u?  rdo’(rc) (/r (0(u) — ce)? _/r (0(u) — ce)*u? u) '

Using the method in [30, 31], we can prove the following limit (since ¢ is decreasing)

, teo  Fuydu T Fudu . F'(rc) _
elal%li/, m = p.V./r (cr(u)——c)2 + lno’(rc)z’ forr € (0,r.), F(r.) =0.

Then it follows that for r € (0, r;),

3 +oo ru % d
02000 = (0 - oripa [ LSOIIE

38(rw(re)  (o(r) —c)r3

+in(o(r)—c)r2 Ii[w](re)

otz 120700)
1 1 oo udo(u) —rio’(re) . (r2a)(re)
* (o(r) i _p'V'/r G —cm M ET Gy ) ’

here I [w](r.) = Or" s%g(s)w(s)ds. Using this, we find that

O_(r.c) = Py (r.c) = p(e) f(r.c),
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where
_ 3/2
f(r,c) = _21,”(0(31’)—c)r forr € (0,r.), f(r,c)=0forr > re,
/2 2
re' o' (re)
g(re)?
ple) = pwl(c) = glre)w(re) + Il[w](rc)m—cv
re'“o'(re)
here we used the fact that o, (r30,0) = —r3g. Moreover, the operator w — u[w] satisfies

wle’*Brw](c) = '€ u[w](c). Now the operator w — u[w] o o plays a role of wave operator.
The operator T can be defined as Tw(r) = g(r)~'u[w](o(r)). See also [31], where we
construct a wave operator by a similar procedure to handle the linearized Navier-Stokes
equations around the Kolmogorov flow.

5. Resolvent estimate of E%l

As @_1 w = @@, it is enough to prove the following resolvent estimate for @1 = @a,l’ A

THEOREM 5.1. — Forany A € Rand w € {r3 g(r)}* N Dy, we have
= 1
I A awll Z 1813wl
Moveover, there exist A € R and v € {r%g(r)}l N Dy so that

= 1
| Haapvll S 18113 0]

5.1. Reduction to the model operator Z;

Let us introduce the operator 7' defined by

(32) Tu(r) = w(r) + 1LAOEC)
o'(r)r2
where
(33) ILi{w](r) = [ s%g(s)w(s)ds.
0

Itis easy to check that T is a bounded linear operatorin L?(R ., dr). The adjoint operator T *
is also a bounded linear operator in L2(R., dr) given by

+o00
(34) T*w(r) = w(r) + r%g(r)/ Mds.
r s207(s)
LEMMA 5.2. — It holds that
3
LITw]? = Jw]? - 25282,
Irz gl

2. T*T = P, where P is the projection to {r%g(r)}J- NL2(R,,dr);

3. TT* = ILZ(R+’dr).
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Proof. — The first one is equivalent to the second one. Thanks to
(3’ (r) = r3g(r)* and I[s3g(s)](r) = / s3g(s)%ds = —r30'(r),
0
we find that

Lis>g@))(g(r) _

5 0.
o'(r)yrz

T(r3g)(r) =rig(r) +

Thus, it suffices to check that for any w € {r%g(r)}l N L*(Ry.dr), u € C°(Ry),
(T*Tw,u) = (w,u),
which is equivalent to verifying that
(A0 ) 1, O | Hinlese) Didese)

a/(r)r% , o’(r)r%

O“/(r)r% a’(r)r%
Using the facts that for w € {r%g(r)}l,

11 [w](0) = rlir—{l:loo Ii[w](r) =0,

and (r30’(r)) = —r3g(r)?, we get by integration by parts that

Liwl(g(r) \ _ [T Liw] _
et A =
_ oo — Il[w] /
_ _/0 S dr
_ /+°° f @O O — hwle'Or)
b ©(r)ri)?
oo 7 o0 2
=_/+ w(r)—ll[”]g(?dr—/+ Bl —" 4
0 o'(r)r2 0 (o' (r)rz)?

This shows that T*T = P.
On the other hand, we have

T w(s)g(s
IT*w|? = |wf* = =3, (%0’ AP, filr) = / Mds,
r s207(s)
which gives | T*w|]? = |[w|?, thus TT* = 1.
We have the following important relationship between 7" and B.

LeEmMMA 5.3. — It holds that

TB, = o(r)T.
Proof. — Direct calculation gives
~ ~ L[B
TBlw = Blw + —1[ lw]i(r)
o'(ryrz

Iilowls(r) _ Ilg Falgwlls(r)

a’(r)r% 0’(r)r%

= o(r)w — g Falgw] +
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Thus, it suffices to show that
(35) Liow] = o'(Nr? Falgw] + Lig Falgwll + o (r) 1 [w].
Direct calculation shows that
3 12 too ros 1
o' (Nrz Fhlgw] =r2(e” * —G(r))/ min(—, —)(rs)2g(s)w(s)ds
0 S r

1 r2 r 1 3 too 5
=r2(e” 4 —U(r))[/0 r2s2g(s)w(s)ds +/ r2s”2g(s)w(s)ds]

r2 r2 +oo 1
= (e * —a(r)h[w]+r*e™* —U(F))/ s72g(s)w(s)ds,
and

Ll Flgull(r) = /0 53 ¢2(5) i [gw(s)ds
= /Ors%gz(s)ds% /(;+0<> min(é, ;)(ts)%g(t)w(t)dt

1 r 52 $ 3 1 r s2 Foo 1
= —/ se_Tds/ t2g(Hw(t)dt + —/ s3e_7a’s/ t"2g(Hw(t)dt
2 Jo 0 2 Jo s

1 r 3 r 52 1 r 52 r 1
= —[ tfg(t)w(t)dt/ se” 4ds + —/ s3e_7ds[ t72g(tHw(r)dt
2 Jo t 2 Jo s

1 r 52 +o0 1
+ —/ s3edes/ t72g(t)w(t)dt
2 0 r
t

"3 _2 2 1 (" _1 3 _s2
=/ t2g)w(t)(e” 4 —e” 4)dt + 5/ t 2g(t)w(t)dt/ s’e” Tds
0 0 0

2

+ 401 - e_rT) —r2e”

%

+o00 .
]/ tT2g(t)w(t)dt
r2 r2 oo 1
= —¢~ 7 [1[w] + Ii[ow] + r*(o(r) — e_T)/ t"2g(Hw(t)dt,

which give (35). O

LeEmMA 5.4. — It holds that
[T,Zl]w =TAw—ATw= f(rTw,

where
g gr)? (§ .

r)>0.

T =20 T oin; 7 2

Proof. — First of all, we have

[T, Aj]w =

LI+ 35 + Rwls(r) (

0’(r)r%

31 ﬁ)(h[w]g("))_

—9? 4+ =
Pt 4r2 16 0’(r)r%
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Using the facts that
L[=0%w] = —r3 g(Nw'(r) + (3 g(r) w(r) — /0 (s3 g(5))"w(s)ds,

, 31 12
2+ e = g,
we deduce that
1 2 3 3
N 424 Du] = —r e ) + (2g ) wi) + 1),

Direct calculation gives

o (Tilwle(r)y _ o g2(r) &)y, 3 g(ryrs g(r)rs
et ) = WO iy 0 )+ r 80w GEs) + ey
Let F = r3g(r) and G(r) = o’ (r)r3. We have
; 31 r ” 1 r2 , 5
F _(E.;_Z)F, F _(4 r—2—1+16)F, G =-F
Summing up, we obtain
~ F' F? F
[T Aiw = [ + () + F()Jw
3 1 2 Lw]F F,
+(1_4_lr_2_ﬁ) G Il[w](a)
On the other hand, we have
F .y 3 1 2 F F,£ F'F G')?
(@) =G 1*e el +2(G2) )

F'F F., F'F _(G)?
F(— 2
Then we infer that
~ F'F _(G')? L[w]F
[T, 4w = (4= + 275 )(w + —=—)
gt 2

_ (2(0,)2 ;g( )(- — 1) Tw = f(r)Tw.

It remains to prove that f(r) > 0. We have

g4 ( _r 6 4+ r2(6—1r2)(r? +4 4e4)

(0/)2 ’(r) r 2L +1—e 2 )2

while by Taylor expansion, we have

2 2 2
re+r2(6—r?)(r? +4—4de®) =2r* +24r> —24r%e ¥ +4rte s

2[ .2 2Jrool r?
=222+ 2r X_:ﬁ( —122—( )"]
+o0 - +o0

=2r2[8z(n 1),( S Z—( )"]
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This completes the proof. O

It follows from Lemma 5.3 and Lemma 5.2 that for w € {r%g(r)}l N Dy,
TIhw=TAw + i TBiw—iATw
=TAT*Tw + ifr1o(r)Tw—iATw.
Lemma 5.2 ensures that T : {r%g(r)}L — L2?(Ry,dr) is invertible and 77! = T*.
Let w = T~ 'u. We infer from Lemma 5.4 that
T@lT_lu =TA T 'u+ ifro(r)u —ilu
(36) = A+ f(ru+iro(ru—itu = Zyu,

where
., gn)? g(r)? 6
(37) f(r) - 2(0-(")/)2 O,(r)/ (; - r)'

So, the operator T plays a role of wave operator. Let

D(Z1) = {w € HE (Ry.dr) N L*(Ry.,dr) : Zyw € L*(Ry.,dr)}.
Thenu € D(Z1) & T*u € D(§y) N {r%g(r)}L, and D(Z,) = D(Js) = D.

Moreover, we have
(Fyw,w) = (FH T u, T*u) = (Zqu, u).

On the other hand, |w|| = [|Tw]| = [ju]| for any w € {r%g(r)}l N D;. Thus, we reduce the
resolvent estimate of &#; to one of the model operator Z;.
5.2. Coercive estimates

LEMMA 5.5. — The operator Ay can be represented as

~ 1 _3 _ _3 _
(38) (Al_i)w =—r"2g 18,[r3gza,(r 2g 1w)].
In particular, we have
~ 1
(39) Ae=5 for IkI=1.

Proof. — Let F(r) = r%g(r). Then we have

_r—%g—la, [r3g28r(r_%g_lw)] =—F7'9,[F?3,(F'w)] = (-2 + FF)w
3o i
_(a,+4 3 1+16)w—(A1 2)w,

here we used F” = (3 -5 — 1+ PF.
Then for any w € D, we have
~ 1 _ _ —
<(A1 o E)w,w) = _(F 18r[anr(F lw)]’w) = HFar(F lw)H2 > 0.
This shows that A, > A, >

1
3-
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LEMMA 5.6. — It holds that

~ 1
(40) Ttz 5+

Proof. — By the proof of Lemma 5.4, we know that

3 (2o - ¥ Ly
2 = n— 1)’ n!/\4 ) = n'\a r2
f(r) 4 r2 1 r2/4\2 = r2 r2/4y2 = r2 r2
( +1—e ) 4(T+1_e ) 4(84_1_T

2

Let h(r) = % . %2 + % - % + 2’— Then there exists g9 € (0, 1) so that i(r) 2, rlz
4(e T —l——)

forr < g9 and h(r) = r? forr > %, and A(r) can attain its minimum. Thus, if 4(r) > 0,

h(r) has a positive lower bound. For this, let u = é. Then by Taylor’s expansion, we get

3 1 1 1 u
)= — . -4+ y— -4 -
r) 16 u+4u 2+e—1—u
+o0 +00 +o0
23 w4ty Lur -1 Z Lu" 4+ u? > ayu”
_ n=2 n=2 n=2 — =
ule* — 1 —u) ule* —1—u)’
where
35 7 19
= > = —Zx> = < 2 > )
as D) as D) ag 334 Jazas > |as|
1 nn—1) n
= (= +— 2> 0n=5).
an = 1(7g 4 7) > 0= 5)

Hence, there exists co > 0 such that 2(r) > co. So, there exists C > 0 such that for any
r € leo. g 251> we have a(r) > C(_ + r2).

Summing up, we conclude that

_ 3 r2 1 1
N — >_
A1+ f(r) > 12 + T 2+f(r)>h(r) + r2.

The proof is completed. O

5.3. Resolvent estimate of Z;

In this subsection, we prove Theorem 5.1. It suffices to show that for any u = Tw,w €
trig(ryn D,

(41) I Zyull = 1113 ul.

The proof is split into three cases.
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Case 1. vi > 1. — Be Lemma 5.6, we get
L] ~ G+ ) + Bl (01 = 0 ()
2 (g ) + 1Bl o))

Using the fact that

8]

r

l—e™ %

l—o(r)=1- 2/

~r2(r—0), liml—-o()=1,
r—>00
we deduce that

1 1 1 1 1 1
| s +1aa —oonuiar 2 [+ partiar 2 [ 1pittar
+o00

too Foo 1
[ e vl —oonluldr 2 [ gz [ i
which show that for v; > 1,
42) (L] 2 1] ull.
Case 2. vi < 0. — In this case, we have by Lemma 5.6 that
(Zau )| ~ (A1 + fuu) + |B11{(6 () — v, u)
2 (g + ) + Ballo ().

Thanks to lin}) o(r)=land o(r) ~ % (r — 00), we infer that

1 1 1 1 1
| Gz ipilolar 2 [+ igibilarz [t utar
0 0 0

+o0
/ (2 + |Bilo () ulPdr 2 /
1 1
which shows that for v; <0,

43) (Zaw,u)| 2 |B1] 2 ).

+o00 ) 1 ) +o00 1 )
"+ S 1BiDu] er/ |B1l2 |ul"dr,
1

Case 3.0 < vy < 1. — Let vy = o(r) for some r; > 0. We split this case into two subcases:

1 1
|B1] < max (r—4,r16) and |B1| > max (r—4, r16).
1 1

LemMma 5.7. — If|B1] < max (r% r16), then we have
1
1
I Zrull Z 1Bl flull.
Proof. — 1f |B1] < 1, then rlz +r2>1> |,31|%. Lemma 5.6 gives

1
(Zruu)] 2 (02 + —uau) = 18113 ull>.
r
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If1 <B4 < max(r%, r$), we only need to check the following cases
1

1 1
r <1, 1§|,61|§r—4=>||$1”||2|/31|2||”||7
1
1
r =1, 1< |B1] < rf = [ Zaull 2 1B112 ul.
1
ro =1, it < Bl < rf = [ Zaull 2 |Br]3 ull.

By Lemma 5.6 again, we have

(Lo )] 2 {02 + ) + 1111 (01 — o) ).
-

which along with Lemma A.2 gives our results. O
LeEmmA 5.8. — If|B1] = max(#, r$), then we have
1
I Zyull Z 1B113 [lull.

Proof. — Let § > 0 be so that §3|81| min(ry, r;3) = 1. Thanks to |81] > max(r%, r$), we
1
get

_1 ) 1
[B1]72 < min (rlz, r_3)
1

Thus, we have

BBz < forr <1, 8|p1|2 <1 forr > 1,

which in particular give §2|8, |% < 1. Also we have 0 < § < min(rq, %). Hence, it suffices to
show that

(44) lull < 821 Zyul.

Let us choose r— € (r; —§8,ry) and ry € (ry,r; + 8) so that
N
)

435 W' )P + ' (rp)? < .
We get by integration by parts that
Re(Z1u, isgn(B1)(X(0.r-) = X(ry,+00)U)
= Re(—07u + iB1(0 — v)u,isgn(B)(X(0,r_) — X(rp,4o00))t)
= Re( [ isn(B0 bl + |10 0P +isen By )
+o00
+ Re (/ (isgn(B)|9,ul® + |B1l(v1 — o) |ul>)dr + ngn(ﬁl)(u'ﬁ)(u))

+

r— +o0
z/o |ﬁ1|<o—vl>|u|2dr+/ 1Bl — ul2dr — B ()] — ().

+
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Due to 0 < § < min(ry, %), 0<r;—68 <ry+ 6 <2r;. Then we get by Lemma A.1 that
o(r)—vi >20(r1—=8) —o(r1) 28’ (r)| 0<r<r -3,
vi—0o(r) = o) —o(r+8) 2 8lo"(r)] r>r+36,

from which and (45), we infer that

Re(Zyu, isgn(B1)(X(0,r—) = X(ry,+00))1)

r— +o00
2/ |:81|(U_V1)|u|2dr+[ 1B1l(v1 — o) |ulPdr — |('w)(r-)| = [T (r4)|
0 r

+

— 2
= C718180 0l 2 e\ -srray = 5 1 Tl o

N

-2 _r2
Thanksto o’ (r) = 7(e” " —155%), we have [o/(r)| ~ ;5 (r — o0) and |0 (r)| ~ r(r — 0).
Thus, |o”(r)| ~ min(r, -5). Recall that 3| ;| min(ry, r;3) = 1. Then |816%0"(r1)| ~ 1. Thus,

we obtain

RN & 1| 20T PR o £ [ 712
On the other hand, it is obvious that
' 12 < Nl Zaull 2, lullzoo < Null )1 .
Consequently, we deduce that
e = ||u”22(R+\(r1—8,r1+8)) H1lZ 20, 50,1

< S ull Lrull + 82 1ol oo + Slluel 3 oo

S Sl Loull + 821’1 + 8llul|7 o

< 8 lull| Zvull + 8>l l| Ll + 8llae’ || [l

< Null @ Zrul) + 2 @2 Zrul)2.
which implies (44). O

5.4. Sharpness of pseudospectral bound

Finally, let us prove the sharpness of the pseudospectral bound of '5721 . That is, there exist
A eRandv e {r3g(r)}* N Dy, such that

= 1
(46) vl = ClB1l3 (vl
Take A € Rso that |81| = r® > 1. We take u(r) = n(r1(r — r1)), where n(r) = r2(r — 1)
forO0 <r <1,n(r) =0forr(r —1) > 0. Then we have
_1 3
lull = ry M0l N87ull = rZl1820] < Crillul.
By Lemma A.1, we have

, 1
Brio) — o)l ~ i’ ol —ril = Pl <2 porir—ryy = L
1 1
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and we also have that for0 <r —ry < %,

2
1
|(m+ﬁ—5+f)u]§Cr12|u|.

Thus, we can conclude that
| Z1ull < Crillul,

which along with Lemma 5.2 gives
= = 1
[T ull = IT i T*ull = | Z1u] < C|B1l3lull = ClB1]3 1T ul

This gives (46) by taking v = T*u.

6. Resolvent estimate of @k, k| =2

In this section, we will prove the following resolvent estimate for ¢4y = Hora, k| = 2

THEOREM 6.1. — Let |k| > 2. For any A € R and w € D, we have

= 1
(47 | Hugesw| Z 1Bxl? lw].
In this part, we don’t need to use the wave operator. The main reason comes from the

following key Lemma 6.2 and Lemma 6.5, where the estimates are better for |k| > 2

6.1. Coercive estimates of A~k and §k
LEMMA 6.2. — Forany |k| > 1 and w € L*>(R4:dr), we have

— “+o00
(I - Bow.w) > /0 (1 —o(r)|wpdr,

—~ +o00
(Brw,w) > 1—W)/ o(r)|w|dr.

Proof. — Let us first prove that the operator g’iék [¢-] is nonnegative. For this, we write

—_~ +o0 .
F[w](r) = ﬁ/ min(g, ;)lkl(rs)fw(s)ds
= ﬁ/ |k|s2+|k\w(s)ds+ ﬁ oor%"—‘k‘s%_lklw(s)ds,
Then we find that
1 + k +o00 .
Fntotiny = 2 ["EFrtuas + 2 [T OR .

2_1

& Fi[w](r) — w(r).

(Falw](r))” =

In particular, we find that
2

_1
48) (=02 + %) Flwl(r) = wir).
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Using the following pointwise estimates of %k [w](r)
+o0

1
< 2|k| min(r, s)|w(s)|ds < mmln( rllwllzr, ||rw||L1),

— +o00
19, (F[w] ()| 5/0

we infer that

| i [w] ()] <

min(r, s . 1
¥|w<s>|ds < min (g, > Irwlz)

K lw)(Felw])'|,,, v =0.+00 = 0.

Then we get by using (48) and integration by parts that
2

—_ —_ —_ -1
(g Hrlgw] w) = (Kilgw], gw) = (Flgwl, (=97 + —5) Kilgw])

= o, (FlguD I + 62— 5y L o

Next we give a upper bound for g%k [g]

+oo __ - 1 +o0 +°o~rs|k| %
‘ [0 ¢ Falguluidr| < / / min(", 2)¥1(7) g (uw(s)l g6 w () |dsdr

+o0 +o0 ) )
< 4|k| / min(=, ) () (512w + () g26)w(r)ldsdr

1 b |w ()I2

=%/ Falr? g2 (n)(s)—5—

+o00
i W/o o (5)w(s)Pds.

which gives
0 <gckilg] <
As a consequence, we deduce that

(1= Bow, w) = (1 — 0)w + g Frlgw]. w) = (1 — o)w, w),

|k|0(r)

(Bew. w) = (0w, w) — (g Felgw] w) > (1_@@0 ).

The proof is completed. O
The following lemma gives a sharper lower bound of Zk than Lemma 5.5.

LEmMMA 6.3. — Let |k| > 2. Then for any w € D, we have
2

~ k
(Apw, w) = ((r_2 + 2w, w).
Proof. — For |k| > 2, we have

Z}c>k2_% r2 1

r2 16 2

2 21 ’f—i r2
> (— - _ J—
_( -|-32 )+( +32)

k2_1 2 k2
> 2 & I K 2
) +32 r2+ ,
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which gives our result.

6.2. Resolvent estimate for vz, > 1l or vy <0
In this subsection, we prove Theorem 6.1 for the case of vy > 1 or v < 0.
First of all, for v > 1, we infer from Lemma 6.2 that
[ Few, w)| ~ (Agw, w) + |Bicl (v — Bi)w, w)
> (Aw, w) + [Bel((1 = Br)w, w)

> (= + 2w, w) + Bl (1 — o ()w. w).
r

2

Thanksto 1 —o(r) =1— 1= ~ r2(r - 0)and lim 1 —o(r) = 1, we get
r—>00

r2/4
1 1 1 1
[ s+ 1800 = oonlwmPar 2 [ G + 18 wePar

1
1
> [ Bil ¥ fw(r)Pdr,
0

+oo

“+o0
/1 [riz + 72 + Bl — o (r) | |w(r)|*dr z/l (1 + |BxDIw(r)2dr

+o0 .
2 [ 1Bl wopar
1
which yield that for vy > 1,
—_ 1 1
(49) (Hrw, w)| 2 ((r—2 + rP)w, w) + Bl {1 — o (r)w, w) = 1Bx |2 lw]?

For vi < 0, we infer from Lemma 6.2 that

(Fhew, w)| ~ (Agw, w) + |Bx|((Bx — vi)w, w)
> (Agw, w) + |Br(Brw, w)

1
2+ rw,w)+ |Bel(o(rw, w).
Thanks to lin}) o(r)=1lando(r) ~ &5 (r — 00), we get

1 1 1 1 .
/ [+ 72 + Belo)]lw()Pdr 2 / (1 + Bl () Pdr > / 1Bel3 [w(r)dr.
o T 0 0

+o0

+o0 1
[ @+ doeniweiar 2 [0 + il Par

+oo 1 )
2 [ Btwepar,
1
which show that for vy <0

(50) (w0} 2 (5 + 2w, w)+ 1Bl (. w) 2 Bl ful”
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6.3. Resolvent estimate for 0 < v, < 1

In this subsection, we prove Theorem 6.1 for the case of 0 < v < 1.
Let vy = o(rg) for some rp > 0. We again divide the proof into two cases:

L S kP> 5 6
1Bk| < max( k| rk) and |Bx| > max (r_4 k>, rg).
k k

6.3.1. Case I. |Bx| < max (% k|3, rg).— It suffices to prove the following lemma.
LeEmMMA 6.4, — If | Bx| < max (lk| k|3, r,f), then we have

1
IHwll 2 |Bil 3 lwll.

Proof. — If |Bx| < |k|3,then ’:—; +r2> k| > |,3k|%. Thus,
57 k> 2 1 2
{Arw, w) Z((r—2+r yw, w) > [Br|3 wl|.

If k3 < |Bx| < max(llr‘—f, ro), thenry < lorr > Vk. Thus, we only need to check the
k

following cases

|kI®
re <1, kI* < 1Bl = =l Thewl 2 1Bl w])
k
3 4 5 1
e = vk, kI” < Bkl = g = I hewll 2 1Bel2 [[wl.
= 1
e = vk, ri = 1Bl = ¢ = 1wl Z 1Bil3 wll,

which can be deduced from the following fact
2

— k
(Hpw, w)| 2 ((V2 + r_2)w’ w) + | Brlmax({(vk — o (r)w, w), ((o(r)/2 — v)w, w), 0)
and Lemma A.3. O

3 .
6.3.2. Case 2. |Bx| > max(“;—L, k|, rf).— Let us introduce the operator

k e
(s1) F0 = [ R e £
where for 0 <r,s < rg,
i) T2k k| 3
REVG.) = s min(, ) e 2|k|( 2Hes)d =0
~ (rr)

Letu(r) = J\Jyk [w](r). Thenu € H(} (0, rg) is the unique solution to

I
(—af+ 24>u=w in (0, r4).
r

LeEMMA 6.5. — It holds that

Re [ (N T [l (B dr <

Ikl +1 / (0 (s) = vi)[w(s)*ds.
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Proof. — As (r30'(r)) = —r3g(r)? and g? is decreasing, we have —r30’(r) > r*g?(r)/4.
and

K21
— P24 —— ) (K3 (o) — ) = rFIT3 (=020 — k| + D)r'0,0)
r rz r
= ri2 (g2 — 2lk| =2 "dy0)
k-1,
5 &)

K|+ 1
_ rlk\+%%gz,

> r|k|+%(g2 +

which implies that

0,
-]

1 ~,(rx) 1
rH¥ o — v = F [T (g - k]
k| 4+ 1~0x) 1
> %Jdkk [rlkl+3 g2).
Therefore, we obtain

Re /0 ¢ g (T )dr

5/0 /0 K79, 9) g (rw(s)l|g()w(r)|dsdr

_1 / / ng(m)((z)k'+5gz(r)|w(s)|2+(;)'k'”gz(snw(r)ﬁ) dsdr

2 Tk
= [" F 0 s = 2 [ oo - vl

s|k\+2

This completes the proof. O

To proceed, we introduce the following decomposition: let v = %k [gw] and decompose
(52) Y(r) = y1(r) + ¥a2(r),
where v, (r) is given by

() 3y (). 0<r <n.
Va(r) =
() * ). 7>
Tk
Then we find that ¥ (r) € Hg (0, rx) and solves

2_1
D =gw. r e R\l

(53) ( P+
(k) .
Thus, y1(r) = Fx . [gw](r) in (0, r).
Let § > 0 be such that

83| Bx| min(ry., rk_3) =1
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3
Due to |Bx| = max(’:—4, k|3, rf), we have
k

1
(54) 0 < § < min(—X, —).
k| ri
Due to |67 (r)| ~ min(r, r%), we also have
(55) 1Bi830" (ri)| ~ 1.
We denote
Ew) = [wllwlieee N Hxwllllwll | wWlLooer,—s,r+5) TR
|Be83a’(ri)|  1Bkdo’ (1) |Bredo’ (ric)] L
[y ) ()l | gy )l | )
min(1, r?) * Slo’(re)|? + P+l Erw) + -+ &7 (w),
where

1= [ g - [ EOR - gsmisas

r

It is easy to see that

(56) oy = —g + %
LEMMA 6.6. — It holds that for any w € D,
lwl* < C Ew).
Proof. — Recall that
Thew = —0%w + (# + % - %)w + iBr((0 —vi)w — gV).

Then we get by integration by parts that

Re(Fhw, isgn(Br) (X(0.r0) — X(ri.+00))W)
= Re(—82w + B (0 — vi)w — g¥), isgn(Br) (X (0.r) — X (ri+00)) W)

1017

— Re ( /0  isen(BOlwl + Bl (@ — vi)lwl? — |Belgw)dr + isgn(ﬂk)w’ww))

+o00
T Re ( [ Gl + 1pelon - o)l + peleymrar + isgn(ﬁk)w’w(rk>)

k

400 Tk 400
> 1] /0 |a—vk||w|2dr—|ﬂk|Re(/0 gvwdr - | gwwr)—zm’mrkn.

k

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1018 T. LI, D. WEI AND Z. ZHANG

Using (52), we write

Tk +oo
/ gywdr — / gywdr
0

Tk

Tk +00 Tk +00
:/ gl/flwdr—[ gwlwdr~|—/ ngwdr—/ gy wdr
0

T 0 T
400

- / ’ gywdr — Y1 (=02 + (k% — 1/8r~ )y dr
0

Tk

ANk +oo s\ ~lkl+3
oo [ (—) gwdr— o) | (—) ¢Tdr
0 rk rk rk

Ik +OO _
- /0 gy wdr — / (18,91 + K2 — 1)~y P)dr + v (r) T (re).

Tk

By (53), we have

& _ i kK2 —1/4 _ Tk k2 —1/4
[ ewiaar = [T+ S = [T @+ S )

We get by Lemma 6.5 that

/ " gviwdr = / * e lgul(ywdr < / (0 (s) — v)w(s)Pds.
0 0

|k| +1
Then we conclude that

Re(Fhew, isgn(Bi) (X 0.r) — X(re.400)W)
T +o0 _
> | |(""+1f0 wlwr—/okgwlwwfrk (v + 1/4|w1|2>dr)
— 1B (i) T (1) | — 2|w'w(rg)|
k +oo k2—1/4
= 1el (B [ ewsar+ [ g0l + S ar)

Tk

— By () T (i) | = 2w w(r) |
_ Tk 2 _ +o00 2 _
= 18 (5= [ oo+ B iar [ o+ S ar )
By 0 TG — 2w ()

A _
= 1Bl 5 — 1By () T(ro)| = 21w'w(r).

where
+o0
A= [0+ 62 = 14 Py,
0
This shows that

(57) Ay <21y () ()| + W(4Iw W(r)| + 2l wll| Fewl).
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Similarly, we have

Re(Thgew, isgn(Bp) I,

— Vk
. . AR \(rg =8,k +68)
= Re{— 7w +iBi((0 —vi)w - gv).isgn(Br) — " =)
sgn w'[? sen(Br)w'wo’ w
Ry \(rg =8, +8) o —Vk (0 —vk) o — vk
. w'w . w'w
+ Re(isgn(Bi) ——— (rk — 8) — isgn(Be) ——— (e +8))
0 — Vg 0 — Vg
!
> /Ml H— T 1Bl wl2dr
(0 = Vi) | L2®\ (k8. +6)) Ry \(rk =8, +8)
_@ (|w|2 g2|W|2 )dr
2 Jr\(re—8.rc+8) (0 —vi)?
1 1
—
lw w”Lm(”‘_‘s’rkM)(o(;’k —8) — v * vk — o (rg + 5))
| Bkl gy o'
=2 (w2 = Z2E 0 ) — ol | T
R\ (re—8,r +8) (0 —vg) (0 = Vi)? | L2@ 4 \(re—8.ric+6))

1 + 1 )
o(rk—8) —vk  vk—o(rg +8)/

— 10/l oo 8,00

which gives

2 _—~
2
10020 < Tl

kLo R \(rx—8.rx+8))

2 2
gl 2
+/R BT e 4 2w wlze

+\(rk—8,rk+8) (0 —wp)? | B |

O,/
‘(U—Vk)z

1 1
e —8) —ve v —ol +8>>‘

L2R4 \(rg—=8,rx +8))
s |||w o r—sri +9) (=

By Lemma A.1, we have

1

0O — Vg

C
E /—’
Lo@\(rp—5.rc4+8)) 10" (rk)|6

and

/ 2

o
(0 —vp)?

O,/ /

g
(0 —we)?

=
L2R4 \(rg—8,rk +8))

0O — Vg

L R4 \(rx—8,rx+8)) LY@ \(rg—8,r4 +6))

< g 1 + 1
) ((G(rk —8)—v)?  (k—o(re + 3))2)
C

<
= 80’ (rk)8)?
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Thus, we obtain

2 2 2
”w” §||w||L2(R+\(rk—8,rk+5)) + ”w”Lz((rk—S,rk—i-&))

</ glyl? dr 4+ Cllw'[lwllzee
TR\ —brit8) (0= vi)? Be83 o’ (re)]
ClwTlossysrsr | ClFwwllwl oo
|Bido’ (i) |Brdo’ (1) t
2 2
< / L‘“ﬂr +CEw).
Ry \(rx—8.r%+8) (0 — Vi)
It remains to estimate the first term, which is bounded by
2 2 2 2 2 2
/ gyl _dr <2 g|W1|2dr+2/ gl%lzdr_
Ry \(re—8,rx+8) (0 — Vi) ry (0 — k) R \(rk—8,ri+8) (0 — Vi)

Let us first consider the case of 0 < rp < 1. By Lemma A.1, we have
lo(r) —ve| = C 7 Yr —rello’ )| = C7Yr —rielre, O <r <rg+1,
lo(r)—vel =C7' r=re+ 1
Due to ¥1 () = 0, we get by Hardy’s inequality that
re+1 2 2 re+1 2 C re+1 CA
[ e [T a5 [T a3
0 (0 —vk) 0 |r —rel?rg i Jo T
and by Lemma A.1,
+o00 2 2 +o00 +o00 2
/ &l _dr < c/ 2|y Pdr < cf —le' dr < CA;.
rr+1 (0 — i) re+1 re+1 T

Thanks to 0 < § < r¢ and Y2 (r)| < | (r)|, we have

2 2 2 C 2
/ g7Vl Zdrgc/ W(rk)zl _dr < Wgrk)l ’
0,75 +D\(rg—8.,rx +8) (0 — Vi) Ok +D\ (k8.1 +8) |7 — Tk|?rf rié
and
+o0 2 2 +o0
g7 Y|
[ EE g < cwoor [ < clueol
re+1 (00— i) rr+1
Therefore, we obtain
2|y |2 c4, € 2
/ eyl dr < 21 n |1/f§rk)| < CEw).
Ry \(rk—8.rc+8) (0 — Vi) I ri8

where we used (57) and the facts that |0/ (rx)| ~ 7%, g(rx) = C~" and [80"(rx)| < Crf.

Next we consider the case of ry > 1. By Lemma A.1, we have
lo(r) —vil = Cr = rello’ ()| = C7 M r —relr s Ir—rel < 1,

lo(r) —vg| > C_l(l +r)_4, lr —re| = 1/r,
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and g(r) < Cg(ry) for |r —ri| < 1/r. Thanks to ¥ (r) = Oand g(rx — 1)*rf < C, we get
by Hardy’s inequality that

Tt 20y |2 et g2y 28 retl
/‘ gl _dr < C/ %dr < c/ |0,v12dr < CA;,
re—1 (0 —vg) -1 |r =il =1

and

2 2 2
/ I LU c/ 2(r) (1 + )8y | 2dr < c/ Vil < ca,,
R Ry R

By, (0 —vp)? L 72

where we denote B(a,b) = (a — b,a + b).Since 0 < § < 1/rr and |Y2(r)| < |¥(rg)], we
have

2 2 2 2 C 2 2
/ gl dr < C/ g (Vk)|;/f(/”k)|2dr LG (’:k)|1/f2(”k)| 7
B(r,1/r)\B(ri,8) (0 — Vi) B(ri,1/rO\B(r.8) |7 — Tk|?0” (rk) o' (rr)?8
and due to |, (r)| < (r/rk)% | (ri)|, we have
2 2 C r 2
[ Bl ir<c [ w/mieeyemora+ntar < L
R\B(rg.1/r) (0= V) Ry re
Therefore, we obtain
2 2 C 2 2 C 2
/ gyl _dr<CA + g (’:k)|‘/f2(rk)| . IW(Srk)I < CEw).
R4\B(r.8) (0 — Vk) o’ (rg)?s i

where we used (57) and the facts that C~'r % < |0/ (rx)| < Cr;? and |80/ (ri)| < C.
This completes the proof of the lemma. O

. .. 3
Now we are in a position to show that for |8;| > max (V:—L k3. r),
k
= 1
(58) I Hrwll Z |Brl> lwl|-
By Lemma 6.6, we have

[wl| < CEwW) =C(Er(w) + -+ E7(w)).
In the following, we handle each &;(w). Using the fact that

r +o00 r %
(59) vl = [wolds+ [ (5) weds < criwles.
0 r s
T g3 5.
(60) ()] < / (3)” lgwl9)ds = Cr=3 min(w]lzo, w]),
0 r
we deduce that
(61)
C 1 2
Exw) = pollulis = Exw) + 50 < gy + ot 0<ni <1,
k
(©2)
1 1
Esw) < C s Wl < € &)t . re = 1.
Tk
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Using the fact that
r T N2 |
6 wolsr [ ol [ (5) 09 uwelds < crlul,
oo g2 1 3
6 wols [ (5) 09 gule)ds < ¢ mingulzs o),
we deduce that
(65) E7(w) < Cri 8w,
Aséd < 1, |o’(ry)| < C, we also have
(66) E7(w) < C E(w)g(rr) >
We introduce
(67) F W) = 8lwllfeo + 82 w'I* + 8wl Fxwll + 81| Hxwl.
It is easy to see that
(68) Ca(w) = of (w),
and by (55), we have
(69) E1(w) + E2(w) = C F(w).

To proceed, we need the following L estimate of w’ and .

LEMMA 6.7. — It holds that
1

53||w/||200(3(rk,5)) + W”gwniww(%ﬁ)) < CF(w).
Proof. — Let
~ K2—1/4 %2 1 .
U= chrw, u; =gy, u;= (r—2 + 6~ E)w +ifx(0 —vr)w.
Then we have
(70) —w” +uy —ifru; = u.

Dueto0 <§ < min(lrk—kl, rlk) and Lemma A.1, we have

K2-1/4 2 1

r2 16 2 HLW(B(rk,S))

kZ
= C (55 + 12+ 1Bedo’ ()] ) wllos
"k

(71) < C(E2 + B8’ ro)D[wllzee < C872|w]Loo.
By (63), (59) and (56), we get

2l 3ire,on = | lwlzoe + 180 = vi)lzoe By sl o

[W/rl+10,¢| = Crlw| e,
which gives

91| < g3, [ + 10, gllV| < g(l0-v | + r|Y])
< Cg()(r +rH)|wlLe = Clo’()[wl|zee.
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In particular, for r, s € B(rg, §),
(72) u1(r) —ui(s)| < C8lo” (r)||wl|zoe.
Choose r« € (rp — 8, ri) such that

[w'(r)? + ' (re + §)? < < lw']1%,

o =

which along with (70) gives

rs+38
/ (uz — iBrur —u)dr| = [w'(r + 8) —w'(r)| < 2672w,

from which and (71), we infer that

r«+6
f urdr
Fx

_ _1
< 1Bl u2llLt (raratsy + M|t sy + 267211071

< 1BI " Glluzll ooty + 82 ull + 2872 ')
< 1Bkl (€ wllzee + 82 | Thwll + 28~ 2w’ |)
< ClBel 1873 F(w)2.

For s € B(rg,d), we get by (72) that

r+«+68
Suq(s) —/ urdr

which gives

rx+38
< / 1 (s) — w1 (Ddr < C8|o” ()l l|wll oo,

(73) 1 (5)] < 210" ()| + Bl ~'673) A% < €830 ()| F (w)?,
that is,
8V llLooB(ri.,8) = lUutllLoo(B(ry,8) = C82 0" (r)| F (w) .
Using (70), (71) and (73), we infer that
lw'lloe B8y < W' ) + 1w L1 (B0, 5))

<53 |w| + lu2ll B8y T 1BrllluallLr By 8 + Ul B 5)
< 572 |w'|| + 28l|uallLoo By 57) + 21Be I8l oo By + 267 ul
< 872w/l + C8 M wllzee + CIBIS3 10" ()| F (w) 2 + 282 |lul]
= 0573 F(w)?.

This completes the proof of the lemma. O

Now we infer from Lemma 6.7 that

(74) Co(w) = Cf (w),
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1024 T. LI, D. WEI AND Z. ZHANG

and by (595),
1
< D — ! oo r o0
E3(w) < Brdo ()] [w'll oo By 8 lwllz
(75) < C8|w' [l B s llwlliLee < C F (w).
If 0 < rp < 1, we deduce from (69), (75), (68), (61), (74), (66) that
[w]* < C F(w).

If rp > 1, we similarly have
lwl?> < C(F(w) + Er(w)? wl + E7(w)) < Co(F(w) + E7(w)).
Now if ||w]|? < 2Co E7(w), we get by (65) that
lwl* < 2Cr ¥ w72,
which implies that rp < C, thus, g(rx)~2 < C. Hence,
E7(w) < CE6(w) < C F(w) = |w|* < C F (w).
While, if |w||? > 2Co £7(w), we have
lw]* < 2C F (w).
Thanks to [[w||7eo < [w'[[[lw]l and [w’[* < || Hxwl, we have

Fw) < 8llw'|[w]] + 28*wl|| Frwl + 84| Faew])?
< w3 (821 Faewl)* + 2lwll 2 (821 Faewl) + (621 Fowll)>,
which along with ||w||? < C & (w) implies that
lwl < C82|| Frw].
As 1Bl = max (5 k. rf) = max ()", 1= 8316l min(rie ri®) = 8% Bl |Bel 2.
we have 82 < |B¢|~3 and that

=1 1
I Foewll Z 1Bil 3 lwll-

7. Spectral lower bound

Recall that
—~ , k*— % 21 -~
Hako ==+ —5= + 70— 5 +ibeo(r) - iBrg Krlg]-
We know that for [k| =1, Faxo in {r2g(r)}t N L2(Ry.dr) is isometric with
T FajeoT™ = —02 + 25 + 5o — L + f(r) + ifxo(r) in L>(R+.dr). Hence, we just
consider ¢/, j in the form
3 r? 1
- —a$+4—2+1———+f(r)+iﬁko(r), k| =1,
Tre = r 6 2
ok k21 72 1 -
—O g 5 TP () —ifrg Relg ] Ikl = 2.
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Notice that
o(L—ah| 0= | o(Hap)

kez\{0}
Then we define

S(a, k) = infRea(@a ), X(@)= inf (k).
’ keZ\{0}
Our main result is the following spectral lower bound.
THEOREM 7.1. — For any |k| > 1, we have
S k) = CTBlE, S(@) = a2,

Motivated by [10], we will use the complex deformation method.

7.1. Complex deformation
We introduce the group of dilations
(Upw)(r) = " w(e’r),

which are unitary operators for 8 € R. We consider

=) = _
(76) &éa,k = Uy e%a,kUg 1-

Then we have

3 —26 2,20 1
—e—2933+< Zrz + 1 166 5+ S +iprowed). [kl =1,

=)

wa,kz
Y e VL S e A 0y 20,00\ 9

—e a,+ W—I—T_E ‘|'l,3k(0(re)_e g(re )c%k[g(re )])v |k|22

Now we consider the analytic continuation of o%i,)c For this, we first consider the analytic
continuation of the functions f, o, g. Let

Fo(z) =e* —z—1, Fiz)y)=(10—-¢e7%)/z,
2
F>(z) = e %12, F3(z) = (onz(z) -3+ 22) FOZ(Z).

Then Fy, Fy, F, are holomorphic in C (0 is a removable singularity of F;) and Fj is
meromorphic in C, and we have

f(r)=F(%/4), o(r) = Fi(r?/4), g(r) = F(r?/4).
The poles of F3 are the zeros of Fy. If Fo(z) =0, z =x +iy, x,y € R, x > 0, then
e =lef| =1+zP =(1+x)°+)°
2= —(14+x)°>14+2x+20)?2-(1+x)?=x>=|y| > x,
hence, F5(z) is holomorphic in a neighborhood of I', which is defined as

I = {x +iylx >0,—x <y < x} = {rei9|r >0,—n/4<60< n/4}.
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Let Fu(z) = F3(z) — % As Zh_r)% zF3(z) = 2, F4(z) is holomorphic in a neighborhood
of ' U {0}. We have
|Fo(2)| = |e*| = |z| =1 = €2 —|z| =1, zeT,

and
52

=0, li F. =0, li F. =0,
ze;orgel“ Fo(z) ze;orger‘ 3(2) zeolorgel" 4()

thus |F4(z)| < C in T". We also have
F(z) < C(1+ 2D

. =0
Now we rewrite o%i,)(w as follows, for |k| =1,

~(0) iy 35e720 p2e20 r2e2? . r2e2?
%a,sz_e 2 83u}—|— ( 12 +T—§+F4( 1 ) w+lﬂkF1(T)w,
and for |k| > 2,
=0 g k? —1/4 r2e2? 1 ) r2e20
Hyjw =—e 70w+ ( 3520 + 6 2|v + Bk (F1( 1 Jw
72020 — 12020
- B Fal o).

~®
Thanks to the properties of F;(z)(i = 0,1,...,4) which are shown above, {@%((1,,)6} are
defined as an analytic family of type (A)(see [17]) in the strip I'y = {6 € C|[Im,,| < %} with
common domain D = {w € H*(Ry), w/r?, r?w € L?(Ry)}. In particular, the spectrum

() . . . . . (0
of o%‘(x,){ is always discrete and depends holomorphically on 6. Since the eigenvalues of o%((x,)c
are constant for 6 € R, they are also constant for 6 € I'y.

Now we have

77) S(.k) = infReo(Tar) > inf  Re(Thopw, w).

weD,|w|=1 >
7.2. Proof of Theorem 7.1
We need the following lemma.

LEMMA 7.2. — Forr > 0,0 < 6 < %, we have

. 1
—ImF;(re'®) > ™' sin  min (r, -).
r

Proof. — Thanks to

i0 ; io_;
. 1— e—re’ 6—10 _eTe —if
6
Fl (rel ) = reig = r 3
we have
—ImFl(reig) = —F5(r, 9),
r
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where
Fs(r,0) = —Im(e™9 — ¢77¢'"=i9)
=sinf — e sin(r sin 6 + 6).
Using the inequality
| sin(r sin 6 + 0)| < | sin(r sin @) cos 6| + | cos(r sin #) sin 6|
<rsinfcosf +sinb,
we get
(78) Fs(r,0) > sin0(1 — e "%(1 + r cos 0)).

This shows that
F5(r,0) > c! min((r cos 9)2, 1)sinf > c! min(rz, 1)sin @,
thus,
_ Fs5(r,0)

. 1
—ImF,(re'?) = =" > ¢ "' min(r, —) sin 6.
r r

This completes the proof.

Now we are in a position to prove Theorem 7.1.
Let us first consider the case of |k| = 1. It follows from Lemma 5.5 that
lw|?

2 bl

Re( g 0, W) =
which gives
(79) Y(a, k) >1/2.

For 6 € (—n/8,7/8), sgnf = sgnfi, we have
2,2i0 }’262”9'

ImF;( 1 ) = sgnfImF ( 2 ,
from which and Lemma 7.2, we infer that
~(i6) 356_2i9 r2€2i9 1 rZeZi9 ‘ rZeZiQ
R ,w) = R — -+ F F
(i) = [ e( ot e L4 () B R

+ cos 20|09, w]?
2 2 ,2i|0]|
Z/ 35cos(20) n r=cos(26) 1 ree
R4

S C—|BImF
4r2 16 2 |Brtm Fy(—

1
r

z/ (C‘1|ﬁk sin 8|2 —c) lw|2dr = (c—1|,3k sin 8|2 —c) w2,
R4

which shows that
S(a, k) > C ' Brsind|2 —C > C7V|Bi|2 — C,

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE
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if we take & = (sgnf) 5. Then by (79), we get
(@, k) = max(CT! Byl — €. 1/2) = €7V |Bl?.

Next we consider the case of [k| > 2. We still assume 6 € (-5, T), sgnd = sgnf. Then
we have

~(@i0
Re( oy w, w) = cos 200, w]|2,

k2 —-1/4 r28210 1 26210
~|—/ Re( / + — =+ iBr Fi( )| jw|?dr
R4

r2e—2if 16 2

r2 2i6

+ / Ki(r, s)Re(—iBre?® Fy (- YF>(s2e?% /4y w(s)w(r)drds.,
R+ ]R+

min ("5 Ikl 1 .
here Ky (r,s) = 2|k| (—, ;) (rs)2. Notice that
r2 219 2,2i0 ) 26
Re(—z,Bkez’GFz( )Fz(s ¢ )) = Re(—iﬂkez’ge_(’zﬂz) )
_ ﬁke_(r2+52) cos(829) S]n(29 . (r + 528) sm(29))

B  _(2ys2ycoseo) (. r?sin(26) . 52 sin(26)

= — 8 20 — — — ~ 20 — ——— -~

sin(20)° (sinc2e g ) sin(20 g )

3 sin(r2 si2(29)) Sin(s2 sir;(ZG) ))

= |S|ﬁ(k2|9)|(g2( )g2(s) — g3(r)g3(s)),
where
—r200828) . r?sin(26 _2cos20) . (r2sin(20
g2(r) = % sm(ZO—%), g3(r) = e 7% sm( g( ))’

and here we used the fact that
sin(a —b — ¢)sina = sin(a — b) sin(a — ¢) —sinb sinc.
Thus, we obtain

~(i6
Re( ey w. w) = cos 200, w]|2,

. i10]
+ / (k2 5 / 0s(26) + —cos(29) - l - |/3k|IkaF1( e )) wi*dr
Ry r

||

m(@k[gzwl, 22w) — ( Frlgsw], gsw)).

By the proof of Lemma 6.2, we know that

(’Gw?k[gzw],gzw) > 0.
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Due to 0 < K (r,s) < K»(r, s), we have
—_— +oo  p+oo
(Filgswl, g3w) < [ / K (r,5)|gsw(s)|[gsw(r)|dsdr
0 0
+o0 +o0 1 1
[ R ((5) s0ruer+ (2) a6 dsr

oo — |w ()I2

= Halr2g3)(s)
0

Therefore, we obtain

=,(i6)

Re( My j w, w) Z[R (kzr—/ cos(26) —+— — cos(29) — —) |w|?dr
+

2 ,2i|6| 5 02
pot, Frtdl) gy,
4 | sin(26)|r2

+ 1Bkl (—ImF 1(
R4

2 cos(26) | p2in(2
eS| sin2f) S‘g( 92, we have

Dueto 0 < g3(r) < e~
~ )
Falr2 g%l - | Sln(219)| ;%Z[r%e_rz 005229)]
| sin(26)|r2 64r2

i r 2 cos! +m 2 cos
_ |sm(2]9)|% (/ (f) (rs)%s%e_sz oo -I-/ <£> (I‘S)%S%E_Sz 26) ds)
64}"i 0 r r N

_ Isin(29)| (/r §Te—s2cos@O /4 ¢ | 4 /+°°s3e_szcos(2e)/4ds)
25612 0 r

| sin(26)] /a s . (cos(ze))2 [+°° _
= e Pdp+r* | ——= e ’d
22 cosO)* \ Jo P ¢ 4 L, e

__ |sin(20)] 2, 3\,-a_ 2 —a
—m<6—(6+6a+3a +Cl)€ +a (l-I-a)e )
_ |sin20)| (3 — (3 + 3a + a*)e™?)

r2| cos(26)|*

)

here a = M and we used the change of variable p = 32°‘+(29). On the other hand,
thanks to ImFl(’zez”el) = FS(rz /j""’,we get by (78) that
2,2i|0| ) — e 2°°529 (] + 2cos29)
~ImFy (——) > |sin(20)| o
a
1
— 4Jsin(e) L= U+
2
Then we have
Holried] _ —3mA(ZG)
|sin(20)r3 ~  4lcosO)*
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Now we take 0 = (sgnf) 35, then we have | cos(20)|* > 3/4, and

k> —1/4 r? 1 PR IR
2 cos(26) + ECOS(ZO) —5Z C (r_2 + r?).

Then we conclude that
—i 1
Re(o%gk)w,w) zC_I/ (—2 + r2) lw|*dr
, r

2,2i10]

r2e2il0l - 3ImFy (54 —)
—ImF 4 2d
+ |:8k| R, ( mF; ( 4 )+ 4|COS(29)|4 |w| r

. 1 ) 722116 )
e [+ A | s
+

4
I 1
e / (—2+r2+|ﬁk||sin(29)lmin(r2, —2)) wi*dr
Ry r ’

— 1 — 1
=C IA |Bi|2 [wdr = C71|Bel 2 wl)?,
+

which shows that for |k| > 2,
S(ek) = CTY Bl b

Appendix
In this appendix, let us present some properties of the function o (r) = %
LeEmMA A.1. — It holds that
1. foranyry > 0,
0" ()] ~ 1o’ o). T =rsomn.

lo(r) —o(ro)l 2 Ir —rollo’ (ro). 0 <r = 2rp;

2. forO<rog<landrg/2 <r <2r¢g+1,
lo’ (M) Z o’ (ro)l. o (r) —a(ro)| Z Ir = rollo’(ro)l:

3. forrg > land|r —ro| > %,

lo(r) —o(ro)| 2 T

Herea ~ b meansca < a < c Vb anda = b means a > cb, where ¢ and C are constants
independent of ry.

[S]

r2 -
Proof. — Let us prove the first property. Thanks to o/(r) = %(e_T — %), we have

(80) lo’(r)| ~ min (r, :—3)
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which shows that if ro > 1,i.e r > 7, then
1 1
o’ (r)] ~ =~ 3 o’ (ro)l,
r re
andif rg < 1,1.er <2, then

lo"(r)] ~ 1 ~ 1o ~ |0’ (ro).

Thus, |0’ (r)| ~ |0’ (ro)| for 2 <r < 2ry.

If 22 < r <2rg, |0'(0r + (1 —0)ro)| ~ |0’(ro)|(0 < 6 < 1). Thus, for some 6 € (0, 1),
lo(r) —a(ro)| = |r —rollo’(@r + (1 = O)ro)| ~ |r —rollo" (o).
While, if 0 < r < 22, we get by 0’(r) < 0 that
[0(r) = 0(r0)| 2 0(F) = (r0) ~ 10" (ro)| ~ Ir = rollo’ o)}
The second property could be proved similarly.

Now we prove the third property. If ro > 1 and r > ro + %, we get by (80) that

1 1 1 1
— > — + —)> —|o’ ~—
lo(r) —o(ro)| = o(ro) —o(ro ro) R lo"(ro)] (s

andifro > 1,0 <r <ry—1, then
1
lo(r) —a(ro)l > a(r)—a(r +1) 2 lo'(r + D] 2 T

andifroz1,r0—1<r§ro—%,then

1 1 1
o(r)—ol(r >0o(ro——)—o(r >—OJI' ~ — T ~a°
o) =0 = 00— 1) =0 0) 2 10" 00)l ~ 5 2 e
This shows the third property of o (r). O
LEMMA A.2. — Let 0 < vy < 1 and o(r1) = v;i. There exist constants ¢; ~ 1

(i =1,...,4), such that for any r > 0, we have
Lo ifri <1land1 < |Bi1| < -5, then
1
1 1
‘17 + c2|fal(vi —a(r) = |B1]2;

2. ifri = land 1 < |B1| < r{, then
1
c3(1+7%) + cal Bil((r) —v1) = |B1]2:
3.ifry = Landr} < |B1| <18, then

e3(1+12) + card(o(r) —v1) = B3,
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Proof. — We consider the first case. Let F(r) = Clr%+cz|,81|(o(r1)—o(r)), ro = |ﬂ1|_%.
Then we have r; <rg <1 and

F'r) = ~alfilo’ () - 25

If we choose 2¢; = —c3|B1l0”(ro)rd, due to —o”(r) ~ min(r, r%), we have ¢; ~ ¢ and
F'(rg) = 0. As —(r3d'(r)) = r3g%(r) > 0, we conclude that

F'(r)y<O0for 0<r<rg and F'(r) >0 for r > rg,
which implies that
. C1 1
F =F > — = 2,
rrn>1101 (r) (ro) = rg c1|Bil
That is, for ¢; = 1 we have,
1
F(r) = |p1l>.

Next we consider the second case. Let G(r) = ¢3(1 + r?) + c4|B1|(o(r) — o(r1)). Then

capi CeqlBil -1 1 CeqlB|
— > C 2 — .
C(l+r? r12 - (cacalBil) |131|%

G(r) > c3(1 +7%) +

We can choose constants c3, c4 > 0 such that C~! (C3C4)% —Cc4 = 1. Then
1
G(r) > |B1]2.
Finally, we prove the third case. Let H(r) = c3(1 + r2) + carf(o(r) — v1). Then we have

cart B Ceyry -
C(1+r?) g

H(r) > es(1+ 1) + Yesea)2r2 — Cear? = 12 > |By]5.

The proof is finished. ]

Similar to Lemma A.2, we have

LEMMA A.3. — Let 0 < vy < 1 and o(ry) = vi. There exist constants ¢; ~ 1
(i =1,...,4) such that for any r > 0, we have

Loifre < 1and |k < || < %2, then
k

k? . k|?
Clr_z + comin(| B |, K]

)=o) 2 1Bel?:
2. ifre = vk and |k|* < |Bi| < rf, then

c3(1+ r2) + cal Bl (0(r)/2 = vie) = 1Bkl
3. ifry = Vkandr} < |Bx| < rf, then

c3(1+12) + carf(@(r)/2 = vi) = |Bil3.
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Proof. — We consider the first case. Due to 1 < min(w, 1y < 1 by Lemma A.2, we
k|2 rl‘(t rl‘:

have

1
- ABEl2 1

1
2 =min(———, —
) ( K72

1 - ABrl 1 Bkl 1
1y + czmln(W, E)(Vk a(r)) = mm(W, E ),

which implies that

k? . k|? . 3 1 . 1 k%
&+ eamin(lpil. ) — o) = P min(EE Ly = minggel,

1
; ) > [Bkl2.
k k| rg r/f

Next we consider the second case. Let G(r) = c3(1 4+ r2) 4 c4|Bi|(0(r)/2— o (r)). Then

¢4 Bl CeqlBi] ~1 1 Ceq|fil
— > C 2 —
C(l + V2) ’"]3 = (C3C4|ﬁk|) |ﬂk|%

G(r) = es(1+71?) +

We can choose constants ¢z, ¢4 > 0 such that C ™! (C3c4)% — Cc4 = 1. Then
1
G(r) = |Brl2.

Finally, we prove the third case. Let H(r) = c3(1 +r?) + 6471?(0'(}’)/2 — vg). Then we
have

4 4
cary Cearrk _ 1 1
H(r)203(1+r2)+c(1+r2)— r,? >C 1(6364)2r,f—CC4r,3=r,f2|,8k|3.
The proof is finished. O
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PSEUDO-SPLIT FIBERS
AND ARITHMETIC SURJECTIVITY

BY DaANIEL LOUGHRAN, ALEXEI N. SKOROBOGATOV
AND ARNE SMEETS

ABSTRACT. — Let f : X — Y be a dominant morphism of smooth, proper and geometrically
integral varieties over a number field k, with geometrically integral generic fiber. We give a necessary
and sufficient geometric criterion for the induced map X (k) — Y(ky) to be surjective for almost all
places v of k. This generalizes a result of Denef which had previously been conjectured by Colliot-
Théléne, and can be seen as an optimal geometric version of the celebrated Ax-Kochen theorem.

RESUME. — Soit f : X — Y un morphisme dominant de variétés lisses, propres et géométrique-
ment intégres définies sur un corps de nombres k, dont la fibre générique est géométriquement integre.
Nous donnons un critére géometrique, a la fois nécessaire et suffisant, pour que I’application induite
X(ky) — Y(ky) soit surjective pour presque toute place v de k. Ceci généralise un résultat de Denef
précédemment conjecturé par Colliot-Théléne. Notre résultat peut étre vu comme une version géomé-
trique optimale du célebre théoréeme de Ax-Kochen.

1. Introduction

1.1. - A famous theorem of Ax-Kochen [6] states that any homogeneous polynomial over Q,
of degree d in at least d? + 1 variables has a non-trivial zero, provided that p avoids a certain
finite exceptional set of primes depending only on d. This was originally proved using model
theory. Denef recently found purely algebro-geometric proofs [12, 13]. In [13], he did so by
proving a more general conjecture of Colliot-Théléne [8, §3, Conjecture].

The essential notion (first introduced by the second author in [32, Definition 0.1])
appearing in this conjecture is that of a split scheme:

DEerINITION 1.1. — Let k be a perfect field. A scheme X of finite type over k is called split
if X contains an irreducible component of multiplicity 1 which is geometrically irreducible.

Here the multiplicity of an irreducible component Z of X is the length of the local ring
of X at the generic point of Z. In particular, it has multiplicity 1 if and only if it is generically
reduced. Denef’s result [13, Theorem 1.2] is the following.

0012-9593/04/(C) 2020 Société Mathématique de France. Tous droits réservés doi:10.24033/asens.2439
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THEOREM 1.2 (Denef). — Let f : X — Y be a dominant morphism of smooth, proper,
geometrically integral varieties over a number field k, with geometrically integral generic fiber.
Assume that for every modification f' : X' — Y’ of f with X' and Y' smooth such that
the generic fibers of f and f' are isomorphic, the fiber (f')~1(D) is a split k(D)-variety for
every D e (Y)W,

Then Y(ky) = f(X(ky)) for all but finitely many places v of k.

Here k, denotes the completion of k at the place v, (Y')(!) denotes the set of points of
codimension 1 in Y, and « (D) is the residue field of D. A modification of f is a commutative
diagram

x 2 x

(1.1) f’l lf

vy 2y,

where f/: X’ — Y’ is a dominant morphism of proper and geometrically integral varieties
overk,anday : X' — X and ay : Y’ — Y are birational morphisms.

One obtains the Ax-Kochen theorem by applying Theorem 1.2 to the universal family of
all hypersurfaces of degree d in P" with n > d?; that the hypotheses of the theorem are
satisfied in this case was shown by Colliot-Théléne (see [8, Remarque 4]).

1.2. - In this paper we strengthen Denef’s result, by determining conditions which are both
necessary and sufficient for the map f : X(k,) — Y(ky) to be surjective for almost all
places v. Our result uses the following weakening of Definition 1.1 (in §2.2 we also give a
more general definition over arbitrary ground fields).

DEFINITION 1.3. — Let k be a perfect field with algebraic closure k. A scheme X of
finite type over k is called pseudo-split if every element of Gal(k/k) fixes some irreducible
component of X x; k of multiplicity 1.

It is clear that pseudo-splitness_ is weaker than splitness, the latter meani_ng that a single
irreducible component of X xj k of multiplicity 1 is fixed by a/l of Gal(k/k). With this
terminology, we can state our generalization of Denef’s result as follows:

THEOREM 1.4. — Let k be a number field. Let f : X — Y be a dominant morphism
of smooth, proper, geometrically integral varieties over k with geometrically integral generic
fiber. Then Y(ky) = f(X(ky)) for all but finitely many places v of k if and only if for every
modification f': X' — Y’ of f, with X' and Y’ smooth, and for every point D € (Y"), the
fiber (f")~Y(D) is a pseudo-split k (D)-variety.

In the notation introduced by the first and third named authors in their recent work [25,
§3], the morphisms f : X — Y satisfying the conclusion of the theorem are exactly the

morphisms such that A(f’) = 0 for every modification f’ of f.
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1.3. — Theorem 1.4 will be deduced from finer results. With f : X — Y as in Theorem 1.2,
Colliot-Théléne asked in [9, §13.1] how the geometry of f relates to the surjectivity of the
map X (k,) — Y(ky), for a possibly infinite collection of places v. He called this phenomenon
“surjectivité arithmétique” (note that this is different from the notion of arithmetic surjec-
tivity studied in [16]). We develop general criteria which allow one to decide whether, for an
individual (but large) place v, the map X(k,) — Y(k,) is surjective. They involve certain
invariants which we call “s-invariants,” defined in §3—Ilocal versions of the §-invariants intro-
duced in [25, §3]; their definition is given in terms of the geometry of f and does not involve
model theory.

The following result is proved in §6 using tools from logarithmic geometry, in particular,
a logarithmic version of Hensel’s lemma and “weak toroidalisation”. It should be viewed as
the main theorem of the paper and is a geometric criterion, in the style of Colliot-Théléne’s
conjecture, for surjectivity of the map X (k) — Y(ky).

THEOREM 1.5. — Let k be a number field. Let f : X — Y be a dominant morphism of
smooth, proper, geometrically integral varieties over k, with geometrically integral generic fiber.
Then there exist a modification ' : X' — Y' of f with X’ and Y’ smooth, and a finite set of
places S of 'k such that for all v ¢ S the following are equivalent:

(1) the map X(ky) — Y(ky) is surjective;
(2) for every codimension 1 point D' € (Y")M), we have sgr pr(v) = 1.

The invariants sy ps(v) appearing in the statement will be defined in §3. They are defined
in terms of the Galois action on the irreducible components of the fiber of f’ over D’.
One benefit of our approach is that it yields a single model for f which can be used to test
arithmetic surjectivity using a finite list of criteria.

A simple consequence of Theorem 1.5 is the following:

THEOREM 1.6. — Let f : X — Y be a dominant morphism of smooth, proper and
geometrically integral varieties over a number field k, with geometrically integral generic fiber.
The set of places v such that Y (k) = f(X(ky)) is Frobenian.

Here we use the term “Frobenian” in the sense of Serre [31, §3.3] (see §3.1). Frobenian
sets of places have a density, but being Frobenian is much stronger than just having a
density; for example, an infinite Frobenian set has positive density. It is also possible to prove
Theorem 1.6 using model-theoretic results and techniques such as quantifier elimination
[5, 28]; our method avoids these and is completely algebro-geometric. However, we know
of no model-theoretic proof of the finer Theorems 1.4 and 1.5. (From a model-theoretic
perspective, one may view Theorem 1.5 as an explicit instance of quantifier elimination).

1.4. — Some of the ingredients of our proof are already present in the work of Denef[12, 13],
e.g., the use of the weak toroidalisation theorem [4, 3]. We need more ingredients from
logarithmic geometry, cf. §5—essentially a few basic properties of log smooth morphisms
and log blow-ups. The choice of a log smooth model for the morphism makes some of its
arithmetic properties more transparent, and can be seen as a convenient way to come up with
a Galois stratification, in the sense of Fried and Sacerdote [14]. On the other hand, we also
use work of Serre [31] on Frobenian functions, expanding upon what was done in [25].
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Let us finally give an overview of the structure of our paper. In §2 we introduce the class of
pseudo-split varieties and discuss their elementary properties; this section also includes some
examples involving torsors under coflasque tori. In §3, we introduce the “s-invariants”. These
allow us to prove in §4 that our geometric conditions are necessary for arithmetic surjectivity.
To prove that this criterion is also sufficient, we introduce the necessary logarithmic tools in
§5. We finish the proof of our main result in §6.

1.5. Notation

A variety over a field k is a separated k-scheme of finite type.

Let k be a number field. We denote by €2 ¢ the set of finite places of k. Given a place v
of k, we write k, for the completion of k at v. If v is non-archimedean, then we denote by O,
the ring of integers of k,, by F,, its residue field, and by N(v) = #F, its norm.

For a variety X over a number field k, a model of X is a scheme & of finite type over O
together with a choice of isomorphism X = c¥ xg, k. For a morphism f : X — Y
of k-varieties, a model of f is a morphism f : ¥ — Y of finite type over O, again denoted
by f, of models of X and Y, such that the induced map on generic fibers is identified with
the original morphism X — Y via the isomorphisms X x¢, k = X and Y x¢ k =Y.

Acknowledgements. — We thank Dan Abramovich, Damian Gvirtz, Ofer Gabber, Martin
Ulirsch and Paul Ziegler for helpful discussions on technical geometric issues, and Raf
Cluckers, Jan Denef and Jamshid Derakhshan for discussions on model-theoretic methods.
We thank Yongqi Liang for contributing Remark 6.5. We are grateful to the referee for a
very careful reading, and for helpful suggestions for improvement. The first named author
was supported by EPSRC grant EP/R021422/1. The second named author was partially
supported by EPSRC grant EP/M020266/1; the work on this paper was started when he
was visiting the Institute for Advanced Study in Princeton, where he was supported by the
Charles Simonyi Endowment, and finished when he was visiting the Max Planck Institut fiir
Mathematik in Bonn. The third named author acknowledges the support of FWO Vlaan-
deren (postdoctoral fellowship) and NWO (Veni grant), and is grateful to the Max Planck
Institut fiir Mathematik in Bonn for its hospitality.

2. Pseudo-split varieties

In this section, we collect some observations on the characterisation and properties of
pseudo-split algebras and pseudo-split varieties.

2.1. Pseudo-split algebras

Let k be a field, with algebraic closure k, and let A be a finite étale k-algebra; then
A = [17_, k; for some finite separable field extensions k; / k. Write d; = [k; : k]. Let K; /k be
the Galois closure of k; /k in k. Let K be the compositum of Ky, ..., K, i.e., the smallest
subfield of k containing these fields.

Write G = Gal(K/k), G; = Gal(K;/k) and H; = Gal(K;/k;). The index of H;
in G; is equal to d;. By the normal basis theorem the G-module 4 ®; K is identified with
;- K[G:/H;], where G acts on G;/H; through the natural homomorphism G — G;. We
have (Spec A)(k) = (Spec A)(K) = [ [/, Gi/H;.
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DEerINITION 2.1. — The following conditions are equivalent:
(1) A=k & A’ for some k-algebra A’,
(2) the natural morphism Spec A — Spec k has a section,

(3) at least one point of (Spec A)(k) is fixed by G.

If these conditions are satisfied, we say that A is split. For example, a separable polynomial
p(X) € k[X] has aroot in k if and only if k[ X]/(p(X)) is a split k-algebra.

DEerINITION 2.2. — The following conditions are equivalent:

(1) A ®y F is split for each field F such thatk € F € K and K/ F is cyclic,
(2) each element of G fixes at least one point of (Spec 4)(k).

If these conditions are satisfied, we say that A is pseudo-split.

Condition (2) in the above definition can be rephrased by saying that G is the union of
the stabilizers of points of [ ['_, G;/H;. Let I-I, C G be the inverse image of H; under the
surjective homomorphism G — G;. Then G;/H; = G/ H; with its natural G-action. Thus
condition (2) is equivalent to the equality

.1 G=JegHig™".

where the union is taken overallg € G andi = 1,...,n.

REMARK 2.3. — Pseudo-split algebras naturally arise in the study of the Hasse principle
for finite schemes over a number field (see e.g., [20, Lemma 2.2] and [33, Proposition 1]).

REMARK 2.4. — By Jordan’s theorem [30, Theorem 4], any transitive subgroup of a
permutation group contains a permutation without fixed points. Hence if A is a pseudo-split
k-algebra such that Spec A4 is connected, then A = k.

REMARK 2.5. — One immediately sees that if a k-algebra A is pseudo-split, then for any
field extension L/k the L-algebra A ® L is pseudo-split.

REMARK 2.6. — If G is cyclic, then any pseudo-split k-algebra is in fact split.

The following gives a description of pseudo-split algebras over number fields. The proof
is an exercise using the Chebotarev density theorem; we omit it as the result will not be used
in the sequel (it is also a special case of Proposition 2.11).

PROPOSITION 2.7. — Let k be a number field. Then a finite étale k-algebra is pseudo-split if
and only ifit is split over almost all completions of this field. In particular, a separable polynomial
p(x) € k[x] has aroot in almost all completions of k if and only if k[x]/(p(x)) is a pseudo-split
k-algebra.

See Lemma 3.11 for a variant of this for finitely generated fields over Q. Returning to a
general field k one can classify all pseudo-split non-split k-algebras as follows.
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PROPOSITION 2.8. — Let K/k be a Galois extension. Let Ey, ..., E, be subgroups of
G = Gal(K/ k) such that G is the union of gE;g™" forallg € G andi = 1,...,n. Then
@!_, K& is a pseudo-split k-algebra, and all pseudo-split k-algebras A such that A ®y. K is
isomorphic to K9™4 are obtained in this way. Under this bijection, the non-split k-algebras are
those for which E1, ..., E, are proper subgroups of G.

Proof. — Write A = @!'_, K. Then (Spec A)(k) is the set | ['_, G/E;. The subgroups
gE;g~! C G are precisely the G-stabilizers of points of this set. This shows that 4 is pseudo-
split. Conversely, each pseudo-split k-algebra 4 can be written in our previous notation as
the direct sum of k; = KHi, where the subgroups H; satisfy (2.1). It is clear that A is split if
and only if E; = G for some i. O

Any non-cyclic Galois extension K/k gives rise to at least one pseudo-split non-split
k-algebra: take Eq, ..., E, to be all cyclic subgroups of Gal(K/k).

ExaMPLE 2.9. — Let K/k be a Galois extension such that G = Gal(K/k) =~ D, is the
dihedral group of degree n, where n is odd. Then D, = Z/n x Z/2, and D, is the union
of E1 = Z/n and the conjugates of E, = Z/2. Hence we obtain a pseudo-split non-split
algebra A = ki @ ko, where [k; : k] = 2and [k, : k] = n. Forn = 3, we obtain
a 5-dimensional pseudo-split non-split k-algebra; this is the smallest possible dimension of
such an algebra. If k = Q and K = Q(+/—3, ¥/2), then (X2 + 3)(X3 — 2) is solvable in all
completions of Q except Q, and Qs.

2.2. Pseudo-split varieties

Let k be a field (not necessarily perfect). For a k-variety X, we denote by X, the maximal
open subscheme of X which is smooth over k. We let X¢m 1, ..., Xsm,» be the irreducible
components of X¢n. Let k; be the algebraic closure of k in the function field k(Xsm,;), for
i =1,...,n. Consider the finite k-algebra

(2.2) Ax = Pk
i=1

We call Spec Ax the scheme of irreducible components of geometric multiplicity 1 of X. The
map Xsm — Speck factors as Xg, — Spec Ax — Speck, where Xi, — Spec Ay has
geometrically integral fibers. Moreover, Spec Ay is smooth over k by [1, Lemma 34.11.5, Tag
05B5], thus Spec Ay is finite and étale over k.

DEerINITION 2.10. — We say that X is split if the finite étale k-algebra Ay is split in the
sense of Definition 2.1. Similarly, we say that X is pseudo-split if the finite étale k-algebra Ay
is pseudo-split in the sense of Definition 2.2.

If Xsm = 0, then (2.2) is the empty direct sum, hence Ay is the zero ring and Spec Ay is
the empty scheme. In this case it follows easily from the definitions that X is both non-split
and non-pseudo-split.

The definitions in Definition 2.10 are easily checked to be equivalent to Definitions 1.1
and 1.3 over a perfect field. In this case, in the notation of [25, §3.2], being pseudo-split is
equivalent to having §(X) = 1. In the case where k is a number field, we obtain the following
characterisation.
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PrOPOSITION 2.11. — Let k be a number field. A k-variety is pseudo-split if and only if it
has a smooth k,-point for almost all completions k., of k.

Proof. — This follows immediately from [25, Lemma 3.9]. O
Another immediate consequence of the results in [25, §3.2] is the following.

PROPOSITION 2.12. — Let R be a discrete valuation ring with a perfect residue field k.
Let 0y and o be regular schemes which are proper over R, and whose generic fibers are
birational. Then the special fiber of X1 is pseudo-split if and only if the special fiber of &2 is
pseudo-split.

Proof. — This is a special case of [25, Lemma 3.11]. O

2.3. Pseudo-split algebras and coflasque tori

We make some observations in the style of Colliot-Théléne’s paper [10]. Given any finite
étale k-algebra A = @7_, ki, one defines the associated multinorm k-torus R} /k Gm by the
exact sequence

n
(2.3) 1 >R} G — [ [Rii/k Gm = G — 1.
i=1
where the third map is induced by the norms from k; to k. In [10], Colliot-Théléne studied
the special case A = k(/a) ® k(~/b) & k(~/ab), where a, b € k* are such that none of a, b
and ab is a square and char(k) # 2; this algebra is clearly pseudo-split.

ProPOSITION 2.13. — If A is a pseudo-split k-algebra, then R}l/k G, is a coflasque k-torus.
Ifk is a local field, then H (k, R:1/k Gn) = 0.

We refer to [11, §1] for the definition of (and some background on) coflasque tori.

Proof. — Let M be the module of characters of R}y /k Gm and let G be as in §2.1. To prove
that R}l/k G, is coflasque we need to show that H' (H, M) = 0 for each subgroup H C G.
By Remark 2.5, we can assume without loss of generality that H = G.

Consider the exact sequence of Galois-modules dual to (2.3)

n
0—2Z—PZG/H] - M 0.

i=1
where we use the notation of (2.1). The Galois action factors through the action of G,
and H!(G, Z[G/I-7,~]) = 0. To prove that H'(G, M) = 0, we must therefore show that
any element of the group Hom(G,Q/Z) = H?(G,Z) which vanishes when restricted to
each Hj, is zero. This follows from (2.1), proving the first statement. The second statement
is a general property of coflasque tori, as over the local field k£ the finite abelian groups
H!(k, R}l/k Gm) and H!(k, M) = H!(G, M) are dual to each other by Tate-Nakayama
duality [26, Corollary 1.2.4, Thm. 1.2.13]. O
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Let k be a number field and let A = @;_, k; be a pseudo-split k-algebra such that the
extensions k; / k satisfy gcd([ky : k], ..., [kn : k]) # 1. The family of torsors for R,}l/k Gn

n
24) [ Nesexiy =1 #0
i=1
can be compactified to a smooth, proper, geometrically integral variety with a morphism
T:X — P}C extending the projection to the coordinate ¢.

The map X(k,) — P!(ky) is surjective for all places v of k. For smooth fibers this
follows from Proposition 2.13. However since 7 is proper, the image 7 (X(k,)) is closed,
hence 7(X(ky)) = P!(ky) as claimed. The singular fibers are pseudo-split, but non-split.
That they are pseudo-split is clear; that they are non-split follows from [25, Lemma 5.4]. In
particular, this surjectivity is not implied by Denef’s result (Theorem 1.2), but is implied by
our Theorem 1.4—at least Theorem 1.4 gives surjectivity for all but finitely many v. It was
this family of examples which in fact originally motivated Definition 1.3.

3. Splitting densities

Let k be a number field. In this section we will introduce the “s-invariants”; these are
certain explicit Frobenian functions which, for a morphism of k-varieties f : X — Y,
measure the “density” of the split fibers of X, — Y, as v varies.

3.1. Frobenian functions

We first recall some of the theory of Frobenian functions, following Serre’s treatment in
[31, §3.3]. Recall that a function ¢ : ' — C on a group I is called a class function if it is
constant on each conjugacy class. We denote by Qy ¢ the set of finite places of k.

DEFINITION 3.1. — A Frobenian function is amap s : Qg ¢ — C satisfying the following
properties. There exist a finite Galois extension K/k with Galois group I', a finite set of
places S C Qg ¢ and a class function ¢ : I' — C such that:

(1) K/k is unramified outside of S;
(2) s(v) = ¢(Froby) forallv ¢ S.

A subset of Qy ¢ is called Frobenian if its indicator function is Frobenian.

Given v € Qg rand a place w € Qg r above v, we denote by Frob,,;, € I' the associated
Frobenius element. In Definition 3.1, we adopt a common abuse of notation (see [31, §3.2.1]),
and denote by Frob, € I the choice of such an element for some w. Note that ¢(Frob,) is
well-defined as ¢ is a class function.

ExaMPLE 3.2. — Let E/k be a finite extension of number fields. Then the set of all prime
ideals of Oy which split completely in E is Frobenian: in Definition 3.1, one takes K to be
the Galois closure of E/k with Galois group I', S the set of primes which ramify in K/k and
¢ : I' = C the indicator of the identity element of I".
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For any function s : Qx r — C, we define its density to be

> ve o Nw)<B S(V)
B/logB

if the limit exists. The density of a subset of Qy  is defined to be the density of its indicator

function. If s is Frobenian with associated class function ¢ : I' — C, then we define its mean

to be

’

dens(s) = Blim

1
m(s) = 1 > o)

yel
(this does not depend on the choice of ¢). A simple application of the Chebotarev density
theorem (see [31, §3.3.3.5]) shows that in this case dens(s) exists and

3.1 m(s) = dens(s).

In particular, a Frobenian set has positive density if and only if it is infinite.

3.2. s-invariants
We now define our s-invariants and study their properties.

3.2.1. Set-up. — Let k be a number field, let K be a finitely generated field extension of k
and let / be a non-empty finite étale K-scheme. We associate to this situation some group
theoretic data as follows.

The K-algebra K(I) is finite étale over K. Let L be a finite Galois extension of K such
that K(I) ®x L = L? for some d € N. The Galois group G = Gal(L/K) acts on I(L) in a
natural way. We let k. (resp. kx) be the algebraic closure of k in L (resp. K).

If k1. / k is not Galois then we change L as follows: let M be a Galois closure of k7, / k and
let Lys := L Qk, M. Note that Ly is a field as k. is algebraically closed in L. Moreover
Ly is clearly still Galois over K and the algebraic closure of k7, in Ly is M. In conclusion,
replacing L by Ly if necessary, we may assume that kz, / k is Galois.

Let N be the normal subgroup of G which acts trivially on k. Define I' = Gal(ky/kg)
and A = Gal(kp/k). Notethat G/N = I" C A. We summarize this set-up with the following
commutative diagram of field extensions and Galois groups.

G

k— K L
i
k—— ke =,
A

DEFINITION 3.3. — With the above set-up, let v € Qp s.
— If v ramifies in k7, or there is no place w of kx of degree 1 over v, then s;(v) := 1.

— Otherwise, we set

1 g mod N = Frob,, and
ZWEQkK 18 el . .
(3.3) Nwery V] g acts with a fixed point on I(L)
|v
s1(v) == v

#w e Qe tw|v,Nw = Nuv}

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1046 D. LOUGHRAN, A. SKOROBOGATOV AND A. SMEETS

Note that as
g mod N = Frob,, and
#igeG: ) ] <|N|,
g acts with a fixed point on /(L)

we see that Definition 3.3 yields a well-defined function s7 : Q¢ — [0, 1] N Q.

3.2.2. Basic properties. — Let us first give a purely group-theoretic formula for the invariant
which we introduced in Definition 3.3. For a subset Z C H of a group H, we denote
by Cy(Z) the smallest subset of H that is stable under conjugacy and contains Z, and
by Clg (Z) the set of conjugacy classes in Cg (Z).

LEMMA 3.4. — If v ramifies in ki, or Cp(Frob,) NT" = @, then s;(v) = 1. Otherwise
~gmod N € C and

1
Y ————#{geG:
C|C|-IN| g acts with a fixed point on I1(L)

(3.4) sp(v) = # Clp(Ca (Frob,) NT) ’

where the sum is over C € Clp(Cp (Frob,) NT).

Proof. — We claim that
(3.5) Ca(Frob,)NT = | | Cr(Froby).

werK
Nw=Nv
wlv

Indeed, let u be a finite place of k7, over v and let w be its restriction to kg. Then
Froby,/, = Froble/“lj:F”] el

It follows that if [Fy, : F,] = 1, then Frob,,, € Ca(Frob,), so the left hand side of (3.5)
contains the right hand side. Conversely, if Frob,,/, € T, then Frob,, leaves kg invariant,
hence fixes w. Therefore Nw = Nv and Frob,,,, = Frob,,,, whence (3.5).

Using (3.5) we find that
(3.6) #Hw e Qe tw | v,Nw = Nv} = #ClIr(Ca (Frob,) N T).

This shows that s;(v) = 1if Cp(Frob,) N T' = @ or if v ramifies in k7, by definition. So
assume that we are not in these cases. By (3.6) we see that the denominators in (3.3) and (3.4)
agree. As for the numerators, using (3.5) we obtain

1 g mod N = Frob,, and
Z T# g €< G: . .
WeDxy. IN| g acts with a fixed point on /(L)
Nw=Nv
wlv
- Z Z { eG'gmoszyand }
C el (C (Froby)T') yeC IC |N| g acts with a fixed point on 7(L)
1 mod N € C and
= 3 ——#lgeg: ST . }
CeCl(Ch (Froby)nT) IC|-[N| g acts with a fixed point on /(L)
as required. O
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COROLLARY 3.5. — The function
ST Qrs—[0,11NQ, vi>s7(v),

is Frobenian.

Proof. — This follows from Lemma 3.4, which shows that s;(v) only depends on the
conjugacy class of Frob, € A for all v which are unramified in & . O

The invariant s; (v) simplifies in special cases.
ExXAMPLE 3.6. — Let v be unramified in k. .

1. Assume that k = kg, i.e., K is geometrically irreducible. Then

#HigeG

~gmod N = Frob, and
* g acts with a fixed point on /(L)
|V

2. Assume that N = 0, e.g., K is a number field. If there is no place of kg of degree 1
over v then s7(v) = 1. Otherwise

sp(v) =

w | v,Nw = Nwv, and
#Hw € Qk;( : . .
Frob,, acts with a fixed point on /(L)

#w e Qe tw|v,Nw =Nuv}

si(v) =

In special cases, one can relate the s-invariants to the §-invariants from [25].

LeEmMMA 3.7. — Assume that k = kg. Then

#{g € G : g acts with a fixed point on (L)}
#G '

In particular dens(sy) = (1) in the notation of [25, §3.2].

dens(sy) =

Proof. — Since k = kg, we have A = I' = G/N. Therefore Example 3.6 and the
Chebotarev density Theorem (3.1) imply that the density in question equals

1 Z #{g € G : gmod N = y and g acts with a fixed point on /(L)}
Tl

s |V

1

= Z#{yeF:gmodN:y}

TN

g acts with a fixed point on (L)

_ #{g € G : g acts with a fixed point on I(L)}

B #G ’

as required. O

ExamPLE 3.8. — In general, one can have dens(s;) # 8(/) when k # kg. Indeed, let
a,b € k* besuch that a, b, ab ¢ k*2. Take K = k(+/b) and I = Speck(/a, v/b) over K. In
thiscasewehave G = Z/2Z,T = G = Z/2Z, A = (Z/2Z)?> and N = 0. Using Example 3.6,
one easily checks that 3/4 = dens(sy) # 6(1) = 1/2.
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3.2.3. Determining when sy(v) = 1. — Of particular interest to us will be the set of places
with s;(v) = 1. Here we have the following criterion.

LEMMA 3.9. — Let v be a place of k which is unramified in ky. Then sy (v) < 1 if and only
if there exists some g € G such that
(1) g does not act with a fixed point on 1(L),
and such that g satisfies one of the following equivalent conditions.
(2) There is a place w of kx of degree 1 over v such that g mod N = Froby,.
(3) gmod N € Cp(Frob,)NT.

Proof. — This follows immediately from Definition 3.3 and Lemma 3.4 O

LemMA 3.10. — The set
(3.7 {fveQrrisi(v) =1}
is Frobenian, its density is equal to

1 )1 cn each g € Gwithgmod N € CA(A)NT
|A] " acts with a fixed point on 1(L)

Proof. — That (3.7) is Frobenian follows immediately from Corollary 3.5. The density is
easily calculated using the Chebotarev density Theorem (3.1) and Lemma 3.9. O
We now relate the s-invariants to the notion of pseudo-splitness introduced in §2.

LEMMA 3.11. — With notation as in §3.2.1, the finite étale K-scheme I is pseudo-split
over K if and only if sy (v) = 1 for all but finitely many places v of k.

Proof. — Tt follows easily from Lemma 3.10 that the set (3.7) has density 1 if and only if
every element of G acts with a fixed point of 7(L), i.e., if and only if 7 is pseudo-split. As
(3.7) is Frobenian, this completes the proof. O

3.3. s-invariants in families

We now consider s-invariants in families and give an application to splitting densities over
finite fields. We begin with some formalities concerning irreducible components in families.

3.3.1. Irreducible components. — For a morphism of schemes X — Y we denote by Irry,y
the functor of open irreducible components of X over Y, defined by Romagny in [29, Défini-
tion 2.1.1]. We call Irr)I( sy = lrrx,, /vy the subfunctor of open irreducible components of X
over Y of geometric multiplicity 1, where Xy, denotes the maximal open subscheme of X
which is smooth over Y. This parametrises those components of the fibers of f which are
geometrically generically reduced.

LEmMA 3.12. — Let X — Y be a morphism of schemes of finite presentation, with Y
irreducible. Then there exists a dense open subset U C Y such that the restrictions of Irrxy
and Irr)l( Jy to U are representable by finite étale U-schemes.
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Proof. — It clearly suffices to prove the result for / := Irry,y. By [29, Lemmes 2.1.2 et
2.1.3], there exists a dense open U C Y such that /|y is representable by a quasi-compact
algebraic space étale over U. Moreover by [29, Proposition 2.1.4], the generic fiber of [ is
a finite affine scheme. In particular the generic fiber is separated. As being separated is a
constructible property (for schemes this is [18, Proposition 9.6.1]; the case of algebraic spaces
follows from similar arguments to those given in [29, §A]), on shrinking U we may assume
that 7|y — U is separated. Thus / is a scheme by Knutson’s criterion [23, Corollary I1.6.17].
Finally, as the generic fiber of /|y — U is finite, we may again shrink U further to assume
that I |y — U is finite étale, as required. O

3.3.2. Definition. — We can now define s-invariants in families. Let f : X — Y bea
morphism of schemes of finite type over a number field k. Let y € Y be an arbitrary point.
The residue field «(y) is a finitely generated extension of k. By Lemma 3.12, the functor
Irr},, 0)/k) of irreducible components of multiplicity 1 of the fiber £ ~!(y) is representable
by a finite étale « (y)-scheme. If this scheme happens to be empty, define s, (v) = 0 for all
v € Q. Otherwise, we are in the set-up of §3.2.1, with K = «(y) and I = Irr}
Hence, given v € Qy ¢, we define

—1/e()”

3.8 =
(3:8) 3£ (V) SI".}’*I W/ ©)

using the notation of Definition 3.3.

3.3.3. Splitting densities over finite fields. — Our next proposition is the main result of this
section, and shows how s-invariants arise “in nature”.

ProprosITION 3.13. — Let f : X — Y be a morphism of schemes of finite type over a
number fieldk, with Y integral. Let f : & — Y beamodel of X — Y over Of. Letn = dimY
and let n be the generic point of Y. Then

#{y € YFy) : f71(y) issplity = 57, (0)HYF,) + O(Nv)" V2, as Nv — oo,

where the implied constant depends on f and the choice of the model.

Proof. — The key analytic ingredient for this result is [31, Prop. 9.15], which is a version
of the Chebotarev density theorem for arithmetic schemes.

Choose a finite set S of finite places of k, which we will enlarge throughout the proof. Let
I = Irr}lf /Y and J := Irri% /Y- First, by Lemma 3.12, the restriction of .J to an open dense
subset of ¥ is representable by a finite étale cover. However, by the Lang-Weil estimates [24],
strict closed subsets contribute to the error term only. We may therefore replace ¥ by a dense
open subset, if necessary, to assume that = : J — ¥ is finite étale. Similarly, we may assume
that ¥ is normal and that ¥ is normal forallv ¢ S.

Our next step is to obtain a version of the diagram (3.2) over Ok s. Let ky denote the
algebraic closure of k inside x (Y). As Y isnormal and integral, the ring Oy (Y) is an integrally
closed domain. In particular ky C Oy (Y), hence the structure morphism ¥ — Speck
factors through a morphism ¥ — Specky. Asin §3.2.1 we choose a common Galois closure
for the connected components of I over Y (for the existence of the Galois closure of a
connected finite étale cover, see [34, Prop. 5.3.9]). This yields a finite étale Galois morphism
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7 — Y with Z integral such that, enlarging S if necessary and choosing Z appropriately as
in §3.2.1, we obtain a commutative diagram

G
Spec Ok, s +—— yakvs —— 2o

| N

=
Spec Ok,s +— Spec Uk, ,s < Spec Uk, .s.
W

which recovers the diagram (3.2) on the level of function fields. Here L = «(Z) and ky, is
the algebraic closure of k in L. We denote by ygk.s and Z¢, ¢ the base change to Uy s, and
abuse notation by denoting Uk, s and Ck, s the localisations of U, and O, respectively
at those places which lie above places of S. We also choose S sufficiently large so that each
morphism in the bottom row is finite étale.

(3.9)

Let v be a finite place of k not in S. We now give an asymptotic formula for # Y(F,).
Enlarging the set S if necessary, we may assume that all fibers of ygkys — Spec Ok, s
are geometrically integral. Therefore the irreducible components of ¥, ~are in bijection
with those places w of ky which divide v. We denote the corresponding component by ¥, ;
this is geometrically irreducible over F, if and only if Nw = Nwv. The ¥, are disjoint
as yFU is normal [1, Tag 033M] and, again by normality, any non-geometrically-irreducible
component has no Fy-point. Thus if there is no w with Nw = N v, then the proposition
trivially holds. So assume that there is a place w of ky with Nw = Nwv. The Lang-Weil
estimates now yield

(3.10) #HYE,) = ) #Y,(Fy) = (Nv)" Y1+ O((Nv)" ')

Next let w be a place of ky with w | v. For y € ¥, (Fy), we let Frob, € G denote
the choice of some Frobenius element of y (well-defined up to conjugacy; see [31, §9.3.1]).
Note that f~!(y) is split if and only if Frob, acts with a fixed point on /(L). We therefore
let F : G — {0, 1} be the indicator function of those elements of G which act with a fixed
point on /(L), which is a class function on G. We obtain

#{y € Y, (Fy) : f7(y)issplit} = Y F(Frob,).
€Y, (Fy)

We are now in the set-up of [31, Prop. 9.15]. Hence we may apply loc. cit. to obtain
#y € Yy, (Fu) 0 /71 () issplit} = FY (Froby)(Nw)” + O(Nw)"~1/2),

where for y € T" we define

1
FN(y)=m > F(g)

g mod N=y
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(cf. [31, §5.1.4]). As in the proof of (3.10) we obtain
#{y € Y(Fy) : f71(y) is split}

_ (ITI]\ql)')"Z# geG-ngdN:FrObw and

: . . +O((Nvy"™1/2).
g acts with a fixed point on /(L)

UJGQkY
Nw=Nv
wlv

Combining this with (3.10) and recalling Definition 3.3 completes the proof. O

COROLLARY 3.14. — Let f : X — Y be amorphism of schemes of finite type over a number
field k, with Y integral. Let [ : X — Y be a model of X — Y over Ck.

There exists a finite set of places S of k such that for all v ¢ S with sz, (v) < 1, there exists
y € Y(Fy) such that f~(y) is non-split.

Proof. — As sz, (v) < 1, Definition 3.3 implies that there is a place w of ky of degree 1
over v; hence Yy, is split. The Lang-Weil estimates [24] show that Y(F,) # @ forallv ¢ S,
for a suitably large set of places S. Enlarging S if necessary, Proposition 3.13 implies that
there exists y € Y(F,) for which f~1(y) is non-split, as required. O

COROLLARY 3.15. — Let f : X — Y be amorphism of schemes of finite type over a number
field k, with Y normal and integral. Assume that Irr)I( Jy is representable by a finite étale scheme
over Y. Let f : X — Y be amodel of X — Y over Ck.

There exists a finite set of places S of k such that for all v ¢ S, the fiber over every point
y € Y(Fy) is split if and only if sg,(v) = 1.

Proof. — By Lemma 3.12 there is a dense open subset % C ¥ such that Irri%(u o 18
representable by a finite étale scheme over %/. The restriction Irr}( sy of the functor Irri% /Y
to Y is representable by a finite étale scheme over Y, by assumption. As Irrlsc /Y is an étale
sheaf [29, Lemme 2.1.2] we may glue these representations together. Thus we may assume
that the generic fiber of % — Spec Ok is Y. Spreading out we see that there is a finite set of
places S of k such that Irr}% o JY is representable by a finite étale scheme.

k.ST 0k s

To continue, we use some of the techniques from the proof of Proposition 3.13 and keep
the notation of that proof. We will use the diagram (3.9); this is valid on enlarging S, because
Irryy — Y is finite étale and ¥ is normal.

If sz,(v) < 1 then, enlarging S, the result follows from Corollary 3.14. So let v ¢ S,
assume that s¢, (v) = 1 and let y € Y(F,). Let w be the place of ky lying below y in (3.9);
this has degree 1 over v as y € Y(F,). Let! € Z be a closed point lying above y and let u be
the place of kz, lying below / in (3.9). Let Fy,, F,,, F; and F,, be the respective residue fields.
From (3.9) we obtain the tower of extensions of finite fields

F,=F, CF, CF,.
The functoriality of Frobenius elements in extensions of finite fields implies that

(3.11) Frob;/, modN = Frob, s,
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where Frob;,,, € Gal(F;/F,) = Gal(F;/F,) C G and Frob,,;,, € Gal(F,/F,) C I' denote
the associated Frobenius elements. However, as s¢,(v) = 1, Lemma 3.9 and (3.11) imply
that Frob;,, = Frob;,, € G acts with a fixed point on 7(L). Thus f~1(y) is split. O

4. Non-surjectivity

Using the material developed in §3, we now prove one implication of Theorem 1.4,
namely that our geometric conditions are necessary for arithmetic surjectivity. We require
the following criterion for non-existence of an (,-point in a fiber.

PRrROPOSITION 4.1. — Let k be a number field. Let f : X — Y be a dominant morphism
of smooth and geometrically integral k-varieties and let [ : & — Y be a model over Ck. Let
S be a reduced divisor in Y such that the restriction of & — Y to Y\ & is smooth.

There exist a finite set S € Q. ¢ and a closed subset Z C &~ 0. containing the singular
locus of 5“0“, of codimension 2 in yﬁkis’ such that for all finite places v ¢ S the following
holds:

Let P € Y(Oy) be such that the image of P : Spec Oy, — Y meets g’ghs transversally
outside of # and such that the fiber above P modv € & (Fy) is non-split. Then
(L xy P)(Cy) = 8.

Proof. — For rational points this is proved in [25, Thm. 2.8]. The adaptation to integral
points is straightforward. O

Here is the main result of this section.

THEOREM 4.2. — Let k be a number field. Let f : X — Y be a dominant morphism
of smooth and geometrically integral k-varieties and let f : X — Y be a model over Cy.
Let D € Y. Then there exists a finite set S of finite places of k such that for all finite places
v ¢ S, the following holds: if sy,p(v) < 1 then (Oy) — Y(0y) is not surjective.

Proof. — Let ) be the closure of D inside ¥. Enlarge S so that Proposition 4.1 may be
applied, and let & and Z be as in the statement of that proposition. Enlarging S further if
necessary, we may assume that ygk‘s is smooth over Ok,S-

Note that sz, p (v) only depends on f (D), i.e., on the generic fiber of ). In particular,
enlarging S further if necessary, we may apply Corollary 3.14 to the restriction of f to &)\ Z.
Thus if v ¢ S and sgp(v) < 1, then there exists a point y € (Fy,) \ Z(Fy) such
that £ ~!(y) is non-split.

Therefore, by Proposition 4.1, to prove the result it suffices to show that we may lift y
to a point 2 € Y%(0,) which meets ) transversally at y. This is well-known; let us give a
short geometric proof of this statement. Let ¢ : % — ¥ be the blow-up of ¥ at y. The
exceptional divisor E = P(T,y) is the projectivisation of the tangent space to ¥ at y (since
¥ is smooth at y). The linear subvariety P(T g ,) of E is strictly smaller (since ) is smooth
at y). Choose any y’ € E(F,) which does not lie in this linear subvariety. By Hensel’s lemma,
y’ can be lifted to an 0,-point 2" € ¥'(0,). Theimage P = ¥/(2') € Y(0y) now satisfies
the requirements. O

The following result (see [13, Observation 2.2]) follows from Greenberg’s theorem [17].
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LEmMA 4.3. — Let R be an excellent henselian discrete valuation ring with fraction field K .
Let f : X — Y be a dominant morphism of integral schemes which are separated and of finite
type over R, with X xgr K and Y xg K smooth over K. Let f' . X' — Y' be a modification
of f,i.e., acommutative diagram as in (1.1); here ax : X' — X anday : Y' — Y are proper
birational morphisms over R, and ' : X' — Y’ is a dominant morphism of integral separated
schemes over of finite type over R, with smooth generic fiber. Then X(R) — Y (R) is surjective
if and only if X'(R) — Y'(R) is surjective.

We now prove one implication of Theorem 1.4.

COROLLARY 4.4. — Let f : X — Y be a dominant morphism of smooth, geometrically
integral varieties over a number field k. Assume that there exists a modification f': X' — Y’
of f, with X' and Y' smooth, and a point D € (Y)W such that the fiber (f')~'(D) is not
pseudo-split over k(D). Let f : & — Y be amodel of X — Y over Ok. Then there exists a
set of places v of positive density such that the map J(0y) — Y(0y) is not surjective.

Proof. — Ignoring finitely many places, by Lemma 4.3 we may assume that X = X',
Y =Y, f = f’. By Lemmas 3.10 and 3.11, there exists a set of places v of positive density
such that sz p (v) < 1. The result then follows from Theorem 4.2. O

5. Logarithmic geometry

5.1. Preliminaries

The results and proofs in this section are written in the language of logarithmic geom-
etry. Although it would be possible to use the older language of toroidal embeddings, the
logarithmic framework is a convenient and flexible language, which makes arguments more
conceptual and transparent. A good reference for basic terminology on log schemes is Kato’s
foundational paper [21]. Let us briefly recall the notions which are most essential for us. We
work exclusively with Zariski log schemes:

DEFINITION 5.1. — A Zariski log scheme is a pair (X, cMy), where X is a scheme and
My is a sheaf of monoids on X (for the Zariski topology), equipped with a homomorphism
of sheaves of monoids ay : My — (Cx,-) inducing an isomorphism

oy (O%) = 0.

The fundamental example for the purpose of this paper is the situation where the log
structure ay : oMy — Ox on X is divisorial, i.e., induced by a divisor on X:

ExaMPLE 5.2. — Let X be any scheme and let D be a divisor on X. Denote the corre-
sponding open immersion by j : X \ D < X. Then the monoid

My = juOx\p N Ox

(together with the natural inclusion ay : oMy < Ox) defines a log structure on X, the
divisorial log structure induced by D. This yields a Zariski log scheme (X, ¢My), which we
will sometimes denote by (X, D) depending on the context.
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Zariski log schemes form a category, with morphisms defined in the obvious way, cf. [21,
§1.1]. We will almost always work with a full subcategory: the category of fine log schemes
[21, Definition 2.9], or the category of fs ( “fine and saturated”) log schemes.

5.1.1. Log regular schemes and their fans. — Given an arbitrary monoid P, we write P* for
the subgroup of invertible elements, P¥ = P/P* for the associated sharp monoid and P&P
for the group envelope of P. (A monoid is sharp if 0 is the only invertible element.)

DEFINITION 5.3. — A log regular scheme is a Zariski log scheme which is log regular.

Recall that a Zariski log scheme X is said to be log regular if it is fs and the following
property is satisfied for every x € X:if I(x, ¢My) is the ideal of Oy » generated by My , \ 0;,)6,
then Ox x/1(x, cMy) is a regular local ring and

dim Ox x = dim O /1(x. M) + rkz (M )%

Log regular schemes are normal and Cohen-Macaulay by [22, Theorem 4.4]. Moreover, they
admit the following description by [22, Theorem 11.6].

REMARK 5.4. — Let (X, oMy) be a log regular scheme. Let U be the largest open subset
of X on which the log structure oMy is trivial, i.e., coincides with the sheaf Oy of invertible
functions. Let j : U < X be the corresponding open immersion. Then X \ U is a divisor
and oMy = j«Cp N Ox, asin Example 5.2.

To a log regular scheme (X, My ) one can associate a useful combinatorial object, its fan.
This notion has been introduced by Kato [22, §9.1, §9.3]:

DEFINITION 5.5. — A fan is a locally monoidal space (F, o ) which admits an open
covering by affine monoidal spaces Spec P, where P is an fs monoid. A fan is called smooth
if it has an open covering by monoidal spaces of the form Spec N”; see [2, Definition 4.11].

An affine fan Spec P is sometimes called a Kato cone, cf. [2, §4]. The definition of the
sheaf of monoids ¢Mgpe. p is motivated by the definition of an affine scheme. The stalks
of ¢Mspec p are sharp, hence the stalks of ¢} are sharp too.

To an arbitrary log regular scheme, Kato associates a fan as follows:

DEFINITION 5.6. — Let (X, cMx) be a log regular scheme. Consider the monoidal space
F(X) with underlying set {x € X : I(x, cMyx) = my}; here I(x, cMx) is defined as above,
and my denotes the maximal ideal of Oy . The topology on F(X) is the subspace topology
induced by the Zariski topology on X. The sheaf of monoids on F(X) is the restriction
to F(X) of the sheaf oﬂ%g( of (sharp) monoids on X.

Kato proves that F(X) is indeed a fan [22, Theorem 10.1]. If X is quasi-compact, then the
underlying set of F(X) is finite. If X is a regular scheme and if the log structure on X is the
divisorial log structure associated to a divisor on X with strict normal crossings, then F(X) is
smooth (see [2, §4] and the references given there).

There exists a continuous, open morphism of monoidal spaces 7 : (X, ng) — F(X)
[22, §10.2]. This allows one to stratify the scheme X into locally closed subsets:
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DEFINITION 5.7. — Given a log regular scheme (X, ¢#x) and given x € F(X), denote
U(x) = n~1(x), with = : (X, cMyx) — F(X) as above. When equipped with its reduced
subscheme structure, this is a locally closed subscheme of X . This yields the so-called loga-
rithmic stratification (U(x))xer(x) of X into locally closed subsets.

With notation as above, we denote by U (x) the Zariski closure of U(x). Since r is contin-
uous and open, U (x) is the inverse image under 7 of the closure of x in F(X). Any stratum
U(x) is regular and irreducible, but its closure U (x) may very well be singular.

The points of a Kato fan F are in a natural bijection with the Kato subcones of (F, M F):
every subcone has a unique closed point and can be recovered as the smallest open affine
neighborhood of this point, see [2, Lemma 4.6].

Let F(N) = Hom(Spec N, F). For a smooth fan F we define the feight of a morphism
g : Spec N — F as follows. The morphism g sends the closed point N~ of Spec N to the
closed point of a unique Kato subcone Spec N, so g factors through Spec N — Spec N”.
The dual map is a morphism of monoids N — N; we define the height 2 (g) € N to be
the image of the sum of the canonical generators of N”. It is clear that for any m € N the set
F(N)<m ={P € F(N) : hr(P) < m} is finite.

5.1.2. Log smooth morphisms and log blow-ups. — Log smooth morphisms can be defined in
many different ways. We recall the definition which is usually called Kato's criterion, stated
and proven for étale log structures in [21, Theorem 3.5]. The appropriate version for Zariski
log structures seems to be folklore and can be found in [15, Corollary 12.3.37].

THEOREM 5.8. — Let [ : (X, Mx) — (Y, My) be a morphism of Zariski fs log schemes.
Then f is log smooth (resp. log étale) if and only if the following condition is satisfied. Given
any point x € X, an affine open neighborhood V.= Spec B of f(x) in Y, and a chart Q — B
for the log structure around y, there exist

— an étale affine neighborhood g : U = Spec A — X of x,
— a chart P — A for the log structure g* oMy on U, and
— a homomorphism ¢ : Q — P yielding a chart for (U, g* o Mx) — (V, My),

such that both of the following conditions are satisfied.:

— ker 8P and the torsion of coker =P (resp. ker &P and coker ¢®P ) are finite abelian
groups, the orders of which are invertible on U ;

— the induced morphism U — V Xspecz10] Spec Z[ P] is classically smooth.

In fact, an equivalent version of the criterion says that U — V Xgpecz[p] Spec Z[P] can
even be taken to be étale instead of smooth (see [21, Theorem 3.5]).

An important basic fact is that any fs log scheme which is log smooth over a log regular
scheme is again a log regular scheme (this is [22, Theorem 8.2]).

An essential class of log smooth and log étale morphisms is the class of log blow-ups. They
are constructed in terms of subdivisions. A subdivision of a fan F as in Definition 5.5 is a
morphism of fans ¢ : F’ — F satisfying the properties in [22, Definition 9.6]. The following
key example will be used in the proof of Theorem 1.4.
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ExAMPLE 5.9. — The barycentric subdivision B(F) of a fan F is defined as follows. The
barycenter of a Kato cone Spec P is a canonical morphism Spec N — Spec P which,
under the canonical isomorphism Hom(Spec N, Spec P) = Hom(P, N), corresponds to
the map sending the generator of each 1-dimensional face of P to 1. One constructs B(F)
by performing the so-called star subdivision of each cone of F along its barycenter, in
decreasing order of dimension. See [2, Example 4.10 (i1)] for details.

To a subdivision ¢ : F' — F(X) of the fan of a log regular scheme (X, ¢#y) one
associates a log regular scheme (X', oMy ) with F(X’) = F’ and a morphism, called a log
blow-up,

Bl, 1 (X', oMy) — (X, Mx),
such that the induced map F(X’) — F(X) is exactly ¢. The morphism Bl, is log étale
and birational [22, Proposition 10.3]. If ¢ is proper [22, Definition 9.7], then the natural
map ¢« : F/(N) - F(X)(N) is bijective; in this case B, is a proper morphism [22, Proposi-
tion 9.11].

Log blow-ups can be used to resolve singularities of log regular schemes, as explained by
Kato in [22, §10.4]. They are stable under base change in the category of fs log schemes [27,
Corollary 4.8] and under composition [27, Corollary 4.11].

LEMMA 5.10. — Let F be a smooth quasi-compact Kato fan. Let m be a positive integer.
Then there exists a smooth, proper subdivision ¢ : F' — F such that for every point

f € F(N)<m the induced point ;' f € F'(N) lies in F'(N)<;.
Proof. — Tt is enough to iterate the barycentric subdivision m — 1 times. O

5.1.3. Weak toroidalisation. — We now briefly recall the weak toroidalisation theorem of
Abramovich-Karu in the language of log geometry; this will be a major tool for us in §6,
and figured already prominently in [12] and [13].

THEOREM 5.11 (Abramovich-Karu, Denef). — Let f : X — Y be a dominant morphism
of integral varieties over a field k of characteristic zero.

Then there exist a dominant morphism ' : X' — Y’ of smooth integral k-varieties, proper
birational morphisms ayx : X' — X and ay : Y' — Y, and strict normal crossings divisors
D' C X' and E' C Y’ such that

(1) the diagram

X2 x

L
y oy
commutes;
(2) [’ induces a log smooth morphism of log regular schemes (X', D'y — (Y, E’);
3) (f)'Y\NE)=X"\D"

4¢ SERIE - TOME 53 — 2020 — N° 4



PSEUDO-SPLIT FIBERS AND ARITHMETIC SURJECTIVITY 1057

This result was first proved over C in [4] and subsequently over arbitrary fields of char-
acteristic zero in [3]. For an alternative treatment by Gabber and Illusie-Temkin in a more
general setting, see [19, §3.8].

We work with Zariski log schemes instead of étale log schemes; Theorem 5.11 is true in
both settings, but the statement for Zariski log schemes is slightly stronger. This corresponds
to the fact that in [3, Theorem 1.1], the toroidal embeddings can be taken to be strict. The
following example illustrates the difference between both settings:

ExaMPLE 5.12. — Let k be a field of characteristic zero such that —1 is not a square in k.
Consider the conic bundle X C P? x A} given by x? 4+ y? = rz%. Letw : X — A] be
the natural projection to the coordinate ¢. Here the total space X is smooth, but the fiber
771(0) is irreducible and singular. Hence, when equipped with the log structure induced
by 771(0), the log scheme (X, 7~1(0)) is not log regular in our sense, i.e., as a Zariski log
scheme (it is however log regular as an étale log scheme).

However, the normalization of 71 (0) is smooth. If ¥ : X’ — X is the blow-up of X at the
pointx =y =t =0,z = 1, then (X’, (moy)~1(0)) is log smooth, and (X', (roy)~1(0)) —
(AL, 0) satisfies the requirements of Theorem 5.11.

5.2. Logarithmic Hensel’s lemma

In [12, §3.2], Denef proved a logarithmic version of Hensel’s lemma. We will present a
reformulation of this result, with a different proof, written down by Cao in his unpublished
MSc thesis [7].

PrOPOSITION 5.13. — Let f : (X, Myx) — (Y, My) be a log smooth morphism of fs log
schemes. Let R be a complete discrete valuation ring. Let S = Spec R and let j : s < S be
the inclusion of the closed point. Given a commutative diagram

st—"5 (X, JMy)

ST L (¥, My)

of fs log schemes, there is a morphism g : ST — (X, oMyx) of fs log schemes such that gj = u
and fg =t.

Here ST denotes the scheme S equipped with the divisorial log structure induced by the
closed point s. If & is a uniformiser of R, a chart for the log structure is given by the map
N — R which sends 1 to . Similarly, s™ denotes the log point, i.e., Spec k equipped with the
pullback of the log structure on ST to s (with a chart N — k sending 1 to 0).

Proof. — Let m = (;r) be the maximal ideal of R. Write R, = R/m" and S, = Spec R,,.
In particular, s = S7. We have strict closed immersions

in: ST — ST, iyia: S:f_l — ST
for all n > 1. The definition of a log smooth morphism in terms of infinitesimal liftings [21,
§3.2, §3.3] implies that for any n > 1 one can find a morphism

n Sy — (X, My),
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such that g; = u and such that for any n > 1 both triangles in the diagram

sho, =4 (X, Hx)

in]’nJ/ g” J/f

< toip
S —= (¥, oMy)
commute. Since the ring R = h_I)n R, is complete, the morphisms g, induce a well-defined
morphism of schemes g : § — X. It is then easy to see that g actually defines a morphism
of log schemes g : ST — (X, oMy) satisfying all requirements. O

5.3. Log smooth morphisms and irreducible components

The goal of this section is to prove a basic result (probably well-known to experts)
concerning the variation of the (geometric) irreducible components of the fibers of a proper,
log smooth morphism of log regular schemes.

If f: (X, Mx) = (Y, My) is a log smooth morphism of log regular schemes, then
f induces a morphism of the associated Kato fans F(f) : F(X) — F(Y). The morphisms
f and F(f) are compatible with the characteristic morphisms 7y : (X, eﬂﬁ() — F(X) and
ny @ (X, oﬂ/lg,) — F(Y). Hence, given x € F(X)and y = F(f)(x) € F(Y), we get induced
morphisms U(x) — U(y) and U (x) — U (y).

We recall the localisation procedure in [22, §7]. If (X, oMx) is a log regular scheme, then
the “boundary” dU(x) = U (x) \ U(x) of the closed subscheme U (x) is a divisor, inducing
a log structure (cf. Example 5.2). Kato proves that the resulting log scheme (U (x), 0U(x)) is
again log regular; the locus of triviality of this log structure is U(x).

The following lemma establishes a “relative” version of this localisation procedure; we are
not aware of a published account of this basic statement.

LEMMA 5.14. — Let f : (X, Mx) — (Y, My) be a log smooth morphism of log regular
schemes. Let x € F(X) andlet y = F(f)(x) € F(Y). Then
(5.1 (U(x),0U(x)) = (U(y), dU(y))
is again a log smooth morphism of log regular schemes.

Proof. — The log regularity is taken care of by [22, Proposition 7.2]; what we really need
to prove is log smoothness. To do so, we will use Kato’s criterion (Theorem 5.8).

Choose an affine open W = Spec B of Y containing y and a compatible affine scheme

V = Spec A4, equipped with an étale map g : V — X such that g(1') contains x, on which
there exists a chart for (V, g* cMy) — (W, M) given by homomorphisms of fs monoids

P—->A Q—Bande:Q — P

compatible with the homomorphism of rings B — A. We can assume that the monoid Q is
toric, i.e., that Q®P is torsion free [22, Lemma 1.6]. Kato’s criterion says that we can then
choose P such that the following conditions are satisfied:

(1) the induced morphism V' — W Xgpec 7101 Spec Z[ P] is classically smooth, and

(2) the induced homomorphism of abelian groups 2P : Q8 — PZ2P is injective, and the
torsion part of the cokernel has order invertible on V.
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Localizing further if needed, we may assume that x has a unique preimage v under g. Now
v corresponds to anideal p € Spec P, and y correspondstoq = ¢~ (p) € Spec Q. Moreover,
g 1 (U(x)) = Spec A/(p), with log structure given by P \ p — A/(p) induced by the map
P — A. Here (p) is the ideal of A generated by the elements of p via P — A. Similarly,
U(y) N W = Spec B/(q), with log structure given by Q \ q — B/(q). We have an induced
morphism ¢ : Q \ ¢ — P \ p giving a chart for the morphism

(7' UX)), g OU ) = U () N W,dU(y) NW).
It suffices to check that this chart satisfies Kato’s criterion, i.e., that
(1’) the induced morphism
Spec A/(p) — Spec B/(q) Xspec z{o\a1 SPeC Z[P \ p]
is classically smooth;
(2') the induced homomorphism of abelian groups %P : (Q \ q)8° — (P \ p)*P is injective,
and the torsion part of the cokernel has order invertible on g=' (U (x)).

Now (1) follows immediately from the fact that smooth morphisms are stable under base
change, since V' — W xgpec z[0] Spec Z[P] is already smooth.

Concerning (2'), the injectivity of @#P is trivial. Consider the commutative diagram of
short exact sequences

0—— (0O \q)% —— (P \ p)8 —— coker g8 —— 0

|

0 osep pep coker @8 —— 0.

The fact that the order of the torsion part of the cokernel of @®P is invertible on g~ (U (x))
follows from the same statement for the cokernel of ¢&P, together with the snake lemma and
the observation that the cokernel of (Q\q)8P — Q°®P is torsion free—indeed, the fs monoid Q
is toric, and Q \ q is one of its faces. This finishes the proof. O

The following lemma concerns the fibers of log smooth families over a base with trivial
log structure. In this setting, the functor Irry,y from §3.3.1 becomes rather simple.

LEMMA 5.15. — Let f : (X, Mx) — (Y, Oy) be a proper, log smooth morphism of log
regular schemes, where Y is given the trivial log structure. Then f : X — Y isflat, and Irryy is
represented by a finite étale scheme over Y .

Proof. — Since the log structure on Y is trivial, f is integral [21, Corollary 4.4(ii)]. Log
smooth, integral morphisms are flat [21, Corollary 4.5], hence f is flat.

The fibers of f are log regular, being log smooth over a field with trivial log structure [22,
Theorem 8.2], and hence normal. Moreover, as log smooth morphisms are preserved by base
change, the fibers are geometrically normal, hence geometrically reduced.

Let X — Sty;y — Y be the Stein factorisation of X — Y. As f is flat and the
fibers are geometrically reduced, it follows from [1, Tag OBUN] that Sty,y is finite étale
over Y. The result now follows from the fact that Irry,y and Sty,y are isomorphic under the
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assumptions of the lemma. Indeed, the fibers of f are normal, so the connected components
of the geometric fibers are precisely the irreducible components. O

Another important property of proper, log smooth morphisms is that the multiplicities of
the fibers are “constant along strata”. Such a result is well-known (and easy to check) for
toric morphisms, and readily extends to the log smooth setting.

PROPOSITION 5.16. — Let f : (X, Myx) — (Y, My) be a proper, log smooth morphism
of log regular schemes. Let y' € Y, and let y € F(Y) be the unique point with the property
that y' € U(y). Let x" be one of the generic points of the fiber f~1(y'), and let x € F(X) be
the unique point such that x' € U(x).

Then f(x) = y and the multiplicity of x in f~'(y) is equal to the multiplicity of x'
in f=Y("), that is, the lengths of the Artinian local rings Op—1(),x and Op—1(y v are equal.
Proof. — Choose a chart for f around x’. This involves choosing

— aZariskiopen j : V < Y such that y’ € V together with a chartcy : V — SpecZ[Q]
for j* My,

— an étale morphism 4 : U — X such that x’ € h(U) and (f o h)(U) C V together with
achart cy : U — SpecZ[P] for h* My,

— a homomorphism ¢ : Q — P compatible with f oh: U — V, ¢y and cy,
such that the induced map
V¥ : U — V Xspecz[o] Spec Z[ P]
is étale. Let
1V Xspeczjo] Spec Z[P] — V
73 1 V Xspeczo] Spec Z[P] — Spec Z[ P]
be the natural projections. Choose a point z' € A~ (x').
Since h and v are étale, the lengths of the Artinian local rings
Or=16s Opom=1on.zr a0d Ort (1) 4 2r)
are equal. Since the projection 7y is obtained by base change from the toric morphism
Spec Z[¢] : Spec Z[P] — Spec Z[Q], the length of the local ring 0nl—l(y/),w(z/) only depends
on the toric strata of SpecZ[P] and SpecZ[Q] which contain m>(¥(z')) = cy(z’) and

cy(y') = (SpecZ|g])(cy(z')), respectively, i.e., on the prime ideals of P and Q which
correspond to x and to y, respectively. This gives the desired result. O

We will need the following elementary lemma.

LEMMA 5.17. — Let f : X — Y be a morphism of schemes of finite presentation. Let
Z C X be a closed subset such that Z| ;1) contains no irreducible component of f~1(y), for
all points y € Y. Then the natural morphism of functors

Irr(X\Z)/Y — Il‘rx/y

is an isomorphism.
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Proof. — Our assumptions imply that removing Z does not change the open irreducible
components of the fibers; the result follows. (See also [29, Corollary 2.6.2].) O

From the previous results we will now deduce the final statement of this section.

PROPOSITION 5.18. — Let f : (X, Mx) — (Y, My) be a proper, log smooth morphism
of log regular schemes. For each point y € F(Y), the functors

1
It ooy @nd ey g ue)
are representable by finite étale schemes over U(y).

Proof. — The set f~1(U(y)) is the disjoint union of locally closed subsets U(x), where
x € F(X)issuch that f(x) = y. For each such x consider the induced morphism

(U(x),3U(x)) = (U (), dU(y)).

By Lemma 5.14, this is again a proper and log smooth morphism of log regular schemes.
Let f; be the restriction of this morphism to U(y) equipped with the trivial log structure.
The scheme U (x) X7 (y) U(y) has a natural log structure, obtained from the divisorial log

structure on (U (x), dU(x)) by restriction, making

Jx 1 U(x) Xgp,) Uly) = U(y)
a proper and log smooth morphism of log regular schemes. The log structure on U(y) is
trivial, so by Lemma 5.15 the morphism fy is flat. The fibers of a proper flat morphism
of irreducible varieties have the same pure dimension; therefore all fibers of f, have pure
dimension dim(U(x)) — dim(U(y)).

The stratum U(x) is a dense open subset of U (x) Xy U (y), whose complement is
the union of closed subsets U(x’) C U(x), where x’ € F(X) is a specialization of x,
f(x") = y and x’ # x. In particular, dim(U(x")) < dim(U(x)). Thus for any t € U(y) the
intersection f,~!(r) N U(x) C f;(¢) is the complement of the union of the closed subsets
@) NU ) = f71(1), with x” as above. We have seen that /' (¢) has pure dimension

dim(U(x")) — dim(U(y)) < dim(U(x)) — dim(U(y)),

hence £, 1(t) NU(x) is a dense open subset of £,71(¢). It now follows from Lemma 5.17 that
there is a natural isomorphism of functors
(5.2) Ity /vy = g g, v/ vG) -

Now let xq,...,x, € F(X) be the minimal elements of #~!(y) with respect to the partial
ordering given by the topology on F(X). Then f~!(U(y)) is the union of the closed subsets
U (x;) XU () U(y), where i = 1,...,n. Hence the fiber f~!(¢) is the union of the closed
subsets ijl(t). For eachi = 1,...,n, the intersection ijl(t) N U(x;) is open and dense
in f-1(t), hence [ J;_, (f;;'(t) NU(x;)) is open and dense in f ~(¢). Therefore Lemma 5.17
yields a natural isomorphism of functors

n
Iy won/ve) = (U ven) ey = [ 1rrvenvo)
i=1

as the U(x;) are pairwise disjoint.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1062 D. LOUGHRAN, A. SKOROBOGATOV AND A. SMEETS

By (5.2) the result for the functor Irts—1 (g (yy)/u(y) noW follows from Lemma 5.15. Next,
Irr},, 0y = Irrp—1(yy,,./y represents the irreducible components of f ~1(y) of geometric
. .. .. 1 _
multiplicity 1. By Proposition 5.16, the functor Irr,—; ;) vy = Ir=1w0))m/Um)
represents the Zariski closure of its generic fiber, which is represented by Irrjl,,1 O/ This is
the union of some of the irreducible components of the finite étale U(y)-scheme represented
by Irts—1 1))/ u(y)- @nd hence is also finite and étale over U(y). O

6. Surjectivity

In this section we prove Theorem 1.5, and explain how to use this and other results from
the paper to prove Theorems 1.4 and 1.6.

6.1. Notation and hypotheses

Let f : X — Y be a dominant morphism of smooth, proper, geometrically integral
varieties over a number field & with geometrically integral generic fiber. By Lemma 4.3 and
Theorem 5.11 we can assume that f* gives rise to a log smooth morphism f : (X, D) — (Y, E)
of log regular schemes.

LetU = X\ D and V = Y \ E. By condition (3) of Theorem 5.11 we have f~1(V) = U.
Thus f : U — V is a smooth proper morphism with geometrically integral generic fiber.
By [18, Corollaire 15.5.4] all fibers of f : U — V are geometrically connected. Since
connected noetherian normal schemes are integral [1, Lemma 27.7.6, Tag 033H], all fibers
of f: U — V are geometrically integral.

Recall that we are working with Zariski log structures; in particular, D and E are strict
normal crossing divisors, so their irreducible components are smooth. Let F'(f) : Fxy — Fy
be the attached morphism of smooth Kato fans. We have the height iy : Fy(N) — N
introduced at the end of §5.1.1.

Let E; be an irreducible component of E and let D; be an irreducible component of D.
Since X and Y are smooth, each of the local rings O, y and OD_/., x 1s a discrete valuation
ring. Let valg; : Og; y — Nand valp; : Cp ;.x — N be the respective discrete valuations.
There is an m;; € N such that the restriction of valp, to Ok, .y is mjjvalg;.

Let S be a finite set of primes of k, such that f : X — Y extends to a morphism of
smooth and proper Os-schemes f : & — . For each irreducible component D’ C D let
k' be the algebraic closure of k in the field of functions «(D’). We assume that S contains all
the primes of k ramified in any of the fields k’.

Let v be a prime of k which is not in S. We denote by val, : 0, \ {0} — Z the valuation
at v and by 7, a generator of the maximal ideal of O, so that F, = 0,/(w,). We write
Y, = Y Xspec 05 Spec Oy and &, = & Xgpec 05 Spec Oy.

Let &) C dand € C Y be the Zariski closures of D and E in {0 and ¥, respectively. By
adding finitely many primes to S we can assume that £ and &) are strict normal crossing divi-
sors, so each of their irreducible components is smooth over Spec Os. We can also assume
that (X, &) and (¥, €) are log regular schemes with Kato fans Fy and Fy, respectively, and
that there is a log smooth morphism f : (0, &) — (¥, €) inducing the given morphism
(X, D) — (Y, E) on the generic fibers.
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By the valuative criterion of properness any point P € Y(k,) extends to a local section
P 1 Spec Oy — Y of the structure morphism ¥ — Spec Os. We write P mod 7,
for JP(Spec F,), which is an F,-point of the closed fiber ¥ Xgpec 05 Spec Fy.

For any point P € V(k,) the local section 2 : Spec 0, — ¥ gives rise to a morphism
of log schemes 2 : (Spec Cy)" — (¥, £), where (Spec 0,)T is equipped with the natural
(divisorial) log structure. The associated morphism of Kato fans is F(2) : Spec N — Fy.
It sends the closed point N of Spec N to F(P mod 7).

6.2. A surjectivity criterion

9, 66

The following intermediate result is an adaptation of Denef’s “surjectivity criterion” [13,
4.2] in the language of log geometry.

PROPOSITION 6.1. — There exists an integer m > 1 such that whenever v ¢ S, we have
F(X(ky)) = Y(ky) if and only if f(X(ky)) contains all P € V(ky) with hy (F(P)) < m.

Proof. — Foreach s € Fy let F§ be the open Kato subcone of Fy defined by s. Similarly,
for each t € Fy let F}, be the open Kato subcone of Fy defined by 7. The morphism
F(f): Fx —> Fy inducesamap F(f)«: Fx(N) > Fy(N). For each t € Fy define

m; = min{hy (r) | r € Fy(N). r ¢ F(f)«(Fx(N))}.

(If the set in the right hand side is empty, we take m, = 0.)
For each s € Fxy mapping to ¢t € Fy define

ms; = min{hy (r) | r € F(f)«(Fx(N)) C Fy(N)}.
Finally, let
m = max{m;,my},
where t € Fy and where s € Fy mapstot € Fy.

Let us prove that m satisfies the conclusion of the proposition. One implication is obvious,
so we prove the other one: if every P € V(k,) with hy (F(P)) < mis contained in f(X(ky)),
we need to show that Y(ky) = f(X(ky)).

It suffices to show that V(k,) € f(U(ky)). Indeed, for the topology of k, the set V (k) is
dense Y (k,), whereas f(X(ky)) is closed in Y (k,) because f is proper.

Take any P € V(ky). There exists an r € Fy(N), hy(r) < m, such that the images
of F(P) and r are both contained in some Fy, and, furthermore, either both are in the image
of some Fy (N) or neither is contained in F(f)«(Fx (N)).

Let (E;);er be the irreducible components of E, such that the stratum U(¢) defined by
t € Fy is a connected component of the locally closed subscheme (with reduced structure)

(ﬂE,-)\ JE |cr.

iel i¢l
Write r = )., riu;, where r; is a non-negative integer and u; € Fy(N) is the primitive
generator of the one-dimensional cone corresponding to E;, so that r; # 0 if and only if
i € I.The height of r is then given by the formula hy (r) = Y ;< 7i.
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We now construct a commutative diagram of log schemes

6.1) (Spec Fy)t ——— (¥, &)

| |

(Spec )t —— (Spec )™

Here (Spec 0p)" stands for the scheme Spec 0, equipped with the trivial log struc-
ture 0 — O,. The morphism (Spec Cy)" — (Spec Cy)" is the forgetful morphism
defined by the identity morphism of the underlying schemes and by the natural morphism
of monoids C; — 0O, \ {0}. The right hand vertical arrow is induced by the structure
morphism ¥, — Spec 0,. Next, (Spec F,)' is the standard log point defined by the monoid
(Cy \ {0})/(1 + 7, Oy). The left hand vertical arrow is the natural morphism of log schemes.
On the underlying schemes the top horizontal arrow sends Spec F, to P mod m,. The
commutativity of (6.1) as a diagram of schemes is clear.

We need to define the top horizontal arrow as a morphism of log schemes. Let A be an
Oy-algebra such that Spec 4 is an affine neighborhood of P mod 7, in ¥, . We can assume
that A contains a local equation 7; for the Zariski closure of E; in ¥, , where i € I. Let
S C A be the multiplicative system generated by the m; and let S~'A be the localisation
of A with respect to S. The log scheme (¥, €) is defined by the subsheaf of (s consisting
of functions invertible outside €. Hence the log scheme (Spec A, A N (S~1A)*) is an open
subscheme of (¥, €). Locally the diagram of monoids attached to (6.1) is

62) (Co \ {O)/(1 + 7, Cy) —— AN (S 4)*
wT 1
Gy \ {0} or.

Here ¢ is the canonical surjective morphism of monoids
@1 Oy \ {0} —> (Cy \ {0})/(1 4 7y Oy) gF: ®N,

where the isomorphism depends on the choice of ;. Let us denote by ¢ the composition of ¢
with the projection to F}. The choice of ;, i € I, gives an isomorphism

AN(ST1A)* = A* x NI,
To complete the definition of (Spec Fy,)T — (¥, €,) we define
A*xN — F@N

as the morphism of monoids that sends @ € A* to («(P mod ), 0) and sends the canonical
generator 1; € N to (@(m; (P)), ri). Checking the commutativity of the diagram (6.2) is
straightforward. The factor @(m; (SP)) is irrelevant for the commutativity of this diagram,
but will play a role later in the proof.

O This is related to Denef’s notion of multiplicative residue [13, Definition 3.2]. The projection to F; is called the
angular component in [13, Definition 3.5].
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Since ¥ — Spec Cs is smooth, the morphism of log schemes (¥, &) — (Spec O,)" is
log smooth. Applying Proposition 5.13 to (6.1) produces a morphism (Spec 0,)T — (¥, €)
such that the two resulting triangles commute. This gives a point Q € V(k,) such that

QO modny, =P modm,, F(Q)=r, @@(P) =0o@(Q), iel.

Since hy (F(Q)) < m, our assumptions imply that 0 = f(R) for some R € U(k,). In
particular, P mod 7, = f(R mod ) and F(P) = F(f)«(a) for some a € Fy (N), where
s € Fx mapstot € Fy and F(JR) € Fy(N). Let (Dj);es be the irreducible components
of D such that the stratum U(s) defined by s € Fy is a connected component of

(NI (U D)< x.
JjeJ JEJ
Writea = } ;¢ aju}, where a; is an integer and u; € Fx(N) is the primitive generator of
the one-dimensional cone corresponding to D;, so thata; # Oif and only if j € J.
Let us now construct a commutative diagram of log schemes

(63) (Spec Fy)f —— (. D)
! !

(Spec Oy)T —— (U, &).

Here the vertical arrows are the obvious morphisms, and the lower horizontal arrow is
given by 2 € ¥, (0y). The upper horizontal arrow sends Spec F, to R mod m,. The
commutativity of (6.3) as a diagram of schemes is clear since P mod 7, = f(R mod ).
Choose an A-algebra B such that Spec B is an affine neighborhood of R mod 7, in &y .
We can assume that B contains a local equation @ for the closure of D; in i, where j € J.
Define (Spec F,)T — (&, ) via the morphism of monoids
BN(S7'B)* = B*®&N/ — F!a@N,

such that § € B* goes to (8(R mod m),0) and

1j = (@(@;(R)). a;).
To check the commutativity of (6.3) as a diagram of log schemes we need to check the
commutativity of the diagram of monoids

F;®N+—— B*o N’

o] i

Ov\{0}<_A*69NI.

For (a,0) € A* @ N’ the commutativity follows from P mod 7, = f(R mod 7). Write

mi:
TT§ Zbil_[w'j U,

where b; € B*. The right hand vertical map sends the element (0,1;) € A* @ N/ to the
element (b;, ) ;c; mijl;) of B* & N7, which then goes to

(6.4) (bi(R mod ) [ [ @(w; (R)™7. ) myjay).

jeJ jeJ
The lower horizontal arrow sends 1; to m; (<2) and then the left hand vertical arrow gives
(@ (7 (P)), valy, (7 (£P))). This coincides with (6.4). Indeed, on the one hand, val, (7; (£P)) is
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the i-th coordinate of F () = F(f)«(a), which equals ZjeJ m;ja;. On the other hand,
o1 (P)) = 9(ni(Q)) and Q = f(R). This proves the commutativity of (6.3).

The morphism (X, &) — (¥, €) is log smooth, hence we can apply Proposition 5.13
to the diagram (6.3). We deduce that there is a morphism (Spec 0,)" — (X, @) whose
composition with f : (X, D) — (¥, &) is the morphism (Spec Oy)" — (¥, €) given by P.
Therefore P € f(X(ky)). This proves that Y (k) = f(X(ky)). O

6.3. Further modifications of the log smooth model

We now use the bound obtained in Proposition 6.1 to construct a specific modification of
the morphism f.

PROPOSITION 6.2. — Let f : X — Y andm > 1 be as above. There exists a commutative
diagram of morphisms of log regular schemes

(6.5) (X', D") -2 (X, D)

7 %

(Y' E'Y -2 (Y, E),

where X" and Y’ are smooth, proper and geometrically integral, [’ is dominant and log smooth,
ox and oy are log blow-ups and the following holds: if P € V(k,) satisfies 1 < hy (F(SP)) < m,
then 0;1 (P) mod my is a smooth point of the reduction of E'.

The last statement of the proposition implies that o3, (P) mod 7, belongs to exactly one
geometric irreducible component of E’.

Proof. — Weletoy : (Y', E') — (Y, E) be the log blow-up defined by the subdivision of
the Kato fan of (Y, E) as in Lemma 5.10. We see that Y’ is smooth and proper and E’ is a
strict normal crossings divisor (so (Y’, E’) is log regular).

Recall that in the category of fs log schemes, log blow-ups are stable under composition
[27, Corollary 4.11] and under base change [27, Proposition 4.5, Corollary 4.8].

Indeed, Niziot shows in [27, Corollary 4.8] that the fs fibered product of (X, D) and
(Y', E’) over (Y, E) is a log blow-up ox : (X', D’) — (X, D) making (6.5) commute. More
precisely, if (Y', E’) is the log blow-up of (Y, E) in a coherent ideal .7 C My, then (X’, D’)is
the log blow-up of (X, D) in the inverse image ideal J o My.

We note that (X’, D’) is a log regular scheme by [22, Theorem 8.2]. Since log smooth
morphisms are stable under base change, the morphism f’ : (X', D’) — (Y', E’) is log
smooth. There is a further log blow-up (X,” D) — (X’, D’) such that X" is smooth as a
scheme (see [22, (10.4)] or [27, Theorem 5.8]). The composition (X,” D”) — (Y’, E’) is still
log smooth. Therefore replacing (X’, D’) by (X,” D”) yields the result. O

Recall that the codimension 1 strata of (Y’, E’) are precisely the irreducible components
of the smooth locus of E’. The morphisms oy and oy in Proposition 6.2 are log blow-ups,
so they induce isomorphisms X'\ D'~ U =X\ Dand Y\ E'~V =Y \ E.

COROLLARY 6.3. — Let ' : (X',D’) — (Y', E’) be as in Proposition 6.2. Then there
exists a finite set S C Q¢ such that for v ¢ S we have f(X(ky)) = Y(ky) if and only if
srrezy(v) = 1 for each codimension 1 stratum Z of (Y', E').
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Proof. — Let f' : (X', D) — (¥, &) be amodel of (X', D’) — (Y', E’) over Uy s.
We enlarge the finite set of places S to ensure that f/ : (X, &) — (Y, &) is a proper,
log smooth morphism of log regular schemes over Ck s such that the induced morphism of
Kato fans is the same as for (X', D') — (Y', E’).

Let W =Y'\ E;ing and let % C ¥’ be the complement to the Zariski closure of E;ing
in %'. For a codimension 1 stratum Z of (Y’, E’) we denote by % the Zariski closure of Z
in . We now further enlarge S to ensure that the following properties hold.

(1) Forany v ¢ S and for any x € %(F,) such that the fiber ( f’)~!(x) is split, there is a
smooth F,-point in (f/)~!(x). This is arranged via the Lang-Weil inequality.

(2) For each codimension 1 stratum Z of (Y’, E’), for any v ¢ S such that s;/ (z)(v) = 1
and for any x € %(F,) the fiber (f’)~'(x) is split. This is achieved by applying
Corollary 3.15 to the morphism ( f')~"1(Z) — Z. Indeed, in this case the assumption
of this corollary is satisfied by Proposition 5.18.

(3) For any v ¢ S, if there exists a codimension 1 stratum Z of (Y’, E’) such that
st e(z)(v) < 1, then Y(ky) # f(X(ky)). This follows from Theorem 4.2.

Let us now prove the statement of the corollary. Fix any v ¢ S. One implication is
immediate: if there exists a codimension 1 stratum Z of (Y’, E’) with s¢/ ,(z)(v) < 1, then
(3) implies that Y (k,) # f(X(ky)).

Conversely, assume that sy z(v) = 1 for each codimension 1 stratum Z of (Y’, E’). By
Propositions 6.1 and 6.2, it suffices to prove that if P € V(k,) is such that P mod 7, is
in W Xspec 05 Spec Fy, then P € f(X(ky)). Write % = &'\ & and V= Y\ €.

Let us first consider the case when P mod 7, € U(F,). The morphism f'|q,: U — UV
is smooth and proper, with geometrically integral generic fiber. This implies that all fibers
of f’|q, are smooth and geometrically integral; in particular, such is ( f/)~'(P mod ). By
(1) this fiber has a smooth Fy,-point, which is clearly also a smooth point of f”.

In the case when P mod m, € Z(F,) for some codimension 1 stratum Z of (Y’, E’), a
combination of (1) and (2) implies that the fiber ( /)~!(P mod ;) has a smooth F,-point.
But a smooth point in this fiber is actually a smooth point of the morphism f” as well, since
Sl¢sn=1(a) 1s a flat morphism, by [21, Corollary 4.4.(ii), Corollary 4.5].

An application of the classical version of Hensel’s lemma now allows one to lift such an
F,-point to a k,-point of X’ over P in both of the cases considered above, as required. [J

6.4. Proofs of the main theorems

Theorem 1.5 now follows immediately from Corollary 6.3, and Theorem 1.4 follows from
Lemma 3.11, Corollary 4.4 and Theorem 1.5. Finally, Theorem 1.6 is a formal consequence
of Lemma 3.10 and Theorem 1.5, because the intersection of finitely many Frobenian sets is
Frobenian (see [31, §3.3.1]). O

REMARK 6.4. — Let us finish by explaining how to recover Denef’s result (Theorem 1.2)
from our Theorem 1.4. The subtlety is the following. Denef imposes a condition on modi-
fications /' : X’ — Y’ of f such that the generic fibers of f and f’ are isomorphic. We
consider arbitrary modifications f’ : X’ — Y’ of f, since using Theorem 5.11 forces us
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to consider modifications for which the generic fiber changes birationally, and we impose a
weaker condition for these modifications (pseudo-splitness instead of splitness).

But in fact we could just as well have imposed our pseudo-splitness condition only for
the modifications f’ : X’ — Y’ with generic fiber isomorphic to the generic fiber of f, as
does Denef. It turns out that this is enough to guarantee that the same condition holds for
arbitrary modifications, as we will now explain.

The argument is the following. Let f : X — Y be a dominant morphism of smooth,
proper, geometrically integral varieties over k, with geometrically integral generic fiber.
Assume that for every modification f/: X’ — Y’ of f with X’ and Y’ smooth such that the
generic fibers of f and f” are isomorphic and for every D e (Y')™M), the fiber (/)" (D) is
a pseudo-split « (D)-variety. Let us check that the same property then holds for an arbitrary
modification f’: X’ — Y’ of f with X" and Y’ smooth.

Solet f/ : X’ — Y’ be such an arbitrary modification. Let Z be the unique irreducible
component of X xy Y’ which dominates X, equipped with the natural morphism Z — Y.
Note that the generic fiber of Z — Y’ is the same as the generic fiber of . Choose a
desingularisation Z — Z such that the composition Z — Y’ still has the same generic
fiber as f. Let D € (Y") and let R = Cy- p be the corresponding discrete valuation ring.
Consider the R-scheme Z xy- Spec R. This is a regular scheme with the same generic fiber
as f. The assumptions imply that its special fiber is pseudo-split.

However the R-scheme X’ Xy Spec R is regular and its generic fiber is smooth and
birational to the generic fiber of f. Therefore Lemma 2.12 implies that its special fiber is
pseudo-split as well, which proves our claim.

REMARK 6.5. — Yongqi Liang observed that exactly the same proofs yield in fact a
slightly stronger version of Theorem 1.4. Indeed, the conclusion that f(X(k,)) = Y(ky)
for almost all places v (assuming the pseudo-splitness assumption) may be replaced by the
following stronger conclusion: there exists a finite set of places S of k such that if K/k is a
finite field extension and if w is a place of K which does not lie above any of the placesin §,
then f(X(Ky)) = Y(Ky).
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MIXED HODGE STRUCTURES AND FORMALITY
OF SYMMETRIC MONOIDAL FUNCTORS

BY JoaNA CIRICI aAND GeEOFFROY HOREL

ABSTRACT. — We use mixed Hodge theory to show that the functor of singular chains with rational
coefficients is formal as a lax symmetric monoidal functor, when restricted to complex varieties whose
weight filtration in cohomology satisfies a certain purity property. This has direct applications to the
formality of operads or, more generally, of algebraic structures encoded by a colored operad. We also
prove a dual statement, with applications to formality in the context of rational homotopy theory. In the
general case of complex varieties with non-pure weight filtration, we relate the singular chains functor
to a functor defined via the first term of the weight spectral sequence.

RESUME. — Nous utilisons la théorie de Hodge mixte pour montrer que le foncteur des chaines
singuliéres a coefficients rationnels est formel, comme foncteur symétrique monoidal lax, lorsqu’on le
restreint aux variétés complexes dont la filtration par le poids en cohomologie satisfait une certaine pro-
priété de pureté. Ce résultat a des applications directes a la formalité d’opérades ou plus généralement
a des structures algébriques encodées par une opérade colorée. Nous prouvons aussi le résultat dual,
avec des applications a la formalité dans le contexte de la théorie de ’'homotopie rationnelle. Dans le cas
général d’une variété dont la filtration par le poids n’est pas pure, nous relions le foncteur des chaines
singuliéres a un foncteur défini par la premiére page de la suite spectrale des poids.

1. Introduction

There is a long tradition of using Hodge theory as a tool for proving formality results.
The first instance of this idea can be found in [18] where the authors prove that compact
Kahler manifolds are formal (i.e., the commutative differential graded algebra of differential
forms is quasi-isomorphic to its cohomology). In the introduction of that paper, the authors
explain that their intuition came from the theory of étale cohomology and the fact that the
degree n étale cohomology group of a smooth projective variety over a finite field is pure

Cirici would like to acknowledge financial support from the DFG (SPP-1786) and AGAUR (Beatriu de Pinos
Program) and partial support from the AEI/FEDER, UE (MTM2016-76453-C2-2-P). Horel acknowledges support
from the project ANR-16-CE40-0003 ChroK.
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1072 J. CIRICI AND G. HOREL

of weight n. This purity is what heuristically prevents the existence of non-trivial Massey
products. In the setting of complex algebraic geometry, Deligne introduced in [16, 17] a
filtration on the rational cohomology of every complex algebraic variety X, called the weight
filtration, with the property that each of the successive quotients of this filtration behaves
as the cohomology of a smooth projective variety, in the sense that it has a Hodge-type
decomposition. Deligne’s mixed Hodge theory was subsequently promoted to the rational
homotopy of complex algebraic varieties (see [35], [27], [36]). This can then be used to make
the intuition of the introduction of [18] precise. In [22] and [12], it is shown that purity of the
weight filtration in cohomology implies formality, in the sense of rational homotopy, of the
underlying topological space. However, the treatment of the theory in these references lacks
functoriality and is restricted to smooth varieties in the first paper and to projective varieties
in the second.

In another direction, in the paper [26], the authors elaborate on the method of [18] and
prove that operads (as well as cyclic operads, modular operads, etc.) internal to the category
of compact Kahler manifolds are formal. Their strategy is to introduce the functor of de
Rham currents which is a functor from compact Kéhler manifolds to chain complexes that
is lax symmetric monoidal and quasi-isomorphic to the singular chain functor as a lax
symmetric monoidal functor. Then they show that this functor is formal as a lax symmetric
monoidal functor. Recall that, if C is a symmetric monoidal category and ¢/ is an abelian
symmetric monoidal category, a lax symmetric monoidal functor F : C —> Ch.(¢#) is said
to be formal if it is weakly equivalent to H o F in the category of lax symmetric monoidal
functors. It is then straightforward to see that such functors send operads in C to formal
operads in Ch, (¢#). The functoriality also immediately gives us that a map of operads in C
is sent to a formal map of operads or that an operad with an action of a group G is sent to
a formal operad with a G-action. Of course, there is nothing specific about operads in these
statements and they would be equally true for monoids, cyclic operads, modular operads, or
more generally any algebraic structure that can be encoded by a colored operad.

The purpose of this paper is to push this idea of formality of symmetric monoidal functors
from complex algebraic varieties in several directions in order to prove the most general
possible theorem of the form “purity implies formality”. Before explaining our results more
precisely, we need to introduce a bit of terminology.

Let X be a complex algebraic variety. Deligne’s weight filtration on the rational n-th
cohomology vector space of X is bounded by

0=W_1H"(X.Q C WoH"(X.Q) C--- C W5, H"(X,Q) = H"(X.Q).

If X is smooth then W, H* (X, Q) = 0, while if X is projective W,, H" (X, Q) = H"(X, Q).
In particular, if X is smooth and projective then we have

0=W,1H"(X,Q) € W, H"(X,Q) = H*(X. Q).

In this case, the weight filtration on H" (X, Q) is said to be pure of weight n. More generally,
for « a rational number and X a complex algebraic variety, we say that the weight filtration
on H*(X, Q) is a-pure if, for all n > 0, we have

WoH" (X, Q)

Gr/ H"(X,Q) := WA (X.Q)

= 0forall p # an.
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The bounds on the weight filtration tell us that this makes sense only when 0 < o < 2. Note
as well that if we write « = a/b with (a,b) = 1, a-purity implies that the cohomology is
concentrated in degrees that are divisible by b, and that H?"(X, Q) is pure of weight an.

Aside from smooth projective varieties, some well-known examples of varieties with
1-pure weight filtration are: projective varieties whose underlying topological space is a
Q-homology manifold ([17, Theorem 8.2.4]) and the moduli spaces Mp,; and Mzr
appearing in the non-abelian Hodge correspondence ([28]). Some examples of varieties with
2-pure weight filtration are: complements of hyperplane arrangements ([33]), which include
the moduli spaces ¢}, of smooth projective curves of genus 0 with n marked points,
and complements of toric arrangements ([22]). As we shall see in Section 8, complements
of codimension d subspace arrangements are examples of smooth varieties whose weight
filtration in cohomology is 2d/(2d — 1)-pure. For instance, this includes configuration
spaces of points in C.

Our main result is Theorem 7.3. We show that, for a non-zero rational number «, the
singular chains functor

Sx (=, Q) : Varc — Ch«(Q)

is formal as a lax symmetric monoidal functor when restricted to complex varieties whose
weight filtration in cohomology is a-pure. Here Varc denotes the category of complex alge-
braic varieties (i.e the category of schemes over C that are reduced, separated and of finite
type). This generalizes the main result of [26] on the formality of S, (X, Q) for any operad X
in smooth projective varieties, to the case of operads in possibly singular and/or non-compact
varieties with pure weight filtration in cohomology.

As direct applications of the above result, we prove formality of the operad of singular
chains of some operads in complex varieties, such as the noncommutative analog of the
(framed) little 2-discs operad introduced in [19] and the monoid of self-maps of the complex
projective line studied by Cazanave in [11] (see Theorems 7.4 and 7.7). We also reinterpret in
the language of mixed Hodge theory the proofs of the formality of the little disks operad and
Getzler’s gravity operad appearing in [38] and [23]. These last two results do not fit directly in
our framework, since the little disks operad and the gravity operad do not quite come from
operads in algebraic varieties. However, the action of the Grothendieck-Teichmiiller group
provides a bridge to mixed Hodge theory.

In Theorem 8.1 we prove a dual statement of our main result, showing that Sullivan’s
functor of piecewise linear forms

Apy, : Var’ — Ch,(Q)

is formal as a lax symmetric monoidal functor when restricted to varieties whose weight
filtration in cohomology is «-pure, where « is a non-zero rational number.

This gives functorial formality in the sense of rational homotopy for such varieties, gener-
alizing both “purity implies formality” statements appearing in [22] for smooth varieties and
in [12] for singular projective varieties. Our generalization is threefold: we allow «-purity
(instead of just 1-and 2-purity), we obtain functoriality and we study possibly singular and
open varieties simultancously.

Theorems 7.3 and 8.1 deal with situations in which the weight filtration is pure. In the
general context with mixed weights, it was shown by Morgan [35] for smooth varieties and
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in [13] for possibly singular varieties, that the first term of the multiplicative weight spectral
sequence carries all the rational homotopy information of the variety. In Theorem 7.8 we
provide the analogous statement for the lax symmetric monoidal functor of singular chains.
A dual statement for Sullivan’s functor of piecewise linear forms is proven in Theorem 8.11,
enhancing the results of [35] and [13] with functoriality.

We now explain the structure of this paper. The first four sections are purely algebraic. In
Section 2 we collect the main properties of formal lax symmetric monoidal functors that we
use. In particular, in Theorem 2.3 we recall a recent theorem of rigidification due to Hinich
that says that, over a field of characteristic zero, formality of functors can be checked at
the level of co-functors. We also introduce the notion of a-purity for complexes of bigraded
objects in a symmetric monoidal abelian category and show that, when restricted to a-pure
complexes, the functor defined by forgetting the degree is formal.

The connection of this result with mixed Hodge structures is done in Section 3, where
we prove a symmetric monoidal version of Deligne’s weak splitting of mixed Hodge struc-
tures over C. Such splitting is a key tool towards formality. In Section 4 we study lax
symmetric monoidal functors to vector spaces over a field of characteristic zero equipped
with a compatible filtration. We show, in Theorem 4.3, that the existence of a lax symmetric
monoidal splitting for such functors can be verified after extending the scalars to a larger
field. As a consequence, we obtain splittings for the weight filtration over Q. This result
enables us to bypass the theory of descent of formality for operads of [26], which assumes
the existence of minimal models. Putting the above results together we are able to show that
the forgetful functor

Ch.(MHSgp) — Ch.(Q)

induced by sending a rational mixed Hodge structure to its underlying vector space is formal
when restricted to those complexes whose mixed Hodge structure in homology is a-pure.

In order to obtain a symmetric monoidal functor from the category of complex varieties
to an algebraic category encoding mixed Hodge structures, we have to consider more flexible
objects than complexes of mixed Hodge structures. This is the content of Section 5, where
we study the category MHCy of mixed Hodge complexes. In Theorem 5.4 we construct
an equivalence of symmetric monoidal co-categories between mixed Hodge complexes and
complexes of mixed Hodge structures. This result is a lift of Beilinson’s equivalence of
triangulated categories D? (MHS;) — ho(MHCy) (see also [20], [9]).

The geometric character of this paper comes in Section 6, where we construct a symmetric
monoidal functor from complex varieties to mixed Hodge complexes. This is done in two
steps. First, for smooth varieties, we dualize Navarro’s construction [36] of functorial mixed
Hodge complexes to obtain a symmetric monoidal co-functor

2, : N(Sm¢) — MHCy

such that its composite with the forgetful functor MHCp — Ch,(Q) is naturally weakly
equivalent to S« (—, Q) as a symmetric monoidal co-functor (see Theorem 6.5). Note that
in order to obtain monoidality, we move to the world of co-categories, denoted in boldface
letters. In the second step, we extend this functor from smooth, to singular varieties, by
standard cohomological descent arguments.
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The main results of this paper are stated and proven in Section 7, where we also explain
several applications to operad formality. Lastly, Section 8 contains applications to the
rational homotopy theory of complex varieties.
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Notations

As a rule, we use boldface letters to denote co-categories and normal letters to denote
1-categories. For C a 1-category, we denote by N(() its nerve seen as an oo-category.

For 7 an additive category, we will denote by Ch’ (%) the category of (homologically
graded) chain complexes in ¢/, where “?” denotes the boundedness condition: nothing for
unbounded, b for bounded below and above and > 0 (resp. < 0) for non-negatively (resp.
non-positively) graded complexes. We denote by Chl((ﬂ) the oo-category obtained from
Ch’ (7) by inverting the quasi-isomorphisms.

2. Formal symmetric monoidal functors

The main result of this section is a “purity implies formality” statement in the setting of
symmetric monoidal functors.

Let (¢#, ®,1) be an abelian symmetric monoidal category with infinite direct sums. The
homology functor H : Chy(c#) —> [],ez ¢/ is a lax symmetric monoidal functor, via the
usual Kiinneth morphism. In the cases that will interest us, all the objects of ¢# will be flat
and the homology functor is in fact strong symmetric monoidal. We will also make the small
abuse of identifying the category [ [, 5 ¢/ with the full subcategory of Ch, (/) spanned by
the chain complexes with zero differential.

We recall the following definition from [26].

DEFINITION 2.1. — Let C be a symmetric monoidal category and F : C —> Chy (/%)
a lax symmetric monoidal functor. Then F is said to be a formal lax symmetric monoidal
functor if F and H o F are weakly equivalent in the category of lax symmetric monoidal
functors: there is a string of natural transformations of lax symmetric monoidal functors
31 o
F«—F—: . -«—F,— HoF,

such that for every object X of C, the morphisms ®; (X) are quasi-isomorphisms.
DEFINITION 2.2. — Let C be a symmetric monoidal category and F : N(C) — Ch.(c#)
a lax symmetric monoidal functor (in the co-categorical sense). We say that F is a formal

lax symmetric monoidal oo-functor if F and H o F are equivalent in the oo-category of lax
symmetric monoidal functors from N(C) to Ch. (7).
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Clearly a formal lax symmetric monoidal functor C — Ch,(¢#) induces a formal lax
symmetric monoidal co-functor N(C) — Chy (7). The following theorem and its corollary
give a partial converse.

THEOREM 2.3 (Hinich). — Let k be a field of characteristic 0. Let C be a small symmetric
monoidal category. Let F and G be two lax symmetric monoidal functors C — Chy (k). If F
and G are equivalent as lax symmetric monoidal oo-functors N(C) —> Chy(Kk), then F and G
are weakly equivalent as lax symmetric monoidal functors.

Proof. — This theorem is true more generally if C is a colored operad. Indeed recall
that any symmetric monoidal category has an underlying colored operad whose category of
algebras is equivalent to the category of lax symmetric monoidal functors out of the original
category.

Now since we are working in characteristic zero, the operad underlying C is homotopi-
cally sound (following the terminology of [29]). Therefore, [29, Theorem 4.1.1] gives us an
equivalence of co-categories

N(Alg(Chy (k) — Alg,(Ch,(k))

where we denote by Alg, (resp. Alg,) the category of lax symmetric monoidal functors (resp.
the oco-category of lax symmetric monoidal functors) out of C. Now, the two functors F
and G are two objects in the source of the above map that become weakly equivalent in the
target. Hence, they are already equivalent in the source, which is precisely saying that they
are connected by a zig-zag of weak equivalences of lax symmetric monoidal functors. O

COROLLARY 2.4. — Letkbe afield of characteristic 0. Let C be a small symmetric monoidal
category. Let F : C — Chy(K) be a lax symmetric monoidal functor. If F is formal as
lax symmetric monoidal co-functor N(C) —> Chy(Kk), then F is formal as a lax symmetric
monoidal functor.

Proof. — It suffices to apply Theorem 2.3 to F and H o F. O

The following proposition whose proof is trivial is the reason we are interested in formal
lax monoidal functors.

PROPOSITION 2.5 ([26], Proposition 2.5.5). — If F : C —> Ch.(c#) is a formal lax
symmetric monoidal functor then F sends operads in C to formal operads in Chy (/7).

In rational homotopy, there is a criterion of formality in terms of weight decompositions
which proves to be useful in certain situations (see for example [6] and [5]). We next provide
an analogous criterion in the setting of symmetric monoidal functors.

Denote by gr# the category of graded objects of ¢#. It inherits a symmetric monoidal
structure from that of ¢/, with the tensor product defined by

(A® B)" =4’ ® B"™".
P
The unit in gr o7 is given by 1 concentrated in degree zero. The functor U : greZ —> oA
obtained by forgetting the degree is strong symmetric monoidal. The category of graded
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complexes Chy(gre#) inherits a symmetric monoidal structure via a graded Kiinneth
morphism.

DEFINITION 2.6. — Given a rational number «, denote by Ch.(grg#)* P the full
subcategory of Ch,(gro#) given by those graded complexes A = P AL with a-pure
homology:

H,(A)? =0forall p # an.

Note that if « = a/b, with a and b coprime, then the above condition implies that H(A)
is concentrated in degrees that are divisible by b, and in degree kb, it is pure of weight ka:

Hyp(A)? = 0forall p # ka.

PROPOSITION 2.7. — Let o be an abelian category and o a non-zero rational number. The
functor U : Chy(gro#)*P¥e — Chy(cA) defined by forgetting the degree is formal as a lax
symmetric monoidal functor.

Proof. — We will define a functor 7 : Chy(gre#Z) —> Ch.(gre#) together with natural
transformations

P:Uor=UandV¥V:Uot= HoU
giving rise to weak equivalences when restricted to chain complexes with «-pure homology.

Consider the truncation functor © : Chy(gre#) —> Chy(grco#) defined by sending a
graded chain complex 4 = @ A} to the graded complex given by:

A7 n>[p/al,
(tA)} == { Ker(d : A} — A?_)n = [p/a],
0 n</[p/al,

where [ p/a] denotes the smallest integer greater than or equal to p/«. Note that for each p,
7(A)? is the chain complex given by the canonical truncation of A% at [ p/a], which satisfies
H,(x(A)?) =~ H,(A?) foralln > [p/a].

To prove that 7 is a lax symmetric monoidal functor it suffices to see that

1(A)? @ t(B)], C 1(A® B)P 1

n+m

forall A, B € Ch.(grc#). By symmetry in A and B, it suffices to consider the following three
cases :

1. If n > [p/a]and m > [q/a] thenn +m > [p/a] + [q/a] = [(p + q)/a]. Therefore
we have 7(4 ® B)’T9 = (4 ® B)?1? and the above inclusion is trivially satisfied.

n+m n+m
2.1fn = [p/alandm = [q/e]thenn + m = [p/a] + [q/a] = [(p + q)/a].
Now, if n +m > [(p + q)/a] then again we have t(4 ® B)!T¢ = (4 ® B)!T4.

Ifn +m = [(p + ¢q)/a] then the above inclusion reads
Ker(d : AZ — A?_ ) ® Ker(d : BY, — BY_) C Ker(d : (A® B)?T! — (A® B)!TI ).

This is verified by the Leibniz rule.
3. Lastly, if n < [p/a] then (A)% = 0 and there is nothing to verify.
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1078 J. CIRICI AND G. HOREL

The projection Ker(d : A} — AP_,) - H,(A)? defines a morphism 74 — H(A) by

0 n#[p/al,
Hp(A)P n = [p/a].
This gives a symmetric monoidal natural transformation ¥ : U ot = HoU = U o H.

Likewise, the inclusion 74 <> A defines a symmetric monoidal natural transformation
b:Uor=U.

Let A be a complex of Chy(gr ¢#)*P**¢. Then both morphisms

(tA)f —

W(A):10U(A) > HoU(A) and ®(A) : U o 1(A) — U(A)

are clearly quasi-isomorphisms. O

For graded chain complexes whose homology is pure up to a certain degree, we obtain a
result of partial formality as follows.

DEFINITION 2.8. — Let ¢ > 0 be an integer. A morphism of chain complexes f : A — B
is called a g-quasi-isomorphism if the induced morphism in homology H;(f) : H;(A) — H;(B)
is an isomorphism for alli < q.

REMARK 2.9. — There is a notion of g-quasi-isomorphism in rational homotopy which
asks in addition that the map induced in degree (¢ + 1)-cohomology is a monomor-
phism. Dually, for chain complexes one could ask to have an epimorphism in degree
(¢ + 1)-homology. Note that we don’t consider this extra condition here, since we work with
possibly negatively and positively graded complexes and such a condition would break the
symmetry. In addition, in our subsequent work on formality with torsion coefficients [15],
the notion of partial formality as defined below plays a fundamental role.

DEFINITION 2.10. — Letg > 0 be an integer. A functor F : C —> Ch.(¢#) is a g-formal
lax symmetric monoidal functor if there are natural transformations ®; as in Definition 2.1
such that ®; (X) are g-quasi-isomorphisms for all X € Candall1 <i <n.

PROPOSITION 2.11. — Let o7 be an abelian category. Given a non-zero rational number o
o-pure

and an integer ¢ > 0, denote by Chy(grc#)q the full subcategory of Ch.(gr o) given by
those graded complexes A = @ AL whose homology in degrees < q is a-pure: for alln < gq,
H,(A)? =0 forall p # an.

Then the functor U : Chy(gre#)g ™™ —> Chy(H#) defined by forgetting the degree is
q-formal.

Proof. — The proof is parallel to that of Proposition 2.7 by noting that, if H,(A) is a-pure
for n < g 4 1, then the morphisms

W(A):toU(A) > HoU(A) and ®(A) : U o t(A) — U(A)

are g-quasi-isomorphisms. O
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3. Mixed Hodge structures

We next collect some main definitions and properties on mixed Hodge structures and
prove a symmetric monoidal version of Deligne’s splitting for the weight filtration.

Denote by &7 o/ the category of filtered objects of an abelian symmetric monoidal cate-
gory (c#, ®,1). All filtrations will be assumed to be of finite length and exhaustive. With the
tensor product

Wy(A® B):= Y Im(W,AQ W;B — A® B).
i+j=p
and the unit given by 1 concentrated in weight zero, ¥ ¢/ is a symmetric monoidal category.
The functor UM : gre# — o A defined by 4 = P AP > Wind = @, _,, A? is strong
symmetric monoidal. The category of filtered complexes Ch. (¥ o) inherits a symmetric
monoidal structure via a filtered Kiinneth morphism and we have a strong symmetric
monoidal functor
U : Chy (gr #) — Cha(F 7).
Let k C R be a subfield of the real numbers.

DEFINITION 3.1. — A mixed Hodge structure on a finite dimensional k-vector space V
is given by an increasing filtration W of V, called the weight filtration, together with a
decreasing filtration F on V¢ := V ® C, called the Hodge filtration, such that for all m > 0,
each k-vector space Gr,If,/ V = W, V/Wy—_1V carries a pure Hodge structure of weight m
given by the filtration induced by F on Gr,If,/ V®C, that is, there is a direct sum decomposition

GrpV®C= P VP, where VP = FF(Gr)V @ C)NF'(Gry V @ C) = V.
pt+g=m
Morphisms of mixed Hodge structures are given by morphisms f : V — V' of k-vector
spaces compatible with filtrations: f(W,,V) C W, V' and f(F?PV¢) C FPV{. Denote

by MHSy the category of mixed Hodge structures over k. It is an abelian category by [16,
Theorem 2.3.5].

REMARK 3.2. — Given mixed Hodge structures V and V', then V ® V' carries a mixed
Hodge structure with the filtered tensor product. This makes MHSy into a symmetric
monoidal category. Also, Hom(V, V') carries a mixed Hodge structure with the weight
filtration given by

WoHom(V, V') :={f : V = V', f(W,V) C Wyq, V', Vgq}

and the Hodge filtration defined in the same way. In particular, the dual of a mixed Hodge
structure is again a mixed Hodge structure.

Let k C K be a field extension. The functors
Ik : MHS, — Vectk and HHV(V : MHS, — & Vectk

defined by sending a mixed Hodge structure (V, W, F) to Vg = Vi ® Kand (Vg, W)
respectively, are strong symmetric monoidal functors.

Deligne introduced a global decomposition of V¢ := V ® C into subspaces /74, for
any mixed Hodge structure (V, W, F') which generalizes the decomposition of pure Hodge
structures of a given weight. In this case, one has a congruence /74 = T7%% modulo Wpig—2.
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From this decomposition, Deligne deduced that morphisms of mixed Hodge structures are
strictly compatible with filtrations and that the category of mixed Hodge structures is abelian
(see[16, Section 1], see also [37, Section 3.1]). We next study this decomposition in the context
of symmetric monoidal functors.

LemMa 3.3 (Deligne’s splitting). — The functor Hg/ admits a factorization

MHS, ¢ grVectc
fil

ny v
of Vectc

into strong symmetric monoidal functors. In particular, there is an isomorphism of functors
Ulogrom? =mi,

where gr : & Vectc —> grVectc is the graded functor given by gr(Ve, W)P = GrII,'V Ve.

Proof. — Let (V, W, F) be a mixed Hodge structure. By [16, 1.2.11] (see also [25, Lemma
1.12]), there is a direct sum decomposition Ve = & I7-4(V) where

IP9(V) = (FPWpiyVe) N (7" WorgVe + Y F' Wyig 1o V@) .

i>0
This decomposition is functorial for morphisms of mixed Hodge structures and satisfies

WnVe= @ 174(V).
pt+q=m

Define G by letting G(V, W, F)" .= @p 4g=n 172 (V) for any mixed Hodge structure. Since
faP4(v)) c I174(V’) for every morphism f : (V,W, F) — (V', W, F) of mixed Hodge
structures, G is functorial. To see that G is strong symmetric monoidal it suffices to use the
definition of 779 together with the tensor product mixed Hodge structure defined via the
filtered tensor product, to obtain isomorphisms

Yooy iwyx Y 1My eV
p+q=n i+j=n+n’
P +q'=n’

showing that the splittings 7 ** are compatible with tensor products (see also [35, Proposition
1.9]).

The functor UM : grVect — F Vect is the strong symmetric monoidal functor given by

Py v.w). with W,V := G v".
n

n<m

Therefore we have Ufll o G = TTYY . In order to prove the isomorphism Ul o gro Y ~ MY
it suffices to note that there is an isomorphism of functors gr o Ufil = Id.

O
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4. Descent of splittings of lax symmetric monoidal functors

In this section, we study lax symmetric monoidal functors to vector spaces over a field
of characteristic zero k equipped with a compatible filtration. More precisely, we are inter-
ested in lax symmetric monoidal maps ¢ — ¢ Vecty. Our goal is to prove that the
existence of a lax symmetric monoidal splitting for such a functor (i.e., of a lift of this
map to C —> grVecty) can be checked after extending the scalars to a larger field. Our
proof follows similar arguments to those appearing in [13, Section 2.4], see also [26] and
[40]. A main advantage of our approach with respect to these references is that, in proving
descent at the level of functors, we avoid the use of minimal models (and thus restrictions
to, for instance, operads with trivial arity 0).

It will be a bit more convenient to study a more general situation where Cis allowed to be a
colored operad instead of a symmetric monoidal category. Indeed recall that any symmetric
monoidal category can be seen as an operad whose colors are the objects of C and where
a multimorphism from (cy,...,c,) to d is just a morphism in C from¢; ® --- ® ¢, to d.
Then, given another symmetric monoidal category &), there is an equivalence of categories
between the category of lax symmetric monoidal functors from C to ) and the category of
(C-algebras in the symmetric monoidal category ).

We fix (V, W) a map of colored operads C —> ¥ Vecty such that for each color ¢ of C, the
vector space V(c) is finite dimensional. We denote by Auty (V) the set of its automorphisms
in the category of C-algebras in ¢FVect, and by Aut(Gr” V) the set of automorphisms
of GtV in the category of C-algebras in grVect,. We have a morphism gr : Auty (V) —
Aut(Gr" V).

Let k — R be a commutative k-algebra. The correspondence

R~ Autyy, (V)(R) := Auty (V ®y R)

defines a functor Auty, (V) : Alg, —> Gps from the category Alg, of commutative
k-algebras, to the category Gps of groups. Clearly, we have Auty, (V) (k) = Autw (V). We
define in a similar fashion a functor Aut(Gr" V) from Alg, to Gps.

We recall the following properties:

ProOPOSITION 4.1. — Let (V, W) be as above. 1.1.
1. Auty, (V) is a group scheme whose group of k-points is Autw (V).
2. The functor Gr"” induces a morphism gr: Auty (V) — Aut(Gr" V) of group schemes.
3. The kernel U := Ker (g DAuty (V) — Aut(Gr" V)) is a unipotent group scheme
over k.
Proof. — We first observe that there is an isomorphism
Auty, (V) = limg Auty, (Vs).,

in which the limit is taken over the poset of finite sets S of objects of C and Vs denotes
the restriction of V' to those objects. We can write the groups Auty (V) and Aut(Gr” V) as
similar limits. Therefore we may restrict to the case when C has finitely many objects and
prove that in this case, the above objects live in the category of algebraic groups.
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Let N be such that the vector space ., V(c) can be linearly embedded in kY. Then
Auty (V) is the closed subgroup of GL y (k) defined by the polynomial equations that express
the data of a filtration preserving C-algebra automorphism. Similarly, inside the functor of
linear automorphisms P ¢, V(c) ®x R — P, V(c) ®x R, let F(R) be those preserving
the structure of V as a (C-algebra in filtered vector spaces. The condition of preserving the
filtration and the algebra structure is given by polynomial equations in the matrix entries and
so F is representable (this is also explained in Section 7.6 of [41]). It follows that Auty, (V) is
an algebraic group and its group of k-points is Auty (V). Hence (1) is satisfied.

For every commutative k-algebra R, the map
Autyy, (V)(R) = Autw (V ®, R) — Aut(Gr" (V ®y R)) = Aut(Gr" V)(R)

is a morphism of groups which is natural in R. Thus (2) follows and hence the kernel U is an
algebraic group. It now suffices to take a basis of @ ., V(c) compatible with W. Then we
may view U as a subgroup of the group of upper-triangular matrices with 1’s on the diagonal.
Hence (3) is satisfied. O

LemMa 4.2. — Let (V, W) be as above. The following assertions are equivalent. 1.1.
1. The pair (V, W) admits a lax symmetric monoidal splitting: W,V = P, _, Gr;V V.
2. The morphism gr : Auty (V) — Aut(Gr” V) is surjective.

3. There exists « € k* which is not a root of unity together with an automorphism
® € Auty (V) such that gr(®) = y, is the grading automorphism of Gr” V associated
with «, defined by

VYo(a) = aPa, fora € Gr;VV.

Proof. — The implications (1) = (2) = (3) are trivial. We show that (3) implies
(1). Let @ € Autw (V) be such that grd = . We will first produce a decomposition
® = &;.®, which is such that for any object ¢ of C, the restrictions (®;(c), ®,(c)) is a Jordan
decomposition for ®(c). In order to do that, recall that we have an isomorphism

Auty (V) = limg Autw (Vs)

where the limit is taken over the poset of finite subsets S of objects of € and Vs denotes
the restriction of V' to the subset S. For each of the groups Auty (Vs) we can find a Jordan
decomposition of the image of ® in each of them. The transition maps between those groups
preserve this decomposition and it follows that this decomposition induces a decomposition
of ® with the desired property.

By [7, Theorem 4.4], there is a decomposition of the form V(c) = V'(c) ® V" (c), where
V'(c) = @D Vp(c) with V,(c) := Ker(®s(c) — a? )

and V”(c) is the complementary subspace corresponding to the remaining factors of
the characteristic polynomial of ®(c). By assumption, Gr'” V(c¢) contains nothing but
eigenspaces of eigenvalue a?. Therefore we have Gr' V”(¢) = 0 and one concludes that
V() =0.
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In order to show that W,V = P, ., V), it suffices to prove it objectwise. Let ¢ be an object
of C. For x € Vp(c), let ¢ be the smallest integer such that x € W, V(c). Then x defines a class
x + Wyqp1V(c) € grV(c), and

Yo (x + Wo1V(c)) = afx + Wy—1V(e) = O(x) + W1V (c) = aPx + W1 V(c).

Then (a? —a?)x € Wy_1V(c). Since x ¢ Wy_1V(c) we have g = p, hence x € W, V. O
We may now state and prove the main theorem of this section.

THEOREM 4.3. — Let (V, W) be a map of colored operads C —> F Vecty such that for each
color ¢ of C, the vector space V(c) is finite dimensional. Letk C K be a field extension. Then V
admits a lax symmetric monoidal splitting if and only if Vi := V ®y K : C —> Vecty admits
a lax symmetric monoidal splitting.

Proof. — We may assume without loss of generality that K is algebraically closed. If Vi
admits a splitting, the map
Autyy (V)(K) — Aut(Gr" V)(K)
is surjective by Lemma 4.2. Our goal is to prove surjectivity of
Auty, (V)(k) — Aut(Gr" V) (k).

As in Proposition 4.1, we can write those groups as filtered limits. Since an inverse limit of
surjections is a surjection, it is enough to prove the result when C has finitely many objects.

From [41, Section 18.1] there is an exact sequence of groups
1 —> U(k) —> Auty, (V) (&) — Aut(Gr" V) (k) — H'(K/k.U) —> ---

where U is a unipotent algebraic group by Proposition 4.1 and our assumption that C has
finitely many objects. Since k has characteristic zero the group H ' (K/k, U) is trivial (see [41,
Example 18.2.¢]) and we deduce the desired surjectivity. O

From this theorem we deduce that Deligne’s splitting holds over Q. We record this fact in
the following Lemma.

LemMma 4.4 (Deligne’s splitting over Q). — The forgetful functor H(g’ : MHSg — ¢ Vectg
given by (V, W, F) — (V, W) admits a factorization

MHSg ——%—— grVectg
HS/ Uﬁl
of Vectg

into lax symmetric monoidal functors. In particular, there is an isomorphism of functors
fil W o W
U ogrollg =1lg.

where gr : &f Vectg —> grVectg is the graded functor given by gr(Vg, W)P = Gr;V Vo
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Proof. — We apply Theorem 4.3 to the lax symmetric monoidal functor Hg’ using the fact
that Hg ®q C admits a splitting by Lemma 3.3. O

REMARK 4.5. — We want to emphasize that Theorem 4.3 does not say that the splitting
of the previous lemma recovers the splitting of Lemma 3.3 after tensoring with C. In fact,
it can probably be shown that such a splitting cannot exist. Nevertheless, the existence of
Deligne’s splitting over C abstractly forces the existence of a similar splitting over Q which is
all this Lemma is saying. Note as well that these are not splittings of mixed Hodge structures,
but only of the weight filtration. They are also referred to as weak splittings of mixed Hodge
structures (see for example [37, Section 3.1]). As is well-known, mixed Hodge structures do
not split in general.

The above splitting over Q yields the following “purity implies formality” statement in
the abstract setting of functors defined from the category of complexes of mixed Hodge
structures. Given a rational number «, denote by Ch,(MHSg)*P"¢ the full subcate-
gory of Ch.(MHSg) of complexes with pure weight « homology: an object (K, W, F) in
Ch,(MHSg)*P"* is such that Grﬁ, H,(K) =0forall p # an.

COROLLARY 4.6. — The restriction of the functor Tlg : Ch«(MHSg) — Ch.(Q) to the
category Chy (MHSg)*P " is formal for any non-zero rational number o.

Proof. — This follows from Proposition 2.7 together with Lemma 4.4. O

5. Mixed Hodge complexes

In this section, we construct an equivalence of symmetric monoidal co-categories between
mixed Hodge complexes and complexes of mixed Hodge structures, lifting Beilinson’s equiv-
alence of triangulated categories.

We first recall the notion of mixed Hodge complex introduced by Deligne in [17] in its
chain complex version (with homological degree). Note that, in contrast with the classical
setting of mixed Hodge theory, in the homological version of a mixed Hodge complex, the
weight filtration W will be decreasing while the Hodge filtration F' will be increasing.

Let k C R be a subfield of the real numbers.

DEFINITION 5.1. — A mixed Hodge complex over k is given by a filtered chain complex
(Kk, W) over k, a bifiltered chain complex (K¢, W, F) over C, together with a finite string of
filtered quasi-isomorphisms of filtered complexes of C-vector spaces

(Ke. W)@ C 5 (K W) << - 225 (Ko W) 25 (K, W).
We call [ the length of the mixed Hodge complex. The following axioms must be satisfied:
(MHj) The homology H«(K}) is bounded and finite-dimensional.
(MH,) The differential of Gr;, K¢ is strictly compatible with F.

(MH;) The filtration on H, (Gr{,’V K¢) induced by F makes H,, (Ger Ky) into a pure Hodge
structure of weight p + n.

Such a mixed Hodge complex will be denoted by & = {(Ky, W), (K¢, W, F)}, omitting
the data of the comparison morphisms ;.
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The above axioms imply that for all n > 0 the triple (H, (Ky), W{n], F) is a mixed Hodge
structure over k, where W n] is the shifted weight filtration given by

W(n]? Hy(Ki) == WP™" Hy(Ky).

Morphisms of mixed Hodge complexes are given by levelwise bifiltered morphisms of
complexes making the corresponding diagrams commute. Denote by MHCy, the category
of mixed Hodge complexes of a certain fixed length, which we omit in the notation. The
tensor product of mixed Hodge complexes is again a mixed Hodge complex (see [37, Lemma
3.20]). This makes MHCy into a symmetric monoidal category, with a filtered variant of the
Kiinneth formula.

DEFINITION 5.2. — A morphism f : K — L in MHC is said to be a weak equivalence
if H.( fi) is an isomorphism of k-vector spaces.

Since the category of mixed Hodge structures is abelian, the homology of every complex
of mixed Hodge structures is a graded mixed Hodge structure. We have a functor

S : Ch®(MHS,) — MHC;

given on objects by (K, W, F) — {(K,TW),(K ® C,TW, F)}, where T W is the shifted
filtration (T W)? K, := WP*t" K, The comparison morphisms «; are the identity. Also, &~
is the identity on morphisms. This functor clearly preserves weak equivalences.

LEMMA 5.3. — The shift functor & Chi(MHSk) —> MHC is strong symmetric
monoidal.

Proof. — 1t suffices to note that given filtered complexes (K, W) and (L, W), we have:
TWRW)Y(KQL), =(TWRTW)?(K®L),. O

Beilinson [2] gave an equivalence of categories between the derived category of mixed
Hodge structures and the homotopy category of a shifted version of mixed Hodge complexes.
We will require a finer version of Beilinson’s equivalence, in terms of symmetric monoidal
oo-categories. Denote by MHCy, the co-category obtained by inverting weak equivalences of
mixed Hodge complexes, omitting the length in the notation. As explained in [20, Theorem
2.7.], this object is canonically a symmetric monoidal stable co-category. Note that in loc.
cit., mixed Hodge complexes have fixed length 2 and are polarized. The results of [20] as well
as Beilinson’s equivalence, are equally valid for the category of mixed Hodge complexes of
an arbitrary fixed length.

THEOREM 5.4. — The shift functor induces an equivalence Ch’i (MHSg;) — MHCy of
symmetric monoidal co-categories.

Proof. — A proof'in the polarizable setting appears in [20]. Also, in [9], a similar statement
is proven for a shifted version of mixed Hodge complexes. We sketch a proof in our setting.

We first observe as in Lemma 2.6 of [9] that both co-categories are stable and that the shift
functor is exact. The stability of MHCy follows from the observation that this co-category is
the Verdier quotient at the acyclic complexes of the co-category of mixed Hodge complexes
with the homotopy equivalences inverted. This last co-category underlies a dg-category that
can easily be seen to be stable. The stability of Ch2(MHSy) follows in a similar way. Since
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a complex of mixed Hodge structures is acyclic if and only if the underlying complex of
k-vector spaces is acyclic, and &/ is the identity on the underlying complexes of k-vector
spaces, it follows that &/ is exact. Therefore, in order to prove that & is an equivalence of
oo-categories, it suffices to show that it induces an equivalence of homotopy categories

D?(MHS;) — ho(MHC}).

In[2, Lemma 3.11], it is proven that the shift functor & : Ch? (MHS?) — MHC?
induces an equivalence at the level of homotopy categories. Here the superindex p indicates
that the mixed Hodge objects are polarized. One may verify that Beilinson’s proof is equally
valid if we remove the polarization (see also [14, Theorem 4.10] where Beilinson’s equivalence
is proven in the non-polarized version via other methods). The fact that &/ can be given
the structure of a strong symmetric monoidal co-functor follows from the work of Drew
in [20]. O

6. Logarithmic de Rham currents

The goal of this section is to construct a strong symmetric monoidal co-functor from
algebraic varieties over C to mixed Hodge complexes which computes the correct mixed
Hodge structure after passing to homology. The construction for smooth varieties is rela-
tively straightforward. It suffices to take a functorial mixed Hodge complex model for the
cochains as constructed for instance in [36] and dualize it. The monoidality of that functor
is slightly tricky as one has to move to the world of co-categories for it to exist. Once one has
constructed this functor for smooth varieties, it can be extended to more general varieties
by standard descent arguments.

We denote by Varc the category of complex schemes that are reduced, separated and of
finite type. We use the word variety for an object of this category. We denote by Sm¢ the
subcategory of smooth schemes. Both of these categories are essentially small (i.e., there is a
set of isomorphisms classes of objects) and symmetric monoidal under the cartesian product.

We will make use of the following very simple observation.

PROPOSITION 6.1. — Let Cand &) be two categories with finite products seen as symmeltric
monoidal categories with respect to the product. Then any functor F : C —> ) has a preferred
oplax symmetric monoidal structure.

Proof. — We need to construct comparison morphisms F(c x ¢’) — F(c) x F(c'). By
definition of the product, there is a unique such functor whose composition with the first
projection is the map F(c x ¢’) — F(c) induced by the first projection ¢ x ¢/ —> ¢ and
whose composition with the second projection is the map F(c x ¢’) —> F(c’) induced by
the second projection ¢ x ¢/ — ¢’. Similarly, one has a unique map F () —> *. One checks
easily that these two maps give F the structure of an oplax symmetric monoidal functor. [
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6.1. For smooth varieties
In this section, we construct a lax symmetric monoidal functor
P+ : N(Smc) — MHCq

such that its composition with the forgetful functor MHCgp — Ch, (Q) is naturally weakly
equivalent to S«(—, Q) as a lax symmetric monoidal functor.

We will adapt Navarro-Aznar’s construction of mixed Hodge diagrams [36]. Let X be a
smooth projective complex variety and j : U < X an open subvariety such that D := X—-U
is a normal crossing divisor. Denote by ¢y the analytic de Rham complex of the underlying
real analytic variety of X and let ¢#Zy (log D) denote the subsheaf of j. ¢#;, of logarithmic
forms in D. Note that in Deligne’s approach to mixed Hodge theory, the sheaf Q% (log D) of
holomorphic forms on X with logarithmic poles along D is used instead. As explained in 8.5
of [36], the main advantage to consider analytic forms is the natural real structure obtained,
together with a decomposition of the form

Ay(logD)®C= P Hy(log D).
p+g=n
Also, there is an inclusion Q% (log D) — Ay (log D) ® C which is a quasi-isomorphism and
Ay (log D) may be naturally endowed with a multiplicative weight filtration W (see 8.3 of
[36]). Proposition 8.4 of loc. cit. gives a string of quasi-isomorphisms of sheaves of filtered
cdga’s over R:

(Rrwj»Qy. ) ® R = (Rrwjx Ay, 1) < (Hy (logD), 7) = (HAx (logD), W),

where 7 is the canonical filtration. In this diagram,

Rrw j+ : Sh(U, Ch=°(k)) —> Sh(X, Ch=(k))
is the functor defined by

Rywjx :=Stwo jx 0 GT

where

G™T : Sh(X, Ch=°(k)) — ASh(X, Ch=’(k))
is the Godement canonical cosimplicial resolution functor and

stw : ASh(X, Ch=°(k)) — Sh(X, Ch=°(k))

is the Thom-Whitney simple functor introduced by Navarro in Section 2 of loc. cit. Both
functors are lax symmetric monoidal and hence Ry j« is a lax symmetric monoidal functor
(see [39, Section 3.2]).

The complex ¢#y(log D) ® C carries a natural multiplicative Hodge filtration F (see
8.6 of [36]). The above string of quasi-isomorphisms gives a commutative algebra object
in (cohomological) mixed Hodge complexes after taking global sections. Specifically, the
composition

RrwI'(X,—) i=srwo (X, —) o GT
gives a derived global sections functor

RrwI' (X, —) : Sh(X, Ch$°(Q)) — Chi%(Q)

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1088 J. CIRICI AND G. HOREL

which again is lax symmetric monoidal. There is also a filtered version of this functor
defined via the filtered Thom-Whitney simple (see Section 6 of [36]). Theorem 8.15 of loc.
cit. asserts that by applying the (bi)filtered versions of Ry I'(X, —) to each of the pieces of
the above string of quasi-isomorphisms, one obtains a commutative algebra object in mixed
Hodge complexes ¢/dg(X, U) whose cohomology gives Deligne’s mixed Hodge structure on
H*(U, Q) and such that

07/@'9/()(, U)o = RrwI'(X, RTW]*@U)
is naturally quasi-isomorphic to S*(U, C) (as a cochain complex). This construction is func-
torial for morphisms of pairs f : (X,U) — (X', U’). The definition of S/dg(f) follows as
in the additive setting (see [32, Lemma 6.1.2] for details), by replacing the classical additive
total simple functor with the Thom-Whitney simple functor.

Now we wish to get rid of the dependence on the compactification. For this purpose, we
define for U a smooth variety over C, a category Ry whose objects are pairs (X, U) where
X is smooth and proper variety containing U as an open subvariety and X — U is a normal
crossing divisor. Morphisms in Ry are morphisms of pairs. We then define 2*(U) by the
formula

2*U) := colimRZp Helg(X,U)

By theorems of Hironaka and Nagata, the category RZp is a non-empty filtered category.
Note that we have to be slightly careful here as the category of mixed Hodge complexes
does not have all filtered colimits. However, we can form this colimit in the category of
pairs (Kq., W), (Kc, W, F) having the structure required in Definition 5.1 but not neces-
sarily satisfying the axioms MHy, MH; and MH,. Since taking filtered colimit is an exact
functor, we deduce from the classical isomorphism between sheaf cohomology and singular
cohomology that there is a quasi-isomorphism

7*(U)g — $*(U, Q)

This shows that the cohomology of 2*(U) is of finite type and hence, that 2*(U) satisfies
axiom MHy. The other axioms are similarly easily seen to be satisfied. Moreover, filtered
colimits preserve commutative algebra structures, therefore the functor 2* is a functor from
Sm¢P to commutative algebras in MHCgq.

Since the coproduct in commutative algebras is the tensor product, we deduce from the
dual of Proposition 6.1 that 2* is canonically a lax symmetric monoidal functor from Sm¢?
to MHCy. But since the comparison map

7*(U)g ® 7% (V)g — Z*(U xV)g
is a quasi-isomorphism, this functor extends to a strong symmetric monoidal co-functor
@* : N(Sm(c)Op —> MHCQ.

REMARK 6.2. — A similar construction for real mixed Hodge complexes is done in [10,
Section 3.1]. There is also a similar construction in [20] that includes polarizations.

Now, the category MHCy is equipped with a duality functor. It sends a mixed Hodge
complex {(Kq, W), (Kc, W, F)} to the linear duals {(Kg, W"), (K¢, WY, FY)} where the
dual of a filtered complex is defined as in 3.2. One checks easily that this dual object satisfies
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the axioms of a mixed Hodge complex. Moreover, the duality functor MHCZPP — MHCqg
is lax symmetric monoidal and preserves weak equivalences of mixed Hodge complexes,
therefore it induces a lax symmetric monoidal co-functor

MHCY — MHCy,

but in fact, we have the following proposition.

PROPOSITION 6.3. — The dualization co-functor
MHC%p — MHCy

is strong symmetric monoidal.

Proof. — It suffices to observe that the canonical map
KY®LY — (K® L)Y

is a weak equivalence. This follows from the fact that mixed Hodge complexes are assumed
to have finite type cohomology. O

Composing the duality functor with 2%, we get a strong symmetric monoidal co-functor

Dy N(Sm@) — MHCQ.

REMARK 6.4. — One should note that 2* comes from a lax symmetric monoidal functor
from Sm(ocp to MHCgq. On the other hand, Z, is induced by a strict functor which is neither
lax nor oplax. Indeed, it is obtained as the composition of (2*)°P which is an oplax
symmetric monoidal functor Sm¢ — (MHCgp)°P and the duality functor which is a lax
symmetric monoidal functor. Thus, the symmetric monoidal structure on Z, only exists at
the co-categorical level.

To conclude this construction, it remains to compare the functor %, (—)g with the singular
chains functor. These two functors are naturally quasi-isomorphic as shown in [36] but we
will need to know that they are quasi-isomorphic as symmetric monoidal co-functors. We
denote by S«(—, R) the singular chain complex functor from the category of topological
spaces to the category of chain complexes over a commutative ring R. The functor S« (—, R)
is lax symmetric monoidal. Moreover, the natural map

S+(X,R) ® S«(Y,R) = S+(X x Y, R)

is a quasi-isomorphism. This implies that S (—, R) induces a strong symmetric monoidal
oo-functor from the category of topological spaces to the co-category Chy(R) of chain
complexes over R. We still use the symbol S« (—, R) to denote this co-functor.

THEOREM 6.5. — The functors P«(—)qg and S«(—,Q) are weakly equivalent as strong
symmetric monoidal co-functors from N(Smc) to Ch,(Q).

Proof. — We introduce the category Man of smooth real manifolds. We consider the
oo-category PSh(Man) of presheaves of spaces on the oco-category N(Man). This is a
symmetric monoidal co-category under the product. We can consider the reflective subcate-
gory T spanned by presheaves ( satisfying the following two conditions:
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1. Given a hypercover U, — M of a manifold M, the induced map
C(M) — limp C(U,)
is an equivalence.

2. For any manifold M, the map Q(M) — ((M x R) induced by the projection
M x R — M is an equivalence.

The presheaves satisfying these conditions are stable under product, hence the oco-category T
inherits the structure of a symmetric monoidal locally presentable co-category. It has a
universal property that we now describe.

Given another symmetric monoidal locally presentable oo-category D, we denote by
Fun®*®(T, D) the oo-category of colimit preserving strong symmetric monoidal functors
T — D. Then, we can consider the composition

Fun™®(T, D) — Fun®®(PSh(Man), D) — Fun® (NMan, D)

where the first map is induced by precomposition with the left adjoint to the inclusion
T — PSh(Man) and the second map is induced by precomposition with the Yoneda embed-
ding. We claim that the above composition is fully faithful and that its essential image is the
full subcategory of Fun® (NMan, D) spanned by the functors F that satisfy the following
two properties:

1. Given a hypercover Us — M of a manifold M, the map
colimpaop F(Us) = F(M)
is an equivalence.

2. For any manifold M, the map F(M xR) — F(M) induced by the projection
M xR — M is an equivalence.

This statement can be deduced from the theory of localizations of symmetric monoidal
oo-categories (see [30, Section 3]).

In particular, there exists an essentially unique strong symmetric monoidal and colimit
preserving functor from T to S (the oo-category of spaces) that is determined by the fact
that it sends a manifold M to the simplicial set Sing(M ). This functor is an equivalence of
oo-categories. This is a folklore result. A proof of a model category version of this fact can
be found in [21, Proposition 8.3.].

The oo-category S is the unit of the symmetric monoidal co-category of presentable
oo-categories. It follows that it has a commutative algebra structure (which corresponds to
the symmetric monoidal structure coming from the cartesian product) and that it is the
initial symmetric monoidal presentable co-category. Since T is equivalent to S as a symmetric
monoidal presentable oco-category, we deduce that, up to equivalence, there is a unique
functor T — Ch.(Q) that is strong symmetric monoidal and colimit preserving. But, using
the universal property of T, we easily see that S, (—, Q) and Zy(—)g can be extended to strong
symmetric monoidal and colimits preserving functors from T to Ch. (Q). It follows that they
must be equivalent. O
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6.2. For varieties

In this subsection, we extend the construction of the previous subsection to the category
of varieties.

We have the site (Varc)pro of varieties over C with the proper topology and the site
(Smc)pro Which is the restriction of this site to the category of smooth varieties (see [4, Section
3.5] for the definition of the proper topology).

PROPOSITION 6.6 (Blanc). — Let C be a symmetric monoidal presentable oo-category. We
denote by Fung}o (Varg, C) the oo-category of strong symmetric monoidal functors from Varc
to C whose underlying functor satisfies descent with respect to proper hypercovers. Similarly, we
denote by Fungo(SmC, C) the oo-category of strong symmetric monoidal functors from Smc to
C whose underlying functor satisfies descent with respect to proper hypercovers. The restriction
functor

Fun® (Varc,C) — Fun®, (Smc, C)

is an equivalence.

Proof. — We have the categories Fun(Var®, sSet) and Fun(Sm¢’, sSet) of presheaves of
simplicial sets over Varc and Sm¢ respectively. These categories are related by an adjunction

7* : Fun(Sm¢, sSet) < Fun(Var’, sSet) : 7

where the right adjoint 7, is just the restriction of a presheaf to smooth varieties. Both sides
of this adjunction have a symmetric monoidal structure by taking objectwise product. The
functor 7, is obviously strong symmetric monoidal. We can equip both sides with the local
model structure with respect to the proper topology. We obtain a Quillen adjunction

7 Funpo (Smg?, sSet) S Funp,, (Varg’, sSet) @ 7

between symmetric monoidal model categories in which the right adjoint is a strong
symmetric monoidal functor. In [4, Proposition 3.22], it is proved that this is a Quillen
equivalence. The model category Funy, (Sm¢”, sSet) presents the co-topos of hypercomplete
sheaves over the proper site on Smc and similarly for model category Funy,,(Varg?, sSet).
Therefore, this Quillen equivalence implies that these two co-topoi are equivalent. More-
over, as in the proof of 6.5, these topoi, seen as symmetric monoidal presentable co-cate-
gories under the cartesian product, represent the functor C + Fun®_(Smc, C) (resp.

pro

® (Varc, C)). The result immediately follows. O

C Fung,

THEOREM 6.7. — Up to weak equivalences, there is a unique strong symmetric monoidal
functor
P« : N(Varg) — MHCy
which satisfies descent with respect to proper hypercovers and whose restriction to Smg is
equivalent to the functor 9 constructed in the previous subsection.
There is also a unique strong symmetric monoidal functor

2* : N(Varc)°® — MHCq

which satisfies descent with respect to proper hypercovers and whose restriction to Smc is
equivalent to the functor 9 constructed in the previous subsection.
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Proof. — Let Ind(MHCqp) be the Ind-category of the oo-category of mixed Hodge
complexes. This is a stable presentable co-category. We first prove that the composite

P+ : N(Smc) — MHCgp — Ind(MHCgp)

satisfies descent with respect to proper hypercovers. Let Y be a smooth variety and Xo — Y
be a hypercover for the proper topology. We wish to prove that the map

a : colimpop Zx(Xe) —> Z:(Y)

is an equivalence in Ind(MHCg). By [4, Proposition 3.24] and the fact that taking singular
chains commutes with homotopy colimits in spaces, we see that the map

B : colimpor S (Xe. Q) —> S« (Y, Q)

is an equivalence. On the other hand, writing Ch.(Q)® for the oo-category of chain
complexes whose homology is finite dimensional, the forgetful functor

U : Ind(MHCg) —> Ind(Ch,(Q)®) ~ Ch,(Q)

preserves colimits and by Theorem 6.5, the composite U o %, is weakly equivalent to
S«(—, Q). Therefore, the map B is weakly equivalent to the map U(x) in particular, we
deduce that the source of « is in MHCg (as opposed to Ind(MHCgp)). And since the functor
U : MHCg — Ch,(C) is conservative, it follows that o is an equivalence as desired.

Hence, by Proposition 6.6, there is a unique extension of %, to a strong symmetric
monoidal functor N(Varc) — Ind(MHCg) that has proper descent. Moreover, by the first
paragraph of this proof, if Y is an object of Varc and X — Y is a proper hypercover by
smooth varieties, then colimaopr P4« (Xe, Q) has finitely generated homology. It follows that
this unique extension of %, to Varc lands in MHCg C Ind(MHCg).

For the case of 2*, we know from Proposition 6.3 that dualization induces a strong
symmetric monoidal equivalence of oco-categories MHCf’Qp ~ MHCgq (we emphasize that,
as a functor, dualization is only lax symmetric monoidal but as an co-functor it is strong
symmetric monoidal). Thus, we see that we have no other choice but to define 2* as the
composite

o (@*)Op op (_)V
N(Var)°® —— MHC;" — MHCq
and this will be the unique strong symmetric monoidal functor
9* : N(Varc)°® — MHC,

which satisfies descent with respect to proper hypercovers and whose restriction to Smg is
equivalent to the functor 2* constructed in the previous subsection. O

PROPOSITION 6.8. — 1. There is a weak equivalence Z+(—)g =~ S«(—, Q) in the cate-
gory of strong symmetric monoidal oco-functors N(Varc) —> Ch(Q).

2. There is a weak equivalence Ap; (=) ~ P*(—)g =~ S*(—,Q) in the co-category of
strong symmetric monoidal co-functors N(Varg)°? —> Chy(Q).
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Proof. — We prove the first claim. By construction Z.(—)g is a symmetric monoidal
functor that satisfies proper descent. By [4, Proposition 3.24], the same is true for Sy (—, Q).
Since these two functors are moreover weakly equivalent when restricted to Smc, they are
equivalent by Proposition 6.6.

The linear dual functor is strong symmetric monoidal when restricted to chain complexes
whose homology is of finite type. Moreover, both S (—, Q) and Z,(—)g land in the co-cate-
gory of such chain complexes. Therefore, the equivalence S*(—, Q) ~ 2*(—)q follows from
the first part. The equivalence #p; (=) =~ S*(—, Q) is classical. O

7. Formality of the singular chains functor

In this section, we prove the main results of the paper on the formality of the singular
chains functor. We also explain some applications to operad formality.

DEFINITION 7.1. — Let X be a complex variety and let « be a rational number. We say
that the weight filtration on H* (X, Q) is a-pure if for all n > 0 we have

Gr) H"(X,Q) = 0 for all p # an.

REMARK 7.2. — Note that since the weight filtration on H"(—, Q) has weights in the
interval [0, 2n] N Z, the above definition makes sense only for o € [0,2] N Q. Fora = 1 we
recover the purity property shared by the cohomology of smooth projective varieties. A very
simple example of a variety whose filtration is c-pure, with & not integer, is given by C2\ {0}.
Its reduced cohomology is concentrated in degree 3 and weight 4, so its weight filtration is
4 /3-pure. We refer to Proposition 8.6 in the following section for more elaborate examples.

Here is our main theorem.

THEOREM 7.3. — Let a be a non-zero rational number. The singular chains functor
S«(—,Q) : Varc — Ch«(Q)

is formal as a lax symmetric monoidal functor when restricted to varieties whose weight filtration
in cohomology is a-pure.

Proof. — By Corollary 2.4, it suffices to prove that this functor is formal as an oco-lax
symmetric monoidal functor. By Proposition 6.8, it is equivalent to prove that Z.(—)q is
formal. We denote by Z, the composite of Z, with a strong symmetric monoidal inverse
of the equivalence of Theorem 5.4. Because of that theorem, Z(—)q is weakly equivalent to
g o 4. The restriction of 7 to VargP*™ lands in Ch, (MHSg)®P¥", the full subcategory
of Ch.(MHSg) spanned by chain complexes whose homology is «-pure. By Corollary 4.6,
the oo-functor I1g from Ch,(MHSg)*P"® to Ch,(Q) is formal and hence so is TIgo Dy. O

We now list a few applications of this result.
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7.1. Noncommutative little disks operad

The authors of [19] introduce two nonsymmetric topological operads c#sg1 and
Asg1 x S1. In each arity, these operads are given by a product of copies of C — {0}
and the operad maps can be checked to be algebraic maps. It follows that the operads ¢#sg1
and #sg1 x S! are operads in the category Smc and that the weight filtration on their
cohomology is 2-pure. Therefore, by 7.3 we have the following result.

THEOREM 7.4. — The operads S« (HAsg1, Q) and S«(HAsg1 x S, Q) are formal.

REMARK 7.5. — The fact that the operad S« (c#sg1, Q) is formal is proved in [19, Propo-
sition 7] by a more elementary method and it is true even with integral coefficients. The other
formality result was however unknown to the authors of [19].

7.2. Self-maps of the projective line

We denote by F,; the algebraic variety of degree d algebraic maps from P to itself
that send the point co to the point 1. Explicitly, a point in Fj is a pair (f, g) of degree d
monic polynomials without any common roots. Sending a monic polynomial to its set of
coeflicients, we may see the variety F; as a Zariski open subset of A%d . See [31, Section 5]
for more details.

PROPOSITION 7.6. — The weight filtration on H*(Fy, Q) is 2-pure.

Proof. — The variety Fy is denoted Poly‘f”2 in [24, Definition 1.1.]. It is explained in

Step 4 of the proof of Theorem 1.2 in that paper, that the variety F,; is the quotient of
the complement of a hyperplane arrangement H in A2¢ by the group Z; x X, acting by
permuting the coordinates. The quotient map

n:A¥ —H > Fy

is algebraic and thus induces a morphism of mixed Hodge structures 7* : H*(Fy,Q) —
H *(Aéd — H,Q). Moreover, it is classical that 7* is injective (see e.g., [8, Theorem 111.2.4]).
Since the mixed Hodge structure of H* (A%d — H,Q) is pure of weight 2k (by Proposition
8.6 or by [33]), the desired result follows. O

In [11, Proposition 3.1.], Cazanave shows that the variety | |, F; has the structure of a
graded monoid in Sm¢. The structure of a graded monoid can be encoded by a colored
operad. Thus the following result follows from Theorem 7.3.

THEOREM 7.7. — The graded monoid in chain complexes @ ; S« (Fq, Q) is formal.

4¢ SERIE - TOME 53 — 2020 — N° 4



MIXED HODGE STRUCTURES AND FORMALITY OF FUNCTORS 1095

7.3. The little disks operad

In [38], Petersen shows that the operad of little disks %) is formal. The method of proof'is
to use the action of a certain group GT(Q) on Sx(PH%Bgy. Q) which follows from work of
Drinfeld. Here the operad (Pc#8 is rationally equivalent to /) and GT(Q) is the group of
Q-points of the pro-algebraic Grothendieck-Teichmiiller group. We can reinterpret this proof
using the language of mixed Hodge structures. Indeed, the group GT receives a map from
the group Gal(MT(Z)), the Galois group of the Tannakian category of mixed Tate motives
over Z (see [1, 25.9.2.2]). Moreover there is a map Gal(MHTSg) — Gal(MT(Z)) from the
Tannakian Galois group of the abelian category of mixed Hodge Tate structures (the full
subcategory of MHSg generated under extensions by the Tate twists Q(n) for all n) which is
Tannaka dual to the tensor functor

MT(Z) — MHTSg

sending a mixed Tate motive to its Hodge realization. This map of Galois group allows us
to view Sx(PeAeBg. Q) as an operad in Ch,(MHSg) which moreover has a 2-pure weight
filtration (as follows from the computation in [38]). Therefore by Corollary 4.6, the operad
S« (PABg. Q) is formal and hence also Sy (7). Q).

7.4. The gravity operad

In [23], Dupont and the second author prove the formality of the gravity operad of
Getzler. It is an operad structure on the collection of graded vector spaces { Hx—1 (Mg n+1).n € N}.
It can be defined as the homotopy fixed points of the circle action on S« (), Q). The method
of proof in [23] can also be interpreted in terms of mixed Hodge structures. Indeed, a model
Q/mW/ of gravity is constructed in 2.7 of loc. cit. This model comes with an action of
GT(Q) and a GT(Q)-equivariant map ¢ : Q/umW/ —> Sk (PeABgy. Q) which is injective on
homology. As in the previous subsection, this action of GT(Q) allows us to interpret Q/uw/W/
as an operad in Ch,(MHSg). Moreover, the injectivity of ¢ implies that g;uwW' also has a
2-pure weight filtration. Therefore by Corollary 4.6, we deduce the formality of Q/uwW/. In
fact, we obtain the stronger result that the map

v Guan” — S (PFABG. Q)
is formal as a map of operads (i.e., it is connected to the induced map in homology by a zig-
zag of maps of operads).

7.5. E'-formality

The above results deal with objects whose weight filtration is pure. In general, for mixed
weights, the singular chains functor is not formal, but it is £!-formal as we now explain.
The r-stage of the spectral sequence associated to a filtered complex is an r-bigraded
complex with differential of bidegree (—r, r — 1). By taking its total degree and considering
the column filtration we obtain a filtered complex. Denote by
E" : Chy(fQ) — Chi(FQ)

the resulting strong symmetric monoidal co-functor. Denote by

N§ : MHCg — Ch.(FQ)
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the forgetful functor defined by sending a mixed Hodge complex to its rational component
together with the weight filtration. Note that, since the weight spectral sequence of a mixed
Hodge complex degenerates at the second stage, the homology of E! o 1:[8’ gives the weight
filtration on the homology of mixed Hodge complexes. We have:

THEOREM 7.8. — Denote by Si! : N(Varc) — Ch.(Q) the composite functor
f[W

N(Vare) 2> MHCg —— Chy(FQ).

There is an equivalence of strong symmetric monoidal oo-functors E' o Si1 ~ §fil,

Proof. — 1t suffices to prove an equivalence I:I(g/ ~ Elo l:[g . We have a commutative
diagram of strong symmetric monoidal co-functors.

Ch, (MHSg) -/ MHCy

n&j lHW
Ch.(FQ) —L— Ch.(FQ)

o] |

Ch..(7Q) —— Ch,(grQ).

The commutativity of the top square follows from the definition of &/ . We prove that the
bottom square commutes. Recall that 7(K, W) is the filtered complex (K, T W) defined by
TWPK, := WPt'K, It satisfies d(TWPK,) C TWPT!K,_,. In particular, the induced
differential on Gryw K is trivial. Therefore we have:

E!, (K. TW)x=Hy ,(Grfy K) =G}, Ky p =Gl Ky p =E°, ,, (K. W).
This proves that the above diagram commutes.

Since & is an equivalence of co-categories, it is enough to prove that E' o I:[(g’ o I is
equivalent to ﬁg o & . By the commutation of the above diagram it suffices to prove that

there is an equivalence E° o Hg ~ Hg’ . This follows from Lemma 4.4, since E® = U o gr.
O

8. Rational homotopy of varieties and formality

For X a space, we denote by ¢Zp; (X), Sullivan’s algebra of piecewise linear differential
forms. This is a commutative dg-algebra over Q that captures the rational homotopy type
of X. A contravariant version of Theorem 7.3 gives:

THEOREM 8.1. — Let a be a non-zero rational number. The functor
Apy : Vargd — Ch,(Q)
is formal as a lax symmetric monoidal functor when restricted to varieties whose weight filtration

in cohomology is a-pure.
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Proof. — The proofis the same as the proof of Theorem 7.3 using Z* instead of %, and
using the fact that 2* (—)q is quasi-isomorphic to ¢Zp; as a lax symmetric monoidal functor
(see [36, Théoreme 5.5]). O

Recall that a topological space X is said to be formal if there is a string of quasi-
isomorphisms of commutative dg-algebras from ¢#Zp; (X) to H*(X,Q), where H*(X, Q) is
considered as a commutative dg-algebra with trivial differential. Likewise, a continuous map
of topological spaces f : X —> Y is formal if there is a string of homotopy commutative
diagrams of morphisms

Apr(Y) * * H*(Y,Q)
J/f* l l lH*(f)

where the horizontal arrows are quasi-isomorphisms. Note that if f : X — Y is a map of
topological spaces and X and Y are both formal spaces, then it is not always true that f is
a formal map. Also, in general, the composition of formal morphisms is not formal.

Theorem 8.1 gives functorial formality for varieties with pure weight filtration in coho-
mology, generalizing both “purity implies formality” statements appearing in [22] for smooth
varieties and in [12] for singular projective varieties. We also get a result of partial formality
as done in these references, via Proposition 2.11. Our generalization is threefold, as explained
in the following three subsections.

8.1. Rational purity

To our knowledge, in the existing references where a-purity of the weight filtration is
discussed, only the cases « = 1 and o = 2 are considered, whereas we obtain formality
for varieties with a-pure cohomology, for « an arbitrary non-zero rational number. We now
show that certain complements of subspace arrangements give examples of such varieties.

DEFINITION 8.2. — Let V be a finite dimensional C-vector space. We say that a finite set
{H;}ies of subspaces of V is a good arrangement of codimension d subspaces if

(1) Foreachi € I, the subspace H; is of codimension d.

(ii) Foreachi € I, the set of subspaces { H; N H;};+; of H; form a good arrangement of
codimension d subspaces.

REMARK 8.3. — In particular the empty set of subspaces is a good arrangement of codi-
mension d subspaces. By induction on the size of 1, we see that this condition is well-defined.

ExaMmPLE 8.4. — Recall that a set of subspaces of codimension d of an n-dimensional
space is said to be in general position if the intersection of k of those subspaces is of
codimension min(n, d k). One easily checks that a set of codimensions d subspaces in general
position is a good arrangement. However, the converse does not hold as shown in the
following example.
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EXAMPLE 8.5. — Take V = (C%)™ and define, for (i, j) an unordered pair of distinct
elements in {1, ..., m}, the subspace

Wiy = {(x1,....xa) € (CH)" xi = x;}.

This collection of codimension d subspaces of V' is a good arrangement. However, these
subspaces are not in general position if m is at least 3. Indeed, the codimension of W(; 5y N
Wa,3) N Wiz 3) is 2d. The complement V' — ; ;) Wi, ;) is exactly Fi, (C?), the space of
configurations of m points in C%.

PROPOSITION 8.6. — Let H = {Hy,..., H} be a good arrangement of codimension d
subspaces of C". Then the mixed Hodge structure on H*(C" — J; H;, Q) is pure of weight
2d/(2d —1).

Proof. — We proceed by induction on k. This is obvious for k = 0. Now, we consider the
variety X = C" — Uf-c_l H;, It contains an open subvariety U = C" — Uf H; and its closed
complement Z = Hj — Uf_l H; N Hy, which has codimension d. Therefore the purity long
exact sequence on cohomology groups has the form

oo H™2(Z)(~d) — H"(X) — H"(U) — H"1'724(Z)(~d) — ---

By the induction hypothesis, the Hodge structures on H”+t1724(Z)(—d) and on H"(X) are
pure of weight 2dr/(2d — 1) and hence it is also the case for H” (U) as desired. O

REMARK 8.7. — This proposition is well-known for d = 1 and is proved for instance
in [33]. Note that the space F,,(C?) of configurations of m points in C¢ fits in the above
proposition, so we recover formality of these spaces by purely Hodge theory arguments.

8.2. Functoriality

Every morphism of smooth complex projective varieties is formal. However,if f : X — Y
is an algebraic morphism of complex varieties (possibly singular and/or non-projective), and
both X and Y are formal, the morphism f need not be formal.

ExaMmPLE 8.8. — Consider the algebraic Hopf fibration f : C? \ {0} — P{ defined by
(x0.x1) > [xo : x1]. Both spaces C? \ {0} ~ S3 and P. ~ S? are formal. The morphism
induced by f in cohomology is trivial in all positive degrees. Therefore, if f were formal,
this would mean that f is nullhomotopic. However, it is well-known that f generates the
one dimensional vector space 3(S?%) ® Q. Note in fact, that P{. has 1-pure weight filtration
while C? \ {0} has 4/3-pure weight filtration.

Theorem 8.1 tells us that if f : X — Y is a morphism of algebraic varieties and
both X and Y have a-pure cohomology, with « a non-zero rational number (the same o
for X and Y), then f is a formal morphism. This generalizes the formality of holomorphic
morphisms between compact Kahler manifolds of [18] and enhances the results of [22] and
[12] by providing them with functoriality. In fact, we have:

PROPOSITION 8.9. — Let f : X —> Y be a morphism between connected complex
varieties. Assume that the weight filtration on the cohomology of X (resp. Y ) is a-pure (resp.
B-pure). Then:
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1. If @ = B, then f is formal.
2. If a # B, then f is formal only if it is rationally nullhomotopic.

Proof. — Let us first give the precise definition that we will use of a rationally nullhomo-
topic map. We say that a map g : U — V between topological spaces is rationally nullho-
motopic if the induced map

ApL() : HAp (V) —> HApr(U)
is equal in the homotopy category of cdga’s to a map that factors through the initial cdga Q.
When a = 8, Theorem 8.1 ensures that f is formal.

If @ # B, then we claim that H*(f) is zero in positive degree. Indeed, since H*(f) is
strictly compatible with the weight filtration, it suffices to show that the morphism

Gr) H"(Y.Q) — Gr)/ H"(X.Q)

is trivial for all p € Z and all n > 0 which follows from the purity conditions. Therefore, if f
is formal, the map ¢Zp; (f) coincides with H*(f) in the homotopy category of cdga’s and
the latter map factors through Q. O

8.3. Non-projective singular varieties

The following result of formality of non-projective singular complex varieties with pure
Hodge structure seems to be a new result.

ExaMPLE 8.10. — Let X be an irreducible singular projective variety of dimensionn > 0
with 1-pure weight filtration in cohomology. Let p € X be a smooth point of X. Then, we
claim that the complement X — p has 1-pure weight filtration in cohomology. Indeed, we can
consider the long exact sequence of cohomology groups for the pair (X, X — p).

o> H Y X —p) > H X, X-p) > HX)> HX-p) > HT' (X, X-p)— -

Since p is a smooth point, there exists a neighborhood U of p that is homeomorphic to R?",
therefore excision gives us an isomorphism

H*(X,X — p) =~ H*(U, U — p).

Since H¥(U,U — p) is non-zero only when k = 2n, we deduce that the map H¥(X) —
H*(X — p) is an isomorphism for all k < 2n — 1. Moreover, since X is irreducible, we have
H?"(X) = Q and this vector space has a generator, the fundamental class, which is in the
image of H?"(X, X — q) — H?"(X) for any smooth point ¢. Together with the above long
exact sequence, this implies that H?"~1(X — p) = H?""1(X) and H**(X — p) = 0. To
summarize, we have proved that the inclusion X — p — X induces an isomorphism on all
cohomology groups except on the top one where H?"(X) = Q while H?>*(X — p) = 0. This
proves that the weight filtration of X — p is 1-pure. As a consequence, the space X — p is
formal and the inclusion X — p < X is formal.
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8.4. E,-formality

We also have a contravariant version of Theorem 7.8.

THEOREM 8.11. — Denote by g, : N(Vare)°P —> Chy(F Q) the composite functor

. W
N(Vare)®® 2 MHCg —s Ch,(FQ).
Then

1. The lax symmetric monoidal co-functors Agy and E1 o Ay are weakly equivalent.

2. Let U : Chy(fQ) —> Ch.(Q) denote the forgetful functor. The lax symmefric
monoidal co-functor U o Ey o Az : N(Varg)®® — Chy(Q) is weakly equivalent to
Sullivan’s functor A p; of piecewise linear forms.

3. The lax symmetric monoidal functor Uo Eyo Az, : SmZ¥ — Ch,(Q) is weakly equivalent
to Sullivan’s functor Ap;, of piecewise linear forms.

Proof. — The first part is proven as Theorem 7.8 replacing Z* by Z.. The second part
follows from the first part and the fact that ¢#p; (=) is naturally weakly equivalent to
P*(—)g =~ U o A (Proposition 6.8). The third part follows from the second part and
Theorem 2.3, using the fact that both functors are ordinary lax symmetric monoidal functors
when restricted to smooth varieties. O

REMARK 8.12. — In [35] it is proven that the complex homotopy type of every smooth
complex variety is Eq-formal. This is extended to possibly singular varieties and their
morphisms in [13]. Then, a descent argument is used to prove that for nilpotent spaces (with
finite type minimal models), this result descends to the rational homotopy type. Theorem
8.11 enhances the contents of [13] in two ways: first, since descent is done at the level of
functors, we obtain E;-formality over Q for any complex variety, without nilpotency condi-
tions (the only property needed is finite type cohomology). Second, the functorial nature
of our statement makes E;-formality at the rational level, compatible with composition of
morphisms.

8.5. Formality of Hopf cooperads

Our main theorem takes two dual forms, one covariant and one contravariant. The
covariant theorem yields formality for algebraic structures (like monoids, operads, etc.),
the contravariant theorem yields formality for coalgebraic structure (like the comonoid
structure coming from the diagonal X — X x X for any variety X). One might wonder if
there is a way to do both at the same time. For example, if M is a topological monoid, then
H*(M, Q) is a Hopf algebra where the multiplication comes from the diagonal of M and
the comultiplication comes from the multiplication of M. One may ask whether $*(M, Q)
is formal as a Hopf algebra. This question is not well-posed because S*(M, Q) is not a
Hopf algebra on the nose. The problem is that there does not seem to exist a model for
singular chains or cochains that is strong symmetric monoidal: the standard singular chain
functor S« (—, Q) is lax symmetric monoidal and Sullivan’s functor ¢#Zp; is oplax symmetric
monoidal functor from Top to Ch, (Q)°P.

4¢ SERIE - TOME 53 — 2020 — N° 4



MIXED HODGE STRUCTURES AND FORMALITY OF FUNCTORS 1101

Nevertheless, the functor ¢#p; is strong symmetric monoidal “up to homotopy”. It
follows that, if M is a topological monoid, ¢#Zp; (M) has the structure of a cdga with a
comultiplication up to homotopy and it makes sense to ask if it has formality as such an
object. In order to formulate this more precisely, we introduce the notion of an algebraic
theory. The following is inspired by Section 3 of [34].

DEeFINITION 8.13. — An algebraic theory is a small category T with finite products.
For C a category with finite products, a T-algebra in C is a finite product preserving
functor T — C.

There exist algebraic theories for which the T-algebras are monoids, groups, rings,
operads, cyclic operads, modular operads etc.

REMARK 8.14. — Definitions of algebraic theories in the literature are usually more
restrictive. This definition will be sufficient for our purposes.

DEFINITION 8.15. — Let T be an algebraic theory. Let k be a field. Then a dg Hopf
T -coalgebra over k is a finite coproduct preserving functor from 7 °P to the category of cdga’s
over k.

REMARK 8.16. — Recall that the coproduct in the category of cdga’s is the tensor
product. It follows that a dg Hopf T-coalgebra for T the algebraic theory of monoids is a
dg Hopf algebra whose multiplication is commutative. A dg Hopf T-coalgebra for T the
theory of operads is what is usually called a dg Hopf cooperad in the literature.

DEFINITION 8.17. — Let T be an algebraic theory and C a category with products and
with a notion of weak equivalences. A weak T-algebra in C is a functor F : T — ( such
that for each pair (s, t) of objects of T, the canonical map

F(t xs) — F(t) x F(5)

is a weak equivalence. A weak T -algebra in the opposite category of CDGA, is called a weak
dg Hopf T-coalgebra.

Observe that if X : T — Top is a T-algebra in topological spaces (or even a weak
T-algebra), then o#p; (X) is a weak dg Hopf T-coalgebra. Our main theorem for Hopf
T -coalgebras is the following.

THEOREM 8.18. — Let « be a rational number different from zero. Let X : T —> Varc be
a T-algebra such that for allt € T, the weight filtration on the cohomology of X(t) is a-pure.
Then HAp; (X) is formal as a weak dg Hopf T -coalgebra.

Proof. — Being a weak T-coalgebra is a property of a functor 7°? — CDGAy that is

invariant under quasi-isomorphism. Thus the result follows immediately from Theorem 8.1.
O

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1102 J. CIRICI AND G. HOREL

It should be noted that knowing that ¢#Zp; (X) is formal as a dg Hopf T-coalgebra
implies that the data of H*(X, Q) is enough to reconstruct X as a T-algebra up to rational
equivalence. Indeed, recall the Sullivan spatial realization functor

(=) : CDGAx — Top.

Applying this functor to a weak dg Hopf T-coalgebra yields a weak T-algebra in rational
spaces. Specializing to ¢#p; (X) where X is a T-algebra in spaces, we get a rational model
for X in the sense that the map
X — (Apr (X))

is a rational weak equivalence of weak T-algebras whose target is objectwise rational. It
should also be noted that for reasonable algebraic theories T (including in particular the
theory for monoids, commutative monoids, operads, cyclic operads), the homotopy theory
of T-algebras in spaces is equivalent to that of weak T-algebras by the main theorem of
[3]. In particular our weak T-algebra (¢#p, (X)) can be strictified to a strict T-algebra
that models the rationalization of X. If ¢#p; (X) is formal, one also gets a rational model
for X by applying the spatial realization to the strict Hopf T-coalgebra H*(X, Q). Thus the
rational homotopy type of X as a T-algebra is a formal consequence of H*(X, Q) as a Hopf
T -coalgebra.

ExaMPLE 8.19. — Applying this theorem to the non-commutative little disks operad and
framed little disks operad of subsection 7.1, we deduce that #p; (Hsg1) and HAp; (Hsgr x S
are formal as a weak Hopf non-symmetric cooperads. Similarly applying this to the monoid
of self maps of the projective line of subsection 7.2, we deduce that ¢#p; (||, Fy) is formal
as a weak Hopf graded comonoid.
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