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The system of representations of
the Weil-Deligne group associated
to an abelian variety

Rutger Noot

Fix a number field F C C, an abelian variety A/F and let G4 be the Mum-
ford-Tate group of A,c. After replacing F by finite extension one can as-
sume that, for every prime number ¢, the action of the absolute Galois group
I'x = Gal(F/F) on the étale cohomology group H!(Af, Q) factors through
a morphism p;: I'r — G4(Qg). Let v be a valuation of F and write I', for
the absolute Galois group of the completion F,. For every ¢ with v(¢) = 0,
the restriction of p; to I'g, defines a representation 'Wg, — G 4,q, of the Weil—
Deligne group.

It is conjectured that, for every £, this representation of ‘W, is defined over Q
as a representation with values in G 4 and that the system above, for variable ¢,
forms a compatible system of representations of ‘W, with values in G4. A
somewhat weaker version of this conjecture is proved for the valuations of F,
where A has semistable reduction and for which p, (Fr,) is neat.

Introduction

Let F}, be a finite extension of the field Q, (for some prime number p) and let X be
a proper and smooth variety over F,,. The Galois group I'r, = Gal(F,/F,) acts on
the étale cohomology groups H' (X F,» Qe) for each prime number ¢ and each i. It is
a major problem in arithmetic geometry to determine to what extent the properties
of these representations are independent of £. To obtain such independence results,
one has to consider the restrictions of the representations above to the Weil group
WE, of F,. This is the subgroup formed by the elements of I'r,, which induce an
integral power of the Frobenius automorphism on the residue field of F.

In what follows it will always be assumed that £ % p; the case where £ = p will
be analysed in a later paper. Let us first assume that X has good reduction at v,
that is, that X extends to a proper and smooth scheme over the ring of integers of
F,. This assumption implies that the inertia subgroup of I'f, acts trivially on the
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étale cohomology groups of X. Moreover, it follows from Deligne’s work [1974a]
on the Weil conjectures that the character of the representation of Wg, on each
Hi (X F,» Q¢) has values in Q and is independent of £ # p. In view of the triviality
of the action of inertia, this amounts to a statement on the action of the subgroup of
I'r, generated by a Frobenius element. We will summarise this statement by saying
that the representations of W, on the H (X 7 Q¢) (for fixed i and variable ¢) are
defined over Q and that they form a compatible system of representations of W, .

If X only has potentially good reduction, the inertia group no longer acts trivially
but its action on a given étale cohomology group of X factors through a finite
quotient. It is still conjectured that the system of H (X F,» Q¢) (as always for fixed i
and variable £) forms a compatible system of represehtations of Wg, which are
defined over Q, see for example [Serre 1994, 12.137].

Serre actually states his conjecture in more generality because it applies to
motives instead of varieties. The category of (pure) motives can be seen as an
intermediate between varieties and their cohomology. It is a Q-linear tannakian
category, that is, an abelian category in which the morphisms between two objects
form a Q-vector space and which is equipped with “tensor products”. All reasonable
cohomology functors on the category of varieties factor through the category of
motives so that any motive has cohomology groups in the same way as varieties do.
We also refer to the cohomology groups of a motive M as the realisations of M.
There are different constructions of motives, depending on how the morphisms are
defined, but in any case the category of motives has more morphisms and hence
also more objects than the category of varieties.

In this paper we will consider the category of motives for absolute Hodge
cycles developed in [Deligne and Milne 1982] where the morphisms are defined by
absolute Hodge classes. This theory is particularly efficient for dealing with abelian
varieties because the motivic Galois group of an abelian variety A coincides with
its Mumford-Tate group, defined by the Hodge structure on H]13(A /e, Q).

The motivic version of the conjecture can be stated in terms of motivic Galois
groups in the following way. In any good category of motives it is possible to
associate a motivic Galois group to any subcategory. This group is a linear proalge-
braic group over Q. Its defining property is the fact that any category of motives
is equivalent to the category of representations of its motivic Galois group. The
motivic Galois group G, of any object M is defined as the group associated to
the tannakian category generated by M and the Tate motive. The group Gy is
related to the étale cohomology of M by the fact that, for each prime number 2,
the ¢-adic Galois representation associated to M factors through G, (Qy). This
implies that the corresponding representations of the Weil group factor through
G um/q,- Serre’s £-independence conjecture for objects in the ®-category generated
by M is then equivalent to the statement that the representations Wr, — Gy /q,
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of the Weil group form a compatible system defined over Q, with values in G yy;
see 2.3 for the precise definition.

For abelian varieties of CM type, the conjecture follows from the theory of
complex multiplication developed by Shimura and Taniyama [1961], which yields
a considerably more precise result. Indeed, let F C C be a number field, A/F
an abelian variety of CM type and G4 the motivic Galois group of A. Serre
[1968] constructs a commutative algebraic group Sr and a canonical system of
representations ¢;: I'r — Spm(Q). By the theory of complex multiplication,
the system of £-adic representations associated to A is the image of the system
(¢¢) by a Q-rational morphism Sr n — G 4. Moreover, Deligne [1982] gives an
explicit description of the motivic Galois group of the category of abelian varieties
potentially of CM type in terms of the Taniyama group.

More generally, if ' C C is a number field, A/F an abelian variety and v a
valuation of F where A has good reduction, the £-independence conjecture was
proved in [Noot 2009], by a method and under additional hypotheses similar to
those of the present paper. The case where A has ordinary reduction at v has
been treated in [Noot 1995] by a completely different method. In the latter case, a
stronger statement can be proved and it turns out that there is an element in G 4 (Q)
that is conjugate to the £-adic image of Frobenius for all £ # p. As noted in the
introduction of [Noot 1995], this is not the case in general. The reader may consult
the introduction to [Noot 2009] for a more detailed discussion.

One may ask if these results can be generalised without any assumptions on
the reduction of X. Before discussing the properties of the Galois representations
provided by the étale cohomology groups of a variety X, consider any ¢-adic
representation p, of I'r, for £ # p. By a theorem of Grothendieck (see [Serre and
Tate 1968, Appendix; Deligne 1973, §2, §8]), the action of a sufficiently small
open subgroup of the inertia group can be described using a single endomorphism
N, the monodromy operator. The restriction of p,; to the Weil group W, can
then be encoded by giving N, together with a representation p, of Wp,, which
is trivial on an open subgroup of the inertia group. We will refer to such a pair
(py, N¢) as a representation of the Weil-Deligne group 'Wg, of F,. Where the
p-adic étale cohomology is concerned, Fontaine’s theory associates a representation
of the Weil-Deligne group to any semistable p-adic representation as well, but we
will not go into the details here.

It is conjectured that, applying the construction above to the system of Galois
representations provided by the H' (X F,» Qe), for fixed i and variable £, one obtains
a compatible system of representations of ‘W which are defined over Q; see for
example [Fontaine 1994, 2.4.3, conjecture Cyp] for a statement encompassing the
p-adic representation. The conjecture on the ¢-independence of the representa-
tion of the Weil-Deligne group hinges on the monodromy-weight conjecture; see
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[[lusie 1994, §3]. This elusive conjecture is somewhat more accessible under the
hypothesis that X has semistable reduction, a hypothesis which implies in particular
that the representations p, are trivial on the inertia subgroup of Wr,. The action of
inertia on H' (X F,» Qe) is then determined by the monodromy operator N¢. Even if
X has semistable reduction however, the monodromy-weight conjecture has so far
only been proved under far more restrictive hypotheses. Apart from the cases where
X is a curve or an abelian variety, the main achievement is due to [Rapoport and
Zink 1982], which treats the case where X has dimension 2. We refer to [Ochiai
1999; Ito 2004] and the work of Scholze for some recent and very recent progress
on the problems. It should finally be pointed out that the discussion above has an
analogue in equal characteristics, which has proved much more accessible; see for
example [Deligne 1980].

This paper aims to study the motivic version of Fontaine’s Cyp conjecture.
Under some additional hypotheses, described below, we will prove the compatibility
conjecture for the system 'Wr, — G 4/q, associated to an abelian variety A defined
over a number field F C C. Here v is a fixed valuation of F and £ runs through the
set of primes with v(£) = 0.

The hypotheses are twofold. First of all, we need to assume that the number
field F is sufficiently big. We do not only need to ensure that A has semistable
reduction, but also that the Mumford—Tate group G 4 is connected and even that
the Frobenius element at the given place of F is weakly neat; see Definition 3.5.
Secondly, in certain cases we will need to work in a group that is slightly larger than
the Mumford-Tate group; see Section 3.3. The Mumford-Tate group coincides with
the identity component of this larger group. Enlarging the group obviously weakens
the notion of conjugacy. The precise result is Theorem 3.6 and all definitions used
in the statement are given in Section 3.

The strategy of the proof is inspired by the previous paper [Noot 2009], which
treats the good reduction case. The idea is first to prove the statement for tractable
abelian varieties (called accomodantes [ibid.]). In Section 4, we recall the notion
of a tractable abelian variety as well as some related constructions stemming from
[ibid.]. Tractable abelian varieties have many endomorphisms and the theorem is
proved by combining more or less classical results concerning abelian varieties and
I-motives with the, equally classical, work of Springer and Steinberg on conjugacy
classes in linear algebraic groups. The necessary results on representations of the
Weil-Deligne group associated to a 1-motive follow from the theory sketched in
[Fontaine 1994] by adding the action of an endomorphism algebra throughout. We
make extensive use of [Raynaud 1994], which allows the reduction to the case
of strict 1-motives. This is discussed, together with the relevant prerequisites, in
Sections 1 and 2. Using the results of these sections, proof of the main theorem for
a tractable abelian variety is given in Sections 5 and 6.
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Once we have proved the main theorem for tractable abelian varieties, the general
case can be deduced using the theory, developed in [Noot 2006], of lifting Galois
representations along isogenies between the Mumford—Tate groups. This final step
of the proof is carried out in Section 7. In order to construct the liftings of the
Galois representations, one needs to extend the base field. At first, this leads to a
proof of the main theorem over an uncontrollable extension of the base field. The
results of Sections 1 and 2 are used again to deduce the theorem over the original
base field. The condition that the Frobenius element is weakly neat is essential in
this step.

In his thesis, Laskar [2011] generalises the results of this paper, as well as those
of [Noot 2009], to a larger class of varieties. He proves the main theorem of [ibid.]
for the absolute Hodge motive of any variety X with good reduction belonging
to the tannakian category generated by the motives of abelian varieties. Under
somewhat more restrictive conditions, Laskar also generalises the results of the
present paper, treating the case of curves, K3 surfaces and a Fermat hypersurfaces
with semistable reduction.

Another direction for generalisation is the case of 1-motives. In this context, an
analogue of the theory of Mumford—Tate liftings remains to be developed. The
analogue of our results in the case where the base field is a function field in
characteristic p seems inaccessible with the techniques used in this paper. Indeed, it
would be necessary to develop a substitute for the theory of absolute Hodge motives
and, most importantly, the concept of Mumford-Tate liftings.

1. 1-motives with L-action

In this section, we indicate how the theory of 1-motives developed in [Raynaud
1994; Deligne 1974b, §10] works out for 1-motives with a given endomorphism
field. Most of the statements are easy generalisations of those given in [Fontaine
1994] for the case where L = Q. The results of this section will be applied to
the study of the monodromy of an abelian variety with a given endomorphism
algebra. Where these preliminary results are concerned, very little additional effort
is required to deal with the more general case of 1-motives.

We also review the construction of the Weil-Deligne group of a local field and
recall how to associate a representation of the Weil-Deligne group to a local Galois
representation.

1.1. Generalities on 1-motives. In all of this section, F is a finite extension of Q,,
and ¢, £’ are prime numbers.

Let M be a 1-motive over F. By definition M is a complex u: ¥ — G where Y
is a K-group scheme which is locally isomorphic, in the étale topology, to Z" and
G is a semiabelian variety over K. In this complex, Y is placed in degree —1 and
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G in degree 0. The semiabelian variety G is an extension of an abelian variety A
of dimension g by a torus 7 of dimension r*. Letd =d(M) =r +r* 4 2g.

One defines the ¢-adic realisations of M following [Deligne 1974b, 10.1], taking
projective limits. This differs by a trivial manipulation from Raynaud’s definition
[1994, 3.1] where an inductive limit is used. To be precise, for an integer n, we
define Tors, (M) as the H™! of the complex

Y > Y®G(F)— G(F),
x = (—nx, —u(x)),

(x, y) = u(x) —ny,

situated in degrees —2, —1, 0. Here and in what follows, F is an algebraic closure
of F. For any £ we put

T,(M) =limTorsg» (M) and V,(M)=T,(M)®z, Q.

Thus, Ty(M) is a free Z,-module of rank d and V(M) is a Q,-vector space of
dimension d. For each ¢, the absolute Galois group I'r = Aut r(F) = Gal(F /F)
acts naturally on V.

We fix a number field L € End®(M) = End(M) ®7 Q. The endomorphism ring
End(M) can be interpreted either as the ring of endomorphisms of the complex
Y — G or as the ring of endomorphisms of its image in the derived category
Db (fppf); see [Raynaud 1994, 2.3]. The first interpretation of End(M) shows that
L acts on Y ® Q and that L embeds into EndO(G). It follows (for example) from
[Milne 1986, 3.9] that any morphism of the torus 7" to an abelian variety is trivial.
This implies that we have an embedding L C End’(T) so L also acts on Y* ® Q
where Y* = Hom(T, G,,). Finally, by passing to the quotient A = G/ T, we obtain
an embedding L C EndO(A).

By functoriality, L acts on V; = Vy(M), making it into an L ®g Q¢-module. To
ease notation, we will write L, = L ®g Q; from now on. The weight filtration of M
(see [Raynaud 1994, 2.2]) induces an increasing L,-linear filtration of V, such that
the nonzero components of the associated graded are

Gra(Ve) = (Y)Y @z Q(1),
Gr1(Ve) = Ve(A) = Ti(A) ®z, Q,
Gro(Ve) =Y Q7 Q.
The action of I'r respects the weight filtration and commutes with the L-action

so I'r acts Le-linearly on Gre(V,). The isomorphisms above are L,-linear and
I" p-equivariant. One has Ly = €, L;, where A runs through the primes of L lying
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over £. This decomposition gives rise to corresponding decompositions of each
Ly-module occurring above as a direct sum of Lj;-modules of the same rank.

The next aim is to establish a common Q-structure V on the modules V,,
endowed with L-action and weight filtration. We first describe the associated
graded. For V° =Y ®; Q, there is a system of canonical L-linear isomorphisms
Gro(Vy) = VO®Qy. Next, put V2=(Y*®;Q)" and fix isomorphisms Q, (1) = Q,
for each ¢. This gives rise to a system of isomorphisms Gr_,(V;) = V2Q Qy,
depending only on the identifications Q,(1) = Q.

We finally consider Gr_;. By the theorem of the primitive element, L = Q(«),
so it follows from [Mumford 1970, §19, Theorem 4] that there exists an L-vector
space V™! endowed with L,-linear isomorphisms

Gr_1 (Vo) 2V ' ®qQ

for every ¢; see [Noot 2006, proof of 6.13]. As a vector space is determined up to
isomorphism by its dimension, V! is unique up to L-linear isomorphisms and each
isomorphism Gr_; (V) = V~! ®¢g Q; is unique up to L,-linear automorphisms of
Gr_1 (Vo).
Define
v=v_eVvi'ieVv’

endowed with the natural L-action and the increasing filtration defined by the
grading. As L, is a semisimple algebra, V; is L;-isomorphic to its associated graded,
so the preceding discussion gives rise to a noncanonical L,-linear isomorphism
Vi 2V ®g Qy for every £. We proved the following lemma.

Lemma 1.2. There exists an L-vector space V endowed with an increasing filtration
and, for each £, an Ly-linear isomorphism Vy =V Qq Q¢ compatible with the
filtrations. In particular, each Vy is a free L;-module whose rank is independent of
¢ and the weight filtration is a filtration by free L¢-submodules of ranks independent

of L.

1.3. The group H. We fix an L-vector space V together with a system of isomor-
phisms as in the lemma. Let H = Res; /g GL,. (V) be the linear algebraic group
over (2 of L-linear automorphisms of V and let b be its Lie algebra. This means
that h = gl; (V) is the (D-Lie algebra of L-linear endomorphisms of V. Obviously,
H acts on § through the adjoint representation. By means of the identifications
above, H,q, and h ®g Q, act on V,. This identifies H,g, with the group of L,-linear
automorphisms of V; and h ® Q, with its Lie algebra. These identifications are
determined up to inner automorphisms for the groups and up to the adjoint action
of H,q, where the Lie algebras are concerned. Finally note that L = Endy (V) and
that L, = EndH/@( (Vo).
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1.4. The monodromy operator. From now on we assume that the 1-motive M
is strict in the sense of [Raynaud 1994, Définition 4.2.3], which means that the
semiabelian variety G has potentially good reduction. In this case, [ibid., 4.3]
defines the geometric monodromy, a canonical additive map u: ¥ ® Y* — Q.
Giving u is equivalent to giving the induced map

N:Vi=YyQ->V?2=1"Q)". (1.4%)

By functoriality this map is L-linear, so we can interpret N as an element of the
Lie algebra h* C End(V). As an endomorphism of V/, it is nilpotent of echelon 2.
In what follows, the notation N will be reserved for this element of §*S.

The map N defines a morphism Gry(Vy) — Gr_,(Vy)(—1) and thus a morphism
N¢: Ve — Ve(—1). As Ny is Ly-linear, Ny € h** ® Q,(—1) for each £. Recall that
the identification V; = V ® Q, depends on the identification Q,(1) = Q, fixed in
Section 1.1. Using the same identification, we identify b* @ Qy(—1) with h* Q@ Q,
and under these isomorphisms the images of N ® 1 and N, in h* ® Q; coincide.

The discussion above only depends on the isomorphisms Gr; (V) = V! ® Q; for
i = —2,0, which in turn depend only on the choice of an identification Q, (1) = (1.
In what follows we may thus change the splitting of the weight filtration and the
identification Gr_; (V) = V! ® Q, without affecting the properties above. We
have established the following proposition.

Proposition 1.5. Let notation and assumptions be as above, in particular the motive
M is assumed to be strict and Ny: Vi — Vy(—1) is the £-adic monodromy operator.
For each £, fix an identification of H g, with the group of L-linear automorphisms
of Vy and an isomorphism Qg = Qg (1). Using these identifications we consider Ny
as an element of h @ Q.

e For every algebraically closed field Q D Q¢ and every o € Aut(S2), the image
of Ny in (h ®q Q) ®q, @ = b ® Q is conjugate to o (N;) under the adjoint
action of H(2).

o If Qis an algebraically closed field containing both Qy and Qg then the images
inh® QL of Ny and Ny are H(2)-conjugate.

1.6. The action of inertia. The I' p-action on each V; is L,-linear so the realisations
of M give rise to a system of representations

pe: T — H(Qp),

using the identifications from Section 1.1 and the group H from Section 1.3.

Following [Deligne 1973, §2] for the basic notation, we discuss the action of the
inertia group Ir C I'r. Let v be the valuation of F' with value group Z and let k be
the (finite) residue field. We will write v for the valuation on F extending v and
write k for the residue field of F.
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Let
Zsp=limz/nZ =[]z
pin
t#£p

be the p-primary part of 7 and let Ayp = /Z\# » ®z Q. The prime-to-p part of
Q/7 is A#,//Z\#p = (Q/Z)+p. For every n with p { n, we identify (%Z/Z)(l)
with the group of n-th roots of unity in k. This identifies (Q /Z)+p(1) with the
multiplicative group k*. There is a natural morphism ¢: Ir — Z,g p(1) such that
o(xX)x ' =[t(o)v(x)] forall o € Ir and x € F*. Here [t (o)v(x)] is the image in
k= (Q/Z)+p(1) of t(0)v(x) € Axp(1). For £ # p, we write tg: Ir — Z,(1) for
the composite of ¢ with the projection ’Z; p(1) — Z,(1).

In the case where Y and G have good reduction, it follows from [Raynaud 1994,
Proposition 4.6.1] that if £ # p then for each o € Ir one has

pe(0) = exp(Ng ® 1¢(0)), (1.6%)

where N, € h%° ® Q;(—1) is the £-adic monodromy operator defined in Section 1.4.
For an arbitrary strict 1-motive, the equality above holds for all o in a sufficiently
small open subgroup of /r. We finally note that (1.6x) characterises the operator
N¢asamap Ny: Vy — Vy(—1). This will play an important role in Section 2.2, in
particular in the formula (2.2x).

1.7. Characteristic polynomials. Write g = |k| and let ¢ be the arithmetic Frobe-
nius automorphism ¢ : x — x? of k over k. The Weil group of F is the subgroup
of I' consisting of the elements v inducing an integral power of *¥) of ¢. The
map o« : Wr — Z thus defined is a group homomorphism and its kernel is the inertia
group Ir C I'r. We endow the Weil group with the topology determined by the
condition that /r C Wp is an open subgroup carrying the topology inherited from
its topology as a Galois group.

For a 1-motive M/ F with L-action as before, k = —2, —1 or 0 and i € Wg, let

Pf’;?w € L[T]

be the characteristic polynomial of p; (1) acting as an L,-linear endomorphism on
the free L,-module Gri(Vy). Let Pr, y be the characteristic polynomial of p,(v)
acting L,-linearly on V,. Obviously, one has

0
(k)
PLy=T] P
k=—2
Proposition 1.8. Let notation and hypotheses be as above; in particular M is
assumed to be strict. Let € run though the primes different from p. Then for each
k=-2,—1,0and any v € Wg, we have PL(]Z?W € L[T]). For fixed k and i, the
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polynomial P( ) s independent of £ and all its complex roots have absolute value
N
g AWk/2, The polynomial Py, y belongs to L|T] and is independent of ¢.

Proof. It is sufficient to prove the statements concerning the PL(IZW. For k = -2, 0,
these follow from the I' p-equivariant isomorphisms Gr_;(V,) = (Y*)Y ® Q,(1)
and Gry(Vy) = Y ® Q¢ and the fact that ' acts on Y and on Y* through finite
quotients.

For k = —1 we have Gr_;(V;) = V;A, where A is an abelian variety with
L C EndO(A) The statement about the absolute values of the roots of P(_:;
therefore follows from the corollary to Theorem 3 in [Serre and Tate 1968]; see
also [Raynaud 1994, 4.7.4]. Under the assumption that A has good reduction and
that ¢ is a Frobenius element, a proof of the claims that PL(e_:/j € L[T] and that
this polynomial is independent of £ is sketched in [Noot 2009, 2.1]. Taking into
account [Serre and Tate 1968, Theorem 2], the argument remains valid when A
only has potentially good reduction and y» € Ir. For the case where 1 reduces to a
nontrivial power of the Frobenius element, one replaces the use of [Serre and Tate
1968, Theorem 2] by the corollary to Theorem 3 in the same paper. (]

1.9. Remark. The action of any ¥ € Wr on Gr(V,) is semisimple for any k. For
k = —2, 0 this results from the fact that I'z acts on Gry(V,) and on Gr_,(V,)(—1)
through a finite quotient. For k = —1 it follows from the fact that Gr_(V;) = V, A,
where A is an abelian variety over F' with potentially good reduction. Combining
this statement with the Proposition 1.8, it follows that each 1 € Wr with a () #0
acts semisimply on V.

1.10. Frobenius weights. As before, M is a strict 1-motive over F with L-action.
We fix an arithmetic Frobenius element ® € 'y, that is, a lifting of the Frobenius
automorphism ¢ of k; see Section 1.7. The operator N;: V; — V,(—1) defined in
Section 1.4 is I' p-equivariant, which implies that Ad(p;(P))(N,) = g Ny.

As noted in Section 1.9, the image p¢(P) is semisimple and by Proposition 1.8
its eigenvalues are algebraic integers and, for any eigenvalue, all complex absolute
values coincide and are equal to g, q1/2 orl. Fork=-2,-1,0, let Vek ® @g
be the sum of the eigenspaces associated to the eigenvalues with absolute value

g /2. This defines a splitting V, = vV, ) vV, 'e V0 of the weight filtration. The
Frobemus weight cocharacter wy : Gm /@, — H)q, is the morphism making G,,,q,
act on V[k through the (k + 1)-st power map. The reader should take note of the
shift in filtration, which is introduced to simplify matters later on. Through the
adjoint representation, wy(¢) acts on the line in h* ® Qy(—1) generated by N, as
multiplication by 2.

If M/F is any, not necessarily strict, 1-motive with L-action, then the complex
absolute values of any eigenvalue of p,(®) are still equal to ¢, ¢'/? or 1. This
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follows from the existence [Raynaud 1994, 4.2.2] of a strict 1-motive M’ with
L-action endowed with a system of canonical isomorphisms V;(M) = V,(M'). The
Frobenius weight cocharacter w, of M can therefore be defined exactly as before.
It corresponds to the cocharacter associated to M’ by transport via the isomorphism
Ve(M) = Vy(M') above. In general, w, does not split the weight filtration.

Finally note that, for M strict, the identification V; = V ® Q, can be modified,
without affecting its previously established properties, to ensure that the grading on
Vy defined by the Frobenius weights corresponds to the grading on V.

2. The representations of the Weil-Deligne group associated to a 1-motive

2.1. The Weil-Deligne group. In addition to the conventions in Section 1.1, we
will from now on assume that £, £’ % p. As in Section 1.7, W is the Weil group
of F'. We briefly summarise some of the notions introduced in [Deligne 1973, §8];
see also [Fontaine 1994].

Letting » € W operate on the additive group G, /g as multiplication by q“W,
one defines an action of the constant topological group scheme Wr on G,,q. The
Weil-Deligne group of F is the semidirect product

/WF=WF I><Gla

defined by this action, viewed as a group scheme over Q.

Fix an identification Q; = Q,(1) as in Section 1.1, an arithmetic Frobenius
element ® € W as in Section 1.10 and consider the map t, from Section 1.6 as a
morphism

Ir — Q1) = Qp =G, (Qp).
We define a system of £-adic representations of Wy with values in’Wg(Qy) by

Y (Y, 1(@7 V) € (Wr x Gy) (Qp).

For a field E of characteristic 0 and a linear algebraic group G, g over E, giving
an algebraic representation (‘Wr),g — G/ is equivalent to giving a pair (o', N)
where p’: Wr — G,g(E) is a linear representation that is trivial on some open
subgroup of Ir and N € Lie(G/g) is a nilpotent element satisfying the condition
that

Ad(p’'(Y))N = qg* VN (2.1%)

for all » € Wg. The representation of (W), corresponding to the pair (o', N) is
given by (¥, x) = p'(¥) exp(Nx).

2.2. "Wy and {-adic Galois representations. Let H,g, be a Q;-linear algebraic
group and p¢: Wr — H)q,(Q/) a continuous representation. By Grothendieck’s
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£-adic monodromy theorem (see [Deligne 1973, 8.2]), there exists a nilpotent
element N, € h*(—1) = Lie(H/q,)**(—1) such that

pe(r) = exp(Nyte(¥)) (2.2%)

for all ¥ in a sufficiently small open subgroup of Ir; see (1.6x). One can therefore
associate to p; a representation (p,, N;) of "W with values in H,q, as follows.

Using the identification @, = Q(1) to interpret N, as an element of h*, one
defines

P, () = pe(¥) exp(— Nyt (@~ Pyr)).

Composing the corresponding algebraic representation of 'Wy with the natural
representation Wy — 'Wg(Q,) defined above, one recovers py.

According to [Deligne 1973, 8.11], the geometric conjugacy class of (p,, N;) is
independent of the choices of ® and of the identification @, = (1) made in this
construction.

2.3. Compatible systems of representations of 'Wpg. Let H be a reductive alge-
braic group over Q. For a fixed ¢, we say that a representation 'Wr g, — Hg, is
defined over Q (as a representation with values in H) if for every algebraically
closed field D Qy, the base extension ’ WEg/q — H)q is conjugate under H (£2)
to all its images under Autg(£2). In terms of the pair (p,, N;), let

pr®a, Q: Wp — H/o(Q)

be the extension of scalars and let N, ®q, 1 € (h ®g Q¢) ®g, 2 =h ® Q be the
image of N,. Then the condition above is equivalent to the condition that for every
o € Autg(L2) there is an element g € H (£2) such that

o (P ®a, Q) =2(p®q, Vg~ and o(N;®a,1)=Ad(@)(N;®q,1). (2.3%)

We say that a family of representations 'Wr,q, — H/q, is a compatible system
of representations of 'Wg (with values in H) if for every pair (¢, ¢') and every
algebraically closed field €2 containing (; and Q, the base extensions to €2 of
the ¢-adic and ¢’-adic representations of ‘W are H (£2)-conjugate. In terms of the
pairs (p,, N;) and (p;,, N,,), this means that there is a g € H () such that

Pi®a,2=g(pp®0,Vg~! and Nj®a,1=Ad(g)(Ny®a, ) €h®Q. (2.3%)

The action of H(£2) by conjugation factors through H(Q2) — H ad(Q) so H(Q)-
conjugacy may be replaced by H24(2)-conjugacy everywhere.

2.4. Application to 1-motives. We apply the discussion above to the system of
£-adic representations V,(M) associated to a 1-motive M with L action. Let M
be as in Section 1.1 and, as was the case from Section 1.4 onward, continue to
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assume M to be strict. The numbers » = rank(Y), r* = dim(7") and g = dim(A)
are as in Section 1.1 and we fix an L-vector space V and a system of identifications
Ve =V ®Qy as in Lemma 1.2. Let the algebraic group H = Resz o GL,(V)
be as in Section 1.3. For every £, the group H/q, identifies with the group of
Ly = L ® Qy-linear endomorphisms of V. The action of I'r on V(M) is L,-linear,
so it provides us with an ¢-adic representation of "W with values in H,q,, that is, a
system of pairs (p;, N;), where N, € h® Q; = Lie(H) ® Q; and p,: Wr — H/q,.

Lemma 2.5. Let M/F be any 1-motive with L action. The Frobenius weight
cocharacter wy commutes with the representation p;.

Proof. By construction, p¢(®) = p,(®) and the same equality holds for all powers
of ®. In the construction of the Frobenius weight cocharacter, one may replace the
Frobenius element @, and hence g, by any strictly positive power without modifying
wye. This means that it is sufficient to prove that there is a strictly positive power
®" such that p,(P") lies in the centre of the image of p,. This is obvious since
p, factors through an extension of the group generated by ® by a finite quotient
of IF. O

Proposition 2.6. Assume that we are in the situation of Section 2.4, so in particular
M is strict. Each £-adic representation

'Wria, — Hja,

is defined over Q and these representations form a compatible system of representa-
tions of 'Wg with values in H.

Proof. We first show that each representation is defined over Q.

The operator N, is determined by the fact that it satisfies (2.2x) for all ¥ in
a sufficiently small open subgroup of the inertia group /. The equality (1.6%)
implies that the monodromy operator N, has the same property so we conclude that
N, = Ny.

It follows from Proposition 1.5 that for every 2 D Q; and o € Aut(2) as in
Section 2.3, Ny € h ® Qg is H (£2)-conjugate to o (Ny). Let g € H(S2) be such that
o (N¢) = Ad(g)(Ny). It is sufficient to show that p;, ® € and g‘la(,oé ® Q)g are
conjugate under the stabiliser of N, in H (2). By elementary representation theory
(see [Deligne 1973, Proposition 8.9]), it suffices to show that the representation p,
is semisimple and that, for every ¢ € Wp, the L,-linear characteristic polynomials
of p,(¥) and of g‘la(pé ® 2)g acting on each Gri"*"(V;) coincide. In fact, it is
sufficient to prove that the traces coincide. Here Gr;"*"(V,) is the associated graded
of V, for the monodromy filtration defined by N,.

We first treat the semisimplicity. The restriction p;|;, is semisimple because
it factors through a finite quotient of /r. As the action of W on each Gr;(V;)
is semisimple, the semisimplicity of p, results from Section 1.9 applied to any
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Y € Wr with a () # 0 and the fact that W is an extension of the group generated
by the Frobenius element to ® by the inertia group /.

To establish the putative equality of the characteristic polynomials we will prove
that the L-linear characteristic polynomials of the p, (1) acting on the Gr;"*" (V)
lie in L[T]. By Proposition 1.8 the corresponding statement is true for the action
of Wr on the Gr;(V;), the associated graded for the weight filtration. We finish the
argument by passing to the graded for the monodromy filtration.

This is accomplished by considering the filtration

W_mang =im(Ny) C WLV, CW_;V, C Wl_nloan =ker(Ny) C WoV, = V,.

The isomorphism Gry(Vy) = ViQpisT F-equivariant and the action of I'r on
V9 ® Q; comes from its L-linear action on V. Similarly, the action of I'r on
Gr_» (V) 2 V~2@Q,(1) comes from its L-linear action on V 2 and the cyclotomic
action on @, (1). Finally, N; comes from the L-linear map N: V® — V=2 so by
(2.1x), the kernel of N in V° and the image of N in V=2 are Wg-invariant L-linear
subspaces. The representation induced by p, on each of the spaces

Gr™" Vy =im(Ny) C Gr_, Vy, W_aVe/im(Ng) = Gr— Ve/ Gr23" Ve,
ker(N¢)/W-1V, CGroVy, and  Grg®™ Vp = Vi / ker(Ny),

therefore, is a base extension of a representation of Wy on an L-vector space.
This proves the claim for Gr™5" V, and Gry*" V,. For Gr™" V, the claim follows
similarly by considering the graded for the filtration

W_,Vy/im(Ny) C W_1V,/im(Ng) C ker(Ny)/im(Ng) = Gr" V,.

The fact that the representations 'Wr/q, — H/q, form a compatible system is
proved by an analogous argument. One now has to prove that, fori = -2, —1,0
and for each ¥ € W, the L-linear characteristic polynomials of p; (/) acting
on Gr"*"(V,) are independent of £. Again by Proposition 1.8, this is true for the
characteristic polynomials on the Gr; (V). The ¢ independence of the characteristic
polynomials on the Grj"*"(V;) follows from this by considering the combined
filtration and adapting the argument above. U

Corollary 2.7. Let M be any 1-motive over F with L-action. Then for each £,
the £-adic realisation Vy(M) is a free Ly-module. For £ # p, the representations
'"Wr 0, = H)q, are defined over Q and form a compatible system of representations
of "W with values in H.

Proof. By Lemma 1.2, each V(M) is a free Ly-module. This implies that H)q, iden-
tifies with the group of L,-linear endomorphisms of V;(M) and that any two such
identifications differ by an inner automorphism of Hq,. It is therefore sufficient to
prove the second statement for one system of such identifications.
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By [Raynaud 1994, 4.2.2] there are a strict 1-motive M’ over F and a system of
canonical isomorphisms V(M) = V,(M") (for every £). Using these identifications
and the remark above, the corollary follows from Proposition 2.6. (]

Corollary 2.8. With the notation and hypotheses of Corollary 2.7, ker(p;) C Wr is
independent of €.

3. Application to abelian varieties and statement of the main theorem

We turn our attention to an abelian variety A over a number field F C C. If
F is sufficiently big, each £-adic representation associated to A factors through
pe: I'r — G4 (Qy), where G4 is the Mumford—Tate group of A,c. For a fixed
valuation v of F, the construction sketched in Section 2.2 gives rise to a system
of ¢-adic representations 'Wr, o, = Ga,q, of the Weil-Deligne group of F,. It is
hoped that these representations are defined over Q and that they form a compatible
system of representations with values in G 4.

The statement of the main theorem is somewhat weaker; loosely speaking,
it states that, after a finite extension of F, the representations of ‘"W, form a
compatible system when G 4 is replaced by a larger group of which G4 is the
identity component. As the construction will show, only certain factors of G of
type D are affected by this modification. In order to formulate the precise statement
we need a number of constructions from the previous paper [Noot 2009].

3.1. Notation. From now on, F' C C is a number field and A/ F an abelian variety.
Let F be the algebraic closure of F in C and I'r = Gal(F / F) the absolute Galois
group. We fix a valuation ¥ of F and let v be its restriction to F. Let p be the
residue characteristic of v and F, the completion of F at v. It is a finite extension
of Q,. Let £, ¢’ # p prime numbers.

3.2. Abelian varieties. Betti cohomology defines a fibre functor Hg = H]13 on the
category of absolute Hodge motives generated by the motive of A and the Tate
motive (1). The Mumford-Tate G4 of A is the group of ®-automorphisms
of this fibre functor; see [Noot 2009, 1.2] for a more detailed explanation. We
will assume throughout that G 4 is connected, this condition holds after replacing
F by a finite extension and it implies that G4 is the smallest linear algebraic
Q-group such that the Hodge structure on H5(A(C), Q) is defined by a morphism
S =Resc/r G — G yr; see [ibid., 1.2]. Let g4 be the Lie algebra of G 4.

For every ¢, the fibre functor Hg , defined by the ¢-adic étale cohomology is
canonically isomorphic to Hg ® (2y. The representation of I'r on the £-adic étale
cohomology makes I'r act on the functor Hg ¢ and this gives rise to a morphism

pe: Tr— Ga(Qp).
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Let &, an arithmetic Frobenius element, belonging to the decomposition group
I'r, = D; C I'r. This gives rise to local data as in Section 2.1. We consider the
restriction of the p, to the Weil group W, = WEg . As explained in Section 2.2,
it defines a representation of the Weil-Deligne group 'W, ='Wy, that is, a pair
(py, Ny) with p,: W, = G 4(Qy) and N € g5 ® Q. By Corollary 2.8, there is an
open subgroup J of the inertia group /; such that each p; is trivial on J.

To apply the results above on 1-motives, it is convenient to work with Tate
modules instead of étale cohomology groups. The £-adic Galois representation
ViA = T}A ®z, Qy is dual to Hét(A /P Qy). Identification of the fibre functor
defined by V; to the dual of the one defined by Hg; , endows V, with the structure of
arepresentation of G 4,q,. The action of I'- on Vy A is given by the same morphism
pe: Tr — G a(Qy) as before. The corresponding representation (p,, N,) of the
Weil-Deligne group 'Wp, is also unchanged.

3.3. The group G*24. In [Noot 2009, 1.5] one finds the construction of a group
Aut'(G) g of automorphisms of G 4/g. In this paper we will write G*% for this
“natural extension” of G*4. We briefly sketch its construction.

The derived group G‘j‘e/r@ is the almost direct product of almost simple subgroups
G; C Ga/q, fori in some index set I. Let J C I be the set of indices i such that
G; = SO(2k;) /g for some k; > 4 and for each i € J put G; = O(2k;) D G;. We
define

gad __ /ad ad ad
¢ =T]6Mx [] G DGy g
ieJ iel\J

As this group operates trivially on the centre of G‘ie/r@, we can define an action of

G on G4 ,a extending the adjoint action on Gd A/Q and with G*? acting trivially
on the centre of G 4,g. Through the adjoint representation, the group G* ad also acts
on the Lie algebra g ® Q.

3.4. Compatible systems revisited. We introduce a variant of the notion, introduced
in Section 2.3, of a compatible system defined over Q of representations of ‘W,
with values in G4. This time we allow conjugation by the group G** so the
condition is weaker than G-conjugacy if G‘jf/r@ has factors of the form SO(2k).

Let v, W, and @, be as in Sections 3.1 and 3.2. For a fixed ¢, let (o, N,) define
a representation of ‘W, g, with values in G 4,q,. We say that this representation
is defined over @ modulo G* if, for every algebraically closed field D Q; and
every o € Autg(R), thereisa g € Gfd(Q) such that

o (p, ®a, ) =g(p,®a, Vg~' and o (N, ®q, 1) = Ad(g)(N, ®g, 1).

We say that a system of representations (pe, N,) of "W, q, is a compatible
system of representations of 'W, modulo Gna if for every pair (¢, ¢’) and every
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algebraically closed field Q2 D Qg, Q¢, thereisa g € G”Aad(Q) such that
Pl ®a, 2=g(p} ®a, Vg~ and N, ®q, 1 = Ad(g)(N; ®o, 1) € g@ Q.

Definition 3.5. Let 2 be an algebraically closed field, G a linear algebraic group
over a subfield of €2 and V' a representation of G. A semisimple g € G(2) is neat
if the Zariski closure of the subgroup of G(2) generated by g is connected. A
semisimple element g € G(K2) is weakly neat (with respect to V) if 1 is the only
root of unity among the quotients Au~! of eigenvalues A and p of g.

For weak neatness, we will suppress the reference to V if it is clear which
representation is being considered. For elements of the Mumford-Tate group of an
abelian variety, we always consider the representation defined by the Tate module.
A neat element is weakly neat with respect to any representation.

Theorem 3.6. Assume that A has semistable reduction at v and that, for some £,
the image p,(®,) is weakly neat. Then the representations (p,, N;) of "W, cor-
responding to A are defined over Q) modulo the action G”Aad. For { # p, these
representations form a compatible system of representations of 'W, modulo the
action of Gzad.

3.7. Remarks.

3.7.1. The condition that A has semistable reduction at v implies that p; is trivial
on I;. In particular, the condition that p,(®,) is weakly neat does not depend on
the choice of the Frobenius element ®,. Also note that p,@(CDU) = p¢(P,) so that
the condition can also be checked on p;(®,). By the main theorem, or in a more
elementary fashion by Proposition 1.8, the condition that p,(®,) is weakly neat is
independent of £.

3.7.2. In general, A only has potentially semistable reduction at v. In this case,
py|1; has finite image so, for o € I3, all eigenvalues of p, (o) are roots of unity. The
elements of p,(/;) are not neat and the methods of this paper do not seem to permit
one to prove that the p, form a compatible system in this case. As the monodromy
operators are unchanged by a finite base extension, one may reduce to the case of
stable reduction to prove that the N, do form a compatible system defined over Q.

3.7.3. To check the condition of weak neatness, one has to determine the charac-
teristic polynomial of p,(®,) for at least one £, which is not always feasible in
practice. However, the condition always holds for a power of ®,, that is, after
replacing F by a finite extension F’ and v by a valuation of F’ lying over v. Also
note that if, for some ¢ # p, the elements of py;(I"r) are congruent to 1 modulo £
(or congruent to 1 modulo 4 if £ = 2), then py(P,) is necessarily weakly neat.

On the other hand, it is easy to construct abelian varieties, even with good
reduction, that do not satisfy the condition of weak neatness. For this, one may
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choose a p?-Weil number « having two conjugates differing by a nontrivial root
of unity. There exists an abelian variety A over a finite field of characteristic p
such that the characteristic polynomial of Frobenius is a power of the minimum
polynomial of «. Any lifting of Ap over a number field provides a counterexample
to the neatness condition of the theorem.

3.7.4. If the abelian variety A has good reduction at v then the monodromy N, is
trivial and the theorem reduces to the main result, [Noot 2009, Théoreme 1.8].

3.7.5. We finally refer to [ibid., Remark 1.9(4)] for a note on the density of the set
of places v of good reduction where p,;(®,) is weakly neat. Density statements of
this type are not useful in the present context as the number of places where A does
not have good reduction is finite.

3.8. G4, monodromy and Frobenius weights. As pointed out in Section 3.2, the
system (p¢) is determined by the Galois representations on the Tate modules of A.
From now on, we systematically adopt this point of view.

In the proof of Corollary 2.7, we applied [Raynaud 1994, 4.2] to the motive
M in order to reduce to a strict motive M’. Applying the same argument to the
abelian variety A, = A/f,, one again obtains a strict 1-motive M '/ F, endowed
with a system of canonical I'r, -equivariant isomorphisms

Vi(Ay) = Te(Ay) ®z, Qe = V(M.

Let M’ =[Y — G], let Y* be the character group of the toric part of G and write
r and r* for the ranks of Y and Y*. Let g be the dimension of the quotient of G by
its maximal torus.

In Section 1.10 we defined the Frobenius weight cocharacter of a local Galois
representation associated to a 1-motive. Applying this construction to the restrictions
pe|p, we obtain the Frobenius weight cocharacter

we: G, = GL(Vi(A)).

Lemma 3.9. Under the conditions above we have r = r* and the monodromy
operator N: Y @ Q — Y* ® Q associated to M’ is an isomorphism. For each £, the
map N, defines an isomorphism from the t-eigenspace of wg acting on Vy(A) onto
the t ! -eigenspace.

Proof. The arguments used in [Raynaud 1994, 4.2] show that Y = A, where A is
the Z-module in the diagram (¥**) of [loc. cit.], so r is equal to the rank of A. This
reference also implies that r* is equal to the rank of A, so r = r*. Still by [ibid.,
4.2], the intersection of A with the rigid analytic generic fibre of G is trivial. With
the notation of [ibid., 4.3], this means that for any y € Y, there exists y* € Y* with
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o (¥ ®y*) > 0. It follows that N induces an isomorphism ¥ @ Q = Y*® Q. All this
is classical; see for example [Grothendieck et al. 1972, Exposé IX, Théoreme 10.4].

The monodromy filtration on V(M) coincides with the weight filtration so the
last statement immediately follows from the previous ones. (]

Lemma 3.10. The Frobenius weight cocharacter wy factors through G s/q,. In
fact, this cocharacter factors through a torus T, C G 4 q, containing pg(P,).

Proof. The Mumford-Tate group G 4 contains the group G,,,q of scalar multiplica-
tions of Hll3 (A(C), Q). Let wy =1 - wy, let T, C G 4/q, be the identity component
of the Zariski closure of the subgroup of G 4,0, generated by p¢(®,) and put
T, = G, T,. We will prove that wy factors through T, by showing that w;, factors
through 7.

The last statement follows from the argument used in [Serre 2000], §4 of the
first letter. The proof comes down to the fact that the eigenvalues of wj () satisfy
all the multiplicative relations satisfied by the archimedean absolute values of the
eigenvalues of p;(D,). O

4. Generalities on tractable abelian varieties

4.1. Tractable abelian varieties. The notion of “variété abélienne accommodante”
was introduced in [Noot 2009, 2.3]; in this paper we call such a variety a tractable
abelian variety. Let us recall the relevant ideas.

First of all, we define the notion of an admissible representation of a reductive
group. Heuristically, the admissible representations are the representations encoun-
tered when studying Shimura data of abelian type that admit an embedding into the
Siegel Shimura datum. We refer to [Deligne 1979, 1.3] for this classification. To
be precise, let K be a field of characteristic O and let 2 O K be an algebraically
closed extension. Assume that G° is a linear algebraic group over K such that G‘;Q
is almost simple of type A, B, C or D. Let V* be a faithful K -linear representation
of G*. We say that V* is an admissible representation of G* in the following cases:

. GjQ is of type A, and V* @k 2 is a multiple of the direct sum of the rep-
resentations of highest weights @ and @, if » > 2 and a multiple of the
representation of highest weight @ if n = 1.

. G‘;Q is of type B, and V*® @ Q is a multiple of the representation of highest
weight .

. GjQ is of type C,, and V*® ®k 2 is a multiple of the representation of highest
weight 7.

. GjQ is of type D,, and V* ®g 2 is a multiple of the representation of highest
weight .
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. GjQ is of type D, and V* @k 2 is a multiple of the direct sum of the repre-
sentations of highest weights @, _; and .

In the first three cases, we will say that the pair (G*, V) is of type A,, B, or C,, in
the last two cases we say that (G*, V*) is of type D,”l'[| or of type DE}, respectively.

Returning to abelian varieties, we let A be an abelian variety over C and write
V= Hll3 (A(C), Q). We say that A is strictly tractable if

« there exists a totally real number field K and an almost simple linear algebraic
group G* over K such that G‘jfr = Resg /0 G*;

« as arepresentation of G, the cohomology group V is the restriction of scalars
of an admissible representation V* of G*;

o if (G*, V*) is of type D® then every character space in V ® Q for the action

of the centre of G 4,g is an admissible representation of a factor of G‘jf/r@; and

« the conditions above do not hold for any proper abelian subvariety of A.

The type of a strictly tractable abelian variety is the type of the pair (G*, V*).

We will say that A is tractable if A is isogenous to a product [ [i-; A; of strictly
tractable abelian varieties A; and G% = ", foj_r. If F C C is a subfield, an
abelian variety A/ F is (strictly) tractable if A /¢ is and if G4 is connected.

4.2. Remark. The concept of tractability is an auxiliary notion used in the proof
of the main theorem. It does not seem to be of independent interest, though it is
conceivable that the method of the present paper can be used in other contexts.

Heuristically, the fact that an abelian variety A is strictly tractable means that the
representation of G‘j‘er onV = Hll3 (A(C), Q) decomposes over @ as a direct sum of
irreducible representations of the almost simple factors of Gie/r@. In particular, any
abelian variety A/C of dimension g with G‘j‘er = Sp,, is tractable. This means that,
in the moduli space of g-dimensional abelian varieties, the points corresponding to
nontractable varieties belong to a countable union of closed subvarieties and thus
the general abelian variety is tractable.

If the simple factors of V ® @, as a representation of G‘j‘e/r@, are tensor products
of irreducible representations of the almost simple factors G‘j‘e/r@, then A is not
tractable. The simplest such example was given by Mumford [1969]. The generic
members of the families constructed there are not tractable.

More generally, any simple abelian variety A/C, with L = End’(A), whose
Mumford-Tate group coincides with the group of L-linear symplectic similitudes
of H]13 (A(C), Q) is tractable. The converse is not true, as can be seen for example in
the case where the Mumford-Tate group is of type D,,. Nevertheless, being tractable
still means that the endomorphism algebra is big compared to the Mumford—Tate

group. This is the key to the proof of the main theorem for tractable abelian varieties.



Representations of the Weil-Deligne group 263

By definition, abelian varieties of CM type are not tractable. As pointed out
in the introduction, the system of £-adic representations associated to an abelian
variety of CM type is described by the theory of complex multiplication and the
main theorem is true in the CM case.

4.3. The algebra L c End’(A). In the proof of the main Theorem 3.6, we will
adapt the ideas used in [Noot 2009]. We will in particular make use of the algebra
L C End(A) ® Q constructed in the beginning of the proof of [ibid., Théoréme 2.4].
For this construction, first decompose V ® Q= @?:1‘713 where the V; are the
isotypic components of the representation of G 4,g on V ® Q. In other words, each
V; is a multiple of an irreducible representation of G 4,g and Homg , aVi, V)= 0
for i # j. This decomposition defines a subalgebra Q" C Endg, 5(V ®Q), with the
i-th factor Q acting on the factor V; by scalar multiplication. Taking I"g-invariants,
this inclusion descends to

L C Endg,,q(V ® @) =End’(A¢) = End’(A),

where L is a finite, semisimple, commutative Q-algebra. The last equality follows
from the fact that G 4 is connected and is justified in [Noot 2009, proof of 2.4].

There is a canonical isomorphism L @ Q = IL..-a Q; in fact L is defined
as the algebra of I'g-invariants in the product on the right hand side. The direct
factors of V ® Q are indexed by the morphisms ¢: L — @, with the (-factor of
IL @ acting on V, by scalar multiplications and acting trivially on the other V.
The decomposition of L ® @ thus gives rise to a decomposition V ® Q = I
There is a similar decomposition V ® € =[], V, for any algebraically closed field
Q of characteristic 0, with the product taken over all morphisms ¢: L — .

Lemma 4.4. Assume that A/C is a strictly tractable abelian variety. Unless A is
of type D,"f, the algebra above L C End(A) ® Q is a field. If A/C of type DBS then
the algebra L is either a field or it is isomorphic to L' x L’ for a field L.

Proof. As L is a semisimple algebra, it decomposes as a product of fields. This
decomposition gives rise to a corresponding decomposition of A and unless the
pair (G*, V*) associated to A is of type A, or DR, each factor still satisfies the first
three conditions of the definition of a strictly tractable abelian variety. If there is
more than one factor, this violates the minimality condition.

If the pair (G*, V*®) associated to A is of type A,, then the argument used in
[Noot 2006, 5.1] shows that the complex conjugation acts on the Dynkin diagram
of G* by the main involution. This implies that a direct factor of V ® @, which is a
representation of highest weight @ of some factor of G%e/r@ belongs to the same
['g-orbit as the representation of highest weight @, of the same factor. It follows

that for any decomposition of A as above, each factor still satisfies the first three
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conditions of the definition. The minimality condition again implies that there is
only one factor.

If (G*, V¥) is of type DE}, then a direct factor L’ of L may define a factor A’
of A such that the associated pair (G*, V*) is a half spin representation. In that
case, A has a factor A” for which (G*, V") is the other half spin representation.
By minimality, one must have A ~ A’ @ A”. In this case, the set of vertices @w;,,_;
and the set of vertices @, of the Dynkin diagram of Gier form two separate orbits
for the ['g action. Since these orbits are isomorphic as I'g-sets, it follows that
L=LeaL. ]

4.5. The group H. For the rest of this section we will assume, in addition to the
hypotheses of Section 3.1, that A/ F is tractable. Let Gi\ad be the linear algebraic
group over @ introduced in Section 3.3.

To prove the theorem for A, we will use the results on 1-motives obtained
in Section 2 so it is convenient to study the Galois representations defined by
the Tate-modules; see Section 3.2. Let V = H;(A(C), @) and for each prime
number ¢ put V, = T;(A) ®z, Q;, where T;(A) is the ¢-adic Tate module of A.
As in Section 3.2, there is a natural representation of G4 on V and there are
canonical isomorphisms Vy = V ® Q. The action of I'r on the V; is given by the
representations p;: I'r — G 4(Qy).

We closely follow the proof of [Noot 2009, Théoreme 2.4]. Let the endo-
morphism algebra L C End(A) be as in Section 4.3. It is a product of number
fields L; fori =1, ..., s. This decomposition gives rise to a decomposition up to
isogeny A ~ [[;_, A; and to a corresponding decomposition V = &;_, V;, where
V; = H{(A;(C), Q). For each i one has L; C End’(A;) and this action endows V;
with the structure of L;-vector space. It follows from Lemma 4.4 that each factor
A; is either strictly tractable or that it is of type DE}. If A; is not strictly tractable, it
follows from the definition and again from Lemma 4.4 that there is another factor
A such that L; = L; and the product A; x A; is strictly tractable. In this case
we change definitions and put A; = A; x Aj and L; = L; x L;. We suppress the
factors A; and L; and modify the value of s accordingly. After these modifications,
we have decompositions L =[[;_, L; and A ~ [];_, A;, where all factors A; are
strictly tractable and each L; is either a field of a product L; X Lg of fields.

Let d; =dimy, V; and let

S S N
H =] [Ress o GL;, (V) =] [ Hi =] [Res., /o GLa,L,
i=1 i=1 i=1

be the centraliser of L in GL(V). In the case where L; = L’ x L}, the factor H; is

(RGSL;/@ GLdi/L;)Z.
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It is a linear algebraic group over Q. The action of G4 on V commutes with the
action of End’(A), so G4 C H. The decomposition H = [1;=, Hi corresponds to
the decompositions of L, of A and of V. In particular, H; is the only factor of H
acting nontrivially on V;. Writing G 4, for the Mumford-Tate group of A; one has
G A; C H;.

Let 2 be an algebraically closed extension of Q. For each Q-algebra homo-
morphism ¢: L — 2 there is a unique index i = i(¢) such that ¢ factors through
L — L; — Q, where L — L; is the projection and L; — €2 a ring homomorphism.
This final map is an embedding if L; is a field and an embedding of one of the
factors of L; if A; is of type D,[E‘E and L; is a product L; X L;. Let d, = d;. Extending
the base field to €2 one obtains

Hio= ] GLye-
1 L—>Q

The group G 4, embeds into this product and for ¢: L — 2 we let G, be its image
in the factor GL,,, o corresponding to ¢.

This gives rise to similar decompositions of the Lie algebras. For h = Lie(H) we
have h®q Q=P h =PEnd(V) =P gl4,/o- The inclusion G4 C H induces

g0A®Q2=Lie(G)®QL—> P g CPEnd(V)=HRQ, (4.5%)
t: L—>Q L

where g, C h, = End(V, ® Q) is the Lie algebra of G,. For both the group
Hjo = [[GLy, o and the Lie algebra h ®q 2 = []gl, o, the obvious action
of o € Aut(f2) on the left hand side translates on the right hand side to

o (XL)LZ L—>Q = (G(XJ_IL))L; L—>Q (45T)

4.6. Monodromy and Frobenius weights. The ¢-adic realisations of A decompose
in the same way as the Betti realisation. Define V; , = T;(A;) ® Q; for every £. The
decomposition of A gives rise to I' ¢, -equivariant L, = L ® (D,-linear decompositions
Ve = @f-:l V¢ and we have canonical L;-linear isomorphisms V; ; = V; ®q Q.
Assume that A has semistable reduction at v and let further notation be as in
Section 3.1. Let g be the order of the residue field of F,,. To study the monodromy we
follow Section 2.2, so we fix identifications Qg (1) = Q) and define the monodromy
operators N, by (2.2%). One has N, € g% ® Q; by Section 3.2. Similarly, for
each A; we have the monodromy operator Nl./’ ¢ € 9%, ® Q. Under the embedding

.....

For A and each one of the A;, let the Frobenius weight cocharacters

We Gm/@z - GA/@@ and  wje: Gm/@l - GAi/@f
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be as in Section 3.8. These cocharacters factor through the Mumford-Tate groups
by Lemma 3.10. As in the case of the monodromy operators, the cocharacter

(wi,i=1,...s: G, g, = 1_[ G4, /a,

i=l1,...,s
is the composite of w, with the inclusion G4 C [[ G 4,. It follows from Lemma 3.9
that w, and the w; , split the monodromy filtrations on V, and on the V; ¢, respec-
tively.

5. Strictly tractable abelian varieties of types A,,, C;, and Dﬁ';"

5.1. We keep the notation of Section 3.1. In this section, we will assume that A is
a strictly tractable abelian variety and that its Mumford-Tate group G 4 is of type
Ay, C, or DP. According to Lemma 4.4, the algebra L then is a field. In particular,
where the group H introduced in Section 4.5 is concerned, we have d, = d; = d
forall t: L — Q. As in Section 4.6, consider the monodromy operator N, and the
weight cocharacter wy. It follows from Corollary 2.7 that the H-conjugacy class of
(N,, we) is defined over @ and that it is independent of ¢, in accordance with the
terminology developed in Section 2.3.

For any algebraically closed extension €2 of Q, the Lie algebra g** ® €2 is a direct
sum of simple Lie algebras. The groups Gi}d(Q) and G“Aad(SZ) act on each direct
factor of this Lie algebra factor through a unique simple factor. Fix a factor g;* of
g% ® Q and consider the corresponding factors G% of G‘}f/rg and G of Gia/dg.
Under the sequence of embeddings (4.5x%), g, embeds into a simple factor h, = gl,
of h® Q. If G4 is of type A,, then g;* and G?er act on the direct factor V, of V ® Q
either as a multiple of the standard representation or as its dual. If G4 is of type C,
or D! in the classification, g* and G%' act on V, as a multiple of the symplectic or
the orthogonal representation respectively.

Let 2 D Q) be an algebraically closed field and let o € Aut(£2). As we saw
above, (N,, wy) and o (N,, wy) € h ® Q are conjugate under the adjoint action of
H (). Writing Ny = (N; ), € [[h, as in (4.5%) and w¢ = (w¢,,), it follows from
the formula (4.57) that the projections (Né’t, wy,,) and G(Né,a‘lt’ wy ,-1,) of these
pairs are H,(£2)-conjugate.

In the case where G 4 is of type A,, it trivially follows that Né’t and O'(Né’afll)
are conjugate under the action of Gf‘d(Q) = Gfad(SZ) on g,. In the cases where
G 4 is of type C,, or D,, it follows from [Springer and Steinberg 1970, IV §2], in
particular from 2.14, that Ny, and o (N, ,-1,) are conjugate under the action of
Gfad(Q) on g,. See also [Humphreys 1995, 7.11] for a summary of the results
concerning the nilpotent conjugacy classes in the classical Lie algebras.

Similarly, if Q2 is an algebraically closed field containing @, and Q then the
images of N; and N, in h** ® Q are conjugate under H(£2). The argument above



Representations of the Weil-Deligne group 267

implies that, for each ¢, the operators N e/ ,and N 2/, , are conjugate under the action
of G**4(Q) on g,.

Next consider the weight cocharacter wy. For each ¢, let w; , be the projection
of we to G,. Recall that by Lemma 3.9, the monodromy operator N , induces
an isomorphism of the ¢-eigenspace of wy, in V, onto the fl—eigenspace. Going
through the arguments of [Springer and Steinberg 1970, IV], with N, 2 , playing the
role of X, one deduces that there exists a basis of V, satisfying the conditions of
[ibid., IV, 2.19(b)] such that wy , is the inverse of the cocharacter A defined in [ibid.,
IV, 2.22]. In particular, wy,, factors through the derived group GY. This fact can
also quite easily be shown directly.

If © is an algebraically closed field and o € Aut(€2) then, for X = U(Né,a,ll),
there is a basis of V, as in [ibid., IV, 2.19(b)] such that o (w,,-1,) coincides
with o (A~1). We know that Né’L and O'(Né’g—ll) are conjugate under G**(Q).
Moreover, any two bases of V that satisfy the conditions of [ibid., IV, 2.19(b)] are
conjugate under the centraliser ZE:‘td of Néy ,in Gfad. It follows that (Né’ ,» we,) and
a(NK”U_,[, Wy ,-1,) are G?%(Q)-conjugate.

If £ and ¢’ are two prime numbers and if €2 is an algebraically closed field
containing both Q; and Q,, then the same argument, applied to (Né’ ,» We,) and
(N, /» We0), proves that these two pairs are Gfad(Q)—conjugate.

Proposition 5.2. Let notation and assumptions be as above. In particular, A/ F is
a strictly tractable abelian variety of type Ay, B, or D,"j].

o For every L, every algebraically closed field Q D Qg and every o € Aut(L2),
the image of (N;, we) in g® Q x X(G a/q) is conjugate to o (N,, we) under
the adjoint action of Gi‘ad(Q).

o If Qis an algebraically closed field containing both Q; and Qg , then the images
ing®Qx X(Gajq) of (N, wy) and (N, wy) are fod(SZ)—conjugate.

Proof. As A is tractable, the group Gflf/rQ is the product of its almost simple factors.
If G 4 is of type C, or D™, then fo/rﬂ is the product of the G%'. In the case where
G 4 is of type A,, we saw in the proof of Lemma 4.4 that the complex conjugation
acts nontrivially on each component of the Dynkin diagram. If n > 2, it follows
from [Noot 2006, 5.1] that L is a CM field and hence that the complex conjugation
defines an nontrivial involution ¢ — ¢’ on the set of embeddings L — 2. In this case,
G‘jf/rQ is a product of groups Ay, ;}, where each A, ; C G x G5 is the graph of
an isomorphism G%" = GY'. Identifying Ay, ,y with G%" through the projection on
the first factor, the representation of Ay, 4 on V, is a multiple of the representation
with highest weight @} and V is its dual, a multiple of the representation with
highest weight @,,. The case where n = 1 is left to the reader.

The Né’ , belong to g’* and, as we pointed out in Section 5.1, the wy, factor

through G, The proposition follows from the fact, proved in Section 5.1, that
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(Ne/,p wy,,) and O'(Né’[, wy,,) are Gfad(Q)—conjugate for each ¢, combined with the
formula (4.57). U

5.3. The centraliser of (N,, wy) in Gi /T We return to the construction 3.3 of
the group Gi‘ad. In the case considered here, this group is the adjoint group of a
Q-group G“A containing the derived Mumford—Tate group Gfif/r@. In fact, one has
to take G“A = G(}f/r@ if G4 is of type A, or C, and in this case we put G? = Gfler
for each embedding (: L — Q. If G4 is of type DEZ'”, then

der __ der
GA/@ - 1_[ G

where each G?er = S0;y,. We put Gf = 0», and G“A =[] G} Inall cases, it is clear

from the construction Section 3.3 that fo/r@ C G”A is the identity component and

that the group Gi‘ad defined in that construction is indeed the adjoint group of Gi‘.
Working with this group G%,, we may apply [Springer and Steinberg 1970, IV].

In what follows, the centralisers C E - GJA /@ and Cy C G 4/qg, of the pair (N, wy)
will play an important role. The group Cy is the subgroup of G 4,@, generated by
C; N Gie/r@e and the centre of G 4,g,. The embedding

b I _
G5~ 1160
L

gives rise to a similar embedding C 5 @, I CE’ ,» Where each C 5 , s the centraliser
of (Né’l, wy,,) in G%,. We first determine these groups C? .

By Lemma 3.9, N; induces an isomorphism from the -eigenspace of wy onto the
t~1-eigenspace of w,. As we saw in Section 5.1, this implies that, taking G = G?
and X =N éy , in [Springer and Steinberg 1970, IV §2], the proper choice of a basis
of V, ensures that the cocharacter wy, is the inverse of the cocharacter A defined
in that paper, IV 2.22. The group C 2 , 1s therefore equal to the group C of [ibid.,
IV 2.23(iii)]. Note that, contrary to what is affirmed in that statement, this group is
not necessarily connected. Indeed, there may be two connected components; see
[ibid., 2.25 and 2.26].

To give an explicit description of CE’ ,» let the 1-motive M’ and the dimensions
r =r* and g be as in Section 3.8. In this case, r = r* is equal to the dimension of
both the ¢ and the ~!-eigenspaces of wy. Since N é , is nilpotent of echelon at most
2, it is easily deduced from [ibid., IV 1.8, 2.25] that the group CE’ , 18 isomorphic to

the Q,-group
e SL, x SLy, if G4 is of type A,
* Oy X Spy, if G4 is of type C,, or
e Sp, X0y, if G4 is of type D,,.
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Each factor Cz , is therefore a product C, 0.0 X C _, and this decomposition is
determined by the cocharacter wy . In fact, for each 1nteger k let Vk Iand Vek . be
the rX- -eigenspaces of wy and wy, in V; =V ®@Q, and V, ® Qy, respectlvely This
seemingly confusing notation is consistent with Section 1.10. As Cz , commutes
with wp,, it respects the grading V,, = EBk_ 2.-1.0 V , and it follows from [ibid.,
IV 1.8, 2.25] that for k =0, —1, the group C Lk isthei 1mage of Cu in GL(V[k ). For
a group of type A, or C,, this embedding i is given by the standard or symplectic
representation, respectively, and for a group of type B, or D, it is defined by the
orthogonal representation. The monodromy operator N, , defines an isomorphism
of the representations of C 2’ 1.0 0N Vgt and on V[LZ.

The decomposition above can be defined on the level of the group C, by taking
Cy x equal to the image of Cy in GL(VEI‘), for k =0, —1. Finally, let Cy, x be the
image of C; g, in GL(VK ,)» o that each C?if « C CE’ .. 1s the identity component,
with equality for all factors other than those isomorphic to an SO,,,.

5.4. The representations p,. We now turn to the representations p, of the Weil
group W, = Wp, . For general ¢ € W,, the image p; (1) does not belong to C,(Qy)
so in order to apply the arguments of [Noot 2009, §2], we replace C, by the group
Cg C G /q, generated by C, and the image of wy. For ¥y € W, one has

Ad (p,(¥)) (N}) = q* VN, = Ad (we(g* 7)) (N)).

On the other had, it follows from Lemma 2.5 that p, (/) and w, commute. This
implies that pe(w)wg(q ~«(W)/2) lies in C;(Q,) and hence that p, (V) € Cg(@e)
The action of Cy on V; respects the grading Ve= Di—2._1.0 V) so, for k=0, —

it makes sense to define C[ ¢ as the i image of Cg in GL(VKI‘ ). The adjoint action of
C on Cy extends to an action of C on C ¢, with the former group acting trivially
on the image of wy.

Recall that, according to Lemma 4.4, the algebra L is a field in the cases con-
sidered here. We write A( L) = = Resz 0 A? L The discussion above shows that
taking the L,-linear characteristic polynomials of the elements of C acting on the
we-eigenspace V, ! one defines a map

C@—)Cg_1—>/&g

wLy/@e (5.4%)

We will also write P; for the map Cg 1= A(L)/@ As in [Noot 2009], the maps
P; factor through the quotients of Cyand C ¢.—1 by the adjoint C -action.

It follows from Proposition 1.8 and from Section 3.8 that for any i € W,, the
characteristic polynomial of p, () acting as an L,-linear automorphism on V[l
has coefficients in L and is independent of £. This proves the following lemma.

Lemma 5.5. Under the hypotheses above, the image of p, (V) € c ¢ (Qy) under the
map P; defined in (5.4x) lies in A(L)(@) and is independent of {.
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5.6. Remark. The statement of the lemma also holds for the image of p, () under
the map P;': Cy — A"(L) defined by taking the characteristic polynomial on VZO.
This observation is of little interest for weakly neat elements.

Proposition 5.7. The main theorem, Theorem 3.6, holds if A is strictly tractable
and its Mumford—Tate group G 4 is of type A,,, C,, or D,”;".

Proof. As the assumptions of Theorem 3.6 are now in force, A has semistable
reduction at v and the image pé(@v) of Frobenius is weakly neat. This implies that
the restriction of pj to I} is trivial and that p,(®,) acts on VZ0 as multiplication by
e ==1 and on V[Z as multiplication by ge.

As in Section 5.1, let 2 D Qy be an algebraically closed field and let o € Aut(£2).
We have to show that the pairs (N, p,(®,)) and (o (N,), o (p,(P,))) are conjugate
under the action of GJ (€2). By Proposition 5.2, there is a g € G 4 (£2) such that

(Ng, we) = Ad(g) (0 (Ny), o (we)).

This implies that p,(®,) and ga(pé(d%))g‘l belong to Ci(Q). As CE centralises
(Ny, wy), it is enough to show that p,(®,) and go (,oé(CIDU))g_1 are conjugate under
CE(Q). By Section 1.9 and the proof of Proposition 2.6, the element pé(cbv) is
semisimple. Moreover

P (g0 (pp(®))g™") = 0 (PL(pp(Dy))) = P (0, (Pv)),

where the former equality is elementary and the latter one follows from Lemma 5.5.
The projections of these elements to C ¢.—1(§2) are semisimple and weakly neat and
their projections to Cy o(€2) lie in the centre of this group. The required statement
therefore follows from Lemma 5.8.

For the ¢-independence, let £ and ¢’ be two prime numbers and let Q be an
algebraically closed field containing Q; and (0. It follows from Proposition 5.2
that there exists g € G“A(Q) such that (N;, we) = Ad(g) (N, we). Exactly as before
we combine the Lemmas 5.5 and 5.8 to show that ,oé(CDU) and pg/(CI)v) are conjugate
under C E (2). [l

Lemma 5.8. Let Cg, C and P; be as above and let g1, g» € CZ(Q) be semisimple
elements whose projections to C _1(82) are weakly neat and whose projections to
C( 0(2) act on V0 by the same scalar multiplication. IfP (g1) = P (g2) then g
and g, are conjugate under CZ(Q).

Proof. This essentially results from [Noot 2009, Lemmas 2.5 and 2.6]. First
note that the Variety Conj’ (Cg) considered in [ibid., Lemma 2.5] is the variety of
semlslmple C -conjugacy classes in Cy. Similarly, for each ¢ and k, the variety
Conj’ (C[ k) 1s the Varlety of semlslmple C Lk -conjugacy classes in Cg B k It
follows that Conj’ (Cg)(Q) and COI]] (Cg . k)(Q) are the sets of semisimple C (2)
and CZ,L,k(Q) conjugacy classes in Cg(Q) and in Cg’L’k(Q), respectively.
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It thus follows from [ibid., Lemma 2.5] and its proof that the map
Ce(Q) = Cro(Q) x Co.1(R) = [ [ Coo(@) x [ [ Crio1()
L L

induces an injection on weakly neat CE (2)-conjugacy classes. As the images of

g1 and g in 55,0(52) are equal and since these images are CE (2)-invariant, it is

sufficient to show that the images of g; and g, in each Conj’ (@,[,_1)(9) coincide.
To this end, note that each map

P, : Conj'(Cy,._1)(R2) — A%(RQ)

is injective. This is the statement of [ibid., Lemma 2.6] for the group C?if_], with

Q instead of Q. Since Cgif_l is of type A,, C,, or DEZ'”, it follows from the remark
in the beginning of the proof of [ibid., Lemma 2.6] that the lemma in question is
valid in this setting. ([

6. Strictly tractable abelian varieties of types B, and fo

6.1. The monodromy in a Mumford-Tate group of type B,. With the notation of
Section 3.1, we turn to the case where A/ F is a strictly tractable abelian variety with
Mumford-Tate group G 4 of type B,. We will adapt the arguments of Section 5 to
this case. The endomorphism algebra L and the group H are defined as in Sections
4.3 and 4.5. As in the previous cases, it follows from Lemma 4.4 that L is a field.
Moreover we have GJAad = Gf‘f. For each prime number ¢, the monodromy operator
N, é and the Frobenius weight cocharacter w, are defined as before. Each w, acts
on V, =V ® (D, with at most three eigenvalues. It presents a single weight if and
only if A has good reduction, which is the case if and only if N; = 0.

Recall the decomposition L @ Q = @L@ from Section 4.3, where the direct
sum is indexed by the maps (: L — Q. As in Sections 4.3 and 4.5, we consider
the resulting decompositions V @ Q = @D, V,and h ® Q= D, b, as well as the
embedding g ® Q— D, 9.- We write G, for the image of G 4,g in GL(V,). The
derived group G‘j‘e/r@ identifies with the product [, G%r. Each G9 is a spin group
of type B, and its representation on V, is a multiple of the irreducible representation
V™ of highest weight @, and hence of dimension d = 2".

As before, let (Né’[)t be the image of N, in &, g, ® Q. Of course, N, lies in
0*®Qand Ny, €9°® Q. The operator Ny is Le-linear so it belongs to h ® Q
and it follows from the Corollary 2.7 that its H (Q;)-orbit is defined over @. This
implies the rank of the projection N, , is independent of ¢. If N; , = 0 for some ¢,
then all N é’[ are trivial and then the abelian variety A has potentially good reduction.
This is the situation treated in [Noot 2009]. In what follows, we will assume that this
is not the case. We investigate the possible ranks of the N é , and the corresponding
forms of the cocharacters wy ;.
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Let 7, be a maximal torus of G, and let T"L = an be a maximal torus of GL(VLirr)
containing it. According to [ibid., 2.6.4] we have d = 2" and we can assume that T,
is the image of the application G"*! — T, given by

M0s Aty ooy Ap) > (ROAT - AS) (o1, = (o 1)

where the factors of YN"L are indexed by n-tuples of signs (e, ..., &,).

For each ¢, the Frobenius weight cocharacter w, defines a cocharacter w,, of
G, /@Z. The monodromy operator N é,t defines an isomorphism between the ¢ and
¢t~ eigenspaces of wy, acting on V,, so these eigenspaces have the same dimension
and it follows that w,, factors through Gdequ Up to conjugation by an element
of Gder(QZ) we can assume that wy, factors through 7,,g,. It then lifts to a
quasicocharacter w,,, with values in Gyl. The filtration on V[lrr defined by wy,
has at most three weights and it follows that w, , projects nontrivially to at most
two factors of G!. Moreover, if it projects nontrivially to two factors, then the two
projections must coincide.

The filtration by Frobenius weights coincides with the monodromy filtration and
it follows that

o if Wy, is trivial, then le ,=0;

« if Wy, projects nontrivially to exactly one factor of G);,, then N, , is of rank
2"~ (as an endomorphism of Virr); and

» if wy, projects nontrivially to exactly two factors of Gy, then N; , , is of rank
2n2,

The first possibility is excluded by the hypothesis that N; # 0.

As for the other cases, we consider the adjoint group G2 of G, which is
isomorphic to the special orthogonal group SO,, /g, Let W, be the orthogonal
representation of this group, that is, the representation with highest weight @, and
let wy’ be the projection of the cocharacter wy,, to G

If we are in the second case then wz , acts on W, with eigenvalues ¢, 1 and ¢~
and the eigenspaces for ¢ and for ~! are 1-dimensional. The relation

Ad(we, ())(N, ) =1>N},

implies that the same relation holds with wzi instead of wy ,. It follows that the
Jordan normal form of the image of N, 2’1 in the orthogonal representation of g;*
has one block of size 2 and that all other blocks are of size 1. This is impossible
according to [Springer and Steinberg 1970, IV 2.14; Humphreys 1995, 7.11] so the
second possibility is excluded.

We study of the conjugacy class of (N;, wy) in the third, and only possible, case.
The argument above shows that the image of N, (”L in the orthogonal representation
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W, of g;* has two blocks of size 2 and that all other blocks are of size 1. Considering
the orthogonal representation W,, we also see that if we take X = N, é , in [Springer
and Steinberg 1970, IV 2.19(b)], then we can assume that wz‘i is the inverse
of the cocharacter A of [ibid., IV 2.22]. This remains true after passing to any
algebraically closed field @ D Q; and also after replacing the data (N/, w¢) by
o(N é, wy), where o is an automorphism of 2. Applying [ibid., IV, §2] in the same
way as in Section 5.1, we prove that for any such 2 and o, the pairs (Ntf’ B w?i)
and o (N é’ o w?’dt) are conjugate under the G?er(Q)—action. It follows that this is also
the case for (Ne”[, wy,,) and O'(Né’[, We,,)-

One shows by the same argument that if £ is a second prime number and if 2 is
an algebraically closed field containing @, and Q;, then (N, wy) and (N é,, wyr)
are G 4(2)-conjugate. This proves Proposition 5.2 in the case where A/F is a
strictly tractable abelian variety of type B,.

6.2. The Frobenius elements in Mumford-Tate groups of type B,. To prove the
conjugacy of the Frobenius elements, we adapt the argument used from Section 5.3
to Lemma 5.8. On the one hand, notation is simplified because Gifd = sz, but
on the other hand, they are complicated by the fact that we need to consider
the orthogonal groups Gf‘d in order to apply [Springer and Steinberg 1970]. As
in Section 5.3, consider the centraliser C; C G4/q, of (N,g, wy) and note that
Py (D) € 5( (Q¢), where 55 is the subgroup of G,4,q, generated by C, and the
image of w,. For any fixed embedding ¢: L — @, let G, be the image of G 4 /@, in
GL(V)). The centraliser C¢,, C G, g, of (Né,w wy,,) can be described by projecting
it to the adjoint group.

The action of G, on itself by conjugation factors through the adjoint group
Gf‘d = SO;,+1. Recall that W, is the orthogonal representation of this group. In
view of [ibid., IV §2] and the dimension count carried out in Section 6.1, the
centraliser CZ’ , C Gi‘;j@z of the pair (N, w?i) satisfies

b ~
Cp =Sy g, xS0y, 3/, - (6.2x)

Consider the tori 7, C 7, defined in Section 6.1. Up to conjugation, we can
assume that wy , factors through 7, and that its lift w,, along szl — TL is given
by

We,: Gy — GMTL s (1,112,620, 00,1,

The image A” C T, C 7, of the map ¢ — (1, ¢'/2,¢=Y/2, 1, ..., 1) then projects to
a maximal torus of the factor SL, of Czt C Gf‘;i@[. The product A’ = Gﬁfz of the
last n — 2 factors projects to a maximal torus of the factor SO,,,_3.

The group C;, C G, is the inverse image of CZ .- Its derived group therefore

admits an isogeny .
" r_ - l er
Cp % Cp,=8SLy g, xCy, — Cp,
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where C é , 1s a spin group of type B, _>.

The map from A” to G%" factors through C 7, X 1 =SL, in the product above
and the image of A” in C}/, is a maximal torus. Similarly, A" maps through 1 x C/
and defines a maximal torus in C,. Recall from Section 6.1 that V, is a multiple
of the spin representation Vf“ of G,. Considering the characters occurring in
the representation of A” x A’ on V™, one concludes that, as a representation of
SL,/@, xC, the space V™ is a tensor product V" ® V/. Here V" is a multiple of the
direct sum of the standard representation and two copies of the trivial representation
of SL, and V/ is the spin representation of C|. As representations of Cy ,, the -
and ¢~ '-eigenspaces Vgt and VZTLZ C Vi, of wy, are both isomorphic to a multiple
of V/, so the representation of C;/, x C;  on Vgt identifies C; , with its image in
GL(V,).

These observations imply that the isogeny above is in fact an isomorphism
CJ,xC;, =SL, g, xC; = C{ and hence

C%Z = [ (], xCp).
t: L—>Qy
It also follows that C; der jtself decomposes as a product C; x C, of algebraic groups
over Q. The group C; is generated by Cder and the centre of G /q, and Cz is
generated by Cy and the image of w,. We w111 show that p;(®,) lies in C” c Cy,
the subgroup generated by C; and the centre of Cy.

Indeed, as in Section 5.4, we consider the action of p,(®,) on the differ-
ent wy-eigenspaces in V,. It was pointed out in the beginning of the proof of
Proposition 5.7 that, since p,(®,) is weakly neat, it acts on Vg0 as multiplication by
& ==1 and on V[Z as multiplication by eq. This means that p,(®,) € Eé’(@g), as
claimed.

The group C; / ,» Which is isomorphic to SL;, acts trivially on V[B , and on V[LZ and
VZL] is a multiple of the standard representation. The centre of C, acts on each V,
through a fixed character. Through wy, the group G,, acts on V[z, on Ve_l and on
VK0 as multiplication by !, by 1 and by ¢, respectively. For the group 5(’5’ defined
above, this discussion implies that the map

Cy — GL(V,; %) x GL(V, ™)) x GL(V))

is injective As in the proof of Lemma 5.5, the image of p,(®,) under the map

deﬁned in (5.4x) by taking the L-linear characteristic polynomial on V,” ! lies
in A( L)(@) and is independent of £. We already know that the images of ,oe(d> )
in GL(V,” %) and in GL(VO) are rational scalars, independent of £. In the case of
an abelian variety of type B,, the main theorem now follows using a variant of
Lemma 5.8, again using [Noot 2009, 2.5, 2.6]. Note that, as before, the statement of
[ibid., 2.6] is valid for any €2, instead of just (0, because the group C 7 is of type Aj.
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6.3. Abelian varieties of type DY. The case where the abelian variety A is strictly
tractable with Mumford—-Tate group of type DX can be treated by analogous argu-
ments. We will just indicate the points where the discussion of Sections 6.1 and 6.2
needs to be modified.

First of all, the quotient of G 4 one has to consider in order apply [Springer and
Steinberg 1970] is not the adjoint group, but the intermediate quotient of G 4 g, for
which the simple factors G’ are groups of the form SO,,. Also, A is not necessarily
simple in this case. If it is not, then the endomorphism algebra L is of the form
L =L"x L', where L' is a number field; see Lemma 4.4.

We now follow the proof of [Noot 2009, Théoreme 2.4] for this type. For each
t: L — @, let V, be the direct factor of V ® Q on which L acts through ¢. The group
G‘}fr@ acts on V, through a single direct factor GY", but for n > 4 this factor does
not act faithfully on V,. In fact V, is a multiple of a semispin representation vir of
G,, with highest weight @, say. Fort =", thereisa(™: L — @ such that V.-

a multiple of the other semispin representation Vli,rr of G,, with highest weight @,.
The representation of G 4,g on V,+ @ V,- restricts to a faithful representation of
Gfier. We redefine G, as the image of Gd A0 in GL(V+) x GL(V ).

If L is a field, then it is a CM field and the involution ¢t + (= on the set of
maps L — Q defined by this construction is given by the composition with the
complex conjugation on L. If L = L’ x L' is a product of two fields, then ¢~ is
the composite of (™ with the involution exchanging the factors. Using the spin
representation thf &) ijr instead of Vf”, the arguments of Section 6.1 and hence
the proof of Proposition 5.2 carry over to this case.

Where the discussion of Section 6.2 is concerned, the analogue of (6.2x) states
that the centraliser C; , of (N¢,,, wzli) in G’ is given by

C,,=SL, g, xS0 4.

Once again, Cy, C G, is the inverse image of CE , and there is an isogeny
C/, x Cy, =SLyq, xCy, = C{<".

Here the group Cé’l is a spin group of type D, _;. Similarly to the previous case,
one shows that VI @ VI is of the form V" ® V/, where V" is a multiple of the
direct sum of the standard representation and two copies of the trivial representation
of SL, and V/ is the spin representation of C;. We prove once again that

der /" !
Ci=Cy, xC,

L
s

and we define C,; and 5” as before. As in Section 6.2 one has p,(®,) € @’(@g}.
For each pair (", (™ as above the image of C;/ in C; . x C;/ _ is the graph of an
isomorphism. Each C} is again a group of type A, acting on the 1-eigenspace
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VLII &) Vlil for w, as a multiple of the standard representation. The argument can
be completed as in Section 6.2.

7. The proof of the main theorem, Theorem 3.6

Proposition 7.1. Assume that we are in the situation of Theorem 3.6 and that the
variety A is tractable. Then there is a finite extension F' of F such that Theorem 3.6
holds for A p.

Proof. The Proposition 5.7 and the results of Section 6 prove the proposition in the
case where A is strictly tractable.

If A is tractable then there exists a finite extension F’ O F, strictly tractable
abelian varieties Aj,...A,/F  and an isogeny A ,p ~ [[/L, A; such that the
inclusion f: G4 — [[i"; G4, induces an isomorphism G4 = ], G‘}fir. In that
case there are isomorphisms

m m
$S ~ SS i ~ b
g4 = @QA,- and G, = l_[ Gy,
i=1

i=1
For the induced map
fo: Ga(@p) =[] Ga (@0),
i=1

one has fyopa.¢ = (0a,.0)i=1....m» S0 the tangent map to f; sends the monodromy

m

operator N, € g% ® Q to the m-tuple in 7., gSASi ® Q) of the monodromy operators

associated to the A;. This obviously implies that f; 0 p), , = (,0;11, oi=1,...m- The
statement for A, therefore results immediately from the corresponding statements
for the A;. |

7.2. Preliminaries to the proof of Theorem 3.6. We use the method of the proof
of [Noot 2009, Théoreme 1.8] in Section 3 of that paper. After fixing the notation
we will indicate an omission, pointed out by Abhijit Laskar, in [Noot 2009] and
explain how to complete the argument.

In what follows, the notation and the hypotheses of Section 3.1 and of Theorem 3.6
are in force, so A has semistable reduction at v and the image p;(®,) of the arith-
metic Frobenius is weakly neat. However, since the argument involves auxiliary
abelian varieties, we write (,01’4, N A’ ,) for the representation of ‘W, associated
to A /F,-

By [Noot 2006, §2 and Corollary 3.2] of that paper, there is a tractable abelian
variety B, such that B¢ provides a weak Mumford-Tate lift of A c. Following
[Noot 2009, §3], this implies that there exists an abelian variety of CM-type C, ;- such
that A 7 belongs to the category of absolute Hodge motives generated by B, and
C,f- This fact determines a morphism of Mumford-Tate groups 7 : Gpxc — Ga
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but, contrary to what is stated in [ibid., §3], not a morphism Gg x G¢ — G4. In
fact, G g« is a closed subgroup of the product G g x G ¢ and the inclusion identifies
the derived groups. This means that the diagram considered in the proof of [ibid.,
Théoréeme 1.8] has to be replaced by the diagram

(PB.t,PB.¢)

e s Gpre (@) Gp(Qy) x G (Qy) (7.2%)
PALL L”
G A(Qy),

which commutes for a sufficiently large finite extension F’ of F. None of the above
depends on v but this will not play any role in what follows.

7.3. Addendum to the proof of [Noot 2009, Théoreme 1.8]. Recall that the state-
ment of the theorem in question is essentially the special case of the main theorem
of this paper where A has good reduction. In [Noot 2009] it is formulated in terms
of the variety of geometric conjugacy classes of the Mumford—Tate group. We have
to prove that there exists a conjugacy class Cly Fr, € Conj’ (G 4)(Q) containing
the image of p4 ¢(P; 1y of any ¢ with v(£) = 0. Here Conj’ (G a) /g is the quotient
of G4,g by the adjoint action of Gtlald We refer to [ibid., 1.5] for the construc-
tion of a natural model Conj’ (G 4) over Q. Assume for the moment that [ibid.,
Theorem 1.8] holds for B x C/F’, where F’ is a sufficiently big finite extension
of F and v' an extension of the valuation v to F’. We then obtain a conjugacy
class Clg ¢ Fry € Conj’ (G g« ¢)(Q) and its image Cl4 Fr,y € Conj’ (G 4)(Q) fulfils
the statement [ibid., Theorem 1.8] for A, f. The proof of Theorem 1.8 there then
applies and it follows that the theorem also holds for A/ F.

It remains to construct Clg«c Fr,. As G¢ is a torus, Conj’(GBXc)/@ and
Conj'(Gp x Gc),a are the quotients of Gpxc/g and of Gg,g x G¢/qg for the
adjoint action by the same group, denoted Aut'(G g) in [Noot 2009, 1.5] and G
in Section 3.3 of this paper. If Tgc C Tp X G¢ denote maximal tori of G ¢ and
of Gg x G¢, then Conj’ (GBXC) and Conj'(Gp x Gc) are also quotients of these
tori by the finite group W of [ibid., 1.6]. The group W is an extension of a finite
group of outer automorphisms by the Weyl group of G%"'r. We claim that the closed
immersion Tgxc C T X G¢ induces a closed immersion on the quotients for the
W -action.

To Justlfy the claim, assume that R — S is a surjective morphism of (Q-algebras
with W action. Let » € SV and assume that a € R maps to b. The average of the
elements of the W -orbit of a then is an element of RY mapping to b. It follows
that RY — SV is also surjective.
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As B is tractable, Théréme 2.4 of [Noot 2009] provides a conjugacy class
(Clg Fry, Cl¢ Fry) € Conj' (G g x G¢)(Q)

containing (pB,g(CD;l), pc,g(q);,l)) for any £ # p. As (pB.¢, pc.¢) factors through
G pxc for all ¢, it follows that (Clg Fr,/, Cl¢ Fry) € Conj' (Gpxc)(Q). It is obvi-
ously the class Clgx¢ Fr,y we had to construct.

Proof of Theorem 3.6. We take up the thread of the proof of Theorem 3.6 by
considering the diagram (7.2x). In this diagram, the map Gpxc — Gp x G¢
induces an isomorphism on the derived groups and it follows that G”adc =Gy
and that both the subgroup Gpxc/g C (Gp x G¢)/g and the Lie subalgebra
g8xc ®Q C (g5 ® gc) ® Q are stable under the adjoint action of G, Taking
F’ big enough and fixing an extension v’ of the valuation, we can assume, by
Proposition 7.1, that the conclusion of the main theorem holds for B. By [Noot
2009, Corollaire 2.2] we can also assume that it is valid for C. This implies that
the theorem is true for (B x C)/p.

Consider the statement of Theorem 3.6 for the representation of ’ WF/ associated
to Ap.. The monodromy operators are unaffected by passing from A to A r’, whereas
®,, and hence the p/ a.¢(®y), are replaced by their f-th powers, where f is the
residue degree of the extension F,/F,. This exponent is independent of £.

The variety C has potentially good reduction at v’, so for every prime number £,
the monodromy operator N ;" ¢ € 94 ® Qy is the image of

(N3.4:0) € gpxc ® Qe C (g3 D 9c) ® Qe

under the tangent map to . Here Ny , is the monodromy operator associated to
B/F,. We have made use of the fact, expressed by the diagram (7.2x), that the
product of the ¢£-adic Galois representations associated to B and C factors through
GBXC (@6)

Similarly,

Pao(Pv) =7 (pp o (Pv), pc o (D)),

which makes sense since (p%’g(cbv/), p’c’e(d%/)) € Gpxc(Qp) C(Gp xGe)(Qyp).
As the theorem holds for (B x C),f, it follows that the theorem is true for A, p.
Now return to the original field F. Let Q@ D Q, be an algebralcally closed
field and o € Aut(Q) By what we just proved, the images of (N;\ o ,oe(CID )) and
a(N;1 o pE(CID ) in g4 ® 2 x G 4(£2) are conjugate by an element g € G’ 41 (£2). Thus
N} ,=Ad(g)(0 (N} ,)) and we will show that p,(P,) = go (py(Py))g~ I as well.
Indeed, applying [Raynaud 1994, 4.2] as in Section 3.8, we obtain a strict 1-motive
M'/F, and a system of ' -equivariant isomorphisms V¢(A,r,) = Vy(M'). By
Proposition 1.8, the characteristic polynomials of ,oz(cbv) and a(pé(cbv)) acting on
Vi (A) coincide. This common polynomial is also the characteristic polynomial of
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go(,ojz(@v))g_]. As we already know that pé(dD{) =go (p(’z(CIJ{))g_l, the equality
py(®y) = go (,oé(CIDU))g_1 follows from Lemma 7.4 below.

Similarly, let €2 be an algebraically closed field containing QQ; and Q.. We know
that the images of the pairs (N}, ,, pg(cbl{)) and (N;M,, ,oé,(cbf)) are conjugate by
some g € G”A(Q). Again by Proposition 1.8, the characteristic polynomials of
py(®y) and pj, (P,)) coincide so Lemma 7.4 implies that p;(®,) = p, (P,)). This
proves the theorem for A. ([

Lemma 7.4. Assume that Q2 is an algebraically closed field, d > 0 is an integer
and that x, y € GL;(2) are two semisimple and weakly neat elements. Assume
that x! = y/! for some integer f and that x and y have the same characteristic
polynomial. Then x = y.

Proof. This is a variant of [Noot 2009, Proposition 3.2].
For any semisimple element z € GL;(£2), let T, C GL,; be the torus acting by
scalar multiplication on each eigenspace of z. Up to conjugation, z is a point of

the diagonal torus Gfln C GLy; and, writing tq, . . ., t; for the coordinates on an and
z=1(z1,...,24), one then has
T,={(t1,...,t2) €GL | t; =1, if z; = 7;}. (7.4%)

Note that for every positive integer n one has T,» C T, and that this inclusion is an
equality if z is weakly neat.

With this notation we prove the lemma. As x and y are weakly neat and
satisfy x/ = y/, we get T, = T,y = Tys = Ty. This implies in particular that
y € T, (2). We can assume that x lies in the diagonal torus Gf,’z C GL; and we
write x = (X1, ..., X4) € Gi(Q). The fact that x and y have the same characteristic
polynomial implies that there is a permutation o € S, of the factors of the product G
such that y =0 (x). We have xf = yf =o(x/) and, considering the equations (7.4x)
for T, s, it follows that 0|7 , =id. Since T,y = T, we conclude that x =0 (x) =y
as claimed. (]
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Fourier—Jacobi coefficients of
Eisenstein series on unitary groups
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This paper studies the Fourier—Jacobi expansions of Eisenstein series on U(3, 1).
I relate the Fourier—Jacobi coefficients of the Eisenstein series with special values
of L-functions. This relationship can be applied to verify the existence of certain
Eisenstein series on U(3, 1) that do not vanish modulo p. This is a crucial step
towards one divisibility of the main conjecture for GL, x K * using the method
of Eisenstein congruences.
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1. Introduction

Eisenstein congruence and Iwasawa main conjecture. Eisenstein series have been
intensively used in constructions of p-adic L-functions and in the Iwasawa main
conjectures. Ribet [1976] used the congruences between Eisenstein series and cusp
forms to prove the converse of the Herbrand theorem. This idea was extended to
congruences between p-adic families of modular forms, which was successfully
used, first by Mazur and Wiles [1984] to prove the main conjecture for real abelian
fields, then by Wiles [1990] for all totally real fields. Subsequently, Skinner and
Urban used this technique to study the main conjectures for the motives attached to
modular forms; see [Urban 2001; Urban 2006; Skinner and Urban 2012].
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In the ongoing joint project with Hsieh, we want to apply Eisenstein congruences
to the following main conjecture for elliptic curves. Take an imaginary quadratic
field K in which p splits. Fix an embedding iy, : @ — C and an isomorphism
i:C=C,. Let

pE : Gal(@/Q) — GL(HL(E, Q,))

be the p-adic Galois representation associated to an elliptic curve E over @ with
good ordinary reduction at p. Let n : Ag /K* — C* be a Hecke character with the
infinity type (k, 0), where k is an integer and k > 1. Put 0 = Z,[Im n], the ring of
values of 1. Let K, be the unique Z%—extension of K, and let I' = Gal(Kpax/K).
Define A = O[[I']] the Iwasawa algebra of I'. Given W a A-valued character of
Gal(Q/K) that interpolates 7, there exists a unique element L p(PE® W) in A
interpolating ((27i)*/ Q%)L (0, E ® 1), where Q is the CM-period associated
to K. (About the precise normalization of Lx (E ® 1, 0), one may check [Hsieh
2011b, Definition 1]. Especially, since the weight of the CM form associated to
n is greater than 2, the period appearing in the denominator of the normalization
of Lx(E ®n,0) is not the period of E, but the CM period attached to n and K.)
Let p and p be the two primes in K above p. Let Kg be the maximal unramified
extension of K outside S, where

S = {p, p} U {v finite | n, is ramified, or E has a bad reduction at v} U {oo}.

Use M™ to denote the Pontryagin dual of a A-module M. Define the nonprimitive
A-adic Selmer group to pg ® W by

Selg (pr ® W) = ker{H' (Gal(Ks/K), T ® A*) — H'(Iz, Ty ® A")},

where T = Helt(E . Zp), I is the inertia group at p; see [Hsieh 2011b]. The following
conjecture is formulated in [Greenberg 1994]:

Conjecture 1.1. Selg (o ® V) is cotorsion over A, and for any height 1 prime P,
ordp L ,(pg @ W) =1p(Selg (o @ V)),

where lp(Selg (pg @ W)) = lengthAP(SelK (PEQWY)* R Ap).

Remark 1.2. Though they have similar formulations, the conjecture above is differ-
ent from the main conjecture of elliptic curves studied in [Skinner and Urban 2012],
because the specializations of W are different. Our W interpolates Hecke characters
over K with the infinity type (k, 0) for an integer k > 1; the infinity types in [ibid.]
are different. In addition, we consider different L ,(pr ® W) and Selg (og @ V).
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Nonvanishing modulo p of Eisenstein series. Both for Ribet’s original argument
and for various cases of Iwasawa main conjectures, we crucially need to guarantee
the Eisenstein series (or the p-adic Eisenstein series) used in the proofs does not
vanish modulo p, for the naive reason that this is sufficient to deduce that the
congruent cusp form is nontrivial. A more technical reason is that it is necessary to
show that the constant term of this Eisenstein series divides the Eisenstein ideal,
which is the first step towards one divisibility of the main conjecture.

For main conjectures of different cuspidal representations, Eisenstein series on
different reductive groups are constructed so that the p-adic L-functions in the
main conjectures interpolate the constant terms of the Eisenstein series. There is no
consistent way to argue nonvanishing modulo p of an Eisenstein series on a general
reductive group. This question has been one of the obstacles of Iwasawa theory for
L-functions of higher degrees. Urban [2006] argued that an Eisenstein—Klingen
series on GSp(4) is nontrivial modulo p in the following way: Find an algebraic
linear combination of its Fourier coefficients (this is essentially a period integral of
the Eisenstein series) that turns out to be a special L-value, and use Vatsal’s result
[2003] that this L-value does not vanish modulo p. A similar argument is used as
well by Skinner and Urban [2012] to show an Eisenstein series on U(2, 2) does not
vanish modulo p.

To solve the main conjecture in our ongoing project, we need to construct an
Eisenstein series on U(3, 1). To attack the question about nonvanishing modulo p
of this Eisenstein series, the method is a bit different from other cases. Because
U(3, 1) is nonquasisplit, the Eisenstein series has a Fourier—Jacobi expansion where
the coefficients are theta functions.

Results on Fourier—Jacobi coefficients. From now on, let K be an imaginary qua-
dratic extension of a totally real field . Assume the degree of F' over Q is r. Let P
be the minimal parabolic subgroup of U(3, 1) with U(2) x K* as the Levi part. Let
[T be an automorphic representation of U(2)(F) \ U (2)(Ar), which corresponds to
a holomorphic weight 2 cuspidal eigenform on GL,(F). Take a Hecke character
of K> such that 10 (200) = |zoo|k/zook. The desirable Eisenstein series Ex( -, I1, n)
of weight £ on U(3, 1) is defined by pulling back a Siegel-Eisenstein series on
U(3, 3). This pullback idea was due to Shimura and was applied in the constructions
of Eisenstein series in many cases; see [Urban 2006; Skinner and Urban 2012;
Hsieh 2011b].

Let M (U (3, 1)) be the space of weight k automorphic forms on U3, 1). A
linear functional associated to a Bruhat-Schwartz function ¢ on A2 (where A is the
adele of F') can be defined by

(Fy, 04) '9;,1(1)

ly : Mp(UQB,1)—>C, Fr>
? (05 0p)

. ey
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where 9‘}? is the theta lifting from the cuspidal representation IT on U(2) to U(1)
defined by 64, and Fy, is the Fourier—Jacobi coefficient of F attached to the additive
character . When defining the theta lifting, a Hecke character y will be introduced.
So in the following Theorem 1.3, x is implicit in the left side of the equation, but
appears in the right. For the precise definition of the Fourier—Jacobi coefficient of
F, one can refer to (25), and change E(-, f, s) in that equation to F. Let Ta ()
be the space of adelic theta functions on N(F)U (2)(F) \ N(A)U (2)(A) with a
well-defined inner product (-, -). Then Fy, and 6 are both elements inside.

In the following theorem, S denotes the set of ramified places (the ramified
places include places where any data used in the computation is ramified, for
example, the characters n and yx are ramified, the field extension K /F is ramified,
the representation IT is ramified, and so on). We use LS to denote the partial
L-function omitting the local L-factors at primes in S.

Theorem 1.3. For E; (-, 11, n),
lg(Ex(-, IT, 1))

Qi) LS(my =Y, 2k —2) L5~ x, 3k —4)LS(I, x, 1)
. o ,

where C is a nonzero constant which can be explicitly calculated, r = [F : Q] and
Qg is the CM-period associated to K.

The nature of [4(E (-, IT, n)) depends on the normalization of Ei(-,IT, n).
However, when we choose E;(-,I1, n) to be rational, we can then show that
lo(Ex(-,T1,n)) € Q. So C must be an algebraic number.

In the paper, the value of /4 (Ei (-, IT, n)) can simply be obtained by detailed
computations of (E( -, IT, n), 64), from which one can prove Theorem 4.12. The
proof uses computations of Fourier—Jacobi coefficients of the Siegel-Eisenstein
series on U(3, 3), whose definition can be found in (21); pullback formulas; the theta
liftings for unitary groups; and the Siegel-Weil formula. By unfolding integrals
step by step, the questions are translated to computations of Rallis inner product
type. Then by studying the integral structure of the space of theta functions Tx (V),
we can prove:

Proposition 1.4. For the p-integral holomorphic Eisenstein series Ey, ly(Ey) is a
p-integer.

Conjecture 1.5. Ey (-, I1, n) does not vanish modulo p.

By the nonvanishing modulo p of Hecke L-values (see [Hida 2004a]), we see
that this conjecture is reduced to the question “Does there exist a Hecke character x
such that L3(IT, x, 1) does not vanish modulo p?” There have been many results
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of this flavor by Vatsal, Hida, Sun and Brakocevic. I will consider this question in
the near future.

The method introduced in this paper for calculating Fourier—Jacobi coefficients
of Eisenstein series on U(3, 1) can be generalized well to other nonquasisplit unitary
groups. I will briefly explain the generalizations in Remark 5.7 at the end of this
paper. For example, this method gives an alternative way to calculate the Fourier—
Jacobi coefficients of the Eisenstein series on U(2, 1) other than the one given in
[Murase and Sugano 2002], and recovers the proof of nonvanishing modulo p of
this Eisenstein series (compare to the discussion in [Mainardi 2004], which uses
results in [Murase and Sugano 2002]).

The generalized computational results for Fourier—Jacobi coefficients of certain
Eisenstein series on arbitrary unitary groups might inspire a new argument on the
nonvanishing modulo p of the Eisenstein series Ex (-, I1, n) on U(3, 1). Briefly, one
can construct an Eisenstein series on U(4, 2) of the type explained in Remark 5.7.
Thus the linear functional on this Eisenstein series will be the product of central
special L-values, whose p-adic properties are much easier to study. Especially, we
can first obtain nonvanishing modulo p of this Eisenstein series. Then by studying
the relations between Fourier—Jacobi coefficients of Ex (-, IT, n) on U(3, 1) and this
Eisenstein series on U(4, 2), we can furthermore argue the nonvanishing modulo p
of Ex(-, IT, n). I hope to address this question soon in another paper.

Structure of the paper and some notation. Section 2 is about the theory of Eisenstein
series on unitary groups. Two types of Eisenstein series are defined: one is on
U3, 1) (U(l;)), and the other is the Siegel type on U(3, 3). Section 2C discusses
the pullback formula. Theorem 2.6 gives the precise form, which is actually an
adelic counterpart of “pullback of Eisenstein series” in [Shimura 1997].

Section 3 recalls the theory of Weil representations and theta functions. First,
Section 3A introduces the Schrodinger representation py, of the Heisenberg group
and the Weil representation wy, of the metaplectic group. For this paper, we mainly
need the Weil representation restricted to the dual reductive pair of unitary groups.
The needed results are summarized in Section 3B, which also explains the relation
between wy |y2) and wy |y 2,2). Section 3C briefly recalls the theta lifting that
appears in (1) and the Siegel-Weil formula, which is used to calculate the theta
lifting.

Section 4 is about computations of Fourier—Jacobi coefficients of the two types
of Eisenstein series used in the paper. The very important result that helps give a
nice expression of the Fourier—Jacobi coefficients of Ey (-, I1, ) is summarized
in Theorem 4.9.

Section 5, gives a strategic answer to the question of how to apply the results in
Section 4 to show Ej(-, IT, n)) on U(3, 1) does not vanish modulo p.
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Unfortunately, the Siegel-Weil formula for the reductive pair (U(2), U(1)) that I
use in this paper is not to be found in the literature —1I give a proof in Appendix A.
Appendix B gives a very brief discussion about integral theta functions, which is
used in Section 5.

Let G be an algebraic group defined over the totally real number field F. In this
paper, we use G (A) and G (F) to denote the groups of adelic points and F-points of
G, respectively. We use [G] to denote the quotient G(F)\ G(A). Given an arbitrary
number field L (for example, Q, F, K), for each place v, we choose the additive
Haar measure on L, so that, if L, >~ R, the measure is the usual Lebesgue measure,
if L, >~ C, the measure is 2dx dy (z =x +iy € C), and if v is a finite place, the
measure gives the volume of the integer ring of L, to be Dzvl/ 2 (Dp, is the absolute
discriminant of L,). The product of these local measures gives a measure on Ay,
and thus induces a measure on L \ A;. At each finite place v, the multiplicative
measure on L is taken such that VOl(@Zv) = 1, from which we obtain the measure
on Af. Notice that this multiplicative measure and the measure chosen in [Skinner
and Urban 2012, 8.2.1] differ by a constant. The Haar measures on local and adelic
points of algebraic groups should be clear from the definitions above and from the
context.

2. Eisenstein series on U(3, 1)

2A. Unitary groups. Let K be a totally imaginary quadratic extension of a to-
tally real number field F'. Consider an n-dimensional K-vector space V with an
€-Hermitian form o for € = 1. Without loss of generality, from now on we fix
€ = —1. The unitary group associated to (V, o) can be defined as follows:

U(o)={geGL(V)|o(xg,yg)=(x,y) forall x,y e V}.

To obtain a good matrix representation of U(o), let us fix a Witt decomposition of V,
with V. =J + Z + J’, where J and J’ are maximal totally o -isotropic subspaces,
and Z is anisotropic or empty, so that dimJ =dimJ' =r anddimZ =t =n —2r.
Under a suitable basis of V consistent with the Witt decomposition, o can be
expressed by the matrix

0 01
I.=10 ¢ 0
-1, 00
with ¢ = —¢* € GL;(K). (From now on, we use x* to denote x’ for a matrix x.)

Then:
U()=U(;)={geGL,(K) | gl;g" =I;}.
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Accordingly, the adelic unitary group U(/;)(A) and local groups U(/;), can be
defined. Given a totally o -isotropic subspace J (which may not be maximal), put
P;={geU(;)|Jg=J}. Then Py is the parabolic subgroup of U(/;) associated
to J.

The Hermitian domain associated to U(/;) is defined as

3=3(rn¢) = {(’y‘) eCt

xeCl, yeCl, i(x*—x)>iy*§_1y} 2
Let

8oo =

SR

b c
e f GU(I§)009
[ p

with a, p € C! and e € C!. The action of go On 3(r, ¢) is

(x) B <(ax+by+c)(hx+ly+p)l>
8oo y)  \dx+ey+ fhx+1ly+p) )"

The automorphy factor is

j(goo, (’;)) = det(hx +1y + p). (3)

Proposition 2.1. (1) Pick the origini of 3 and put C = {goc € U(I¢) oo | 8ol =1}
Then C is a maximal compact subgroup of U(I;)ec.

(2) Let P = Py, where J is a maximal totally isotropic subspace of V. Then
U(l;)oo = PxC.

Assume dimV = 4 so that J and J' are two isotropic lines, and Z is a 2-
dimensional anisotropic space; then U(/;) C GL4(K) is a degree 4 unitary group.
From now on, whenever we write U(/;), I mean particularly this unitary group. To
U(I;), there is only one nontrivial parabolic subgroup up to conjugation that is P;.
We can simply denote it by P. It consists of such elements

a *x B3
p= u ok ,
(a*)!

where a € K* and

ueUE@)={ulugu* =¢} “)
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2B. Eisenstein series. Following the notation above, P is the parabolic subgroup
of U(/;). It has the Levi decomposition P = M - N, where M is the Levi part
which is isomorphic to U(¢) x G, /K, and N is the unipotent radical, consisting of

elements like
1 % %

12>X<
1

Given a cuspidal representation IT of U(¢) and a Hecke character n of K, we
get a cuspidal representation IT ® n on the Levi part M. Then one has the induced
representation

U(I;) UI)(A) Sp 3+s .

(IMM®@n, s) :=Indp nen,

where §p is the modulus character on P. If we denote by Vp the representation
space of I, then the representation space for / g(lt)(l'[ ®n, s) is the set of smooth
functions f; : U(I;)(A) — Vp such that

~ 1 s ~
(1) fs(pg) =8p(p)2** - NI n(p)(f;(2)), p € P(A),
2) ﬂ is right K-finite with K a maximal open compact subgroup of U(I;)(A).

The action of U(/;)(A) on 15(3’1)(1'[ ®n, s) is by right translation.

If we further assume that IT is an irreducible submodule of &Q(M ), where (M)
denotes the set of automorphic forms on M, we can realize I, ut {)(l'[ ®n,s) as
C-valued functions rather than functions valued in V. For fs elp UC)(H ®n,s),
let fi(g) = (fs(g))(1). Then fy(g) satisfies f;(nmg) = fs(g)(m)- Define the
Eisenstein series

E@ f,9)= Y.  fe. )

yeP(FO\UU)(F)

It can be proved that the sum converges absolutely when Re(s) > 0, and can be
continued to a meromorphic function on C.

Aside from the Eisenstein series on U(/;), we also want to define an Eisenstein
series on U(3, 3), which we are going to use in next section. Following definitions
of unitary groups in the previous section,

UG.3) = {geGLs(K)‘ ( . S)g*=(_013 S)} ®)

The Siegel parabolic subgroup P of U(3, 3) is the one that fixes the maximal totally
isotropic space of dimension 3 in a 6-dimensional Hermitian vector space. The
Levi part of ? is isomorphic to GL3(K). Take the one-dimensional representation
n(det -) on the Levi part. Then it induces the representation on U(3, 3) as

U@3,3 U(3,3)(A +
15V (5, 5) == Tnd 37" )52 * . n(det ).
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Pick a section fy in the induced representation. The Siegel-Eisenstein series is
defined by

Eg.f.9)= Y fiyg) for geU3,3)(A). @)
YEPENUGB,3)(F)

It satisfies analytic properties similar to E(-, f, s).

2C. Pullback formulas. In this section, the Eisenstein series E(g, f,s) on U(/;)
is constructed using the pullback of a Siegel Eisenstein series on U(3, 3).

The unitary group U(¢) is closely related to the quaternion algebra, about which,
let me quote two lemmas from [Shimura 1997].

Lemma 2.2. V is a 2-dimensional K -vector space with a nondegenerate Hermitian
pairing described by ¢. Then V is anisotropic if and only if det ¢ is represented by
—1in KX/NK/F(KX).

Lemma 2.3. Let (V, ¢) be anisotropic.

(1) D :={a € End(V) | o(a'x,y) = o(x,ay) forall x,y € V}, where t is the
main involution of End(V) such that (f Z)t = (fc _ah ) Then D is a definite
quaternion algebra over F.

Q) U@@)={sa|se K*,ae D", ssPdeta = 1}.

So, locally:

(1) When K, splits, namely K, = F, x F,, we have U(¢), ~ GLy(F,).

(2) When K, is a field and d(o,) is represented by 1, we have U(¢), = U(1, 1),.

(3) When K, is a field and d(o,) is represented by —1 (including archimedean

places), we have U(¢), C K- D, and D, is a quaternion algebra. In this
case, U(¢), is compact.

The following theorem about the Jacquet-Langlands correspondence relates
automorphic forms on D> to automorphic forms on GL,(F).

Theorem 2.4 [Gelbart 1975]. S is the set of places of F where D is ramified. To
each irreducible unitary admissible representation ¥ = ®,1, of Dy, let " denote
the representation of GL,(A) whose v-th component is equivalent to w, if v ¢ S,
and special or supercuspidal if v € S.

(1) The map m — 7’ restricted to the collection of (greater than one-dimensional)
cusp forms on D> is one-to-one onto the collection of all (equivalence classes
of ) cusp forms on GL(F) such that 7, is square-integrable for each v € S.

(2) If we require further that m C L>(D*(F) \ D*(A)), then it implies that 7T, is
one-dimensional for v € S.
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For an irreducible representation 7 on the definite quaternion algebra D, m, as
a finite-dimensional representation of DZ is equivalent to |det|” ® p,, where p, is
the n-th symmetric tensor product. It corresponds to the discrete series

o (i1, u2) of GLa(R)  with i (x) = |7 and  pa(x) = [x|""% sgn(x)".

Globally, 7 corresponds to a cuspidal newform f that is also a Hecke eigenform of
weight k =n + 2.

Take a representation I1 of U(¢) in this way: First pick an irreducible represen-
tation A -7 on Ag - Dy satisfying A|ax = xr, where x is the central character of
. Then IT= (A -m)|y()a) gives an irreducible representation on U(¢). For our
later application, the cusp form f that 7 corresponds to comes from an elliptic
curve. So f has weight k = 2. Then I1,, must be one-dimensional. In this case,
the pullback formula will have a simple form. So in this paper, we always assume
[T satisfies this condition.

Define an embedding

:UU)xUEQ)—>U@B,3), (g.u)r>e(g u)=A(* M)A;‘, (8)
where
1
B é.—l _;—1
Ar = .
1 1
2 2

Pay attention that U(¢) has no nontrivial parabolic subgroup. If ® is the Siegel
parabolic subgroup of U(3, 3) and P is the only nontrivial parabolic subgroup of
U([;), we have the following lemma:

Lemma 2.5 [Shimura 1997]. @(F)\ U3, 3)(F) = e(P(F)\U(I;)(F), U(¢)(F)).
Take ©; € 1) (, s). Define the Eisenstein series E(g, f, s) on U(3, 3) by (7).

Theorem 2.6. Tuke € Vi C L*(U({)(F)\ U(¢)(A)). Then the integral
/ E(e(g, u), T, )Bw)n~" (detu) du
U@ ENU(©)A)
gives an Eisenstein series E(g, f,s) on U(I;) associated to f € Ig(lf)(l'[ ®n,s),
and

f5(8) =/ fy(e(g, u)B(u)n~ " (detu) du.
U@©)®A)

Here we understand B(u) as (IT(u)B)(1).
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Proof. General results about the pullback formula at infinity are essentially discussed
in [Shimura 1997]. Here I give a proof using the adelic language. Using Lemma 2.5,

Ee(g.u). f.oy=" Y fi(ye(g. )

YEPF\UB,3)(F)

= > Y fetng, aw),

VIEP(FN\UI;)(F) y2€U(¢)(F)

unfold the integral:

/ E(e(g, ), F,s)B(u)n~" (detu)du
U)IN\UE©)A)

- /u Z Z fs(e(y18, you))du

OUENUOW®) e p(F\U (1) (F) y2€U (£)(F)

- > forg w)pn detuydu

©O®) e PPNV (F)

- 2 f fi(e(nig, w)Ban~ detu)du. (%)
neP(F\UG,(F) Y UEGA)

In the last step, we suppose s is in a proper range so that there are no conver-
gence problems. Then we can change the order of the integral and the summation.
Formally, () looks like the Eisenstein series E(g, f,s) on U(/;) defined by (5)
with

Is =f fi(e(g, w) B~ (detu) du.
U©O®

We are left to show that f € Ig(lf)(l'[ ®1,s). Take

a * *
p= v * e P(A),
(a*)~!
and also note that
a * *
a * * g“_l
¢ voo% v = € PA)
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by the embedding formula (8). So
fi(pg) = f f(e(pg, u) Bu)n ™" (detu) du
U©HA)

= / f,(e(pg, vu)) Bvu)n ™" (detvu) du
U@)A)

a *k *
=/ file v oox |,v )] e(g w) | BwnT (detvu) du
UG)A) (a*)_]

= / n(a detv)|a det v|%+“'fs (e(g, u)),B(vu)n_1 (detvu) du
U©)(A)

=T ®n(p)fi(g)lal?*.

This means that f; € Ig(ll)(l—l ®n,s). O

3. Theta functions

3A. Weil representations. Suppose V is a finite-dimensional vector space over a
field F. When F is a nonarchimedean local field, use S(V) to denote the space of
Bruhat-Schwartz functions (locally constant compactly supported functions) on V.
If F =R or C, we first take S(V) to be L2(V) (but later, we may add holomorphic
conditions when needed).

Following the notation in previous sections, F' is a totally real number field. Let
W be a finite-dimensional symplectic vector space over F, with a nondegenerate
alternating form ( -, - ). The Heisenberg group H (W) associated to W is a nontrivial
central extension of W by F, and is defined to be a group of pairs {(w,?) | w €
W, t € F,} with the law of multiplication

(wi, 1) (w2, 1) = (w1 + w2, 11 + 12+ 5wy, wa)).

Fix an additive character ¥ of F, and a complete polarization of W as W =X @Y
where X and Y are maximal totally isotropic subspaces of W. Define the Schrodinger
representation py, of H(W) on S(X) as follows:

Py (x)f(2) = f(x+2) for x € X,
oy f@)=v{z,y) f(z) for yeY,
py @) f(2) =) [f(2) for t € F,.

Theorem 3.1 (Stone, von Neumann). H(W) has a unique irreducible smooth
representation on which F, operates via the character .
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One may have seen other constructions of smooth irreducible representations
of H(W) on which the center acts by the character {v. However, by Theorem 3.1,
they are isomorphic to one another. In this paper, I only use (py, S(X)) defined
above, which is so-called the Schrédinger model.

The symplectic group Sp(W) has an action on H(W) as g - (w, t) = (gw, t). By
the uniqueness theorem of Stone and von Neumann, there is an operator wy, (g) on
S(X) that it is unique up to scalar and satisfies

Py (8w, Dy (g) = wy (g)py (w, 1) forall (w, 1) € H(W). (10)
Define the metaplectic group
Spy (W) = {(g. @y (g)) such that (10) holds},
which fits in the following exact sequence:
1 - € = $p, (W) 22 spw) — 1.
The Weil representation of S})w(W) is the one obtained by projecting to the second

factor (g, wy (g)) — wy (g). Under the Schrodinger model (py, S(X)), the Weil
representation can be explicitly written down:

o (! iy ) o0 = et artp e
T

ou(_y "o =viow,

where ¢ € S(X), 43 is the Fourier transform
b= [ ¢(y)w(z xiyi) dy,
£ i=1

the Haar measure dy is chosen so that ¢3 = ¢ (—x), and y is an 8-th root of unity
determined by .

The discussion above in the local case can mostly be generalized to the global
case. The global Schrodinger representation py of H(W)(A) on S(X (A)) can be
defined, where

S(X(A)) = {®yhy | poo € L*(X o), by € S(X,), and for a.a. v, ¢, = ¢y }.
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Also we have the global Weil representation wy, of S~p(W) (A) on S(X(A)), and for
each place v of F, one has the following commutative diagram:

| 0% —— SpW)(Fy) 2 Sp(W)(F,) —— 1

proj L

] — C* —= Sp(W)(A) —= Sp(W)(A) — 1

3B. Dual reductive pair.

Definition. A dual reductive pair is a pair of subgroups (G, G’) of the symplectic
group Sp(W) such that

(1) G is the centralizer of G’ in Sp(W) and vice versa, and

(2) the actions of G and G’ are completely reducible on W. (An action is called
completely reducible if every invariant subspace has an invariant complement.)

Obviously this definition can be applied locally or globally.

In this paper, the types of reductive pairs used are the following: K is again an
imaginary quadratic extension of F, (Vi, (-, -);) is a skew-Hermitian space over
K, and (V,, (-, -)2) is a Hermitian space over K. Take W = V; ® V,, and on W
define an alternating form % trx/p(-, 1 ® (-, )2. Then the unitary groups U(V7)
and U(V;) form a dual reductive pair in Sp(W). We have the embedding

e:U(V1) x U(Va) = Sp(W), (g1,8) (11 @) >=v1g1 ®g; va. (1)

In this paper, we use e to denote the embeddings of unitary groups into symplectic
groups, and use ¢ to denote the embeddings of the same type of groups, such as the
embedding of one unitary group into another unitary group, or the embedding of
one symplectic group into another symplectic group.

Splittings. For a fixed Weil representation g — w(g) (for example, the Weil repre-
sentation wy, defined through the Schrodinger model), we can define c(g1, g2) so
that

w(g1)w(g2) = c(g1, g2)w(g182).

Then ¢ : Sp(W) x Sp(W) — C* is a 2-cocycle whose class is in the cohomology
group H Z(Sp(W), C*). When the additive character ¥ of F' and one maximal
isotropic subspace of W are fixed, c is determined using the Leray invariant. The
following proposition claims that under certain condition, ¢ could be a coboundary.
Returning to the dual reductive pair (U (Vy), U(V2))) of Sp(W), we have this:

Proposition 3.2 [Harris et al. 1996]. SE)(W) splits over U(V;) compatibly with re-
spect to rational points for i =1, 2. In particular, there is a splitting homomorphism
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s;i :UV)A) - SFID(W) (A) such that we have the commutative diagram

Sp(W)

s;
/ L proj

U (Vi) —— Sp(W),

where e; is the embedding of U(V;) into Sp(W), which is the restriction of e defined
in (11). Further, s;(U (V;)(F)) C Sp(W)(F).

If dimg Vo = m, we choose a character xy, of K* such that xy,|px = el”g/F,
where €k is the quadratic character associated to the extension K /F. This choice
determines a lifting s; : U(V}) — §i)(W), which can be explicitly formulated.
Notice that two choices x and x’ of xy, differ by a character u of K>, namely
x = mx’ and p|px = 1. Then w defines a character 1’ on K' by u/(x/x) = pu(x),
with x € K*, and we have:

Lemma 3.3 [Harris et al. 1996]. s, , = (1 odet) - 51,/

Doubling method. From the symplectic space W = V| ® V,, we can create a new
symplectic space W, which is essentially two copies of W, in this way: Take
W= =V ® V2. As a vector space, V| is the same as Vi, but the skew-Hermitian
form defined on itis —(-, -);. To W =W & W™, we have one dual reductive paier
(Ui @ V), U(V2)). We have the following commutative diagram:

€]

vvieVvy) Sp(W & W™) = Sp(W)

i i

UV1) x U(V)) —=~ Sp(W) x Sp(W)

5 K

Uy Sp(W)

By Proposition 3.2, SFI)(W) splits over each of the unitary groups in the diagram
above. We want to determine the compatibility among the splittings. The Weil
representation of Sp(W) determines an isomorphism

Sp(W) ~ Sp(W) x C*.
Group multiplications on the right hand side are described by the cocycle c(g1, g2):

(&1, c1)(g2, c2) = (8182, c(g1, g2)c1¢2).
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The inverse image of ¢(Sp(W) x 1) in S~p(W @ W) is isomorphic to SE)(W). We
choose a lift ¢ of ¢ so that

§: Sp(W) x Sp(W) — Sp(W & W)
restricted to the C*-component is
CX X([:>< —)CX, (C],CQ)I-)C]EQ.

Since (U (V1 @ V), U(V>)) is a dual reductive pair of Sp(W), and dimg V, =m,
choose x such that x|ax =€} /p- We can obtain an explicit homomorphism

sy UV @ V) = Sp(W),
so that

Sx

Sp(W)

E

Sp(W) x Sp(W)

Ui V)

Te

UV xU(W)

S1x XS81,x,—

Lemma 3.4 [Harris et al. 1996]. In the commutative diagram above,

1

Sx|U(V1)><1:SI,X and SLX,,:(X_ odet)-sl,x.

Weil representations on dual reductive pairs. Let W = X @ Y be the complete
polarization. Then W naturally has the polarization W = (X & X) @ (Y @ Y).
Now take the Weil representation wy, of S~p(W) constructed from the standard
Schrodinger model associated to this polarization. Fix a pair of characters x,
and y,, of K* with x,|ax = e;l(/F and y,lax = e%/F, where n = dimg V; and
m = dimg V;. These characters determine the splitting homomorphisms

Sy UV ® V) = Sp(W),
St U(VD) = Sp(W),
$2.4 1 U(V2) = Sp(W).

Define the representation of U(V; @ V") to be w,,, = wy o5y, ; the representations
w1,y,, and w; , of U(V}) and U(V>) can be defined similarly.

There is another polarization of W that we are also interested in. The skew-
Hermitian space V| @ V| has the decomposition V| & V| = V; & V4 where
Vy={(x,x)|x € V}and V¢ ={(x, —x) | x € V;}. They are maximal isotropic
subspaces. Thus W =V; @ V, & ViV, =W, ®dW? is a complete polarization.
We abuse the notation and still use wy, to denote the Weil representation defined
from this polarization, since one can easily distinguish representations attached to
two polarizations from the context. First, let us write down the Weil representation
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wy,, of U(V; @ V") on S(W,), which we are going to use in later calculations.
By the Witt decomposition Vi @ V| =V, ® v, (A (A1 ) eUVy® V) for
AeGL(Vy),and (' 8) e U(Vi® V) if B = B*. Given ¢(x) € S(V4 ® V2), we
have

Wy, (A (A*)—l) ¢ (x) = xm(det A)|det A2 ¢ (A'x),
O <1 ?) ¢(x) =¥ (x*Bx)¢(x), (12)
s (_1 1) P () = $(x).

Proposition 3.5. (1) Under the homomorphism ¢ : SI)(W) X SNp(W) — S})(W),
we have wy, o ¢ = wy ® Wy, where @y, is the contragredient of wy.

(2) As the representation of U(V) x U (V}), we have wy, oe = wy y, @ (Xm0®d1,y,,)-
(3) The representation w,, oeo A of U(V}) is isomorphic to the twist by x,, of the
linear action of U(Vy) on S(Wy), that is, for ¢ € S(Wy) and x € Wy,

Wy, (e(8, 8))(x) = xm(detg) - P (xg).

Using two polarizations of W, two Weil representations of U(V; & V") are
defined above. An isometry between the two representation spaces S((X & X)(A))
and S(W,(A)) can be given so that it intertwines the two representations on the
spaces. Let

8y 1 S(X ® X)(A)) = S(Wy(A))

be the intertwining isometry. Identify W, with W via the map (w, —w) — w and
write w € W as w = (x, y) with respect to the polarization W = X @ Y. Then for
¢ € SU(X D X)(A)), one has

Sy (@) (w) = Y (2u, yDo W +x,u—x)du, (13)
X(A)

where (-, -) is the alternating pair on W. The map &, intertwines the action of
Sp(W) on those two spaces. In particular, if p = ¢ ® ¢ for @1, pr € S(X(A)),

8y (91 ® $2)(0) = (¢1, ),

where (-, -) is the Hermitian inner product in the Hilbert space L*(X (A)), and

Wy (1 (81, 82))8y (1 ® P2) = 8y (1,4, (81)P1 ® Xom (det g2)@1 4, (82)P2).
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3C. Theta functions and applications. In this section, I will recall some facts
about theta functions that are used in calculations of Fourier—Jacobi coefficients of
Eisenstein series. More discussions about arithmetic properties of theta functions
will be left to Appendix B.

Introduction. Recall W has a complete polarization W = X @ Y. On S(X(A)),
there is a distribution 6 defined by

o)=Y ¢.

leX(F)

It can be proved that for each ¢ € S(X (A))), the sum on the right converges absolutely.
Let the Jacobi group J (W) be the semidirect product of H(W) and Sp(W). Put
J (W) A)=HW)(A)- S~p(W) (A). Use g - ¢ to represent the Weil representation of
ge Sp(W)(A) on ¢. So for each ¢ € S(X(A)), the theta function 64 on J(W)(A)
is defined as

Op(w, DD = Y py(w,NE- D).

IeX(F)
It is J (W) (F)-invariant.

When y,, is chosen, the splitting sy ,, : U(V}) — S~p(W) is fixed as stated in
Proposition 3.2. Let

w (g1, 82)¢(x) = w1y, (g1)¢ (g5 ') (14)

for g1 € U(V1) and g € U(V>). Thus 64 can also be regarded as a function on the
dual reductive pair (U (V}), U(V3)), and

0s(g1, 82) =0(w(g1, 82)9). (15)

Theta liftings. From now on, assume that dimg V| =2, dimg V, = 1 and assume
(V1, (-, +)1) is an anisotropic skew-Hermitian space. This is exactly the situation
that one will see in next sections.

Let IT be a cuspidal representation contained in L2(U(V))(F) \ U(V1)(A)). For
convenience, given a reductive group G over F, we use [G] to denote the quotient
G(F)\ G(A). For each smooth 8 € Vpy, where Vpy is the representation space of IT,
the function

9£(g2) =f 05(81, 82)B(81) dgi
[U(V)]

is well-defined, where 64 (g1, g2) is given in (15). Actually, 9 determines a slowly
increasing function on [U (V;)]. It is expected that 6’3 (g2) is nonzero and generates
an irreducible automorphic representation on U( Vg) So 0’3 defines a theta lifting
from U(V}) to U(V,).
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By (11), e(g1, 82) - (v1 ® v2) = v1g1 ® g5 'v2. SO

Qf(gz) = xn(g2) 0s(g1, DB(g1) dg1, (16)
[U(VD)]

where xpj is the central character of I[T. Whether 95 is zero or not only depends on
the scalar f[q(m Op (g1, '1)./3(g1) dg;. In fafzt, If[U(V_l)] 9¢(g1,.1)ﬂ(g1) dgi|? can.be
transformed into the Rallis inner product using the Siegel-Weil formula. I am going
to introduce the Siegel-Weil formula in the following and show its application in

the calculation of | [y, 0 (g1, DB(g1)dg1*.

The Siegel-Weil formula. The Siegel-Weil formula on unitary groups relates the
value of a Siegel-Fisenstein series to the integral of a theta function. We temporar-
ily return to the general case. Consider the reductive pair (U (n, n), U(V)) with
dimg V =m. Use S(V"(A)) to denote the space of the Weil representation wy,.
Here we take S(VZ) to be the subspace of L%( V) called the Fock space, that is,

n
S(Vh) = {¢ VE > C ‘ by, ..., vn)w(i > |vi|2> is antiholomorphic as
i=1
a function of v; for v; € VOO}.

Fix x,, and xz, such that the Weil representation on the reductive pair can be
defined. For ¢ € S(V*(A)), g € U(n,n)(A) and u € U(V)(A), define such a theta
integral:

1(g, ¢) 2/ Op (g, u) du.
[

On the other hand, let ?" be the Siegel parabolic subgroup of U(n, n) and
I’ be the maximal open compact subgroup. So U(n, n)(A) = P (A)H'(A). For
g = pk with p= (A (A**)q ) € P'(A) and k € H'(A), put |a(g)|x = |det A|g. Given
¢ € S(V'(A)), let

fo.s(8) =la(@)lx “w(g, De(0), (17)
where so = (m —n)/2. Then fy € Ig%("’")(xm, s). The Siegel-Eisenstein series
can be defined as

E@Q fo)= Y.  fos(o).

YEP(F\U (n,n)(F)

It has been proved in many cases that E(g, fs.5,) = 1(g, @) if E(g, fs.s) is holo-
morphic at s = so and 7 (g, ¢) is absolutely convergent. The case we are interested
in is when n =2 and m = 1. By a result of Weil [1965], I(g, ¢) is absolutely
convergent if V is anisotropic. So it is automatically satisfied if dimg V = 1.
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Theorem 3.6. Whenn=2andm =1, E(g, fy,s) is holomorphic at s = —%for all
¢ € S(V*'(A)), and

E(@, fp.)le 1 =21(2,).

For the reductive pair (Sp,,, O(V)) when V is an anisotropic F-vector space, the
Siegel-Weil formula has been proved by Kudla and Rallis [1988]. The proof of
Theorem 3.6 is very similar to theirs, and is found in Appendix A. Let us return to
the theta lifting question. With the Siegel-Weil formula, we are ready to calculate
|f[U(V1)] 0s(g, DB(g) dg|2. According to (16), we have

B B
\/ 0s(5. DB(g)dg| = (@.00). (18)
[UV)]

where (68}, 65) = [, 65 )6 () du.

Proposition 3.7. We have

@0 =1 / fr, 08668 DITLE)B. Brdgl,__s.

Uv®A)

where (I1(g)B, B) = f[U(Vl)] B(g'g)B(g") dg’ is the matrix coefficient of the repre-
sentation I1.

Proof. First,
Gep=[ [ oewpe) |  GE0AE)dgdg du
[UMIJIUV)] [TVl
= / B()B(g) (/ 0p(g. )0 (g, u) du) dgdg'.

[U(V)xU (V)] [UM)]

Notice that

05 (28,1005 (8", 1) = x; ' (det €65, a5 (e8> ), w),
where &y is defined by (13), and e(g, g") € U(Vi @ V] )(A) = U(2,2)(A). So

95w( #x) 18 a theta function of the reductive pair (U (2, 2), U(1)). Applying Theo-
rem 3.6, we have

/ 00 (3. )0y (8710 du = 1 (det g') / 6, s (€(82 &), 1) du
[UM)] [UMD)]

=31 ([detg)E(e(8. &) f, (pod).s) ly=1-
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Unfolding the Eisenstein series, we have

/ BB (et g E((: &), fi i) d2 g’
[U(V)xU(V1)]

- 5.5 (g DI(TL()B, B dg. O
/U(vm/-\))f‘s‘”("’x‘f’)-s(’(g N{I1(Q)B, B)dg

4. Fourier-Jacobi coefficients of Eisenstein series
In Sections 2A and 2B, we first define the unitary group U(/;) for
0
0

1
I = 0
0

o v O

—1

with ¢ € GLy(K) such that { = —¢* and det¢ ¢ Ng,r(K™), and then define an
Eisenstein series E(g, f,s) on U(l;). In this section, we are going to use the
pullback formula introduced in Section 2C (refer to Theorem 2.6) to calculate the
Fourier—Jacobi coefficients of E(g, f, s).

4A. Fourier-Jacobi coefficients of Siegel-Eisenstein series on U(3, 3). Recall

that
I I
U@3,3) = {g € GL¢(K) ‘ g (_13 3) gt = (_13 3) }

In Section 2B, we define a Siegel-Eisenstein series as follows: Take f e Igg (3’3)(77, s)
and define

Ee.fo= > f@e.

yEPF\UB.3)(F)

In this section, we will define the Fourier—Jacobi coefficients of this Eisenstein
series, and show that if the holomorphic section f is chosen properly, the Fourier—
Jacobi coefficient is a product of a theta function and a Siegel-Eisenstein series on
U(2,2).

Let H={(x,y,t)|x,ye K? te F}CU(3,3), where

1 x 1+ 3Gy —yx®) y

I * 0>
(x,y,1)= yl
—x* 12

Notice that

(o1, y1s 1) (02, ¥2, 1) = (X122, Yi+y2, 0+ 3 (Y5 +y0x]) — 3 (v —y1x3)).
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So if we take W, = {(x, 0, 0)} and W? = {(0, y, 0)}, then W = W, & W is a
symplectic space with the alternating pair

((e1, y1)s (X2, ¥2)) = X1Y5 + Y2X{ — X2)] — Y1X3,

and W, and W are two isotropic subspaces. By the definition of Heisenberg groups
in Section 3A, H is a Heisenberg group associated to W, and

T ={0,0,1),t e F}

is the center of H. There is another subgroup of U(3, 3):

1
U(WdGBWd):i( A13>‘(A B)EU(Z,Z)}:U(Z,Z). (19)
c D Cc D

The action of U(W,; @ WY) on H is

-1
A B A B A B
(C D)'(x’y’t):(c D) (x,y,1) (C D)z(xA—{—yC,xB—{—yD,t).

Denote by ¥g the additive character of Q \ Ag with
Yo(rso) = exp(r v/ —1xs) for xo € R.

For m € F, define an additive character v, (later in this paper, we may simply
denote it by i) of F\ A by

YUm(x) = Ya(Trrja(mx))  forx € A. (20)

Define the Fourier—Jacobi coefficient of the Eisenstein series E( -, f, s) associated
to i as follows:

[E,/,(g,f, S) :/

E(tg, f, s)¥(—t)dt for g € U3, 3)(A). 1)
[T]

So E admits the Fourier—Jacobi expansion
E(g.f.5) =) Ey, (g T.9).
meF

We can regard [y, as a function on the semidirect product of H and U(2, 2), denoted
by Ju. Thus Ey (hg, T, s) € Cf;f([] 1), where the subindex ¢ means that the left
action of T on the functions is given by .

Lemma 4.1. (1) Let
0 1
&= (—1 & 0 )
I

Then U3, 3) = PJy U P& Jy, where P is the Siegel parabolic subgroup
of U(3, 3).
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Q) P\PEyIy =& - WI\NH -P'\UQ,2)=w3-Wy\ H-wy-P\U(Q2,2), where
P’ is the Siegel parabolic subgroup of U(2, 2) and w,, = (_In b ) e U(n, n).

Applying this lemma to Ey, (hg, f, s5), we have

Eyhg.fo9)= | v 3 f(ythg)di
[T] yEP(F)\U(3,3)(F)

=/ w(—t)( > + > fs(ythg)) dt

YEPIENP(F)Iu(F)  yeP\P(F)éoJu(F)

— | wn > f (ythg) dt,
71 y ews Wy (F)\H (F)-wp- @ (F)\U (2.2)(F)
(22)
because f[T] V(=1 2, corno )y r) Ts (vthg) dt = 0.

Pick a character x of K* such that x [ax = €x,r and xo0(2) = |z|/z for z € K.
We defined a Weil representation w, of U(2, 2) on S(Wy) by (12). Here what we
actually use is a bit different from the conventional one. The difference is that
instead of taking w, (w2)¢ (x) = ¢(x) we take

1 ~
wx((—1 ‘1)>¢><x>=¢(x>.
1

Fix such an w, ; we are going to prove that if f is chosen properly, then

T(A)fs(wﬂ((), ¥, 0 wag )W (—1) dt = crywy (8)r(Y)Rs (g, (23)

where R;(g') € IU,(Z’Z)(nX_ ,§), cf,y 18 a nonzero constant and ¢f € S(Wy(A)).

Since the integral (23) can be decomposed into the product of local integrals, we

1

can do the calculations place by place. The results are stated in Theorem 4.9 at the
end of this section. Take a subgroup H(A) = [[H, of U(3, 3)(A), such that I,
is a maximal compact subgroup of U(3, 3), and ¥, is a maximal open compact
subgroup of U(3, 3),. Let f = ®'f,, with f, being right ¥ -finite and f, being
spherical for almost all finite places v. By spherical, I mean that f, is ¥, -invariant.
In the following, the computations are purely local, so we omit the subindex v.
Case: T is spherical and y is unramified. In this case, we make these assumptions:
Assumption 4.2. (1). Assume f is normalized, so f(1) = 1.

(2). Assume W, NI = @%(. The dual of W; NI with respect to ¥ (xy* + yx™*) is
defined as

Wy NIV ={(0, y,0) € WY | (xy* + yx*) = 1 for all (x, 0, 0) € W, NK).
We assume (W, NI)Y is also 0% and (W, NFH)Y =W NK.
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Lemma 4.3. fT fs (w3 (0, y, Hw) Y (—1) dt = CDG%( (y), where CD@% is the charac-
teristic function supported on @%(.

Proof. Take

and notice that xws = ws3(x, 0, 0). So,
xw3t(0, y, 0wy = w3(0, y, t +xy* 4+ yx™)(x, 0, 0)w,.

Then
/T £, (ws (0, y, Dw)y (—1) dr
- /T £, (ews (0, y, ) (—1) dr
= /; fo(w3(0, y, t +xy* + yx*)(x, 0, 0)w)y (—1) dt
= PGyt ) fT (w300, y, 1)(x, 0, 0)wa)dr(—1) dr.
For (0, y, 0) € WY N,
/T (w3 (0, y, Dw)r (—1) dr = fT (st Y (—0)dt = 1.

If (0, y, 0) ¢ WY NI, there must exist (x, 0, 0) € W;NHK, such that ¢ (xy*+yx*) # 1.
So,

ffs(w3(0,y,t)wz)1//(—t)dt
T

1
:/ fs<(—x* I 1 x >U)3(0,y,[)w2>1//(_t)dt
T I

— Y (xy* 4 yx®) fT £, (w30, . 1)(x, 0, O)Ywa) ¥ (=) di
:w(xy*+yx*)/1rfs(w3(0,y,t))w(—t)dt-

Then [, f;(w3(0, y, Hwa)yr (—1)di = 0, if (0, y, 0) ¢ W N L. O

We have the Iwasawa decomposition U(2, 2) = P'H’, where P’ is the Siegel
parabolic subgroup of U(2, 2), I’ is the maximal open compact subgroup and
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H=HNU2,2). Take g’ = p'k' = (* )k' € U(2,2), where k" € 3. Then

b
(a*)’l

b\
/]‘“fs(w:i(ov y’t)w2 (a (a*)—1>k)‘/f(—l) dt
x)—1
- [t (w00 (0 ) Jpenar
:/;fs<<a (a*b)_l) w3 (—yb, ya,t))lﬂ(—t)dl

= n(deta)|deta|s+% / fo(w3(0, ya, t + yba™y*))yr (—t) dt
T

= n(deta)ldetal™ 2y (yba*y") bz (va)
= X(deta)|deta|%<b@%( (ya)w(yba*y*)nx_l(deta)|deta|s+]
= wy (P")Pez (V)R ().

. , _
Notice that @, (k') ®g2 = P¢2 . So

fT fs(w3(0, y, Hwag )Y (—1) dt = wy (g/)q)@g( (M Rs(g)

with normalized spherical R; € If],(z’z)(n x71s).

Archimedean places. Let U(n) = {u € GL,(C) | uu*™ = I,} be the unitary group of
degree n at an archimedean place. Take such an embedding:

e:UB)xUB)—U(3,3),

(. 8) > e, v) — 123%3 (u )(l; 3)'
§I3 513 v —il3 I3

The Hermitian domain of a unitary group is defined in (2). Choose an initial point
in the Hermitian domain of U(3, 3) to be i = i I5, where we fix i = «/—1 once and
for all. From Proposition 2.1, one choice of a maximal compact subgroup at an
archimedean place for U(3, 3) is X = {g € U (3, 3) | gi =i}. Notice that the image
of the embedding ¢ defined above is exactly J{. So f7féU (3) x U(3). Recall that
U(2, 2), which is isomorphic to UW,; & W9), is naturally embedded into U(3, 3)
(refer to (19)). So we can choose compatibly the maximal compact subgroup I’ of
U2,2) by H' =3 NU(2,?2), and obviously K =~ U (2) x U(2). The initial point
i’ =il of the Hermitian domain of U(2, 2) is invariant under the action of elements
in %
At archimedean places, take a weight (0, k) section f; such that

fr(g) = j(g, i),
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where j is the automorphy factor defined in (3). Assume 7 satisfies n(z) = il /z’;
then I’ +1 =k, and f, € I(n,] — 3/2). Recall that [F : Q] = r. Then for
me F,let me = (my,ma,...,m,;) € Fso ~R". Given z = (21, 22, ..., 2) € Fno,
V(z) =expRmimz1) exp(2mimazy) - - - exp(2wim, z,).

Proposition 4.4. Take T, and  as above. We have
f Y (=Df(w3(0, y, Hwag") dt = cywy (8 r () Re-1(8), (24)
T

where g' € U(2,2), ¢1,(y) =¥ (iyy*), x satisfies x(z) = |z|/z forz € KX, and

(=27 ) (mymy - - - m, )k~ Le=Zrmitmattme)
Ci =
’ (= DT

The function Ry_; satisfies Ry_1(g") = j(g', i) %', As an induced representation
onUQR,2),itisin I(nx~"',1— %) and is a weight (0, k — 1) section.

Proof. For simplicity, we prove this proposition under the assumption that r = 1,
from which the general result should be easily derived. So regard m as a real number
first.

Step 1. Let g’ = I;. We have

/R Y (=)F(w3(0, y, Hwy) dt = (—1)F /R Y (=)t +i+iyy*)*ar

= (=D Y Giyy* +i) (=) kdr
R+i+iyy*

_ (_27”')kmk—le—27rm .

= =D Y (iyy”).

This calculation hints that we should take ¢s, to be ¥ (iyy™).

r (@ L b /

(_27.”')kmk—le—2nm
k—1)!

Step 2. Replace g’ by

If we assume that

Y (iyy*)Re-1(8"),

/RW(—l)fk(m(O, v, Hwng')dt =
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then
/ Y (=T (w3(0, y, Hwop'g") dt
R

= (deta)*y (yaba*y*) /R U (—)F(w3(0, ya, t)ywog') dt

2 Nk k—1,—27m
= G e T Geta) y (yaba® ) iyaa®y ) Re 1 ()

k—1)!
-2 Nk k—1_,—2mm
! ’”()kfl),e 0, ('8 )5, ) Ric1 (P8,

Step 3. Take g’ = won' = wy( b ;’2) Note that we take

1 ~
wx((_l ‘1)>¢><x>=¢<x),
1

so one easily checks that at archimedean places, w, (w2)¢(x) = —(i(x). Then,

/RW(—f)fk(m(O, y, Hwowon’ dt

. —k
1\ . r+1 —y
=(-1 /Rw( t)det(_y* b+i) dt

:(—1)"/W(—t)det(b—i—i)_k(t—i—i—y(b—i—i)_ly*)_kdt
R

(_27.”')kmk—le—27rm

det(h +i) " Y (—y(b+i)"'y*)

(k—1)!
(=2mi)*m*—Te=2mm / /
- *k—1)! @y (wan) s, (¥) Rie—1 (wan).

Here we use that the Fourier transform of v (y(i + b)y*) is det(1 —ib) 'y (y(—i —
b)~'y*).

Step 4. Let g’ = won/won,, where n = ( 2) and n} = ( l}; ). Both by and b,
are 2 x 2 Hermitian matrices. We have a decomposition

i —b,
I o oo —by+i —by—i
Won| wans = Wy ( 2 bl) bl W R — .
b Vi) \VB+1 Vbi+1

(Vb§+1 L —b2+«/b§+1b1x/b§+1)

1B+ 1) w2 ( L

—by+i —by—i
-e , .
Vbi+1 Vb3 +1
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From Steps 2 and 3, one can see that when g’ € 'wo N C U (2, 2), where N’ is the
unipotent radical of %', the equality (24) holds. Then let us prove that when taking
g’ = won wyn), the equality still holds. We have

—k
b
fi(w3(0, y, Hwawonywany) = Fi(w3 (0, y, Hwap'won’) det( = ) ,

VB +1
where
p,=<m ) i n,=<12 —b2+«/b§+1b1x/b§+l>.
1/VB3+1 I
So

/ Y (=) F(w3(0, y, Hwowanjwony) dt
R

—k

bz +l / / /

= det Y (=) (w3(0, y, Hywo p'won') dt
(\/b% + 1) R

_ (omitmt e t( bat >_k (p'wan'be, () Re1 (p'wan)

- (k—l)’ € \/b%ﬁ a)X p w2”l ¢fk y k—1 p wzn
_(=2mi)kmk e by+i \! . R

= h— D! (‘/b%ﬁ> wy (p'wan’) g (y) Ri—1(wanjwans).

Note that

wy (p'wan") s, (y) = — : : W(y< Bl b1>_1y*>
X ¢ det(v/02 1 1) det(BEL —pyi) b3+1 '

b+1
Also,
wy (wanjwans)és, (v)
B 1
o det(1 — byi) det((1 — byi)~! — byi)

By comparison,

Y ((ba+1)~ = b7y,

(_27Ti)kmk—le—27rm
(k—1)!

/R‘/f(—f)fk(uB 0, y, Hwrg") dt = oy (&)1, () Re-1(8)

for g' = won/ wonj.

Step 5. Tt is known that elements in U(2, 2) can be generated by w, and p’ € %',
where P’ is the Siegel parabolic subgroup of U(2, 2). The following lemma shows
how these elements generate U(2, 2).

Lemma 4.5. UQ2,2) =P UP woN' UP wrNwrN’.
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The proof is straightforward, so let me skip it. In Steps 1 to 4, we have verified
that
(—Zﬁi)kmk_] e—Zﬂm
(k—1)!

/Rl/f(—t)fk(ws(oa y, Hwyg) dt = wy (8)pr (V) Re—1(g)

for g’ in each of the subsets of U(2, 2).

For each archimedean place, the computations are exactly as above as long as
we change m to the corresponding m;. Putting them together, we can prove the
proposition. O

f, is not spherical. Denote the set of places where f; is not the spherical element
in the induced representation space by S. When f; is not spherical, we make such a
choice: f; € I (n, s) and f; is supported in the big cell Pw3;P such that f;(wsn (b)) =
®(b), where n(b) = (13 Z), and b is a 3 x 3 Hermitian matrix. Let b = (yt* 5/),
where 1 € F and b’ is a 2 x 2 Hermitian matrix. Assume ®(b) = ¢'(1)¢ (y) D' (D)
such that ¢, ¢’, @ are all Bruhat—Schwartz functions. Further we make these
assumptions concerning f; and the additive character :

Assumption 4.6. (1) The set S includes all the places where 7 or x is ramified.
In another words, when x or 5 is ramified, we should take f; supported on
the big cell, and as long as such an f; satisfies the following two assumptions,
Theorem 4.9 can be derived. However, for the sake of later computations in
Remark 4.14, we need to further assume (28).

(2) For b’ € supp @ and y € supp ¢, we have ¥ (yb'y*) = 1.
(3) When ¢ € supp ¢’, we have vy (¢) = 1.

Remark 4.7. The assumptions above are in general quite weak. In practice, we
may first determine @’ and ¢. Because they are both compactly supported, as a
set of F, {yb'y* |y € supp®’, b’ € supp ¢} must be compact. So there exists an
additive character i (in fact, infinitely many such characters) that is constant of
value 1 on this set. Moreover, we can even choose a universal i that is independent
of the conductors of n and x. Then based on Assumption 4.6(3), one can determine
the function ¢’. Then in this way, we can determine &, and in turn f;.

Lemma 4.8. Suppose R; is in 19?(2’2)(77 x !

P wr P, such that

, 8) and is supported on the big cell
R, <w2 (12 Z)) = o' (b).

Let ¢5,(y) = ¢(—y). Then
/T Y (=0T 30, y, Dwag) dr = /T V(0@ (1) dt ), (8191, )R, (8):
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Proof. In order that w3(0, y, H)wog’ € Pw3P, it must be that g’ is in P'w,P’,
which implies that Ry is supported on ' w,P’. Let g’ = won'(b') = wz( b Z) for
n'(b") € N'; then

/ V(=) (w30, y, Hwawon' (b)) dt
T

=fyeon (5 5))

~( fT V091 d1 )9 ()P (B)

=( /T Y (=09 (1) di o, (wan' (b)) e, (R, (wan' @), O

Let me summarize the local computations of the three cases above in the following
theorem. Let S be a finite set of local places, such that f; , is not spherical if and
only if v e §.

Theorem 4.9. For a Hecke character n of K and neo(z) =2z k=l / 7', take
U(3,3)(A) 3
fi € Iy, (n.1-3).

Assume that i ~(g) = j(g,1)7*, and Ty, is supported on the big cell when v € S.
Choose a Hecke character x of K so that x0(2) = |z|/z. Fix an additive character
¥ of F as in (20). When Ty, x and v satisfy Assumptions 4.2 and 4.6, we have

Ey (hg') = ct, .yl (hwy'¢)E(g'. Re1) for he HA), g' € U2, 2)(A),

where
ety =cy | | vol(supp ),
vesS

cy 1s given in Proposition 4.4, ¢f, € S(W4(A)), and Ry_; € IU,EX)D(A)(W(_I = %).

Specifically, Ri_1.00(g") = j(g',i") ™ " and Ri_1 , is normalized and spherical
when v & S. Otherwise, Ri_1  is supported on the big cell. The Siegel-Eisenstein
series € is associated to Ry_.

Proof. Recall (22):
R IRTCTRD SN T2
(] y €ws Wy (F)\H(F)-w;
P (F)\U(2,2)(F)
Leth = (x,y,t) € H(A); then
fr(wshwag")) = fi(wa(x, 0,0)(0, y, t — S(xy* + yx*)wrg')
= fie(w3(0, y, t — 2 (xy* + yx*)wag).
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So we get
Ey (hg', 1)
= vt > fws 0. yo. )wagohg)) dr’
e Y0EWH (F)
80P (F)\U (2,2)(F)
=/ Y1) Do fews(0.y0. )((x, gy 'wy L Hwagog) dt’
e YoEW (F)

S0EP (MH\U(2,2)(F)

=c [ ] f Yo (=) w (w3(0, 0, 17) dt’
ves T
Y o y)gy ' wy 't 080g) B (o) Ri—1(808).-
yoeW! (F)
80P (F)\U (2,2)(F)

Notice that ‘[Tv Y (—1")Fi o (w3(0, 0, ¢')) dt’ = vol(supp ¢,) for v € S. So

Ey (hg', i) = ct.ybp, (. YIwy ' 1)gNE(E, Re1)
= cf, .y Op, (hwy ' ¢)E(g', Riy). O

4B. Fourier-Jacobi coefficients of Eisenstein series on U(3, 1). In this section,
I will define the Fourier—Jacobi coefficients of the Eisenstein series E(g, f, s)
on U(I;). If this E(g, f,s) is from the pullback of a Siegel-Eisenstein series
E(-,f,s), then by applying the pullback formula (Theorem 2.6) and results about
the Fourier—Jacobi coefficients of E( -, f, s) (Theorem 4.9), we will get formulas
for the Fourier—Jacobi coefficients of E(g, f, s).

Definitions. Let P be the only nontrivial parabolic subgroup P of U(I;); then the
unipotent radical of P is

1 x t+x¢x*/2
N = L Cxt teF
1

From another point of view, N can be regarded as a Heisenberg group attached to a
4-dimensional symplectic space W of F. Using conventional notation, denote

1 x t4+x¢x*/2
L Xt by (x,1);
1

then
(x1, 1) (x2, 1) = (x1 +x2, 11 + 12 + (x1, X2) /2),
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where (-, - ) represents the alternating pair on W, and
(x1, x2) = x18x5 — x28 x7.

The degree two unitary group U(¢) = {u | ufu™ = ¢} is a subgroup of U(/), and
has an actionon N by u - (x,t) = ut(x, Hu = (xu, 1).

Given the additive character i as in (20), define the Fourier—Jacobi coefficient
of E(g, f,s) as

Ey(nu, f,s) = Y(—t)E(tnu, f,s)dt (25)
[T]

forue U(¢)(A) and n € N(A), where T is the center of N. So E, € CT‘ZO([NU({)]).

Pullback of Ey. Recallin (8), we define an embedding e : U (I;) x U (¢) — U3, 3).
See that

elueyxue) UQ) xUE) = UR,2)=UW, W) c U3, 3).

Also for (x, t) € N, we have e((x, t), ) = (x¢ /2, x, t). This implies ¢e(N, I,) C H.
Specifically, the center of N is mapped to the center of H under ¢, which explains
why I use T to denote both centers of H and N.

From Theorem 2.6, we know that

E(g, f.s) =/ Ee(g, u), f, )B(u)n~ (detu) du (26)
(U1
_ -1 Uy
for £,(8) = fyyie ey T (e(g. 0)BGN ™" (detu) du € 1, (T @y, 5), where B € Vi
So it is reasonable to infer that Ey, is also the pullback of Ey. The following
proposition is easy to verify.

Proposition 4.10. If E(g, f, s) is defined by (26), then

Ey(nu, f,s)= / Ey (e(nu, u'), T, $)Bw")yn~" (detu) du'.
[U)]

Let us study the relation between N - U(¢) and H - U(2,2) induced by the
embedding ¢. N is the Heisenberg group associated to the symplectic group W,
and U(W) = U (¢), while H C U (3, 3) is the Heisenberg group associated to
W =W, +W¢<, and UW) = U (2, 2). Notice that

W<—Q>W, X = (ﬁx)
Z

At the same time, we can define another embedding of W™

_ xg
W W, x— (——,x).
Z
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So, the two embeddings combine to give
W+W™ = W=W,+W,
(x, =x) = (x£,0),
(x, x) = (0, x).

Since W has the polarization W = X 4 Y, the Weil representation of U(2, 2) can be

realized on S(X + X) or on S(Wy). Recall that we define an intertwining isometry

operator ., between the two representations by (13) . It can be applied here with

a little revision. Take ¢ € S(X + X), and let 8,/ (¢)(w) = 8y (@) (we™Y) be the

corresponding function in S(W,). If we take ¢ = ¢ ® ¢ for ¢1, ¢ € S(X), then
wy (eur, u2))8y, (1 ® p2) = 8, (w, (1)1 ® x (detu)w, (u2)$2).

It is straightforward to verify that
9% (@b (U1, u2)) = x (detuz)0y, (nu1)04, (u2),

where 9_¢2 (up) = erX(F) Wy (u2)¢2(x). Then Proposition 4.10 and Theorem 4.9
give this:

Corollary 4.11. Assume that ¢f, = S:ﬂ ($1 @ ¢2), and E(g, fi) is defined as the
pullback of E( -, T), where T, satisfies the conditions of Theorem 4.9. Then

Ey (nu, fi) = cf.y0, (mt)/[ ( )Jﬁ(u/)x n~ ! (detu)(e(u, u'), Re—1)04, (') du’.
U

Inner product of Ey, with 6,. As we mentioned, both Ey, and 6, for ¢ € §(X) are
functions in C;ZO([NU({)]). Let sz ([NU(£)] be the completion of C;ZO [NU())
with respect to the inner product

6,0 = f 0(r)0’ (r) dr.
[NU()]

Treat Ey and 6, as elements in L‘Zp([NU(C)]). Let us calculate (Ey, 6,,).

Theorem 4.12. In the setting above, we have
(Ey (nu, fi), Op(nu))

= ¢y (91, 9) Ri—1(e(u, 1))du/ B(w)8g,w) du,
U@ @]

LSy Y 1=HLsmyx—1,1-2
[T/ Rt mau= 2o
vgs JU@y LS(npegr, 2l —1)LS(np, 21 —2)

where S is the set of places introduced in Theorem 4.9, and L® is the partial
L-function skipping the factors at v € S.
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(I will discuss the case v € § in Remark 4.14.)

Proof. We prove the theorem in three steps:

Step 1. (Ey (nu, fi), 0y(nu)) = cf, v (d1, )1 (Ey), where

I(Ey) = / By xn~ " (detu)&(e(u, u'), Ri—1) 0y, (u') du du'.
[U@xU@)]

Step 2. I(Ey) = fU(;)(A) Ri_1(e(u, 1)) du - f[U({)] B(w)0 p, (u) du.
Step 3. We show

Lyx " 1—=HL,mx ' 1-3)
Ly(mrex/r, 2l —1)Ly(nF, 21 —2)

/ Re_1.o(e(ut, 1)) du =
U

for a finite place v ¢ S.
The equation in Step 1 is straightforward from Corollary 4.11, because first for
0p,.0p € L2 (INU(Q)]), we have (0y,, 0,) = (1. ¢); then

(Elﬁ(nu7 fk)s 9¢(””)>

= [ ([ g et
[NU@©)] 1%¢9)
(e w)Pgs ) di )0, (10)8, (1) dn

= ¢ty (P1, 9) B )xn " (detu)€(e(u, u'), Re—1)0p, (') du du’
[W©OXUE)]

= ¢ty (D1, 1 (Ey).
To get the expression of /(Ey ) in Step 2, let us unfold €( -, Rx_1):

e, u), Re) = Y. Realyeu,u))

yeP(FI\U(2,2)(F)

= > Re-i(ye(u, u)),
y=e(u1,u2) AU Q) FON\U ) (F)xU ) (F)

where A(U(¢)) is the image of the diagonal embedding of U(¢) to U(¢) x U(¢).
Then,

I(Ey)
= / B xn " (detu') 4, (u') Ri—1 (e(u, u')) du du’
AU)INUE@)A)xU (E)A)

u=u'v

/ By 0~ (detu ) (') Re 1 (e(u'v, ') dv du
UG A)x[U ()]

/ Ri—1(e(u, 1)) du - / Bu)0g, () du.
U@)A) 14t9)
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Now we are left with the calculation of fU@)(A) Ri—1(e(u, 1)) du. It can be
written as the product of local integrals:

[ Recw =TT [ R D)
U©)®) SJuor)

In the following computations, we drop the subscript v if this does not cause
confusion.

First, v = co. Now Ry_|  is defined by the automorphy factor, namely
Ri_1.00(g) = j(g',i")**!, and U(¢)(Fx) is isomorphic to copies of the compact
group U(2)(R). By Proposition 4.4, Rx_1(e(u, 1)) = 1. So,

/ Rict.o0(e(ut, 1)) dut = vol(U (0 )(Fic)).
U(¢)(Fo)

Second, v splits in F. Then U(¢)(F,) =~ GL,(F,). Assume R;_; , is normalized
and spherical. Now, K = F+ F, n(a, b) =n1(a)n2(b) for (a, b) € K, and similarly
for x. Since x|ax =€k /r, we have xj x2 = 1. Let us take the Godement section
representation of Ry_1:

L(np,2l =1 L(nr, 2l =2)Ri—1(g)

_ 1 -
=mx; (detg)|detg| 2/ Dy, 400) (0, X)@)mima(det X)|det X7~ d X,
GLa(F)

where @y, ,(0,) 1s the characteristic function of M>,4(0OF). Then
L(nr, 2l = DL(r, 20 =2) R (e(u, 1))

_ 1 3
=y (detu)|detul'™> / ®i1y,400) (X, X)nina(det X)|det X1 dX.

GLa(F)
So,
L(nr,2l —=1)L(nF, 2l —2) Ri—1(e(u, 1)) du
U©)
= L(nr,2l=1)L(nr,21=2) Ri—1(e(u, 1)) du

GL,(F)

/ nix; ! (detu)|detu]' =2
GL,(F)xGLy(F)

1,000 (X, Xu)nma(det X)|det X |21 d X du

/ mxl—l(detY)|detY|’*%q>@z (Y)dY
GL, F

D
I

: /G n2x1(det X)|detX|l‘%<p@2F (X)dX
Ly
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which is equal to
L(nx~"1=3)L(nx~"1=3).
Then we have

L _lal_lL _l’l—§
f Ri_1(e(u, 1)) du = (rx 2)L(nx )

First, Ry_1, is normalized and spherical, and U(¢)(F)) is quasisplit over F.
So U(¢) ~U(1, 1). The embedding ¢ of U(1, 1) x U(1, 1) to U(2, 2) is inherited
from the global definition of e[y ) xv(c)-

Take the local Iwasawa decomposition U(1,1) = PK = NMK, where N, M
and K are the unipotent radical, Levi part and maximal open compact subgroup,
respectively. Then K = U(1, 1)(OF), and ¢(K, K) C J’, which is the maximal
compact subgroup of U(2, 2). Let u = nmk; then du = 8;1(m) dn dm dk, where
8p is the modular character on P. If m = (&' ), then 8p(m) ™' = ||k Let

1
1

/ Ry_i1(e(u, 1))du :/ Ri_i(e(nm, 1))8;1(m) dndm
U

NM
1 x
— /Rk_l(w13< N >w1—31e(m, 1))5;‘(m)dxdm.
MJIF 1

Consider such a function on U(2, 2):

1 x
Ri_1(8) :/ Rk—l(w13( . )g) dx.
F 1

/ Rk_l(e(u,l))duzf Ry (wi3'e(m, 1))85" (m) dm. (27)
U@ M

then

We have

Recall that U(2, 2) = U(W) = U(W, + W4). If we have
Wy +W! = Ke; + Key + Kfy + Kf,

then a parabolic subgroup P’ fixing both W, and K e, can be defined. An element
p’ € P’ looks like

a d
bce f
a b

c/
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Lemma 4.13. R, _, is in the space of the induced representations from P’, so that
/ oI -1,/ /l*% l*% /
Ri_1(p'gk’) =nx " (a@o)la’| *lclg * Ri_1(8)
forp' e P, kK eX and g € U(2,2).

This lemma can be proved by direct calculations, which I will skip here. Applying
the lemma, we see R//<—1 has a Godement section representation as follows:

L(nrex/r, 20— 1)
L(nrek/r, 2l —2)

_ —1+3
=c/ Dty 400 (0, X)g)n ™ x(det X)|det X |, > dX-
GL,(K)

Ri_1(g)

| @e0.0.0.239mx (zi12iE 2 az.
KX

where the normalizing constant ¢ satisfies

_ —1+3
1:c/ Doty 000 (X)n  x(det X) |det X[ 2 dX
GL, (K

/ o (2nx NZIIZIE2dZ,

o L 202
R]L[(D:/ Rk—](lﬂ]:;( 1l ))dx: (Mrek/F )
F 1 L(npek/r,20—1)

Let g = wale(m, )= wl_;e((‘T' a), 1). It can be verified that

R (wi3'e(m, 1))

_ -3
_ nx ! ()]e| g
L(nreg/r,2l = 1)L(np, 2l —2) Jg~

Substituting the expression of R, (wi3e(m, 1)) in (27), we have

Do, (2) Do (Za)nx " (1ZIk)I1ZI1Z2dZ.

/ Ri_1(e(u, 1)) du
U@

:/MR,;_I(wI;e(m, 1)85" (m) dm

1
~ L(nrekp,2l—1)L(nF,20—2)

_ -1 _ _
/ nx el 2 @y (Z) Doy (Za)nx " (1 ZIx)|ZI1Z 2 dZ da
K*XxK*

_ Llx N =3)Lx N -3
L(npeg p, 2l —1)L(np, 20 —2)

O
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Remark 4.14. In Theorem 4.12, fU({)(Fu) Ri—1.4(e(u, 1)) du was not explicitly
calculated when v € S, because we need more assumptions and things become
more technical. Let me put it here. When v € S, Ry_1,, is supported in the big
cell associated to a characteristic function ® on Her,(F,). (One can refer to the
section about nonspherical f;, especially Lemma 4.8.)

Skip the subindex v now. Fix an integral ideal ¢ of O so that nx ~'(1+¢) = 1.
Then pick a totally imaginary element § € Ok satisfying 1 + 8 € O. Assume that

supp @ = Hery(F) N 8¢ 121, +2¢ GLy(Ok)). (28)
Define D (c), a subset of U(¢), by

_fa b 146
u_<c d),a,de 1_6+8c, b,ceéc}.

Lemma 4.15. Letu € U(¢). Then

Di(c) = {MGU(O

e(u, 1) e supp Ry—1 <= u € Di(¢).
Proof. First notice that for a matrix in U(2, 2),
(i Z) € supp Ri—1 < ¢ 'd e supp @'.

By the definition of the embedding ¢ in (8),

e(u, 1) = (({1(14-1-12);)/2 ¢ Yu _12))
, (u—Dh)o)/4 w+h)2 )

¥ e(u, 1) € supp Ri1 <= 20— 1) (u+ 1) € supp &’
< u € D((c). O
Then we get
Ri—1(e(u, 1)) = {gx @ :)ft:efwiDsle('C)’
The integral

/ Rie1 (e, 1)) du = .~ (8) vol(D1 (¢)).
U)

As we see from Theorem 4.12, (Ey,, 0,) equals the product of an explicit constant
and the integral f[U o1 [3(u)0_¢2 (1) du. Using the discussion of Section 3C, I will
show that this integral can be interpreted by the theta lifting from U(¢) to U(1).

Recall that N is the unipotent radical of the parabolic subgroup P of U(/;). We
take N as the Heisenberg group associated to the 4-dimensional symplectic space
W over F. On W, the alternating pairing is defined as (x1, x2) = x1{x) — x2¢x7,
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while, as a K-vector space, W = V| ® V,, where V| and V, are Hermitian vector
spaces with dimensions 2 and 1 over K, respectively. The skew-Hermitian form on
Vi is (x, y)1 = x¢y*. The Hermitian form on V; is defined as (x, y), = xy. So, we
immediately have the reductive pair (U (V1), U (V,)) in Sp(W) with U(V}) ~ U (¢),
and U(V,) > U(1).

Consider the theta lifting

hw=[ e 0pe)ds
v

from U(¢) to U(1). In Section 3C, I give the definition of a theta lifting and explain
the way to compute |9£2(1)|2 using the Siegel-Weil formula. If we assume that the
representation IT on U(¢) is self-dual, then Vi >~ V3, and

_ 2 8 )
| / B()Bg, ) du| = |6, (D)
[U(©)]
Proposition 3.7 and (18) together imply:

Corollary 4.16. 67 (1)2 = | f

s , DH)(IT ,BYdgl.__1.
U(;)(A)fsw(@@(pZ)'S(e(g I(IL(8)B, B)dgl,— 1

Remark 4.17. The integral in the corollary above should be nonzero if ¢, is chosen
properly, because the theta lifting of IT should define a nonzero representation space
of U(1). This is a special case in [Li 1992]. The nonzero result is crucial for our
application.

Remark 4.18. If ¢, , is a standard characteristic function, then 8y (¢ ® ¢») is also
a standard characteristic function, and f5  4,04,).s,v 15 normalized spherical.

Proposition 4.19. If I1, is an unramified representation with a spherical vector B,
fs.v is the unique U(2, 2)(OF,)-invariant section in Ig[)],(z’z)()(, §)y and fs,(1) =1,
then

L(Hva Xv»> S+ %)
Ly(ex/r,25+2)Ly(1,25 + 1),

where L, (1, -) is the Zeta function of the local field F,.

/ fs,v(eCu, DY), B)y du =
U@y

Remark 4.20. This type of integral was considered by Piatetski-Shapiro and Rallis
in many cases. Similar calculations have been done in [Li 1992]. In the (U (1), U (1))
case, Yang [1997] had explicit formulas.

Proof. Let me calculate the integral above in the case when U(¢), >~ GL,(F,). The
computations at other types of unramified places are skipped here. Now we omit
the subindex v.
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Denote the matrix coefficient of IT by wr. Let x|rxr = (X1, x2). Using the
Godement section of fy, we have

1
L(ex/r,2s +2)L(ek/r, 25 + 1) Ju()

= / x1(detu)|detu|**!
GL,(F)

fs (eCu, D)(TT(w)B, B) du

: / @ty 0050, Z)e(u, 1)eg/r(det Z)|det Z|1* Pwn(u) dudZ
GLy(F)

®ut,i05)(Z, Zu) x1 (det u)|det u)* !

/GLZ(F)xGLz(F) 25+2
-ex/p(det Z)|det Z|* P wn(u) dudZ

/ P00 (Ys Z) x1(det Y)|det Y|
GLy (F)xGL2(F)
cx2(det Z)|det Z|* T wn(Z27'Y)dY dZ.  (29)

Let GL,(F)= BK, where B consists of upper triangular matrices and K =GL,(0F).
The matrix coefficient wyy is a zonal spherical function and satisfies

/ wn(XkY)dk = wn(X)wn(Y) for X,Y € GL,(F).
K
Lemma 4.21. The expression in (29) equals the product of
f Duy0p (V)1 (VIdet Y [ Hwn () dy
GL2(F)

and

/ D, 00 (X) x2(X)|det X M wn (X) dX.
GL,(F)
Proof. First, it is obvious that

(29) = f Dty 400 (kY Z)x1(detkY)|det kY |* !
GL2(F)xGLo(F)x K

x2(det Z2)|det Z M wn(Z7'Y)dY dZ dk.  (30)
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Then, substitute kY by Y:
(30) = / a0 (Y, Z) x1(det Y)|det Y'[* T yo(det Z)|det Z|*!
GLy(F)xGLy(F)
/ wn(Z %Y dkdY' dZ
K
_ / ®yis(0p) (V)1 (V)| det ¥+ wry (V) ¥
GLy(F)

- / Buom (2)12(2)det 21" wn (27 d 2.
GL,(F)

So this proves Lemma 4.21. (Il
Let

Z(®Pmy0p) X1 Qwr, s+ 1) =/ D00 (V) x1 (V) [det Y wn (V) dY.
GLz(F)

Zeta integrals such as this are discussed in [Godement and Jacquet 1972].

Lemma 4.22. [f 1 = (1, u2), then

Z( @05y X1 @i, s + 1) = L1101, s + 3) L(xam2. s + 3).

Proof. Let Y = pk,for p=(“ ) e Bandk € K. ThendY = (1/|a1|) dbda; das.
1
wn(Y) =wn(p) = wi(ar)uz(az)(lail/lazl)2. So,
1 1
Z(Ppy00), X1 Qwn, s+ 1) = / xii(anlar ' 2 xiua(az)|az 12 day day
@FX@F
=L(xi1.5 +3)L(xom2, s + 3).
O

By Lemmas 4.21 and 4.22, we have

L(IT, x,s+73)
L(ex/r,2s +2)L(eg/p, 25+ 1)

/ fs(e(u, D)(TT(w)B, B) du =
U@

And notice that in this case, €x,r(w) = 1 for the prime element @ in F. This
proves Proposition 4.19 when U(¢) >~ GL, (F). O

Next, let me explain the local integrals of |9£2(1) |> at archimedean places and
ramified finite places. At archimedean places, f%(d)z@@z),s,oo 1S U({) oo X U(¢)oo-
invariant, and Il is one-dimensional. Apparently,

/U i €8 DM@, fldg =0l @) 0
oo
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As for finite places, first we are always allowed to take the standard characteristic
function ¢, , when I, is unramified. This means if IT, is unramified, we can
guarantee f5w (2®32).s.v 18 spherical.

If IT, is ramified at a finite place v, let D,, C U(¢), be a compact open subgroup
fixing IT,. Especially, when IT, = I (i1, t7) is a ramified principal series associated
to the local characters (| and (,, we assume that w is ramified and p, is unramified.
Then D, = {g e U()y | g = (Z Z),a €el+m,b,delk,ce m}, where m is
the conductor of . We can choose ¢ , so that fsw(@@&z)’syv(e(g, 1)) =®p,(g),
where ®p, is the characteristic function with the support in D,. For instance, if v
splits, U(¢), =~ GL,(F,). Then p| and p, are both characters of F,. We can take
¢7 such that

1 ifxe(l)+moZ,

a2 (x) = (.0) v
0 otherwise.

In this way,

/U( : I5, r082).5.0(€(& DIIT(@)B, B)y dg = vol(Dy) # 0.
9K

5. Applications to Eisenstein series nonvanishing modulo p

Section 4 calculated the Fourier—Jacobi coefficients of two Eisenstein series. One
is the holomorphic Siegel-Eisenstein series Ex( -, n) on U(3, 3). The other is the
holomorphic Eisenstein series Ej( -, IT, n) on U(/;) that is from the pullback of
Ex(-, n). From now on, we fix a prime p, so that every prime in F' above p is
unramified for both Eisenstein series. In this section, we will briefly discuss how to
apply the computations of Section 4 to look for an Eisenstein series on U(3, 1) that
does not vanish modulo p.

Remark 5.1. (1) Recall that F;( -, ) is defined from the section f; that is spherical
outside S (for the definition of S, one may refer to Theorem 4.9). In the
application, § is usually taken to be the set of places where the given data (for
instance the number fields F and K, the characters n and y, the representation
[T and so on) are ramified. Notice that we can assume that all the data at p are
unramified. So p ¢ S. In other words, f; is spherical at p.

(2) Ex(-, n) can be normalized to become a p-integral Eisenstein series F™. About
this claim, one can refer to (3.3.5.3) and Remark (3.3.5.5) in [Harris et al.
2006]. The normalizing factor is given in (3.3.5.1). In fact, the situation here
is simpler than [ibid.], because Ex( -, n) is unramified at p.
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(3) The pullback of E™ denoted by [Eip‘;,t is an Eisenstein series on U(/;). It only
differs by a constant with E( -, IT, ). Define

gint — B> 31)
k 9
QK

where Q is the CM-period of K and it is well-defined up to Z;.
Lemma 5.2. E™ s g p-integral holomorphic Eisenstein series.
About Qx and this lemma, one can refer to [Hsieh 2011b, Section 7.2].

As mentioned in the introduction, one of the motivations of this paper is to
provide a possible way to argue nonvanishing modulo p of the Eisenstein series on
the unitary group U(3, 1) used in the Iwasawa theory through the calculation of its
Fourier-Jacobi coefficients. For the discussion on this topic, let me assume that
F = @ and that the imaginary quadratic extension K /Q splits at p.

Following the idea of Skinner and Urban [Skinner and Urban 2012; Urban 2006]
to show one divisibility of the main conjecture for GL, x K* by the method of
Eisenstein congruence on U(3, 1), a Hida family of holomorphic Eisenstein series
€° on U(3, 1) is constructed so that its constant terms at all cusps are divisible by
the p-adic L-function of GL; x K *. Suppose €° is defined over a two-variable
Iwasawa algebra A (refer to Conjecture 1.1), and denote by m, the maximal ideal
of A. It is required that €°™ £ 0 (mod m, ). Since €° is obtained by interpolating
a p-ordinary holomorphic Eisenstein series E°™, we have:

Lemma 5.3. If E°¢ = 0 (mod m,), then € £ 0 (mod mp), where m,, is the
maximal ideal of Z(p) induced by i:C — C,.

So it is enough to show E° does not vanish modulo m,,. For the strict definition
and construction of E° see [Hsieh 2011b]. Although E°d and E™ are both
p-integral holomorphic Eisenstein series, they are not the same, because we assume
E™js unramified at p, but £ is ramified at p. So in order to apply the computation
of Fourier—Jacobi coefficients of E™ in Section 4, two points will be addressed in
this section. The first is to relate E° used in the proof of the main conjecture to
E™_ The second is to give a strategy of showing nonvanishing modulo p of E™,

At p, U(¢)(Qp) =~ GLy(Q),). In [Hsieh 2011b], the representation IT of U(¢) is
chosen so that the local representation I, of GL,(Q),) is ordinary; then IT, must
be of the type m (w1, 2). Assume that the characters p; of Q, are unramified.
Then an Eisenstein series Ej is defined with the data of IT and 7, so that E° is
exactly the ordinary projection of Ey (E° = ¢ E(, where e is the map of ordinary
projection). The only difference between Ey considered in [ibid.] and E int in (31)
is that local sections at p are different. A special section at p is taken to make
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sure the corresponding Ey leads to the ordinary p-adic Eisenstein series with the
optimal constant terms at cusps. But, for E'™, the local section at p is spherical.

Define normalized actions of U, and T), operators (|| U, and || T),) to a modular
form on U(/;); refer to [Hsieh 2011a; 2011b].

Lemma 5.4. Let E be a p-adic modular form of weight (0, k), k > 2. Suppose that
E is unramified at p. Then we have

E||Up(ai) =E || Tp(a;) (mod p),

fora; = (16‘i 0 ) € GLe(Q,) = U(I)(Q)), i=1,2,...,6.
0 pIi
The analogous result for modular forms on U(2, 1) was due to Hida’s observation.
Hsieh summarized it in [2011a, Lemma 7.3], whose proof is essentially the same as
that of Lemma 5.4. I want to emphasize that the formulas of the normalized Hecke
operators at p used in the proof are especially for holomorphic forms. So, we can
safely apply this lemma to E™™ and E°.

Lemma 5.5. E° =¢E)=C-eE™, where C is a p-adic unit.

Roughly speaking, the proof is as follows. Suppose the local sections at p for the
Eisenstein series E° and E'™ are, respectively, fl‘;rd and f!i,m. There is a unique
normalized ordinary local section at p, denoted by fl?rd*N (for the uniqueness, see
[Hida 2004b; Hsieh 2011b, Remark 6.3]). Then

f;rd — Cl fl(;rd,N and efli)nt — szl?rd,N‘

Moreover it can be shown that C = C1C, !'is a p-adic unit. Combining the two
lemmas above, we get

E 0 (mod m,) <= E™ %0 (mod m,).

We are left to show that E™ % 0 (mod m,).
From the calculation of Section 4, we can construct a linear functional on the
space of holomorphic modular forms on U(3, 1), such that

(E",0)

.98
©.0) 07 (1).

lp(E™) =
And notice that E li;t and 6 are both in the space of holomorphic theta functions,
and (-, -) is defined to be the inner product in this space. When 0 is 6,, we
have g, (E™) ~ L3 (ny ', 1 — DLy 1,1 — 3)LY¥(IT, x, 1). Notice that x
is from the Weil representation and we can vary x with only the restrictions that
Xoo(z) =1z|/z and x|ax =€k /. LYy~ 11— %) and L¥%(ny 11— %) are both
p-units for almost all . These facts are due to Hida [2004a]. The question of
whether L¥¢(T1, x, 1) is a p-unit or not for infinitely many x remains an open
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problem. Many results are known about nonvanishing modulo p of special values
of L-functions (refer to [Hida 2004a; Vatsal 2003] for results on GL; and GL, L-
functions). These facts suggest L¥2(T1, x, 1) may share the same property. Recent
work of M. Brakocevi¢ on anticyclotomic p-adic L-functions of central critical
Rankin—Selberg L-value may help prove the conjecture. I will address this question
in my next paper.

From Appendix B, we see by choosing proper ¢ that 6, is a p-integral theta
function, and can serve as one element of the basis that spans the space of p-integral
holomorphic theta functions 7'(m, L, Uy). So lg, maps a p-integral modular form
in U(3, 1) to a p-adic integer.

From the discussion above, we have this:

Conjecture 5.6. E™ £ 0 (mod mp).

Remark 5.7. As mentioned in the introduction, the computations explained in
this paper can be generalized to an arbitrary nonquasisplit unitary group U(m, n)
for m > n. Let P = M N be the minimal parabolic subgroup of U(m, n), and
M =GL,(K)xU(m—n). Given ® € I} """ (M@n(det -), s), define the Eisenstein
series E(®) and consider the Fourier—Jacobi coefficients Ey, (®) as a theta function
on the Jacobi group U(m —n) - N. Because E(®) can be written as the pullback
of a Siegel-Eisenstein series E(n) on U(m, m), we can study Ey (®) using certain
Fourier—Jacobi coefficients of E(1). So Ey (®) will have similar expressions as
in Corollary 4.11. Again using the inner product of the space of theta functions
on U(m —n) - N, we can define a linear functional on E(®) that leads to special
L-values.

Appendix A: Proof of the Siegel-Weil formula for (U (2, 2), U(1))

The Siegel-Weil formula for the dual reductive pair (U (2, 2), U (1)) is formulated
in Theorem 3.6. Let us first fix necessary notation and then give the proof.
Consider the dual reductive pair (U (2, 2), U(V)), where V is a Hermitian vector
space of dimension 1 over K. Now U(2,2) x U(V) acts on S (V2(A)) via the Weil
representation @, determined by an additive character ¥ of A and a character x of
A% /K such that x|ax = ex,/r. For ¢ € S(V2(A)), we have f,, € 1527 (x, 5),
where &’ is the Siegel parabolic subgroup of U(2, 2) (refer to (17)). Theorem 3.6
states that the Eisenstein series E(g, fs ) on U(2, 2) is holomorphic at s = —% and

E(g fo.s)ls=—1 = Qf[U(V)]%(g, u)du.

I give the proof of this theorem following the idea of Kudla and Rallis [1988], who
proved the Siegel-Weil formula for (Sp,,, O(V)) when V is anisotropic. First, we
prove that E(g, fy, ) is holomorphic at s = —% by studying the analytic properties
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of the constant term. Denote f[U(V)] 0s(g, u)du by I(g, ¢). Notice that I (g, ¢) is
orthogonal to all cusp forms on U(2, 2)(A) and is moreover concentrated on the
Borel subgroup B in the sense that the constant term of 7 (g, ¢) along any parabolic
subgroup P strictly containing B is orthogonal to all cusp forms on the Levi factor
of P. Since the same is true for E(g, fs. ), it suffices to show that the constant
term of E(g, fy ) along the Siegel parabolic subgroup at s = —% is equal to that
of I(g, ¢).

Denote the constant term of E(g, fs ) with respect to " by Eg/(g, fp ). Then
we have this:

Lemma A.1. For any H'-finite section f, E(g, f;) and Eg (g, fs) have the same
set of poles.

If ¢ is H'-finite, so is fs. We can apply the lemma above to find the poles of
E(g, fs,s). There are three terms in Eg/ (g, fs ), that is

Eg (8, fos) = ES(g, fo.s) + EL(g, fo.5) FEZ (8, fos), (32)

corresponding to the Bruhat decomposition

UQR2,2)(F) = P L @/wm@/ (] @/wz@/,

where
w —( 11) and w—( 12>
13 -1 1 2 _ .
We have EG(g, fp.s) = fp.5(8). S0 Egi(8. fp.s)l,—_1 = 0y ()¢ (0). The third
term has

B3 fo) = [ Foutuang)dn=M(5) 5. (o)
N'(A)
where M (s) is the intertwining operator. The second term has

Ep(g fo)= Y. [y (33)

y€B1\GL2(K)

where B is the Borel subgroup of GL,(K) and
9= [ foutwing)an
N”(A)

where N is a subgroup of N’ such that for n € N”,

1 x
— 1
(1)

1
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Since the Levi part of %'(F) is isomorphic to GL,(K), we see Eglp, (&, fo.9)lcLaak)
is an Eisenstein series on GL,(Ag) associated to the section

1 3
1 GL —S§—3 St3
f(j),sEIBlz(Xl'lK 27X|'|K 2)’

that is,

T
358 (34)

ab —s—1 +3

fhs g)=x@laly Tx®)bly 7 |4
d b

Let us consider the analytic property of M (s) fy s(g). It is well known that M (s) is
well-defined for s if Re s is big enough and it has the meromorphic continuation to
the complex plane. Let S be a finite set of places of F' such that fy s, = fo,0 18

spherical for all v ¢ S. Then we have

b(s)y
M(S)fqb,s:@l_[ (S) M(S)vﬁi),s,vl_[fo,—s,va

b(s) | _ga(s)y vés
where
a(s) _ §(2s —1,1)&2s, €x/r)
b(s) EQ@s+2,1HEQ2s+1, eK/F)’
specifically,

a(s)y  Ly(2s—1,1)Ly(2s, €x/r)
b(s)y Ly(2s+2,1)Ly(2s+1,€k/r)

for v # o0, and
a(s)eo _ res—nr@s+1)

b T+ @s+2)
where c(s) is some exponential, which will not affect the analytic property of
M(s) fo.s-

Theorem A.2. M(s)f¢,5|s:_% =0

(35)

Proof. Notice that

a(s) B
b(s) ls=—1
So we only need to show that
b(s)y
M
a(s)v (S)vf¢,s,v
forve Sats = —% is holomorphic.
When v € § and v is a finite place, we always have this:

1

Lemma A.3.
a(s)y

M (s)y f.v is holomorphic at s = —%for any fs.
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The general form of the lemma is stated in [Kudla and Rallis 1988]. If v € § is

an inert place, b(s), is obviously holomorphic at s = —%. So
b(s)y
M .
a(s)y (S)qub,s,v
is holomorphic at s = —%.

If v € S is a splitting place, pay attention that now b(s), has a simple pole. We
need a refinement of Lemma A.3 as follows:
Lemma A.4. Ifv is a splitting place,
1

mM(S)vfd),s,v

vanishes at s = —%.

I have to emphasize that this lemma is only right for the Siegel-Weil section.
Then in this case, we still have

b(s)y
a(s)y

M(s)vf¢>,s,v

is holomorphic at s = —%. I omit the proof of Lemma A.4. It is a direct corollary
of [Kudla and Sweet 1997, Theorem 1.3].

For v = o0, for convenience, we take ¢go (x) = ¥ (ixx™) as it is what we use in
the paper. For general functions in S(V?),, in the space of the Fock representation,
the holomorphic result still holds. We have that ¢, is an eigenfunction under the
action of an element k in the maximal open compact subgroup of U(2, 2),. Then,

I'(25)I'(2s — 1)
‘Te+ D+ hHre—1
2 2 2

From (35) and Lemma A.5, we can see that

Lemma A.5. M(S)oof¢go,s = ) f¢>go,—s-

b(s)oo
M
a(8)m (s)oofzzbgo,s
is holomorphic at s = —%. Combining the discussions above at each place, we
prove Theorem A.2. (]

Now let us consider (33), which is the second term of the constant term of
E(g, fs.5). As we see, restricted to the Levi part of U(2, 2), it is an Eisenstein series
associated to the (34). In [Kudla and Rallis 1988, Proposition 6.4], the Eisenstein
series like this was discussed and the holomorphic property was confirmed. The
idea is to obtain a relation of the form

Ej(g. fp.5) =Y _ i ()E' (g, Fj(s)), (36)
J
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where o (s) is a meromorphic function holomorphic at s = —%, and E! (g, Fj(s))
is an Eisenstein series on GL;(Ag) and

1
Fj(g,s)=M1(det8)|detg|12<fN ¢;((0, x)g) 1145 ' (det g)|det gl dx
K

sl 3
for¢p;j € S(M12(Ak)), and g = x| - |Ks Zur=xl- |SK+2. The analytic property of
this type of Eisenstein series is explicitly worked out. In our case, each E (., F i (5))

is holomorphic at s = —%. Furthermore, because the sum in (36) is a finite sum,
Egl;), (g, f4.s) 1s also holomorphic at s = —%.

Theorem A.6. E(g, fy ) is holomorphic at s = —%.

It is not hard to verify that (g, ¢) as an automorphic form on U(2, 2) is orthog-
onal to all cusp forms on U(2, 2) and is concentrated on the Borel subgroup B.
Since the constant term of 7 (g, ¢) with respect to the Siegel parabolic subgroup
P’ is wy (g)¢(0), the only thing remaining to prove the Siegel-Weil formula is to
confirm the constant term of E(g, fs ) ats = —% is 2w, (8)$ (0).

Let us first calculate the constant term E@/l (8, fo,s) of E(g, fg.s) with respect to
the parabolic subgroup | whose Levi factor is isomorphic to K* x U(1, 1). Let

1
i:U(,1)—>U_2,2), ((j Z))H( a1b>-
c d

Proposition A.7. For g e U(1, 1),

Then:

Eg) (8. fo.) = Egr (8.5 + 3.1 fpus) + Egy (8. 3 = 5. 7"M ) fs).  (37)
where Eg,, and Eé,/ are both Eisenstein series on U(1, 1).
1 1

Notice that E8>,1 is an Eisenstein series associated to the Siegel-Weil section
i* fs.s.- Applying the result about the Siegel-Weil formula for the dual reductive
pair (U(1, 1), U(1)) [Ichino 2004], we see that the constant term of

Eg,l (ga S+%, l*f¢,s)

with respect to the Siegel parabolic subgroup of U(1, 1) has two terms and they are
both equal to w, (i(g))¢(0) for g € U(1, 1) when s = —%.
First, EQI;),1 (g, % —s,i"M(s) f5, s) is holomorphic at s = —% by arguments similar
to those in [Kudla and Rallis 1988, Section 8]. Then applying Theorem A.2, we
1

have this Eisenstein series is zero at s = —5.
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It seems that too many constant terms are involved. The relation can be described
by the following diamond graph used in [ibid.]:

U2,2)
— \
GL, xU(1,1) GL,
\ /
L,

GL1 x G

From the line

U2,2) - GL; xU(1,1) - GL; x GLy,

00 EOI EIO

0 1
9> Lor» Egrs . and E;,. From

we get £
g 9)1 1

and Eglpl, . They are constant terms of E
. 1
the line

U2, 2) - GL, — GL; x GLy,

we get EQ%,, Egl;f,), EQI;J, and EQZP, (refer to (32)), where Egl;f,) and Eéf, are the constant
terms of Egl},,. Restricting all these to GL; x GL;, we have the following match up
relation:
00 101 r10 gll
E@,1 Eg,,1 E@,1 E@’l
0 10 pll 2
E; E; Eg Eg,
1

The top terms match up with the bottom terms. Because Eglp, is zero at s = —35,
1 1

then we have that Eé}, 18 zero at s = —3.

Proposition A.8. E} (g, Jo. )= 1 = @y (8)9(0).

Thus, we obtain that Eg/(g, fs.)l = 2w, (g)¢(0). Then Theorem 3.6 is

proved.

—_1
s=—3

Appendix B: Integral theta functions

First recall classical definitions of theta functions. For applications, let us restrict
to the 2-dimensional case here. Most of the results can be generalized to arbitrary
dimensions without difficulty. Fix the embeddings

0= C and @icp.

Let V be a 2-dimensional Hermitian vector space over K. Choose an Ok -lattice L
so that it fixes an abelian variety s{; with complex multiplication defined over a
number field M, where K ¢ M C Q. Under the embedding io,, L can be regarded
as a Z-module of rank 4, and so a lattice of C2. Then there exists an analytic
parametrization over C such that

Ap R CZCz/L
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For a Riemann form H on C? /L,and amap € : L — U, where U is the unit circle
of C, define an analytic line bundle £37 >~ C x C?/L with the action of L given by

[-(w,x)= <w+l, e(l)e(%H(l, w—l—é))x) for le L, (w,x) e C*xC,

where e(x) = ¢”™*. Then the space of global sections I'(C?/L, 2‘};" ) can be
identified with the space of holomorphic theta functions 7T (H, €, L) such that
for feT(H,e€, L),

Fw+1D) :f(w)e(l)e(%H(l, w—i—é)) for weC%lelL.

To study arithmetic theta functions and furthermore integral theta functions inside
T(H, e, L), let us consider the line bundle £4  on 9y defined over M, and give
Lh e arigidification at the origin. At oo, fix an isomorphism

~. qan
’SH,G ®ioo(]:_ H,e>

such that it is consistent with the analytic parametrization of &, and carries the
rigidification of £ ¢ into the canonical one of £3; . For a prime p, when 4, ®;,C,
has a good reduction, we can assume it is defined over the ring of integers 0 =0(C),).
Then we require that the rigidification of £  satisfies that the p-integral elements
of the stalk of £y ¢ over the origin correspond to the p-integral points on the affine
line.

Within the context above, we see that ioo(I'(sdz, £x.¢)) 1S an i (M)-vector
space of theta functions inside I'(C?/L, Ly =T(H, e, L). Let us denote this
space by T*(H, €, L); each element inside is an arithmetic theta function. Inside
the C,-vector space I'(sd ®;, Cp, L. ®i, C)p), we have the 0-module of integral
sections. It is in turn the ioo(i;1 (0) N M)-module of p-integral theta functions in
io(T (AL, Lhe)) = T*(H, €, L). We give it a notation T™(H, €, L). Thus we
have

T"(H,e, L) CT*(H,e,L) CT(H, ¢, L).

For f e T(H, ¢, L), define

fulw) = e(LHQw, w) fw).

The following lemma gives simple characterizations of arithmetic theta functions
and integral theta functions.

Lemma B.1. T*(H, €, L) consists of all functions f € T (H, €, L) such that f,(w)
is an algebraic number in C for any w € K L. The module T™(H, €, L) of p-integral
theta functions consists of f € T(H, €, L) such that i, - io_ol(f*(w)) is integral in
CpforweKL.
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For the proof, see the proof [Finis 2006, Lemma 3.1]. Even though, there, only
the case of one-dimensional Hermitian space was considered, the idea can be easily
generalized here.

Shimura [1976] studied the arithmetic properties of theta functions with complex
multiplication, and gave a basis for T*(H, €, L). Let me mainly discuss the case
when V /K is a 2-dimensional anisotropic Hermitian space. Also, V can be regarded
as a symplectic vector space with the alternating form

(v1, v2) = V1LVS — VLT,

with vi{ v} the anti-Hermitian pairing on V. There exist wy, w2 € M>(K), such
that z = w, hw is a point in the Siegel upper half plane $),, and

L= {(a b) (i;)

Then the Riemann form on V can be written as

1
anz,beZZ<0 2) foraﬁxedaez}.

Huwy, vws) =2im-u(z —z)" 'v* for u,veK?, (38)
and € is of the form

1
e(aw; + bwn) = e(% .ab' + brt —|—ast> for a e 72, b e 7> (0 2) ,
with a choice of r and s in Q2. Foru € C%, z€ $,, r,s € R%, and a positive
integer u, define

Ors(u,z) = e(%u(z - Z)_lut) Z e(%(x +r)z(x+r)' + @ +r)u+s)).
xez?

1

- -1
Put f ,s(u) = er,s(muwz , Mw, wy).

Theorem B.2. (1) Forr,s € Q%, we have Smrs@) € TY(H, €, L) for H defined
in (38) and € defined by

e(aw) +bwn) = e<%m -ab' +mbr' — ast).

Moreover, the functions

. (1 O
fm,r-i—j,s for jem 1<0 O(_l) 22/22

give a basis of T"(H, €, L) over the field of algebraic numbers in C.

(2) Let p be an unramified prime number for T (H, €, L). When z is diagonal,
Sfm.r.s 18 a p-integral element in T(H, e, L). Thus T™(H, e, L) is spanned
by the functions fy 4 ;s over ioo(i;1 ©)).
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Proof. See [Shimura 1976, Proposition 2.5] for the proof of (1). For (2), though it is
possible to remove the condition that z is diagonal, I will skip the discussion of the
more general results because the proof would be more technical. When z = (Zo1 ZOZ )
is diagonal,

2
Ors(tt, 2) = [ [ O (i 20).

i=1

where

Or,.si iy 2i) = e(Sui(zi —20) ' uy) Z e(5(x +rzi(x4r) + (x+r) i +5)),
xezZ

for r = (r1, r2) and so on. Notice that these 6,, i, (u;, z;) are essentially theta

functions in the one-dimensional case. The p-integrality of them is confirmed by

[Finis 2006, Lemma 3.3]. Thus, the p-integrality of the f,, ,4 ;¢ follows. O

Remark B.3. When L corresponds to a diagonal element in $),, &, is isomor-
phic to the product of two elliptic curves. In this case, the ioo(i;1(©))—basis of
T™(H, e, L) is given in Theorem B.2(2), and the number of elements inside is
exactly equal to the dimension of T*(H, €, L). In general, when & is an abelian
variety with CM, it is always isogenous to £ x E;, where E; and E, are elliptic
curves with CM. Such isogeny induces the isomorphism between modules of integral
theta functions of «{; and E;| x E; with appropriate choices of Riemann forms
accordingly.

Then let me briefly explain the relation between classical theta functions and
adelic theta functions. One can find the discussion of one-dimensional case in [Finis
2006]. Define Ta(m, L, Uy) to be the space of all smooth functions

O : NQU@O@@N\NAWUE)A) /U)UsN(L)y — C,

where Uy is a certain open compact subgroup of U(¢) at finite places such that the
level is prime to p, and

Ny ={w,0)|wel,t+Iwtw* e @)},
where (L) is the ideal generated by w¢w™ for all w € L. The function ® satisfies
OO0, )r)=e(mt)®() for r e NAAYU()A).

Because U(¢) is anisotropic, U(Z)(Q)\U (¢)(A),/U(¢)eUy consists of a finite
set of points {u1, ..., us} CU(L)(Ayr). So we have

Ta(m,L,Up) =@i_, T(m,u;L), O (6))
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such that ®; (n) = O (nu;)for n € N(A). Then one may check for each i,

wlw*

61 (weo) = ¢(—m==—) O (w=c, 0)

is a classical theta function in T (H, €, u; L), where H and € are defined according
to the lattice u; L, and

(©.0)=) (6.6]) for ©,0 €Ta(m, L Uy,

i

where
(0,0 :/ Or)O'(r)dr
N@U G @N\NAU () (A)
and
1 JRE—
0;,0) = —— 6; ()0 (w) dw.
00 = 5oy [, i)
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The phase limit set of a variety

Mounir Nisse and Frank Sottile

A coamoeba is the image of a subvariety of a complex torus under the argument
map to the real torus. We describe the structure of the boundary of the coamoeba
of a variety, which we relate to its logarithmic limit set. Detailed examples of
lines in three-dimensional space illustrate and motivate these results.

1. Introduction

A coamoeba is the image of a subvariety of a complex torus under the argument
map to the real torus. Coamoebae are cousins to amoebae, which are images of
subvarieties under the coordinatewise logarithm map z — log |z|. Amoebae were
introduced by Gelfand, Kapranov, and Zelevinsky [1994] and have subsequently
been widely studied [Kenyon et al. 2006; Mikhalkin 2000; Passare and Rullgard
2004; Purbhoo 2008]. Coamoebae were introduced by Passare in a talk in 2004,
and they appear to have many beautiful and interesting properties. For example,
coamoebae of s-discriminants in dimension 2 are unions of two nonconvex poly-
hedra [Nilsson and Passare 2010], and a hypersurface coamoeba has an associated
arrangement of codimension-1 tori contained in its closure [Nisse 2009].

Bergman [1971] introduced the logarithmic limit set £°°(X) of a subvariety X
of the torus as the set of limiting directions of points in its amoeba. Bieri and
Groves [1984] showed that £°°(X) is a rational polyhedral complex in the sphere.
Logarithmic limit sets are now called tropical algebraic varieties [Speyer and
Sturmfels 2004]. For a hypersurface V'( f), logarithmic limit set £°°(V'( f)) consists
of the directions of nonmaximal cones in the outer normal fan of the Newton
polytope of f. We introduce a similar object for coamoebae and establish a structure
theorem for coamoebae similar to those of Bergman and of Bieri and Groves for
amoebae.

Let cosd(X) be the coamoeba of a subvariety X of (C*)" with ideal /. The phase
limit set P°°(X) of X is the set of accumulation points of arguments of sequences
in X with unbounded logarithm. For w € R", the initial variety in,, X C (C*)" is
the variety of the initial ideal of /. The fundamental theorem of tropical geometry

MSC2010: primary 14T0S; secondary 32A60.
Keywords: coamoeba, amoeba, initial ideal, toric variety tropical geometry.
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asserts that in, X 7# @ exactly when the direction of —w lies in £*°(X). We
establish its analog for coamoebae.

Theorem 1. The closure of cod is cosd(X) U P> (X), and

PR(X) = U cosd (iny X).
w#0

Johansson [2013] used different methods to prove this when X is a complete
intersection.

The cone over the logarithmic limit set admits the structure of a rational polyhe-
dral fan ¥ in which all weights w in the relative interior of a cone o € ¥ give the
same initial scheme in,, X. Thus, the union in Theorem 1 is finite and indexed by
the images of these cones o in the logarithmic limit set of X. The logarithmic limit
set or tropical algebraic variety is a combinatorial shadow of X encoding many
properties of X. While the coamoeba of X is typically not purely combinatorial
(see the examples of lines in (C*)? in Section 3), the phase limit set does provide a
combinatorial skeleton and that we believe will be useful in the further study of
coamoebae.

We give definitions and background in Section 2 and detailed examples of lines
in three-dimensional space in Section 3. These examples are reminiscent of the
concrete descriptions of amoebae of lines in [Theobald 2002]. We prove Theorem 1
in Section 4.

2. Coamoebae, tropical varieties, and initial ideals

As a real algebraic group, the set T := C* of invertible complex numbers is
isomorphic to R x U under the map (r,0) +— e +V=19  Here, U is the set of
complex numbers of norm 1 that may be identified with R/2wZ. The inverse map
is z — (log|z], arg(z)).

Let M be a free abelian group of finite rank and N = Hom(M, Z) its dual group.
We use (-, - ) for the pairing between M and N. The group ring C[M] is the ring of
Laurent polynomials with exponents in M. It is the coordinate ring of a torus T y that
is identified with N ® 7z T = Hom(M, T), the set of group homomorphisms M — T.
There are natural maps Log: Ty - Ry =N ®zRand arg: Ty - Uy =N ®z U,
which are induced by the maps C* > z +> log |z| and z > arg(z) € U. Maps N — N’
of free abelian groups induce corresponding maps Ty — T of tori and also of Ry
and Uy. If n is the rank of N, we may identify N with Z", which identifies Ty
with T", Uy with U", and Ry with R".

The amoeba s1(X) of a subvariety X C Ty is its image under Log: Ty — Ry,
and the coamoeba cosd (X) of X is the image of X under arg: Ty — Uy. An amoeba
has a geometric-combinatorial structure at infinity encoded by the logarithmic limit
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set [Bergman 1971; Bieri and Groves 1984]. Coamoebae similarly have phase limit
sets that have a related combinatorial structure that we define and study in Section 4.

If we identify C* with R?\ {(0, 0)}, then the map arg: C* — U given by (a, b) —
(a, b)/~/a?+ b? is a real algebraic map. Thus, coamoebae, as they are the image
of a real algebraic subset of the real algebraic variety T under the real algebraic
map arg, are semialgebraic subsets of Uy [Basu et al. 2006]. It would be very
interesting to study them as semialgebraic sets; in particular, what are the equations
and inequalities satisfied by a coamoeba? When X is a Grassmannian, such a
description would generalize Richter-Gebert’s five-point condition for phirotopes
from rank 2 to arbitrary rank [Below et al. 2003].

Similarly, we may replace the map C* > z — log|z| € R in the definition of
amoebae by the map C* 3 z + |z| € RT := {r € R| r > 0} to obtain the algebraic
amoeba of X, which is a subset of [R{;. The algebraic amoeba is a semialgebraic
subset of Rx, and we also ask for its description as a semialgebraic set.

Example 2. Let £ C T? be defined by x +y + 1 = 0. The coamoeba cosd(£) is
the set of points of U2 of the form (arg(x), m +arg(x + 1)) for x € C\ {0, —1}.
If x is real, then these points are (£, 0), (£, £7), and (0, £7) if x lies in the
intervals (—oo, —1), (—1, 0), and (0, c0), respectively. For other values, consider
the picture below in the complex plane:

X x+1

arg (x) —arg(x+1)
0 R

For arg(x) ¢ {0, m} fixed, w 4+ arg(x+1) can take on any value strictly between
7 4+ arg(x) (for w near co) and O (for x near 0), and thus, cosd(£) consists of the
three points (r, 0), (7, ), and (0, 7v) and the interiors of the two triangles displayed
below in the fundamental domain [—, 7]*> C R? of U2. This should be understood
modulo 27 so that 7 = —m.

2

| 7/ |
e |
0 ¢ /+ arg(y) = m +arg(x+1) (1)
| 7z |
O
-7 0 b4

The coamoeba is the complement of the region

{(@.p) e[-m, 7 | |lo — B| < = arg(—1)}
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together with the three images of real points (£, 0), (£, =), and (0, 7).

Given a general line ax + by + ¢ = 0 with a, b, ¢ € C*, we may replace x
by c¢x’/a and y by c¢y’/b to obtain the line x' + y’ + 1 = 0 with coamoeba (1).
This transformation rotates the coamoeba (1) by arg(a/c) horizontally and arg(b/c)
vertically.

Let f € C[M] be a polynomial with support s C M

fi= Z cm-E™, where ¢, € C¥, 2)

med

and we write £™ for the element of C[M] corresponding to m € M. Given w € Ry,
let w(f) be the minimum of (m, w) for m € . Then the initial form in,, f of f
with respect to w € Ry is the polynomial in,, f € C[M] defined by

inyfi= Y cm-E"
(mw)=w(f)

Given an ideal / C C[M] and w € Ry, the initial ideal with respect to w is
ingl :=(in,, f | f € I) C C[M].

Lastly, when [/ is the ideal of a subvariety X, the initial scheme in,X C Ty is
defined by the initial ideal in,, /.

The sphere Sy := (Ry\{0})/R™ is the set of directions in Ry. Let 7w : Ry \ {0} —
Sy be the projection. The logarithmic limit set £°°(X) of a subvariety X of Ty is
the set of accumulation points in Sy of sequences {m (Log(x,))}, where {x,} C X is
an unbounded set. A sequence {x,} C Ty is unbounded if its sequence of logarithms
{Log(x,)} is unbounded.

A rational polyhedral cone 0 C Ry is the set of points w € Ry that satisfy
finitely many inequalities and equations of the form

(m,w)>0 and (m',w)=0,

where m, m’ € M. The dimension of o is the dimension of its linear span, and faces
of o are proper subsets of o obtained by replacing some inequalities by equations.
The relative interior of o consists of its points not lying in any face. Also, o is
determined by o N N, which is a finitely generated subsemigroup of N.

A rational polyhedral fan ¥ is a collection of rational polyhedral cones in Ry
in which every two cones of ¥ meet along a common face.

Theorem 3. The cone in Ry over the negative —£°°(X) of the logarithmic limit
set of X is the set of w € Ry such that in, X # @. Equivalently, it is the set of
w € Ry such that for every f € C[M] lying in the ideal I of X, iny f is not a
monomial. This cone over —¥°°(X) admits the structure of a rational polyhedral
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fan X with the property that if u and w lie in the relative interior of a cone o of X,
then in, I =iny, 1.

It is important to take —%°°(X). This is correct as we use the tropical convention
of minimum, which is forced by our use of toric varieties to prove Theorem 1 in
Section 4.2.

We write in, I for the initial ideal defined by points in the relative interior
of a cone o of X. The fan structure X is not canonical for it depends upon an
identification M = Z". Moreover, it may be the case that o # T but in, I = in. /.

Bergman [1971] defined the logarithmic limit set of a subvariety of the torus Ty,
and Bieri and Groves [1984] showed it was a finite union of convex polyhedral
cones. The connection to initial ideals was made more explicit through work of
Kapranov [2006], and the form above is adapted from Speyer and Sturmfels [2004].
The logarithmic limit set of X is now called the tropical algebraic variety of X, and
this latter work led to the field of tropical geometry.

3. Lines in space

We consider coamoebae of lines in three-dimensional space. We will work in
the torus TP3 of P3, which is the quotient of T# by the diagonal torus At and
similarly in UP3, the quotient of U* by the diagonal Ay := {(6,6,6,6) | 8 € U}.
By coordinate lines and planes in UP?, we mean the images in UP? of lines and
planes in U* parallel to some coordinate plane.

Let £ be a line in IP? not lying in any coordinate plane, so £ has a parametrization

¢: P s [s:t]> [Lo(s, 1) 1 £1(s, 1) s £a(s, 1) : £3(s, 1)], 3)

where £, £1, £>, and £3 are nonzero linear forms that do not all vanish at the same
point. Fori =0, ..., 3, let & € P! be the zero of ¢;. The configuration of these
zeroes determine the coamoeba of £ N TIP3, which we will simply write as cosd(£).

Suppose that two zeroes coincide; say {3 = . Then ¢3 = af, for some a € C*,
and so £ lies in the translated subtorus z3 = az;, and its coamoeba cosd (£) lies in
the coordinate subspace of U; defined by 63 = arg(a) 4+ 6,. In fact, cosd (£) is pulled
back from the coamoeba of the projection of £ to the 63 = 0 plane. It follows that if
there are only two distinct roots among {p, . . ., {3, then cosd (£) is a coordinate line
of Us. If three of the roots are distinct, then (up to a translation) the projection of
the coamoeba cos(£) to the 83 = 0 plane looks like (1) so that cosd(£) consists of
two triangles lying in a coordinate plane.

Foreachi =0, ..., 3, define a function depending upon a point [s : 1] € P! and
6 € U by
0 if £;(s,t) =0,

i(s,1;0) = .
vi(s ) {arg(ﬁi(s,t)) otherwise.
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Foreachi =0, ..., 3, let &; be the image in UP3 of U under the map

0 [@o(&i, 0), 91(&i, 0), 92(&i, 0), ¢3(&i, 0)].

Lemma 4. Foreachi =0,...,3, h; is a coordinate line in UP3 that consists of
accumulation points of cod (£).

This follows from Theorem 1. For the main idea, note that arg o (¢; + cefV-1 )
for @ € U is a curve in UP? whose Hausdorff distance to the line 4; approaches 0
as € — 0. The phase limit set of £ is the union of these four lines.

Lemma 5. Suppose that the zeroes o, {1, and ¢y are distinct. Then
P\ {20, 1. 02} 3 x > arg(Lo(x), £1(x), £2(x)) € U/ Ay = UP?
is constant along each arc of the circle in P! through &y, ¢1, and .

Proof. After changing coordinates in P! and translating in UP? (rotating coordi-
nates), we may assume that these roots are oo, 0, and —1, and so the circle becomes
the real line. Choosing affine coordinates, we may assume that £y = 1, £; = x, and
€7 = x + 1 so that we are in the situation of Example 2. Then the statement of
the lemma is the computation there for x real in which we obtained the coordinate
points (7, 0), (7, 7), and (0, 7). O

Lemma 6. The phase limit lines hg, hy, hy, and hs are disjoint if and only if the
roots &y, . . ., {3 do not all lie on a circle.

Proof. Suppose that two of the limit lines meet, say hg and h;. Without loss of
generality, we suppose that we have chosen coordinates on U* and P! so that ¢; € C
and ¢;(x) =x —¢; fori =0, ..., 3. Then there are points «, 8, 8 € U such that

(®0 (%o, @), ¢1(Z0, @), ¥2(o, @), ¢3(Lo, @)
= (¢0(§1» IB)’ Qﬂl(fl, :8)5 gDZ(é-la 13)7 ‘P3(§17 13)) + (99 0’ 97 9)

Comparing the last two components, we obtain

arg(o — &) = arg(§1 — &) +60  and  arg(fo — ¢3) = arg($) — ¢3) + 0,
and so the zeroes ¢y, ..., {3 have the configuration below:

%)
{3 A\

%

o &1
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But then ¢, ..., {3 are cocircular. Conversely, if ¢y, ..., ¢3 lie on a circle C, then
by Lemma 5, the lines 4; and & ; meet only if ¢; and ¢; are the endpoints of an arc

of C\{¢o,..., ). O

Lemma 7. Ifthe roots &y, .. ., {3 do not all lie on a circle, then the map

argogp: P\ {¢0, &1, &2, 53} — UP?

is an immersion.

Proof. Let x € P!\ {¢o, ¢1, &2, ¢3}, which we consider to be a real two-dimensional
manifold. After possibly reordering the roots, the circle C; containing x, ¢, and &
meets the circle C; containing x, ¢», and ¢3 transversally at x. Under the derivative
of the map arg o, tangent vectors at x to C| and C; are taken to nonzero vectors
(0,0, uy, vy) and (uy, v2, 0, 0) in the tangent space to U*. Furthermore, as the four
roots do not all lie on a circle, we cannot have both u; = v; and u, = v,, and so this
derivative has full rank two at x as a map from P!\ {¢o, ¢1, &2, £3) — UP3, which
proves the lemma. O

By these lemmas, there is a fundamental difference between the coamoebae of
lines when the roots of the linear forms ¢; are cocircular and when they are not.
We examine each case in detail. First, choose coordinates so that ¢y = co. After
dehomogenizing and separately rescaling each affine coordinate (e.g., identifying
UP3 with U? and applying phase shifts to each coordinate 1, 6, 63 of U?), we may
assume that the map (3) parametrizing ¢ is

¢:Cax|—>(x—§1,x—§2,x—§3)e@3. @

Suppose first that the four roots are cocircular. As zg = 0o, the other three lie on
areal line in C, which we may assume is R. That is, if the four roots are cocircular,
then up to coordinate change, we may assume that the line ¢ is real and the affine
parametrization (4) is also real. For this reason, we will call such lines ¢ real lines.
We first study the boundary of cosd(£). Suppose that x lies on a contour C in the
upper half plane as in Figure 1 that contains semicircles of radius € centered at each
root and a semicircle of radius 1/€ centered at 0 but otherwise lies along the real

&1 '9) &3

Figure 1. Contour in upper half plane.
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axis for €, a sufficiently small positive number. Then arg(¢ (w)) € U3 is constant
on the four segments of C lying along R with respective values

(w,m,m), (O,m7, ), (0,0,7), and (0,0,0), 5

moving from left to right. On the semicircles around ¢, ¢, and &3, two of the
coordinates are essentially constant (but not quite equal to either 0 or 77!) while the
third decreases from 7 to 0. Finally, on the large semicircle, the three coordinates
are nearly equal and increase from (0, 0, 0) to (;r, w, ). The image arg(¢ (C))
can be made as close as we please to the quadrilateral in U? connecting the points
of (5) in cyclic order when € is sufficiently small. Thus, the image of the upper
half plane under the map arg o is a relatively open membrane in U? that spans the
quadrilateral. It lies within the convex hull of this quadrilateral, which is computed
using the affine structure induced from R? by the quotient U = R3/(277)3.

For this, observe that its projection in any of the four coordinate directions
parallel to its edges is one of the triangles of the coamoeba of the projected line in
CP? of Example 2, and the convex hull of the quadrilateral is the intersection of
the four preimages of these triangles.

Because /¢ is real, the image of the lower half plane is isomorphic to the image
of the upper half plane under the map (0y, 6, 63) +— (—0;, —6,, —63), and so the
coamoeba is symmetric in the origin of U? and consists of two quadrilateral patches
that meet at their vertices. Here are two views of the coamoeba of the line where
the roots are oo, —1/2, 0, and 3/2:

Now suppose that the roots &y, . . ., ¢3 do not all lie on a circle. By Lemma 6, the
four phase limit lines /1, ..., h3 are disjoint, and the map from ¢ to the coamoeba
is an immersion. Figure 2 shows two views of the coamoeba in a fundamental
domain of UP3 when the roots are oo, 1, ¢, and ;‘2, where ¢ is a primitive third
root of infinity. This and other pictures of coamoebae of lines are animated on the
website [Nisse and Sottile 2010].
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Figure 2. Two views of the coamoeba of a symmetric line.

The projection of this coamoeba along a coordinate direction (parallel to one of
the phase limit lines /;) gives a coamoeba of a line in TI?? as we saw in Example 2.
The line 4; is mapped to the interior of one triangle, and the vertices of the triangles
are the images of line segments lying on the coamoeba. These three line segments
come from the three arcs of the circle through the three roots other than ¢;, the root
corresponding to 4;.

Proposition 8. The interior of the coamoeba of a general line in TP contains
twelve line segments in triples parallel to each of the four coordinate directions.

The symmetric coamoeba we show in Figure 2 has six additional line segments,
two each coming from the three longitudinal circles through a third root of unity
and 0 and co. Two such segments are visible as pinch points in the leftmost view
in Figure 2. We ask, What is the maximal number of line segments on a coamoeba
of a line in TP3?

4. Structure of the phase limit set

The phase limit set P°°(X) of a complex subvariety X C Ty is the set of all
accumulation points of sequences {arg(x,) | n € N} C Uy, where {x,, |n e N} C X
is an unbounded sequence. For w € N, in, X C Ty is the (possibly empty) initial
scheme of X, whose ideal is the initial ideal in,, I, where I is the ideal of X. Our
main result, Theorem 1, is that the phase limit set of X is the union of the coamoebae
of all its initial schemes.

Remark 9. The union of Theorem 1 is finite. By Theorem 3, in,, X is nonempty
only when w lies in the cone over the logarithmic set £°°(X), which can be given
the structure of a finite union of rational polyhedral cones such that any two points
in the relative interior of the same cone o have the same initial scheme. If we write
in, X for the initial scheme corresponding to a cone o, the torus Ty > (C*)%im?
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acts on in, X by translation (e.g., see Corollary 13). (Here, (o) C N is the span
of 0 NN, a free abelian group of rank dim o'.) This implies cod(in, X) is a union of
orbits of cosd(T(5)) = Uys) and thus that dim(cosd(in, X)) < 2dim(X) — dim(o).

This discussion implies the following proposition:

Proposition 10. Ler X C Ty be a subvariety, and suppose that Ty C Ty is the
largest subtorus acting on X. Then dim cos{(X) <min{dim Ty, 2dim X —dim T x}.

We prove Theorem 1 in the next two subsections.

4.1. Coamoebae of initial schemes. We review the standard dictionary relating
initial ideals to toric degenerations in the context of subvarieties of Ty [Gelfand
et al. 1994, Chapter 6]. Let X C Ty be a subvariety with ideal I C C[M]. We
study in,/ and the initial schemes in, X = V' (in, /) C Ty for w € N. Since
ing/ = I so that ing X = X, we may assume that w # 0. As N is the lattice of one-
parameter subgroups of Ty, w corresponds to a one-parameter subgroup written
asC* st t" € Ty. Define X CC x Ty by

%X :={(t,x) eC*x Ty | t* x € X). (©6)

The fiber of % over a point r € C* is t % X. Let ¥ be the closure of ¥ in C x Ty,
and set X to be the fiber of ¥ over 0 € C.
Proposition 11. Xy =in, X.

Proof. We first describe the ideal $ of &. For m € M, the element £ € C[M] takes
the value %) € C* on the element t* € Ty, and so if x € Ty, then £ takes the
value t "™ W E™M (x) =t m(x) on t¥x. Given a polynomial f € C[M] of the form

fi= Z cm€™  for ¢y € C¥,

medi

define the polynomial f(¢) € C[¢, t~'][M] by
F@) =" cmt™"E™. @)

med

Then f(t)(x) = f(t"x), so $ is generated by the polynomials f(¢) of (7) for
f € 1. A general element of $ is a linear combination of translates ¢ f () of such
polynomials for a € Z.

If we set w(f) to be the minimal exponent of ¢ occurring in f(¢), then

inf= > cmE™
m.w)=w( )

and

t_w(f)f(l‘) =iny f + Z t(m,w)—w(f)cm%-m.
(m,w)>w(f)
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This shows that $ N C[¢][M] is generated by polynomials t~*/) £ (¢), where f € I.
Since in,, f € C[M] and the remaining terms are divisible by 7, we see that the ideal
of Xy is generated by {in,, f | f € $}, which completes the proof. (]

We use Proposition 11 to prove one inclusion of Theorem 1, namely that

P®(X) D U cod(iny X). (8)
weN\{0}

Fix 0 # w € N, and let &, %, and X = in, X be as in Proposition 11, and let
X0 € Xo. We show that arg(xg) € P°°(X). Since (0, xg) € %, there is an irreducible
curve C C % with (0, xp) € C. The projection of C C C* x Ty to C* is dominant, so
there exists a sequence {(t,, x,) | n € N} C C that converges to (0, xg) with each ¢,
real and positive. Then arg(xp) is the limit of the sequence {arg(x,)}.

For each n € N, set y, := 1, -x, € X. Since ¢, is positive and real, every
component of #,” is positive and real, and so arg(y,) = arg(x,). Thus, arg(xo) is
the limit of the sequence {arg(y,)}. Since x, converges to xo and #, converges to 0,
the sequence {y,} C X is unbounded, which implies that arg(xo) lies in the phase
limit set of X. This proves (8).

4.2. Coamoebae and tropical compactifications. We finish the proof of Theorem 1
by establishing the other inclusion,

P2(X)c | J cost(ingX).
weN\{0}

Suppose that {x, | n € N} C X is an unbounded sequence. To study the accumu-
lation points of the sequence {arg(x,) | n € N}, we use a compactification of X
that is adapted to its inclusion in Ty. Suitable compactifications are the tropical
compactifications of Tevelev [2007] for in these the boundary of X is composed of
initial schemes in,, X of X in a manner we describe below.

By Theorem 3, the cone over the logarithmic limit set £°°(X) of X is the support
of a rational polyhedral fan ¥ whose cones o have the property that all initial
ideals in,, I coincide for w in the relative interior of o.

Recall the construction of the toric variety Yy associated with a fan X [Fulton
1993; Gelfand et al. 1994, Chapter 6]. For o € X, set

oV:={meM|(m,w)>0forall weo)l,
ot :={meM| (m,w)=0forall w € o).
Set V,; := spec C[o'V] and O, := spec C[o*], which is naturally isomorphic to

Tn/Tsy, where (o) C N is the subgroup generated by c NN. The map m+— m@m
determines a comodule map C[o V] — C[o V] ® C[M], which induces the action of
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the torus T on V. Its orbits correspond to faces of the cone o, and the smallest orbit
0, corresponds to o itself. The inclusion o C oV is split by the semigroup map

m ifmeot,

0 ifmgot, ©)

o' smm— {
which induces a map C[M] — Cl[o 1], and thus, we have the T y-equivariant split
inclusion

Oy —> V, —200,. (10)

On orbits O, in V,;, the map 7, is simply the quotient by T (5.

Ifo, 7€ X witho C1,thenoY D1V, Clo¥] D C[r"], and so V,, C V;. Since
the quotient fields of C[o V] and C[M] coincide, these are inclusions of open sets,
and these varieties V,, for o € ¥ glue together along these natural inclusions to give
the toric variety Yy. The torus Ty acts on Yy with an orbit O, for each cone o of X.

Since Vy =Ty, Yx contains Ty as a dense subset, and thus X is a (nonclosed)
subvariety. Let X be the closure of X in Ys. As the fan ¥ is supported on the
cone over £*(X), X will be a tropical compactification of X, and X is complete
[Tevelev 2007, Proposition 2.3]. To understand the points of X \ X, we study the
intersection X N V,, which is defined by I NC[o "], as well as the intersection
X NO,, which is defined in C[o 1] by the image I (o) of I N C[o "] under the map
Cl[oV] — C[o*] induced by (10).

Lemma 12. The initial ideal in, I C C[M] of I is generated by I (o) under the
inclusion Clo1+] — C[M].

Proof. Let f € I. Since o is a cone in X, we have that in, f = in,, f for all w in
the relative interior of o. Thus, for w € o, the function m +— (m, w) on exponents
of monomials of f is minimized on (a superset of) the support of in, f, and if w
lies in the relative interior of o, then the minimizing set is the support of in, f.
Multiplying f if necessary by £ ™™, where m is some monomial of in, f, we may
assume that for every w € o, the linear function m — (m, w) is nonnegative on the
support of f so that f € C[o"], and the function is zero on the support of in, f.
Furthermore, if w lies in the relative interior of o, then it vanishes exactly on the
support of in, f. Thus, in, f € C[o 1], which completes the proof. O

Since O; = Ty /T 5), Lemma 12 has the following geometric counterpart:
Corollary 13. By translation with ina X /T 5y = Xno,, T(s) acts (freely) on in, X.

Proof of Theorem 1. Let 0 € P°°(X) be a point in the phase limit set of X. Then
there exists an unbounded sequence {x, | n € N} C X with

lim arg(x,) =46.
n—oo
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Since X is compact, the sequence {x, | n € N} has an accumulation point x in X. As
the sequence is unbounded, x ¢ Op, and so x € X \ X. Thus, x is a point of XNnao,
for some cone o # 0 of X. Replacing {x,} by a subsequence, we may assume
that lim,, x,, = x.

Because the map 7, of (10) is continuous and is the identity on O, we have that
{ms(x,)} converges to m, (x) = x, and thus,

T (0) = ng( lLIIgoarg(xn)) = arg( lirrgong (x,,)) =arg(x) € cod(XNO,). (11)

Corollary 13 implies that cod(X N0Oy) = cosd(ing X) /Us as Uy = arg(T(qs)).
Recall that on Oy, 7z, is the quotient by T ). Thus, we conclude from (11) that
6 € cosd(in, X), which completes the proof of Theorem 1 as in, X = in,, X for
any w in the relative interior of o. U

Example 14. In [Nisse 2009], the closure of a hypersurface coamoeba cosd(V'( f))
for f € C[M] was shown to contain a finite collection of codual hyperplanes. These
are translates of codimension-1 subtori U, for o a cone in the normal fan of the
Newton polytope of f corresponding to an edge. By Theorem 1, these translated
tori are that part of the phase limit set of X corresponding to the cones o dual to the
edges, specifically cosd(in, X). Since o has dimension n — 1, the torus T, acts with
finitely many orbits on in, X, which is therefore a union of finitely many translates
of T,. Thus, cosd(in, X) is a union of finitely many translates of U,.

The logarithmic limit set £°°(C) of a curve C C Ty is a finite collection of
points in Sy. Each point gives a ray in the cone over £°(C), and the components
of °°(C) corresponding to a ray o are finitely many translations of the dimension-1
subtorus U, of Uy, which we referred to as lines in Section 3. These were the lines
lying in the boundaries of the coamoebae cos(£) of the lines £ in T? and T°3.
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Base change behavior of the relative
canonical sheaf related to higher
dimensional moduli

Zsolt Patakfalvi

We show that the compatibility of the relative canonical sheaf with base change
fails generally in families of normal varieties. Furthermore, it always fails if the
general fiber of a family of pure dimension n is Cohen—Macaulay and the special
fiber contains a strictly S,_; point. In particular, in moduli spaces with functorial
relative canonical sheaves Cohen—Macaulay schemes can not degenerate to S,
schemes. Another, less immediate consequence is that the canonical sheaf of an
S.—1, G, scheme of pure dimension 7 is not S;.

1. Introduction

The canonical sheaf plays a crucial role in the classification of varieties of char-
acteristic zero. Global sections of its powers define the canonical map, which
is birational onto its image for varieties of general type with mild singularities.
The image is called the canonical model, and it is a unique representative of the
birational equivalence class of the original variety. In particular, the canonical
model can be used to construct a moduli space that classifies varieties of general
type up to birational equivalence. This moduli space 91, of stable schemes is the
higher dimensional generalization of the intensely investigated space Sﬁg of stable
curves. In order to build M1, it is important to understand when the canonical sheaf
behaves functorially in families, that is, when it is compatible with base change.
More precisely, to obtain a compact moduli space, in 91, not only canonical
models are allowed, but also their generalizations, the semi-log canonical models
[Kollar 2010, Definition 15]. By definition these are projective schemes with semi-
log canonical singularities [Hacon and Kovacs 2010, Definition 3.13.5] and ample
canonical bundles. The first naive definition of the moduli functor of stable schemes

MSC2010: primary 14J10; secondary 14D06, 14F10, 14E30.
Keywords: canonical sheaf, relative canonical sheaf, dualizing complex, relative dualizing complex,
base change, depth, moduli of stable varieties.
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with Hilbert function 4 is then as follows. Here & : Z — Z is an arbitrary function.

f 1is flat, proper, X is a semi-
log canonical model (Vb € B), } / Zover B (1.0.a)

ﬁh(3)={f:X—>B
h(m) = x (@) (Y¥m € Z,b € B)

As usual, the naive definition works only in the naive cases but not in general.
More precisely, (1.0.a) is insufficient to prove the existence of a projective coarse
moduli space or a proper Deligne—-Mumford stack structure on 9t,; see [Kollar
2008; 2010]. In general, (1.0.a) has to be complemented with

“’ET/]B X, = a)g?;] for every integer m and b € B. (1.0.b)
Usually (1.0.b) is referred to as Kolldr’s condition (for instance, in [Hassett and
Kovécs 2004, page 238]). Note also that (1.0.b) is not necessary for reduced B, but
it does add important extra restrictions when B is nonreduced.

Currently, it is not understood in every aspect why and how deeply this condition
is needed. For example it is not known if in characteristic zero it is equivalent or
not to the other possible choice, called Viehweg’s condition (see [Viehweg 1995,
Assumption 8.30; Hassett and Kovacs 2004, page 238]):

There is an integer m such that a)g?;]B is a line bundle. (1.0.c)
The starting point of this article is the m =1 case of (1.0.b), that is, the compatibility
of the relative canonical sheaf with base change. We will try to understand how
restrictive this condition is on flat families. The results will also yield statements
about how Serre’s §,, condition behaves in families and for the canonical sheaves
of single schemes.

Recently it has been proven in [Kollar and Kovécs 2010, Theorem 7.9.3] that
the relative canonical sheaf of flat families of projective schemes (over C) with
Du Bois fibers is compatible with base change. According to [Kollar and Kovacs
2010, Theorem 1.4] this pertains to families with semi-log canonical fibers as well.
Furthermore, compatibility holds whenever the fibers are Cohen—Macaulay [Conrad
2000, Theorem 3.6.1].

It is important to note at this point that the m =1 case of (1.0.b) behaves differently
than the rest. For m > 1 there are examples of families of normal surfaces for which
(1.0.b) does not hold; see [Hacon and Kovacs 2010, Section 14.A]. However, since
normal surfaces are Cohen—Macaulay, condition (1.0.b) with m = 1 holds for every
flat family of normal surfaces. Hence, any incompatibility can be observed only
in higher dimensions. Partly due to this fact, there has been a common misbelief,
sometimes even stated in articles, that the relative canonical sheaf is compatible with
base change for flat families of normal varieties. The question if this compatibility
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holds indeed was asked about the same time independently by Jdnos Kolldr and
the author.

Question 1.1 (Kolldr). Is wx,p|x, = wx, for every flat family X — B of normal va-
rieties?

Here we construct examples showing that the answer is no. That is, there are
flat families of normal varieties over smooth curves such that the relative canonical
sheaves are not compatible with base change. The examples also show that the
known results are optimal in many senses. That is, the fibers of the given families
can be chosen to be §; for any n > j > 2 and their relative canonical sheaves to
be Q-line bundles. The precise statement is as follows.

Theorem 1.2. For eachn > 3 and n > j > 2 there is a flat family ¥ — B of §;
(but not S 1) normal varieties of dimension n over some open set B C P!, with
wy/p a Q-line bundle, such that

wye/B |56, F O (1.2.2)

(Here # is the central fiber of .)
Moreover, the general fiber of # can be chosen to be smooth and the central
fiber to have only one singular point.

When j =n—1 and the general fiber is Cohen—Macaulay, somewhat surprisingly,
the incompatibility of (1.2.a) always holds. Furthermore, one can allow S, _; points
also in the general fibers provided the relative S,,_; locus has a component in the
central fiber. The precise statement is as follows. (See Section 2 for the assumptions
of the article, for instance, scheme is always separated and of finite type over k = ,
etc.)

Theorem 1.3. If f : # — B is a flat family of schemes of pure dimension n over a
smooth curve, such that a component of the locus

{x € # | x is closed, depth Oy, x =n —1} (1.3.a)

is contained in the special fiber ¥, then the restriction homomorphism wy; g |5, —
wye, Is not an isomorphism.

In particular, the contrapositive of Theorem 1.3 when the general fiber is Cohen—
Macaulay yields the following corollary.

Corollary 1.4. If f : # — B is a flat family of schemes of pure dimension n such
that wy,p is compatible with base change and the general fiber of f is Cohen—
Macaulay, then the central fiber of f cannot have a closed point x such that
depth @%f(x)’x =n-—1.
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Corollary 1.4 has many geometric consequences with respect to building moduli
spaces with functorial relative canonical sheaves. For example, cone singularities
over abelian surfaces cannot be smoothed over irreducible bases. It also generalizes
some aspects of theorems by Kolldr and Kovacs [2010, Theorem 7.12] and Hassett
[2001, Theorem 1.1] stating that if all fibers are Du Bois schemes or log canonical
surfaces and the general fiber is Sy or Cohen—Macaulay, respectively, then so is the
central fiber.

Interestingly, the nonexistence of a depth n — 1 point is the strongest implication
of the compatibility of the relative canonical sheaf with base change.

Proposition 1.5. Corollary 1.4 is sharp in the sense that n — 1 cannot be replaced
byi foranyi <n— 1.

Summarizing, Corollary 1.4 and Proposition 1.5 state that in moduli spaces satis-
fying Kollar’s condition, S,,—; schemes do not appear in the irreducible components
containing Cohen—Macaulay schemes. However, S; schemes can possibly show up
for some j <n — 1.

If a scheme X is Cohen—Macaulay, which by definition means that Ox is Cohen—
Macaulay, then wy is Cohen—Macaulay as well [Kollar and Mori 1998, Corol-
lary 5.70]. One would expect that if Oy is only S,,_1, then typically wy is also S,
or at least it can be S,_1. Surprisingly the truth is quite the opposite. The following
application of Theorem 1.3 states that in certain cases an S,_; scheme cannot have
even an S3 canonical sheaf.

Theorem 1.6. If X is an S3, G, scheme of pure dimension n, which has a closed
point with depth n — 1, then wy is not Ss.

The most immediate consequences of Theorem 1.6 deal with compatibility of
restriction to subvarieties. For example, one can show that on a cone X over a
Calabi—Yau threefold Y with 4%(Oy) = 0, for an effective, normal Cartier divisor D,

wx(D)|p Ewp <= D does not pass through the vertex.

Or more generally, for an S,,_, normal variety X and an effective, normal Cartier
divisor D,

wx(D)|p=wp <= D does not pass through any closed point with depth n — 1.

Theorem 1.6 can also be related to log canonical centers. If (X, D) is a log
canonical pair, D ~g —Kx and wy is not S3 at x € X, then x is a log canonical
center of the pair (X, D) [Kollar 2011, Theorem 3]. Hence by Theorem 1.6, if X
is S,—1 and (X, D) log canonical such that D ~g —Kx, then (X, D) has a log-
canonical center at all closed points with depth n — 1. This statement is of course
obvious if we know that the depth n — 1 closed points are already log-canonical
centers of X. However, that is not always the case. For example, let X be the
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cone, with high enough polarization, over the product Y of a K3 surface with the
projective line and let D be the cone over an anti canonical divisor of Y. Then,
(X, D) is log-canonical, X is S,—; and the cone point is the only closed point with
depth n — 1; see Lemma 4.3. Still, the vertex is not a log-canonical center of X,
because Ky is not Q-Cartier.

Theorem 1.6 raises the following question as well.

Question 1.7. Is it true that if X is a pure n-dimensional scheme such that Oy is
Sy, but not S, and wy is §;, but not S; 1, for some j,/ <n,then j+1 <n+1?

Remark 1.8. By the methods of Section 4, the answer to Question 1.7 is positive
if X is a cone over a smooth projective variety.

There are a couple of intuitive reasons for the failure of compatibility in (1.2.a).
First, compatibility holds for the relative dualizing complex if the base is smooth
by Proposition 3.3.(1). Hence wyp is a nonfunctorial component, the —n-th
cohomology sheaf, of the functorial object w3, /- For example, by the proof of
Theorem 1.3, if the general fiber is Cohen—Macaulay and the central fiber is S,_1,
the restriction homomorphism fits into an exact sequence as follows, with a nonzero
term on the right.

0 — wyyslx, = @i, — Tor' (W~ "D (@3 p). Os,) — 0 (1.8.2)

This shows in a precise way how the functoriality might be destroyed by passing to
the lowest cohomology sheaf of w3, /B

Another explanation for the incompatibility (1.2.a) is that ¥ is too singular.
Using stable reduction one may find a replacement for ¥, with the mildest possible
singularities. The reduction steps consist of blow-ups, finite surjective normalized
base changes and contractions on the total space of the family. The output is a family,
the relative canonical sheaf of which is compatible with base change by [Kollar
and Kovacs 2010]. At the end of the article, we also present the stable reduction
of our construction using a straightforward ad hoc method. The algorithmic, and
lengthy, method can be found in the preprint version of the article.

In Section 3, we start with a short background overview on the base-change
properties of relative dualizing complexes and relative canonical sheaves. The
proofs of the main theorems can be found in Section 6 and Section 7. Some of these
results are based on the existence of projective cones with appropriately chosen
singularities. In Section 4 we give a cohomological characterization of when certain
sheaves on a cone are S;. Then in Section 5 we use this characterization to give the
desired examples of projective cones. In Section 8 we compute the stable limit of
our construction.
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2. Notation and assumptions

Unless otherwise stated, scheme means a separated scheme of finite type over a
fixed field k of characteristic zero and every morphism is separated. A variety is
an integral scheme. A projective or quasiprojective scheme means a projective or
quasiprojective scheme over k. A curve is a quasiprojective, integral scheme of
dimension one. If Y is a subscheme of X, then $y x is the ideal sheaf of Y in X.
If $y x is a line bundle (that is, a locally free sheaf of rank one), then we define
Ox(=Y) =%y x and Ox(Y) := Ox(—Y)~!. Notice that $y x being a line bundle
is equivalent to Y being defined around every point P by a single nonzero divisor
element of Ox p.

A hypersurface of a quasiprojective scheme X € PV is a subscheme H C X
defined by a section of Ox(d) for some d > 0. If H and H' are hypersurfaces
of a quasiprojective scheme X C PV, defined by fy and fso € HO(PY, Opn (d)),
respectively, then the pencil generated by H and H' is the subscheme # € X x P!
defined by the section fyfo + foof1 Of HO%(X x P!, 0(d, 1)). Here ty and #; are the
usual parameters of P!, and fo and f4 are viewed as elements of H 0(X,0x(d))
via the natural homomorphism HO(PN, Opn (d)) — HY(X, 0x(d)).

For a complex %* of sheaves, 4 (€*) is the i-th cohomology sheaf of 6. For a
morphism f: X — Y, 0} Jy = f'Oy, where f" is the functor obtained in [Hartshorne
1966, Corollary VII.3.4.a]. If f has equidimensional fibers of dimension n, then
wxy =h""(0% sy)- Bvery complex and morphism of complexes is considered
in the derived category D(gc/ -) of quasicoherent sheaves up to the equivalences
defined there. If Z is a closed subscheme of X, where ¢ : Z — X is the embedding
morphism, then the map Rt = (, identifies D(gc/Z) with a full subcategory of
D(gc/X). We use this identification at multiple places, equating €® and %R, €*®
for every €° € D(gc/Z). If Z is a closed subscheme of a scheme X, then (- )|é
denotes the derived restriction functor, which is naturally isomorphic to - ®% 0
via the identification mentioned above. A line bundle is a locally free sheaf of rank
one.

If X — B is a morphism of schemes, then X, is the scheme theoretic fiber of
X over B. If a sheaf & on X is given, then ¥, := F|x,. The dimension dimy P
of a point P € X is the dimension of its closure in X. The acronym slc stands for
semi-log canonical [Hacon and Kovécs 2010, Definition 3.13.5].

The depth of a coherent sheaf & at a point x € X is by definition the depth of
%, with respect to the maximal ideal my , at x and is denoted by depth &,.. The
depth of a scheme X at x is depth Oy ,. A coherent sheaf & is S; on X if for every
xeX,

depth ¥, > min{d, dim Oy ,}. (2.0.b)
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Note that there is an ambiguity in the literature about the definition of S; sheaves.
Many sources replace Oy , in (2.0.b) by %, thus gaining a weaker notion. Since
every sheaf of this article has full support, or equivalently every sheaf is considered
over its support, the two definitions are equivalent for all cases considered here.
Hence, we decided to include the stronger notion, but the reader should feel free to
think about the other one as well. For a morphism f : X — B, % is relative Sy if
F|x, is Sq for all b € B. The word (relative) Cohen—Macaulay is a synonym for
(relative) Sgim x -

A scheme X is G, for some r > 0 if it is Gorenstein in codimension r. A point
P € X is an associated point of a coherent sheaf & if my p is the annihilator of
some element of Fp. An associated component of a coherent sheaf is the closure of
an associated point. One can show that if Q € X, ¥y # 0 and P is the set of prime
ideals of Ox o corresponding to generalizations of Q that are associated points of
%, then

|J P =1{x €0x,g | there exists 0 # m € Fg with xm = 0}
PeP»

Consequently, if s is a section of a line bundle, then it does not vanish on any
associated component of X (that is, of Oy) if and only if sp is not a zero divisor
for every P € X. That is, if H is the subscheme of X cut out by s, then $y x is a
line bundle if and only if s does not vanish on any associated component of X.
For an S3, G scheme and an arbitrary coherent sheaf %, the n-th reflexive power
is
Gpinl . {(97’@")** ifn>0,
C@®EMy* ifn <.

That is, it is the reflexive hull of the n-th tensor power. A coherent sheaf F is a
Q-line bundle if F" is a line bundle for some n > 0. Note that if f : X — B is
a family with wy, a Q-line bundle for all b € B, then wx,p is not necessarily a
Q-line bundle [Hacon and Kovacs 2010, Section 14.A]. However, if the X, are S5,
G1 schemes and wy,p a Q-line bundle then wy, is a Q-line bundle for all b € B;
see [Hassett and Kovacs 2004, Lemma 2.6].

3. Background on base change for dualizing complexes

This section contains a general overview on the base change properties of relative
dualizing complexes and relative canonical sheaves. For experts, some of the
statements might be well known, but they are included here for completeness and
easier reference. Readers more interested in geometric arguments and willing to
accept the statements of this section without proof should feel free to skip to the
next section.
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Recall that the relative dualizing complex w§ /B of a quasiprojective family
f:X — Bis defined as f'Og. Here f' is the functor constructed in [Hartshorne
1966, Corollary VIIL.3.4.a]. The following technical point should be noted here.

Remark 3.1. There is also another definition of f "in [Neeman 1996] as the right
adjoint of Rf,. The two definitions coincide for proper morphisms by [Hartshorne
1966, Theorem VIIL.3.3; Neeman 1996, Section 6], but not in general. For example,
if X is smooth affine variety over B = Speck and f is the structure map, then
Hartshorne’s definition of f !@speck lives in cohomological degree — dim X while
Neeman’s is in cohomological degree zero. See [Lipman and Hashimoto 2009,
Part I, Exercise 4.2.3.d] for more details on the differences (Neeman’s f 'is denoted
[ there). We use Hartshorne’s definition in this article.

The dualizing complex of a single scheme Y is w} := o, Speck” The following
fact is needed in the proof of Proposition 3.3(11). It follows from the invariance of
the length of maximal regular sequences [Bruns and Herzog 1993, Theorem 1.2.5].

Fact 3.2. Let P be a point of a subscheme H of a scheme X such that ($y x)p isa
line bundle, d is an integer, and F is a coherent S| sheaf with full support (that is,
suppF = X) on X.

(1) depthFp >d <= depth(F|g)p >d — 1 (here F|y is regarded as a sheaf
on H, not on X),

(2) depth & p > min{d, dimOyx p} <<= depth(¥|y)p > min{d —1,dimOy p}.
Proposition 3.3. Suppose we have a flat family f : # — B of schemes of pure

dimension n over a smooth base, a point 0 € B and a single quasiprojective scheme
X of pure dimension n.

(1) There is an isomorphism
w§€/3|%o = 0y, - (3.3.2)
(2) Fixing any isomorphism in (3.3.a) yields natural homomorphism
a)%/3|%0 — Wy, - (3.3.b)
(3) If B is of pure dimension d with Og = wg, then w;f/B = w§[—d].
(4) If V C X is any open set, then w}, = w§|y.
(5) If U C ¥ is any open set, then a);j/B = a);€/B|U.
(6) If P € X is a point, then depthp Ox = d if and only ij”hi(a);()p is zero for
i > —d — dimy P and nonzero fori = —d — dimyx P.
(7) If P € 3 is a point, then depthp Oy, ,, = d if and only if b (wgg/B)p is zero for
i > —d —dimgy,,, P and nonzero fori = —d —dimgy,,, P.
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8) wyx is S».
(9) wye/p is S.

(10) If the fibers of f are Cohen—Macaulay then wy p = w3, /B and consequently
(3.3.b) is an isomorphism.

(1) If #y is Sp and G, then (3.3.b) is isomorphism if and only if
depth wy g, p > min{3, dim Oy p} for every P € Hy. (3.3.0)

Furthermore if (3.3.c) is not satisfied then not only is (3.3.b) not an isomor-
phism, but wy gy, Z @,-

Proof. First, we prove point (1). It will be an ad hoc proof, since we have not found
the exact statement in the literature. The statements we found are either only for
flat base change morphisms [Hartshorne 1966, Corollary VII.3.4.a] or for proper f
[Lipman and Hashimoto 2009, Part I, Corollary 4.4.3]. Note that, however, it might
seem that point (1) follows from base change for proper f, to the best knowledge
of the author, it is not clear whether one can compactify a flat morphism to a flat
morphism.

First, by [Hartshorne 1966, Corollary VIL3.4.a], wj, /B is compatible with flat
base change. So, since Spec Op. o 1s flat over B, we may assume that B is the
spectrum of a complete local ring of a smooth scheme and 0 is the unique closed
point. In particular, then B = Spec k[[x, ..., x,]. Hence, by induction on m, it is
enough to prove that

Wy ply E0Y)c, (3.3.d)
where C :=Speck[x{,...,xm—1]1 and Y :=H x g C. To prove (3.3.d), first consider
the usual exact triangle

O 25 03 — 0y 5, (3.3.¢)

where p is multiplication by x,,. Tensoring (3.3.e) by w§, /B yields

uQ®id,e
/B +1

On the other hand, applying % Hom( -, w$, / ) and a rotation to (3.3.e) yields

o ST W35 — RHom(Oy, wlyp)[1] > . 33.9)

So, (3.3.f) and (3.3.g) together imply that

RHom(Oy , 0l 5)[1] = w5y (3.3.h)
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Denote by ¢ and g the maps ¥ — X and ¥ — C, respectively. The following stream
of isomorphisms finishes then the proof of point (1).

@3 5ly = RHomx (R, Oy, 5)[1]1 = R Homy Oy, Loy p)[1]

by (3.3.h) by Grothendieck duality
~ ! ~ 1 el ~ :l p!
:Lw§€/3[1]!= Lf@B[l—l =i fogl—m—1)]
definition of w§, /B wy[—m]=0p

=) [—m—-D]=gowt[-m—1D] Zg'0c Zo},.

oy =(for)' vy wy=g'wl. wg[—(m—1)]=0¢

To prove point (2), notice that since wy/ g :=h™" (w3, / ) 1s the lowest cohomology
sheaf of w3, /B> there is a homomorphism

wy/pln] — wge/B. (3.3.)

Applying (- )|§€0 to (3.3.1) and then composing with the isomorphism given by (3.3.a)
yields a homomorphism

il — %, (3.3.)
Finally taking —n-th cohomology sheaves of (3.3.j) yields the restriction homomor-

phism of (3.3.b).
Point (3) is shown by the following line of isomorphisms:

w5 =f08= flop = foy[—d] = wy—d].

To prove point (4), consider the following commutative diagram.

N

Spec k

Since j is smooth of relative dimension 0, using the notation of [Hartshorne 1966],
we have j' = j* = j*, and then

! ~ ! ~ ! ~ %
w;/=V@Speck=JM@Speck=1w;(=] w}:a);( V.

Point (5) follows from points (4) and (3).
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Point (6) is proved in [Kovdcs 2011, Proposition 3.2] (by taking & := Ox). To
prove point (7), let b := f(P) and consider the following Cartesian square.

L4 .

)\4,
b
B

-~ Spec Op

By flat base change,

That is,

h (@38 P = h' (@3 specy,) P = H (@5 [—dim O 1) p = h' =408 (w3) p.

by (3.3.k) by point (3)

Hence,

0 ifi>—d—dimy, P,
£0 ifi = —d — dimy, P.

ﬂ

0 if i > —d —dimg,, P —dimOp p,
#0 ifi =—d —dimy, P —dimOp ;.

ﬂ

depthP Oy =d + dim ©B,b

[] (by Fact 3.2)

(depthp O, =) depthp O,y = d.

h' (%) p is :

R (wS)p is {

To prove point (8), by point (4) we may assume that X is affine. Using point
(4) again we may also assume that it is projective. Then [Kollar and Mori 1998,
Corollary 5.69] concludes the proof of point (8). Point (9) is a consequence of point
(8) and point (3). Point (10) is shown in [Conrad 2000, Theorem 3.5.1].

To prove point (11), notice that by point (8), wy, is S2. Also since ¥ is G1, using
point (10), the homomorphism ws/ |9, — Wy, is isomorphism in codimension one.
Then by [Hartshorne 1994, Theorem 1.9 and Theorem 1.12], using that %y is S
and Gy, wyplw, — w3y, 1s an isomorphism if and only if wy/p g, 1s S2. Finally,
by Fact 3.2(2), this is equivalent to (3.3.c).
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Notice that if (3.3.c) is not satisfied, then wy, |3, is not S, over . Hence in
this case not only can (3.3.b) not be isomorphism, but any isomorphism between
wye/ B3, and wy, is impossible. O

Remark 3.4. A priori, saying that (3.3.b) is an isomorphism is a stronger state-
ment than that wye/plg, 1s isomorphic to wy,. However, if B is smooth, ¥ is
projective, S» and G, they are equivalent by the following argument. In this
case wy, is Sy and is a line bundle over the Gorenstein locus U. Assume that
wye/Blw, = wyx, via an arbitrary isomorphism «. Then wy, p|y, is also S> and
a line bundle over U. Since both are S, homomorphisms wy/gly%, — w3, are
determined in codimension one, e.g., over U. Furthermore, any two isomorphisms
over U between any two line bundles differ by multiplication with an element of
HOU, Os,), where HO(U, O%,) = k*, by ¥, being S, and projective. Since the
restriction of the natural morphism B : wy, g |3, — w3, over U is an isomorphism, o
differs from B over U by a multiplication with an element of k*. However, then the
same is true over entire X, by the codimension one determination. Hence g is also
an isomorphism.

Finally, we conclude with a statement about restriction behavior of relative
dualizing complexes and relative canonical sheaves to hypersurfaces. For that we
also need a lemma about flatness of hypersurfaces.

Lemma 3.5. If f : & — B is a flat morphism onto a smooth curve and ¥ C X is a
subscheme for which $4 % is a line bundle, then the following are equivalent:

(1) $,., is a line bundle for every b € B.
(2) ¥ is flat over B.

In particular, if f : % — B is flat with fibers of pure dimension n and # C ¥ is also
flat with $y¢ % a line bundle, then fibers of ¥ are of pure dimension n — 1.

Proof. We prove only the equivalence statement, since the addendum follows from
the ideals $g, «, being line bundles.

The statement is local on #. So, fix P € # and let Q := f(P). By [Hartshorne
1977, Proposition 9.1A.a], # and ¥ are flat over B at P if and only if the respective
homomorphisms Oy, p — Oy, p and Oy p — Oy p induced by multiplication with
some power of the local parameter f of Op ¢ are injective. Furthermore, by induction
this is equivalent to the injectivity of multiplication with the first power ¢.

The assumptions of the lemma state that ($5 9)p < Oy p is generated by a
nonzero divisor element s. Hence there is a commutative diagram with exact rows



Base change behavior of the relative canonical sheaf 365

and columns as follows.

0 — ker(-5) — Oy, p —— Ox, p

0——O0gp Oy, p Og,p —0
t -t t
0———0yp——>0yp——>0Oyp——=0

0 0 ker(-t)

By the snake lemma applied vertically, ker(-¢#) = ker(-s). In particular, ker(-7) =0
if and only if ker(-s) = 0. The former is equivalent to flatness of # — B at P
while the latter is equivalent to $4, «, being a line bundle at P. (|

Proposition 3.6. If X — B is a flat family of pure n-dimensional schemes, and
#H S X a flat subscheme such that $y . is a line bundle, then

(1) there is an isomorphism
@5 (W15 [—1]1 = 0% 5. (3.6.a)
(2) there is a homomorphism
wgB(90) |5 — w5, (3.6.b)
which is isomorphism over the relative Cohen—Macaulay locus of # — B.

Proof. Notice first that by Lemma 3.5, #€ has equidimensional fibers and hence
wye/p 1s defined indeed. To prove point (1), consider the exact sequence

0 — Oy — Oy (%) — Oy () — O. (3.6.0)

Applying () @~ wg /p 1O (3.6.c) and then translating yields the exact triangle

. ° ° +1
%5 (W05 [—1] = wf 5 > 0 5(H) — . (3.6.d)
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On the other hand if ¢ : # — & is the embedding morphism, then

Wi = L!a)gg/B = RHomgy (O, L!a)gg/B) = RHomg Oy, 0% p) -

by Grothendieck duality
Now, applying R Hormg( -, W / ) to the twist of (3.6.c) by Oy (—3() yields the exact
triangle

~ L) L] L] 1
a)ge/B = R Homg (O, W) = Oy p —> g p(¥) - (3.6.¢)

Putting together (3.6.d) and (3.6.e) finishes the proof of point (1).
To prove (2), take the natural map wy,/p[n] — w§ /B> twist it with Oy () and
then restrict to #. This yields the commutative diagram

wrpln — OO, — o 5 OI- 1115 —= o (3.6.)
—
by point (1)

Applying then 2~"~D(.) to the long composition arrow of (3.6.f) yields the homo-
morphism (3.6.b).

Let P be a point of ¥ that is relatively Cohen—Macaulay over B, and let b be the
image of P in B. By the openness of the relative Cohen—Macaulay locus, there is a
neighborhood U of P where X — B is relatively Cohen—Macaulay. In particular,
then wy/p[n — 1] — a)gf/B[—l] is an isomorphism over U by Proposition 3.3(10)
and hence so is the first arrow of (3.6.f). This proves that (3.6.b) is an isomorphism
in a neighborhood of P, which finishes the proof of point (2) as well. ([

Remark 3.7. The homomorphisms constructed in Propositions 3.3 and 3.6, for
example the isomorphisms (3.3.a) and (3.6.a), are not canonical in any sense.

4. Serre’s condition on projective cones

In this section we consider sheaves on projective cones that are isomorphic to
pullbacks from the base outside the vertex. Lemma 4.3 gives a cohomological
description of when such sheaves are S;. Before that we also need a short lemma,
Lemma 4.2, about how the property S, pulls back in flat relatively Cohen—Macaulay
families.

We cite the following fact separately here, because it is used at many places
throughout the article, including the aforementioned Lemma 4.2.

Fact 4.1 [Grothendieck 1965, Proposition 6.3.1]. Let X and Y be two noetherian
schemes, f : X — Y aflat morphism, P € X arbitrary and & a coherent Y module.
In this situation,

depth@X,P (f*fﬁ)P = depth@y,f(m @j‘(p) + dépth@xf(P)’P @Xf(P),P'
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Lemma 4.2. If S is a full-dimensional coherent S; sheaf on the scheme X, and
f % — X is a flat, relatively Cohen—Macaulay family, then ¥ := f*§ is S; as
well.

Proof. For every x € X,

depth &, = depth 9 (,) + depth @%fm.x = depthG¢(,) +dim @%m),x

Fact 4.1 & £(x) is Cohen-Macaulay

> min{d, dimOx_ 7} +dim O% ;).

Gis Sy
> min{d, dim Ox_¢() +dim G%f(x>,x}
= min{d, dim Oy ,} O

dim @X’f(x)+dim @%f.()(),x:dim Ogp x
by [Matsumura 1989, Theorem 15.1.ii].

Lemma 4.3. Assume that we are in the following situation:
o Y is a projective scheme,
» X is the projectivized cone over Y,
o Pisthevertexof X andV := X \ P,
e d is an integer such that 2 < d < dim X, and

o F is a coherent sheaf on X, such that F|y = 7w*% for some S; coherent sheaf
GonY,wheremw:V — Y is the natural projection.

Then the following conditions are equivalent:
(1) depth%Fp >d.
(2) depth&p > min{d, dimOx p}.
3) Fis S,
4) Fis S, and H (Y, 4(n)) =0forall0<i<d—1andn e /.
Proof. Since §1is Sy, F is Sy everywhere except at the vertex P by Lemma 4.2.

Hence, using the assumption d < dim X,

F is Sd,

0

depth ¥ p > min{d, dim Oy p}

|

depth&Fp > d

0

H,(Z, %) =0 for all i <d and for the affine cone Z,
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where the latter equivalence follows from [Hartshorne 1977, Exercises I11.3.4.b and
II1.2.5]. So, we are left to show that the condition H}, (Z,¥%)=0foralli <dis
equivalent to point (4). Define U := Z \ P. Then there is a long exact sequence

o> HY(Z,F)— H(Z,F)— H U, F) — --- .
Since Z is affine H (Z, %) = 0 for all i > 0. Hence
H (U, %) = H;" (Z, %) foralli > 0. (4.3.2)
So, since Hg(Z, F) = H},(Z, &) =0 is assumed in point (4), it is enough to show
that forall 0 <i <d — 1,
H (U, %) =@ H (Y.%(n)). (4.3.b)

nez
In fact we will prove this for all i. First, notice that U = Specy (€D, . Oy (n)) and
the natural projection Specy (6P, Oy (n)) — Y can be identified with 7|y via this
isomorphism. Hence (7 |y).0py = EBneZ Oy (n) and R' (7 |y)«O0py =0 for i > 0. So:
H' (U, %) Z H'(Y, (7|0)«Fly) = H (Y, (7|0)« (7 |0)*G) =
=H (Y, PYn) = PH(Y,%n)

nez nez

as claimed in (4.3.b). [l

5. Construction of varieties with prescribed singularities

In this section, normal S; (but not S, 1) varieties of dimension n > 3 with §; (but
not Sy+1), Q-line bundle canonical sheaves are constructed for certain values of j
and /. They are going to be used in Section 6 and in Section 7 to build families
with prescribed base change behavior for the relative canonical sheaves. First we
need some lemmas.

Lemma 5.1. If H is a general, high enough degree hypersurface in a projective
variety X, then H'(H,Op) = H (X, Ox) for every i such that 0 < i < dim H.

Proof. We start with the usual exact sequence
0—>0x(—H)—> 0x > 0y — 0. (5.1.a)
Since deg H > 0,
H'(X,0x(—H)) =0 whenever i < dim X. (5.1.b)

Taking the cohomology long exact sequence of (5.1.a) and using (5.1.b) finishes
the proof. ([

Iterated use of Lemma 5.1 yields the following:
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Lemma 5.2. If H is a general, high enough degree complete intersection (that is,
it is the intersection of hypersurfaces, all of which are high enough degree) in a
smooth projective variety X, then H'(H,Oy) = H' (X, Ox) for every i such that
0<i<dimH.

Finally, iterated use of the adjunction formula yields the following:

Lemma 5.3. If H is a complete intersection in a smooth projective variety X, then
wy = wx(m)|g for some m > 0 (here Ox (1) is the very ample line bundle given by
the projective embedding of X).

Proposition 5.4. Foreachn >2and2 <d,l <nsuchthatl <d andd+1I1<n+42
there is an (n+ 1-dimensional projective variety X+ for which

o X,+1 IS the projective cone over a smooth projective variety Y,, with vertex P,
* Xyy1is Sqand depthOy, , p=d,

e wy, ., is Sy and depthwy, , p =1, and

n+1,

is a Q-line bundle.

Proof. Take first two Calabi—Yau hypersurfaces Z and W of dimensions d — 1 and
n+ 1 —1, respectively. Let Y := Y, be a general high enough degree complete
intersection of codimension d — [ in Z x W. Notice that d —[ > 0 by assumption.
Finally, let X1 be the projective cone over Y polarized by Oy (1) :=O0z.w(p)|y
for some p > 0 (after fixing Y). Here Oz, (1) is the very ample line bundle on
Z x W coming from its projective embedding.

The Kiinneth isomorphism yields

n+l

° a)XnJrl

q
HY(Z x W, 0z,w) ZED H'(Z,02) @ HT" (W, Ow).
r=0

Since Z and W are Calabi—Yau hypersurfaces of dimensiond —1 andn 41—/,
respectively, the following holds for their cohomology table:

HY(Z,07)#0 < g=0o0rd—1,
H(W,0p)#0 < s=0orn+1-—1.
Hence
HY(ZXE,Oz4p) #0 < ¢q=0,d—1,n+1—lorn—I1+d.
Using Lemma 5.2 yields, for 0 < g < n,
HY(Y,0y) #0 < g=d—1lorn+1-1. (5.4.a)
Since p > 0, also,
HY(Y,0y(r)) =0 foreveryrand0 <gq < n.
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Then by Lemma 4.3 using that d — 1 < n 4+ 1 — [ by assumption, X, 41 is Sy
and depthOy, , p =d (X,41 is S at the vertex, because p > 0 and hence Y is
projectively normal).

Serre duality implies that

HY(Y, wy) = (H""1(Y, Oy))".
So, by (5.4.a), for 0 < g < n,
Hi(Y,wy) #0 < g=I1—1lorn+1—d.

is isomorphic to the pullback of wy
is Sl

Since X,y is an affine bundle over Y, wy, .,
outside of the vertex. Then by Lemma 4.3 using that/ — 1 <n+1—d, wx
and depthwy, , p =1 (wx,,, is always S, by Proposition 3.3(8)).

We have left to show that the wy,, are (Q-Cartier. By Lemma 5.3,

n+1

w3? = (75 £ (M)y)®P = (075 £ (m)]y)®P = Oy (m).

That is, w?” is an integer multiple of the polarization of Y used at the construction

of X,+1. Hence, [Hacon and Kovacs 2010, Exercise 3.5] concludes the proof. [J

6. Construction of families without the base change property

In this section we present the proof of Theorem 1.2. The following lemma contains
the key argument. It is also used in the proofs of Proposition 1.5 and Theorem 1.6.

Lemma 6.1. Let f : % — B = P! be a flat pencil of hypersurfaces of a quasi-
projective, equidimensional scheme X, such that $y x«p is a line bundle and ¥
and the closed fibers of f are S, and G .

(1) If wx is S3, the restriction map wye/g |3, —> wy, is an isomorphism.

(2) If depthwy p # min{3, dimOx, p} for some P € X, such that P € ¥y, but
P g %OO’ then w%/3|%o ;é w%o-

Proof. Notice that by flatness of # and by Lemma 3.5, it does make sense to
talk about wyp. Define & := X x B. Then ¥ is a hypersurface of ¥. By
Proposition 3.6.(2) there is a homomorphism wy, g (#)|9 — w3y,p, Which is an
isomorphism in codimension one, over the Gorenstein locus of ¥. Fix this homo-
morphism for the course of the proof.

Now, we show point (1). If wy is S3, then so0 is wy/p = pfwx by Lemma 4.2.
Hence, by Fact 3.2.(2), wy,/ ()| 18 S». Then, since wy,p is S» by Proposition
3.3(9), wyx(¥) |3 — wse,p 1s an isomorphism everywhere by [Hartshorne 1994,
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Theorems 1.9 and 1.12]. However, for every P € ¥y,

depthwy,p p=  depthwy ,,p)+1

Fact 4.1, applied to wy, p = pfwyx
> min{3, dimOx , p)} + 1 =min{4,dim Oy p}. (6.1.a)

wx is S3

But then, for every P € ¥,

depth wy, g, p = depth(wy, g (#)|%) p > min{3, dim Oy p},

wye) B =wy /()3 Fact 3.2.(2) and (6.1.a)
which implies point (1) by Proposition 3.3(11).

To prove point (2), denote by U the open set pl_l(X \ (#o N Hso)) € X. This is
the set of points, the first coordinates of which are not contained in every element
of the pencil % — B. By Proposition 3.3(4) and 3.3(5), we may replace ¥ by U,
or with other words, X by X \ (#y N #). In particular, then ¥y N #~, = & and P
is an arbitrary point of #, such that

depthwy p # min{3, dimOx p}. (6.1.b)

Then all fibers of the projection pi|s : % — X have dimension zero. So, for every
Q e %,

depth Wy/B,Q = depth wx,p;(0) T 1

Fact 4.1, applied to wy/p = pjox

> min{2, dim Oy , (o)} + 1 =min{3, dim Oy o}.

Proposition 3.3.(8)

Then, repeating the argument of the previous paragraph wy, 5 (9) |5 = wye/p. Also,
at the fixed P € ¥, the following computation estimates the depth more precisely.

depth Wyx/B,P = depthwy p +1
—_—

Fact 4.1, applied to wy/p = pjox
# min{3,dimOx p} + 1 = min{4, dim Oy p} (6.1.c)

(6.1.b)

However, then

depth e/, p = depth(wy,  (9)|5) p Z min{3, dim Oy p},

oy p=wgx ()] by Fact 3.2.(2)

which concludes the proof by Proposition 3.3(11). (]
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Remark 6.2. The condition of $5 o being a line bundle in Lemma 6.1 might look
superfluous at first sight, since ¥ is a hypersurface in &. However, according to
Section 2, the latter only means that ¥ is the zero locus of some special section of
a line bundle. That is, ¥ or ¥, for some b € B could contain an entire irreducible
component of & or &, respectively. Then Proposition 3.6 would not apply. Such
situations should definitely be avoided.

The following is the main construction to which Lemma 6.1 is applied in this
section.

Construction 6.3. Consider a projective cone X over a variety Y. Let P be the
vertex of X. Take two hypersurfaces in X. The first one H is a projective cone
over a degree d generic hypersurface D of Y. The second one Hisa general
degree d hypersurface of X. Denote by # — B the pencil generated by H and H
(for which H = 9, and H = ). Throughout the paper we allow ourselves to
replace this family by its restriction to a small enough open neighborhood of 0 € B.
Furthermore, when we compute stable reduction in Section 8, we will assume that
d>0.

Lemma 6.4. In the situation of Construction 6.3, if X is Sz and Y is Ry, then

(1) % and the closed fibers of f are normal varieties,

(2) 9% xxp is a line bundle,
3) f is flat.

Proof. We use the notation ¥ := X x B. Since Y is a variety (that is, integral), so
are D, X, %, ¥y and ¥ .. By the definition of a pencil, ¥ is defined by a single
nonzero equation locally on . So, since ¥ is integral, point (2) follows. Similarly,
for every b € B, ¥, is defined locally by a single nonzero equation locally. Hence
by integrality of X, $y, , is also a line bundle for every b € B. Thus, Lemma 3.5
yields point (3).

To prove point (1), note that & is S3 by Lemma 4.2 and by the assumption of
the lemma. So, by Fact 3.2, % and the closed fibers of # are S;. (Remember,
in Construction 6.3 we allowed ourselves to shrink B around O € B). Since D
is general and Y is Ry, D is R; as well by Bertini’s theorem; see [Harris 1992,
Theorem 17.16]. Therefore, so is H. Then, by possibly shrinking B, each closed
fiber of #€ is Ry. Thus all closed fibers of #, and 7 itself, are normal. O

Theorem 6.5. In the situation of Construction 6.3, if dim X > 3, X is S3, Y is Ry,
and depthwy p =2, then

w3/ B9, F @t - (6.5.2)

In addition:
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(1) If wx is a Q-line bundle, then wy, p is a Q-line bundle. In particular then wy,
is a Q-line bundle for all b € B.

(2) If X is Sq and depthOx p = d, then ¥}, is Sy—; for all b € B, and
depth Oy, p =d — 1.

Proof. By Lemma 6.4, we may apply Lemma 6.1(2) to obtain the main statement
of the theorem.

To prove addendum (1), note that the normality of ¥ and ¥, for every b € B,
[Hartshorne 1994, Theorem 1.12] and Proposition 3.6 imply that

ole) = (0, (%) |5,)" for any b € B, and wlf] 5 = (0253010 (6.5.b)

b

for all n € Z. Hence if wy is a Q-line bundle, then (6.5.b) implies that so is wy,p
and wy, for all b € B. To prove (2) we use Fact 3.2 once again. O

Theorem 1.2 now follows as a corollary:

Proof of Theorem 1.2. 1t follows by combining Proposition 5.4 (settingd = j + 1
and [ = 2), Construction 6.3 and Theorem 6.5. Ul

7. Degenerations and Serre’s condition

We turn to proving the statements relating Serre’s condition S; to degenerations of
flat families. The first half of the section is devoted to Theorem 1.3.

Remark 7.1. By the restriction homomorphism wy,p — w3, we mean any homo-
morphism obtained as in Proposition 3.3(2).

Theorem 1.3 might look technical, but it applies for example to the special case,
when the general fiber is Cohen—Macaulay and the central fiber contains at least
one closed point with depth n — 1.

Proof of Corollary 1.4 and Proposition 1.5. Fix a2 <i < n — 1. Consider the
projective cone X given by Proposition 5.4, setting d =i 4+ 1 and / = 3. Use then
Construction 6.3 for X. By Lemma 6.4, this yields a flat family f : % — B of normal
varieties for which Lemma 6.1(1) applies. That is, the restriction homomorphisms
wye/Blye, — w3, are isomorphisms for every b € B. Finally, since X is Cohen—
Macaulay outside of P and depthOx p =i 41, by Fact 3.2, ¥, is Cohen—Macaulay
outside of P, where depth Oy, p = . |

We also need the following lemma in the proof of Theorem 1.3.

Lemma 7.2. If f : # — B is a flat morphism of schemes onto a smooth curve, F is
a coherent Oy-module on ¥, and P € Ky, then

@)) Tar;g(@, Oy,) p # 0 if and only if % has an associated component W such that
PeWC#y, and
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(2) Torl(F, Oy,) =0 fori > 1.

Proof. By restricting B, we may assume that $o g = Op. Denote by s a generator
of $9 p and consider the exact sequence

0 — Oy = Oy — Oy, — 0. (7.2.2)
Then the long exact sequence of Zor(%, -) applied to (7.2.a) yields
Torse(F, Oy) = 0 — Tory(F, Oy,) = F > F.

Hence Torée(%, Oy,) p # 0 if and only if s annihilates something in %p, if and only
if & has an associated component W such that P € W C ¥.

Another part of the long exact sequence of Zor§, (%, -) applied to (7.2.a) yields
the following for i > 1:

‘Torég(% Oy) =0— Tor%(d*’ Os¢,) — Tor (JP Oy) =

Hence, Torl, (%, Oy,) = 0 indeed if i > 1. O

Proof of Theorem 1.3. Fix a closed point x € ¥ with depthOy, , = n — 1,
contained in a component W C ¥ of the locus (1.3.a). The locus (1.3.a) is
supp(h~—"~ 1)(a)% g)) by Proposition 3.3(7); hence W is also an associated compo-
nent of A=~ 1)(a)X g)- Consider an open neighborhood of x, where every closed
point has depth at least n — 1. Replacing # by this neighborhood, all assumptions
of the theorem stay valid, and moreover we may assume that every closed point of
¢ has depth at least n — 1. In particular, then

h' (0%5) #0 < i=—nor —(n—1). (7.2.b)

Define € := h_(”_l)(a);ﬁ/B). By (7.2.b), there is an exact triangle

wye/gln] — w;{/B — €[n—1] +—1> . (7.2.¢)

Applying - ®p Oy, to (7.2.c) and then considering the long exact sequence of
cohomology sheaves yields

h™" = (€ln = 11®L O3,) = h™" (wi/BIn] @1 O3y) = h™" (@55 DL O3ty )
— h7"(€[n —11Q®L Oy,) — h’”“(a)gg/g[n] ®r Oy,), (7.2.d)
where
e 1 (En—-11QL Oy,) = Tor%e(%, Oy,) =0 by Lemma 7.2,
o h™ (w3 [n] ®1 O%,) = w3e/B 5%,
o« h7" (a);€/3 ®r Oy,) = h_"(a)gﬁo) = wy, by Proposition 3.3(1),
o h7"(€[n —1]1®1 Oy,) = Tori, (€, Oy,) and
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o i7" (wyep[n]1®1LO%,) = h! (w38 ®10%,) =0 since - @, Oy, is a left derived
functor, so wy/p ®1 Oy, is supported in negative cohomological degrees.

Therefore, (7.2.d) is isomorphic to the exact sequence
0 — wye/Blo, — @i, — ‘Zbr;ﬁ(%’;, Oy,) — 0.

Since € has an associated component through x contained in ¥, we know that
Torée(%, Oy,)x 7 0 by Lemma 7.2, which concludes our proof. (]

Having finished the proof of Theorem 1.3, the rest of the section is devoted its
consequence, Theorem 1.6. See Section 1 for its motivation.

Proof of Theorem 1.6. Since the statement of the theorem is local, we may assume X

is affine and hence quasiprojective. Restricting to a sufficiently small neighborhood

of a point with depth n — 1, all assumptions of the theorem stay valid and we may

assume that all closed points of X have depth at least » — 1. We use the notation

%:=X x B. Let X =J;_, X; be the decomposition into irreducible components.
Consider a pencil f : % — B = P! of hypersurfaces of X such that

(1) ¥y contains the entire non-Gorenstein locus,
Q) #HoNX; #X;forevery1 < j <r,
(3) ¥ is a general hypersurface.

In particular then,
(Ho\Hoc)NX; #2 foreveryl <j=<r. (7.2.e)

By definition of the pencil, if P € ¥y \ ¥, then P ¢ ¥, for any b # 0. Hence
assumption (2) and (7.2.e) imply that for all b € B, there is a point of X; not
contained in #;,. Note now, that since X is S1, by Lemma 4.2, so is &. In particular,
then all associated points of X and & are general points of components. So, since
none of the ¥, contains any of the X;, $g 4 and $y, o, for every b € B have
nonzero divisor local generators and hence are line bundles. Then 7 is flat over B
by Lemma 3.5.
Define the loci

Z:={x e X |xisclosed, depthOx , =n — 1},

W :={x € X | x is closed, depth Oy, » =n —2}.

By construction and by Fact 3.2, Wo=Z and W = (p~' Z)eq, where p : # — X
is the natural projection. Let Z’ be an irreducible component of Z of the highest
dimension. By the choice of ¥ and #,, we have Z’ C ¥y, and Z' € ¥ .
Furthermore, ¥, does not contain any of the irreducible components of Z. Hence,
the general fiber of the map W — B will have dimension at most dim Z’ — 1. So,
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W has dimension dim Z’. Hence, Z' C W, is an irreducible component of W. In
particular, by Theorem 1.3, the restriction morphism wy/gly, — w3y, is not an
isomorphism.

On the other hand assume that wy is S3. Since X is G, # and ¥, are G for every
b € B. In fact, 3, and ¥, for a general b € B, are G, also, but for #y only G can be
guaranteed. Also, X is S3 by assumption and & is S3 because of Lemma 4.2. Then
3¢ and ¥}, are S, for every b € B by Fact 3.2. That is, we may apply Lemma 6.1(1),
which states that the restriction homomorphism wgy, g |3, — wsy, is an isomorphism.
This is a contradiction; hence wx cannot be S3. O

8. Stable reduction

In Construction 6.3, although the general fiber of % — B has mild, that is, log
canonical, singularities, ¥ is very singular. The failure of base change for wy, s
implies that by [Kollar and Kovdcs 2010, Theorem 7.9] ¥ is not Du Bois. By
[ibid., Theorem 1.4], it is also not log canonical. In this section, we compute the
stable limit of # — B. It is the limit at O of some stable family #' — B. This
family has two important properties. First, # x p Bz Buoy = #'g B\ , for a finite
cover ¢ : (B 0) — (B, 0) totally ramified at 0. Second, (% )o 18 log canonical,
and hence by [ibid., Theorems 1.4 and 7.9], wy,,5 commutes with base change.
So, (#')g is the “right” limit of ¥, and the incompatibility of Theorem 1.2 can be
thought of as a consequence of using the wrong limit in Construction 6.3.

Proposition 8.1. Assuming that Y is smooth, the stable limit of Construction 6.3
is the d-fold cyclic cover of Y ramified exactly over D, with eigen-line bundles
Oy(—i) fori =0,...,d—1.

Proof. First, shrink B if necessary so that co ¢ B and that every fiber apart from
3y is log canonical. This is possible because the general fiber of # is smooth
by Bertini’s theorem. Also, since we assumed that d >> 0, the family # — B
has canonically polarized fibers and hence is stable over B* := B \ {0}. Define
& :=X x B.

The closed embedding ¥ € PV ~! induces a natural closed embedding X < PV.
This yields very ample line bundles Op~ (1) and Ox(1). Then, ¥ is the zero locus
of a section fy +tfo of Oy(d) := pTOx(d) for some fy, foo € HO(PV, Opn (d)),
as explained in Section 2.

Choose a basis zo, ..., zy of HO(PV, Op~ (1)), such that zg, ..., zy—; form a
basis of HO(PY~!, Opy-1(1)). Then fy and f,, correspond to degree d homoge-
neous polynomials in variables zg, ..., zy—1 and zo, ..., Zy, respectively. Also,
the fact that P ¢ 3., implies that the coefficient of zﬁ{, in fy is nonzero, say c.

Let ¢ : (§ ,0) = (B, 0) be the degree d cyclic cover branched only at 0, where
it is totally ramified, and let s be a local parameter of B at 0, such that s = 1.



Base change behavior of the relative canonical sheaf 377

Consider the subscheme %' € % x5 B =: %y defined by

fo(zos -+ zv—1) + 59 foo(20. - Zv—1, Lzn) € HO (%, Oz, (d)),

where Oy, (d) is the pullback of Og(d) to X.
By the uniqueness of stable limit, ¢ is a stable reduction of  (that is, a stable
family isomorphic generically to the pullback of #), if

(1) (') is a canonically polarized manifold, and
(2) #'|5« = Hy|5+, where Iy := #H xp B and B* := B\ {0}.

To prove point (1), notice that (#’)¢ is defined by the zero locus of s on ¥’ or
equivalently by the zero locus of the following section of Ox(d) on X:

d
fo(zo, ..., zan—1) + iy

Hence it is the cyclic cover of Y of degree d branched along D with eigensheaves
Oy(—i) for 0 <i <d — 1. So first, it is smooth by [Kolldr and Mori 1998,
Lemma 2.51]. Second, since (#')( is contained in the smooth part of X, we have
wey, = wx(d)|@ey, by Proposition 3.6 and it is a line bundle. So, since d > 0,
(%) is a canonically polarized manifold indeed.

To prove point (2), notice that the equation of 4 in &y is

fo@o - an—1) + 5 fooz0, - .- Zn—1. 2n) € HO (X, O, (d)).
Hence, %g{ |5+ = 3’| 3. via the isomorphism induced by the following automorphism
of PV x B*:
(20, -+ -5 ZN+1, ZN) > (205 - - -, ZN—1, SZN)-
We proved both points (1) and (2). Consequently, #' is a stable reduction of #

indeed. Through the course of the proof of point (1), we also proved that ()¢ is
indeed the cyclic cover described in the statement of the proposition. U
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Two ways to degenerate the Jacobian
are the same

Jesse Leo Kass

We provide sufficient conditions for the line bundle locus in a family of compact
moduli spaces of pure sheaves to be isomorphic to the Néron model. The result
applies to moduli spaces constructed by Eduardo Esteves and Carlos Simpson,
extending results of Busonero, Caporaso, Melo, Oda, Seshadri, and Viviani.

1. Introduction

1.1. Background. This paper relates two different approaches to extending fami-
lies of Jacobian varieties. Recall that if X is a smooth projective curve of genus g,
then the associated Jacobian variety is a g-dimensional smooth projective variety
Jo that can be described in two different ways: as the universal abelian variety
that contains X (the Albanese variety), and as the moduli space of degree O line
bundles on X (the Picard variety). If Xy — U is a family of smooth, projective
curves, then the Jacobians of the fibers fit together to form a family Jy — U. In
this paper, U will be an open subset of a smooth curve B (or, more generally, a
Dedekind scheme), and we will be interested in extending Jy to a family over B.
Corresponding to the two different ways of describing the Jacobian (Albanese vs.
Picard) are two different approaches to extending the family Jy — U.

Viewing the Jacobian as the Albanese variety, it is natural to try to extend
Ju — U by extending it to a family of group varieties over B. Néron [1964]
showed that this can be done in a canonical way. He worked with an arbitrary
family of abelian varieties Ay — U and proved that there is a unique B-smooth
group scheme N:=N(Ay) — B extending Ay — U which is universal with respect
to a natural mapping property. This scheme is called the Néron model. Arithmetic
geometry has seen the use of the Néron model in a number of important results, e.g.,
[Mazur 1972; 1977; Mazur and Wiles 1984; Gross 1990]. The Néron model of a
Jacobian variety plays a particularly prominent role, and an alternative description
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MSC2010: primary 14H40; secondary 14L.15, 14D22, 14H10.
Keywords: Néron model, stable sheaf, compactified Jacobian, relative Picard functor.
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of this scheme in terms of the relative Picard functor was given by Raynaud [1970].
We primarily work with Raynaud’s description, which is recalled in Section 2.

An alternative approach, suggested by viewing the Jacobian as the Picard variety,
is to extend Jy — U as a family of moduli spaces of sheaves. This approach
was first proposed by Mayer and Mumford [1964]. Typically, one first extends
Xy — U to a family of curves X — B and then extends Jy to a family J — B
with the property that the fiber over a point b € B is a moduli space of sheaves on
X parametrizing certain line bundles, together with their degenerations. In this
paper, we show that the line bundle locus J in J is canonically isomorphic to the
Néron model for some schemes J constructed in the literature.

To state this more precisely, we need to specify which schemes J we consider.
The problem of constructing such a family of moduli spaces has been studied by
many mathematicians, and they have constructed a number of different compact-
ifications; see for example [Ishida 1978; D’Souza 1979; Oda and Seshadri 1979;
Altman and Kleiman 1980; Caporaso 1994; Simpson 1994; Pandharipande 1996;
Jarvis 2000; Esteves 2001]. Many of the difficulties to performing such a construc-
tion arise from the fact that, when X, is reducible, the degree O line bundles on a
fiber X; do not form a bounded family.

For simplicity, assume the residue field k(b) is algebraically closed and X, is
reduced with components labeled X1, ..., X,. Given a line bundle .l of degree 0
on Xy, the sequence (deg(M]|x,), ..., deg(M]|x,)) is called the multidegree of JM.
This sequence must sum to 0, but may otherwise be arbitrary, which implies un-
boundedness. A bounded family can be obtained by fixing the multidegree, and
typically the scheme J is defined so that it parametrizes (possibly coarsely) line
bundles (and their degenerations) that satisfy a numerical condition on the multide-
gree. This paper focuses on constructions given by Simpson [1994] and by Esteves
[2001], which we now describe in more detail.

For the Simpson moduli space, the numerical condition imposed on line bundles
is slope semistabilty with respect to an auxiliary ample line bundle. This condition
arises from the method of construction: the moduli space is constructed using
geometric invariant theory (GIT), and slope stability corresponds to GIT stability.
In general, the Simpson moduli space is a coarse moduli space in the sense that
nonisomorphic sheaves may correspond to the same point of the space, but it con-
tains an open subscheme (the stable locus) that is a fine moduli space, and we will
work exclusively with this locus. Families of moduli spaces of semistable sheaves
have been constructed for arbitrary families of projective schemes, but we will only
be concerned with the case of families of curves.

The moduli spaces of Esteves parametrize sheaves that are o-quasistable. Like
slope stability, o -quasistabillity is a numerical conditions on the multidegree, but
it is defined in terms of an auxiliary vector bundle € and a section o, rather than an
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ample line bundle. The moduli spaces are constructed for families over an arbitrary
locally noetherian base, but strong conditions are required of the fibers: They must
be geometrically reduced. The space is constructed as a closed subspace of a
(nonnoetherian, nonseparated) algebraic space that was constructed in [Altman and
Kleiman 1980]. For nodal curves, Melo and Viviani [2012] describe the relation
between the Esteves moduli spaces and the Simpson moduli spaces. However, here
we treat these moduli spaces separately.

For a discussion of the relation between these moduli spaces and other mod-
uli spaces constructed in the literature, the reader is directed to [Alexeev 2004;
Casalaina-Martin et al. 2011, Section 2]. The reader familiar with the work of
Caporaso is warned of one potential point of confusion. In [Caporaso 1994], the
compactified Jacobian associated to a stable curve X parametrizes pairs (Y, L)
consisting of a line bundle L on a nodal curve Y stably equivalent to X that satisfies
certain conditions. The line bundle locus J that we study corresponds to the locus
parametrizing pairs (¥, L) with X =Y.

1.2. Main result. The main result of this paper relates the line bundle locus in a
proper family of moduli spaces of sheaves to the Néron model of the Jacobian:

Theorem 1. Fix a Dedekind scheme B. Let f : X — B be a family of geometrically
reduced curves with regular total space X and smooth generic fiber X,,. Let J C J
the locus of line bundles in one of the following moduli spaces:

e the Esteves compactified Jacobian J_g ;

e the Simpson compactified Jacobian J;% associated to an f-ample line bundle
& such that slope semistability coincides with slope stability.

Then J is the Néron model of its generic fiber.

Theorem 1 is the combination of Corollaries 4.2 and 4.5, which themselves are
consequences of Theorem 3.9. Theorem 3.9 is quite general, and we expect that
it applies to many other fine moduli spaces of sheaves (but not coarse ones). In
particular, Theorem 3.9 applies to families of curves with possibly nonreduced
fibers, though then general results asserting the existence of a suitable moduli space
are unknown (but see Section 4.3 for some simple examples).

The arithmetically inclined reader should note Theorem 1 and the results later
in this paper do not place any hypotheses on the base Dedekind scheme B. In
particular, we do not assume that the residue fields are perfect. This surprised the
author initially as there is a body of work (e.g., [Liu et al. 2004; Raynaud 1970])
showing that various pathologies can arise when k(b) fails to be perfect.

Theorem 1 has interesting consequences for both the Néron model and the
compactified Jacobian. One consequence of the theorem is that Néron models
of Jacobians can often be constructed over high-dimensional bases. The Néron
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model of an abelian variety is only defined over a (regular) 1-dimensional base B,
but no such dimensional hypotheses are needed to apply the existence results from
[Simpson 1994; Esteves 2001]. At the end of Section 4.3, we examine a family
J — P? over the plane with the property that a dense, open subset of P? is covered
by lines C such that the restriction J¢ of J is the Néron model of its generic fiber.
Surprisingly, while the Néron models fit into a 2-dimensional family, their group
structure does not.

Theorem 1 also has interesting consequences for the moduli spaces of Esteves
and Simpson. Indeed, if f : X — B is a family of curves satisfying the hypotheses
of the theorem, then both the Esteves Jacobians J¢ and the Simpson Jacobians J. 5%
(for & as in the hypothesis) are independent of the particular polarizations, and
every such Simpson Jacobian is isomorphic to every Esteves Jacobian. This is not
immediate from the definitions. At the end of Section 4.1, we discuss this fact in
greater detail and pose a related question.

1.3. Past results. Certain cases of Theorem 1 were already known. In his (unpub-
lished) thesis, Simone Busonero [2008] established Theorem 1 for certain Esteves
Jacobians. A different proof using similar techniques that extends the result to
the Simpson moduli spaces is due to Melo and Viviani [2012, Theorem 3.1]. They
prove Theorem 1 when the fibers of f are nodal and X is regular. We do not discuss
the Caporaso universal compactified Jacobian here, but the relation between that
scheme and the Néron model was described by Caporaso [2008a; 2008b; 2012,
especially Theorem 2.9]. Earlier still, Oda and Seshadri related their ¢-semistable
compactified Jacobians, also not discussed here, to Néron models [Oda and Se-
shadri 1979, Corollary 14.4]. In each of those papers, an important step in the
proof is a combinatorial argument establishing that, for example, the natural map
from the set of o -quasistable multidegrees to the degree class group is a bijection.

The proof given here does not use any combinatorics, and the idea can be de-
scribed succinctly. Consider the special case where B := Spec(C[[¢]]), which is
a strict henselian discrete valuation ring with algebraically closed residue field.
There is a natural map J — N to the Néron model coming from the univer-
sal property of N, and an application of Zariski’s main theorem shows that this
morphism is an open immersion. Thus the only issue is set-theoretic surjectiv-
ity. Because B is henselian, every point on the special fiber of N is the spe-
cialization of a section, so surjectivity is equivalent to the surjectivity of the map
J(C[[¢]]) — J (Frac C[[#]) that sends a section to its restriction to the generic fiber.
A given point p € J(Frac C[[¢])) may be extended to a section o € J(C[[t]) of J
by the valuative criteria. As J is a fine moduli space, o corresponds to a family of
rank 1, torsion-free sheaves, which in fact must be a family of line bundles because
X is factorial. We may conclude that o € J(C[[t])), yielding the result.
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1.4. Questions. It would be interesting to know when a Simpson Jacobian J § sat-
isfying the hypotheses of Theorem 1 exists; that is, given a family f : X — B,
does there exist an ample line bundle & such that every $-slope semistable sheaf
of degree 0 is stable? We briefly survey the literature on this question at the end
of Section 4.2.

More generally, given a family f : X — B, it would be desirable to have a
description of the maximal subfunctors of the degree 0 relative Picard functor P°
representable by a separated B-scheme. We discuss this question in Section 4.3,
where we analyze the simple case of genus 1 curves.

1.5. Organization. We end this introduction with a few technical remarks about
the paper. The moduli spaces of sheaves that we consider are moduli spaces of pure
sheaves. On a curve, a coherent sheaf is pure if and only if it is Cohen—Macaulay.
This condition is also equivalent to the condition of being torsion-free in the sense
of elementary algebra when the curve is integral, and the term “torsion-free” is
sometimes used in place of “pure”.

The term “family of curves” only to refers to families with geometrically irre-
ducible generic fibers. This is done to avoid notational complications concerning
multidegrees. Families of curves are required to be proper, but not projective. A
family of curves over a Dedekind scheme can fail to be projective (e.g., [Altman
and Kleiman 1980, 8.10]), but projectivity is automatic if the local rings of the total
space are factorial, which is the main case of interest. (See Proposition 4.1.)

We prove the main results for families over a base scheme S that is the spectrum
of a strict henselian discrete valuation ring rather than a more general Dedekind
scheme. Doing so lets us make sectionwise arguments because a smooth family
of a henselian base admits many sections. Furthermore, this is not a real restric-
tion: Results over a general Dedekind base can be deduced by passing to the strict
henselization.

The body of the paper is organized as follows. In Section 2, we review Rayanud’s
construction of the maximal separated quotient. We then relate this scheme to a
general moduli space of line bundles satisfying some axioms in Section 3. Finally,
we describe some schemes that satisfy these axioms in the final section, Section 4.

Conventions

1.1. The symbol X7 denotes the fiber product X xg T.

1.2. The letter S denotes the spectrum of a strict henselian discrete valuation ring
with special point 0 and generic point 7.

1.3. A curve over a field k is a proper k-scheme fj: Xo — Spec(k) that is geomet-
rically connected and of pure dimension 1.
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1.4. If B is a scheme, then a family of curves over B is a proper, flat morphism f :
X — B whose fibers are curves and whose geometric generic fibers are irreducible.

1.5. If f: Y — B is a finitely presented morphism, then we write Y™ C Y for the
smooth locus of f.

1.6. A coherent module Iy on a noetherian scheme X is rank 1 if the localization
of Iy at x is isomorphic to Oy, , for every generic point x.

1.7. A coherent module /y on a noetherian scheme X is pure if the dimension of
Supp(lp) equals the dimension of Supp(Jy) for every nonzero subsheaf Jy of Ij.

1.8. If Xy — Spec(k) is proper, then the degree of a coherent Oy,-module % is
defined by deg(¥F) := x (F) — x (Ox).

2. Raynaud’s maximal separated quotient

We begin by reviewing Raynaud’s construction of the Néron model of a Jacobian
and, more generally, the maximal separated quotient of the relative Picard func-
tor [Raynaud 1970]. Much of this material is also treated in [Bosch et al. 1990,
Chapter 9].

Let S be a strict henselian discrete valuation ring with generic point n and special
point 0. Given a family of curves f : X — S, the relative Picard functor P of f is
defined to be the étale sheaf P : S-Sch — Grp associated to the functor

T +— Pic(X7). (2-1)

Here Pic(X7) is the set of isomorphism classes of line bundles on X7. Rayanud
actually defines P to be the associated fppf sheaf, but then observes that this is the
same as the associated étale sheaf ([Raynaud 1970, 1.2]; see also [Kleiman 2005,
Remark 9.2.11]). The fibers of P are representable by group schemes locally of
finite type, and P itself is representable by an algebraic space if and only if f is co-
homologically flat [Raynaud 1970, Theorem 5.2]. Regardless of its representability
properties, P is locally finitely presented and formally S-smooth.

Inside of P, we may consider the functor E : S-Sch — Grp that is defined to
be the scheme-theoretic closure of the identity section. This is the fppf subsheaf
of P generated by the elements g € P(T'), where T — § is flat and g, € P(T;) is
the identity element. When P is a scheme, this coincides with the usual notion of
closure. The representability properties of E are similar to those of P: The fibers of
E are group schemes locally of finite type, and E is representable by an algebraic
space precisely when f is cohomologically flat [Raynaud 1970, Proposition 5.2].
When representable, E — S is an étale S-group space; in general, the generic
fiber of E is the trivial group scheme, and the special fiber is a group scheme of
dimension equal to h°(Ox,) — h%(Ox, ).
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When E is not the trivial S-group scheme, P does not satisfy the valuative cri-
teria of separatedness. We can, however, form the maximal separated quotient
Q : S-Sch — Grp of P. By definition, this is the fppf quotient sheaf Q := P /E.
The maximal separated quotient Q is always representable by a scheme that is
S-smooth, separated, and locally of finite type [Raynaud 1970, Theorem 4.1.1,
Proposition 8.0.1]. Rather than working directly with Q, we shall primarily work
with the slightly smaller subfunctor Q° : S-Sch — Grp, which we now define.

Suppose generally that B is a scheme and G : S-Sch — Grp is a B-group functor
whose fibers are representable by group schemes locally of finite type. For every
point b € B, we may form the identity component G, C G, and the component
group G,/ G}. The subgroup functor G C G is defined to the subfunctor whose T -
valued points are elements g € G(T') with the property that, for every r € T mapping
to b € B, the element g, € G (k(¢)) maps to a torsion element of G,/ G} (k(2)). If
we instead require that g, maps to the identity element, then we obtain the subgroup
functor G° C G. Let us examine these constructions when B equals S and G equals
Por Q.

The functors P° and P? coincide, and this common functor is the étale sheaf
associated to the assignment sending 7 to the set of isomorphism classes of line
bundles on X that fiberwise have multidegree 0. From this description, it is easy
to see that P° = P* C P is an open subfunctor. Another open subfunctor of P is the
subfunctor parametrizing line bundles on X7 with fiberwise degree 0, which we
denote by PY. It is typographically difficult to distinguish between P° and P°, but
we will not make use of P° in this paper, so this should not cause confusion.

The functors Q° and Q° are different in general. They are, however, both open
subfunctors of Q [Grothendieck 1966b, Theorem 1.1(i.1), Corollary 1.7]. In partic-
ular, they are both representable by smooth and separated S-group schemes that are
locally of finite type. In fact, both schemes are of finite type over S as their fibers
are easily seen to have a finite number of connected components. The condition that
Q' C Qs a closed subscheme is important, but slightly subtle. A characterization
of this condition is given by [Raynaud 1970, Proposition 8.1.2(iii)]; one sufficient
(but not necessary) condition for Q° C Q to be closed is that the local rings of X
are factorial.

The factoriality condition is also almost sufficient to ensure that Q7 is the Néron
model of its generic fiber. Suppose that the generic fiber of f is smooth, so the
generic fiber of QF — S is an abelian variety, and thus it makes sense to speak of the
Néron model N := N(Q;). By the universal property, there is a unique morphism
Q" — N that is the identity on the generic fiber. Theorem 8.1.4 of [Raynaud 1970]
states that if the local rings of X are factorial, then Q° — N is an isomorphism in
the cases that k£(0) is perfect and that a certain invariant § is coprime to the residual
characteristic.
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The proof uses the characterization of the Néron model in terms of the weak
Néron mapping property. Recall that a S-scheme ¥ — § is said to be a weak
Néron model of its generic fiber if the natural map Y (S) — Y () is bijective. If
G — S is a finite type S-group scheme whose generic fiber is an abelian variety,
then G is the Néron model of its generic fiber if and only if it satisfies the weak
Néron mapping property [Bosch et al. 1990, Section 7.1, Theorem 1].

3. The main theorem

Here we derive the main results for families over a strict henselian discrete val-
uation ring S with generic point 1 and special point 0. Specifically, we provide
sufficient conditions for the maximal separated quotient Q° of the Picard functor
to be the Néron model and we relate Q* to a fine moduli space of line bundles that
satisfies certain axioms. These moduli spaces are, by definition, subfunctors of a
(large) functor that we now define.

Definition 3.1. If 7 is a S-scheme, then we define Sheaf(X7) to be the set of
isomorphism classes of O7-flat, finitely presented Ox,-modules $ on Xr that are
fiberwise pure, rank 1, and of degree 0.
The functor Sh=Shy/,g: S-Sch — Sets is defined to be the étale sheaf associated
to the functor
T +— Sheaf(X7). (3-1)

There is a tautological transformation P° — Sh that realizes P” as a subfunctor
of Sh.

Lemma 3.2. The subfunctor P° C Sh is open.

Proof. Given a S-scheme T and a morphism g : T — Sh, we must show that 7" x s, P°
is representable by a scheme and that T x s, P* — T is an open immersion. Thus,
let g be given.

By definition, there exists an étale surjection p : T — T and a sheaf §' €
Sheaf(X7/) that represents g o p : T" — Sh. Consider the subset U’ C T of points
t € T' with the property that the restriction of $ to the fiber X, is a line bundle. This
locus is open by [Altman and Kleiman 1980, Lemma 5.12(a)], and one may easily
show that U’ represents T’ x s, P’. A descent argument establishes the analogous
property for the image U of U’ under T’ — T. This completes the proof. U

A remark about topologies: We work with the étale sheaf associated to (3-1),
but one could instead work with the associated fppf sheaf. When f is projective,
it is a theorem of Altman and Kleiman [1980, Theorem 7.4] that the subfunctor of
Sh parametrizing simple sheaves can be represented by a quasiseparated, locally
finitely presented S-algebraic space, and hence is an fppf sheaf. We do not know
if Sh is an fppf sheaf in general. Here Sh is just used as a tool for keeping track of
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representable functors, and certainly any representable subfunctor of Sh is an fppf
sheaf.

One reason for working with the étale topology instead of the fppf topology is
that it makes the following fact easy to prove.

Fact 3.3. The natural map Sheaf(X) — Sh(S) is surjective.

Proof. Let g € Sh(S) be given. By definition, there is an étale morphism S’ — S
and an element §’ € Sheaf (X g/) that maps to gg € Sh(S’). But S is strict henselian,
so 8" — S may be taken to be an isomorphism S — S [Grothendieck 1967, Propo-
sition 18.8.1(c)], in which case the result is obvious. O

The following two facts about separably closed fields are standard, but they will
be used so frequently that it is convenient to record them.

Fact 3.4. If £(0) is a separably closed field and fj: Yo — Spec(k(0)) is smooth of
relative dimension #, then the closed points of Yy with residue field k(0) are dense.

Proof. This is [Bosch et al. 1990, Corollary 13]. The scheme Y, can be covered
by affine opens Uy that admit an étale morphism p : Uy — AZ(O). Certainly, the
closed points with residue field k(0) are dense in the image of p. If vy € AZ(O) is
one such point, then pil(vo) is a finite, étale k(0)-algebra, and hence a disjoint
union of closed points defined over k(0). Density follows. ([

Fact 3.4 is typically used in conjunction with the following fact to assert that a
smooth morphism has many sections.

Fact 3.5. Let Y — S be a smooth morphism over strict henselian discrete valuation
ring. Then Y (S) — Y (k(0)) is surjective.

Proof. This is [Grothendieck 1967, Corollary 17.17.3], or [Bosch et al. 1990,
Proposition 14]. If U and X’ are as in the statement of the former, then we
must have U = S and X’ — U may be taken to be an isomorphism (again, by
[Grothendieck 1967, Proposition 18.8.1(c)]). U

We now prove the main results of the paper.

Proposition 3.6. Let f : X — S be a family of curves and J C P° a subfunctor
such that the generic fibers J,, = Pg coincide. Assume J is represented by a smooth,
finitely presented S-scheme.

If J is S-separated, then J — Q is an open immersion. Furthermore, the im-
age is contained in Q° provided Q' C Q is closed (e.g., the local rings of X are
factorial).
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Proof. This is an application of Zariski’s main theorem. We begin by showing that
the induced map J — Q is injective on closed points. It is enough to verify this after
extending base S so that k(0) is algebraically closed. Thus, we will temporarily
assume k := k(0) is algebraically closed and work with k-valued points instead of
closed points. Given g € Q(k), there is nothing to show when the fiber over ¢ is
empty. If nonempty, pick p € J (k) mapping to g. We may invoke Fact 3.5 to assert
that there exists a section o € J(S) with o (0) = p.

The fiber of P — Q over ¢ is the set of elements of the form p 4 ¢ with e € E(k)
or, equivalently, the elements of (o 4+ E) (k) [Raynaud 1970, Corollary 4.1.2]. Re-
stricting to J, we see that the fiber of ¢ under J — Q is the set of k-valued points
of (o + E)NJ. But (o + E) N J is the scheme-theoretic closure of o in J (by
[Grothendieck 1965, 2.8.5]), which is just the image of o by separatedness. In
particular, the preimage of g under J — Q must be the singleton set {p}. This
proves that the map is injective on closed points. We now return to the case
where S is a henselian discrete valuation ring (so k(0) is no longer assumed to
be algebraically closed).

It follows that the set-theoretic fibers of J — Q are finite sets. Indeed, if Z C J
is the locus of points x € J with the property that x lies in a positive dimensional
fiber, then Z is closed by Chevalley’s theorem [Grothendieck 1965, 13.1.3]. Fur-
thermore, Z is contained in the special fiber Jy and contains no closed points. This
is only possible if Z is the empty scheme. In other words, the set-theoretic fibers
of J — Q are 0-dimensional, and hence finite (by [Grothendieck 1964, 14.1.9]).

It follows immediately from Zariski’s main theorem [Grothendieck 1961, 4.4.9]
that / — Q is an open immersion. This proves the first part of the theorem. To
complete the proof, observe that flatness implies that the generic fiber of J,, is dense
in J [Grothendieck 1965, 2.8.5]. In particular, J is contained in the closure of J,
in Q. The generic fiber of J coincides with the generic fiber of Q°, so the closure
of this common scheme is contained in Q when QF C Q is closed. This completes
the proof. U

Remark 3.7. In Proposition 3.6, we do not assume that J C P° is an open sub-
functor, but this condition holds in most cases of interest. When open, J is auto-
matically formally smooth and locally of finite presentation. Thus, the key hypo-
thesis in the proposition is that J is represented by a S-separated scheme. A similar
remark holds for Theorem 3.9; there the key hypotheses are that J satisfies the
valuative criteria of properness and that J is representable. Indeed, we do not even
need to assume that J is representable.

Under stronger assumptions, we can actually show that the natural map J — Q°
is an isomorphism. The essential point is to prove that J satisfies the weak Néron
mapping property. When J can be embedded in a S-proper moduli space J, this
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property holds provided that the local rings of X are factorial. The content of this
claim is that a line bundle on the generic fiber can specialize only to a line bundle
on the special fiber. By localizing, the claim is equivalent to the following lemma,
which is based on a proof from [Altman and Kleiman 1979, p. 27 after Step XII].

Lemma 3.8. Suppose that (R, 7) is a discrete valuation ring and R — O a local,
flat algebra extension with O noetherian. Let M be a R-flat, finite O-module with
the property that M[m~"] is free of rank 1 and M /7 M is a rank 1, pure module. If
O is factorial, then M is free of rank 1.

Proof. We can certainly assume O is not the zero ring. To ease notation, we write
M = M/7M and O := 0/70. It is enough to prove that M is isomorphic to a
height 1 ideal. Indeed, such an ideal is principal by the factoriality assumption.

We argue by first showing that M is isomorphic to an ideal of 0. Let py, ..., b,
be the minimal primes of O and py, . . ., p, the corresponding primes of 0. We have
assumed that the stalk M ® k(p;) is 1-dimensional. This stalk coincides with the
stalk M ® k(p;), so we can conclude that the localization My, is free of rank 1 for
i=1,...,n.

We can also conclude that the same holds for the localizations of the dual module
MY :=Hom(M, 0). An application of the prime avoidance lemma shows that there
exists an element ¢ € M that maps to a generator of Mpvi for all i. We will show
that ¢ : M — O realizes M as a R-flat family of ideals (i.e., ¢ is injective with
R-flat cokernel).

It is enough to show that the reduction ¢ : M — O is injective. An element of
the kernel of this map is also in the kernel of the composition

W — @ My, — H.

The kernel of the leftmost map is a submodule whose support does not contain any
of the primes p;, and thus must be zero by pureness. Furthermore, the rightmost
map is an isomorphism by construction. This proves injectivity.

Consider the ideal I[7 '] given by the image of (;5[71_1] ‘Mz~ '1—= O[x1].
This is a principal ideal, and hence is either the unit ideal or an ideal of height at
most 1 (Hauptidealsatz!). By flatness, the same is true of the image / of ¢. In fact,
I cannot be a height zero ideal: The only such prime is the zero ideal, which does
not satisfy the hypotheses. Thus, I is either the unit ideal or a height 1 ideal. In
either case, I must be principal, and the proof is complete. ([

We record the factorial condition as a hypothesis.

Hypothesis 1. We say a family of curves f : X — B over a Dedekind scheme
satisfies Hypothesis 1 if the generic fiber X, is smooth and the local rings of X
are factorial for every strict henselization S — B.
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Hypothesis 1 is satisfied when X is regular and X,, is smooth. We now prove
the main theorem of this paper.

Theorem 3.9. Let f : X — S be a family of curves and J a subfunctor of Sh such
that the generic fibers J_,, = Sh,, coincide. Assume the line bundle locus J C J is
represented by a smooth and finitely presented S-scheme.

If J satisfies the valuative criteria of properness and f satisfies Hypothesis 1,
then Q° is the Néron model and

JCQ'=N

is an open subscheme that contains all the k(0)-valued points of QF. Furthermore,
J=Q"=N

provided one of the following conditions hold:

(1) k(O) is algebraically closed,
(2) J is stabilized by the identity component Q°.

Proof. By Proposition 3.6, the natural map J — Q is an open immersion with
image contained in Q°. Using this fact, we can prove that Q° is the Néron model
of its generic fiber. Indeed, it is enough to prove that QF satisfies the weak Néron
mapping property. The open subscheme J C QF, in fact, already satisfies this
property. Let o, € Q" (17) = J (1) be given. By properness, we can extend o, to
a section o € J(S), and this element can be represented by a family $ of pure,
rank 1 sheaves (by Fact 3.3). But every such family is a family of line bundles
(Lemma 3.8), and hence o lies in J(S) C J(S). In other words, J satisfies the
weak Néron mapping property.

The weak Néron mapping property of J also implies that the image of J contains
all the k(0)-valued points of Q. Indeed, every k(0)-valued point of Q° is the
specialization of a section by Fact 3.5. If k(0) is algebraically closed, then we
have shown that J contains every k(0)-valued point of Q°, hence every closed
point. Thus, J = QF, and there is nothing more to show.

Let us now turn our attention to the case where k(0) is only separably closed,
but J is stabilized by Q°. Our goal is to show J = QF, and to show this, we pass
to the special fiber Jo — Qg and argue with points. Let x be a k(0)-valued point
of Q7, where k(0) is the algebraic closure of the residue field. By density (Fact 3.4),
there exists a k(0)-valued point y in the image of Jy — Qg that lies in the same
connected component as x. We have x = y + (x — y), which expresses x as the
sum of a point of Qj and a point of Jy. The point x must lie in Jy by assumption.
This shows that the image of J contains all of Q°, completing the proof. (]
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Remark 3.10. The hypothesis that J is stabilized by the identity component Q°
is perhaps unexpected, but it is often satisfied in practice. The moduli space J is
typically constructed by imposing numerical conditions on the multidegree of a
sheaf, and the multidegree is invariant under the action of Q° (because the action
is given by tensoring with a multidegree O line bundle).

In the next section, we will show that certain moduli spaces constructed in the
literature satisfy the hypotheses of Theorem 3.9. There are, however, families of
curves f : X — § with factorial local rings Oy , such that there does not exist a
S-scheme J satisfying the conditions of the theorem. Indeed, the family f: X — §
in [Raynaud 1970, Example 9.2.3] is a family of genus 1 curves such that the local
rings of X are factorial (even regular), but the natural map Q° — N is not an
isomorphism. In particular, no J satisfying the hypotheses of Theorem 3.9 can
exist.

4. Applications

Here we apply Theorem 3.9 to some families of moduli spaces from the literature
and then deduce consequences. The two moduli spaces that we are interested in
are the Esteves moduli space of quasistable sheaves (Section 4.1) and the Simpson
moduli space of slope stable sheaves (Section 4.2). In Section 4.3, we discuss the
special case of families of genus 1 curves, where suitable moduli spaces can be
constructed explicitly.

The moduli spaces we study are associated to a relatively projective family of
curves. We are primarily interested in families over a Dedekind scheme with lo-
cally factorial total space, in which case projectivity is automatic. This fact is a
consequence of the generalized Chevalley Conjecture when the Dedekind scheme
is defined over a field, but we do not know a reference. For completeness, we
prove:

Proposition 4.1. Ler f : X — B be a family of curves over a Dedekind scheme. If
the local rings of X are factorial, then f is projective.

Proof. This proof was explained to the author by Steven Kleiman. Fix a closed
point by € B. Given any component I C Xy, I claim that we can find a line bundle
£ on X that has nonnegative degree on every component of every fiber and strictly
positive degree on F.

Pick a closed point x € F and an open affine neighborhood U C X of that point.
By the prime avoidance lemma, we can find a regular function r € H O(U, Oy) that
does not vanish on any component of Xj, but does vanish at x. Pick a component
D of the closure of {r =0} C U in X. Then D is a Cartier divisor (by the factoriality
assumption) that does not contain any component of any fiber X, (by construction).
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Furthermore, D has nontrivial intersection with F. The associated line bundle
¥ := Ox(D) has the desired positivity property.

Now construct one such line bundle for every irreducible component F' of Xj,
and define [l to be their tensor product. The line bundle Jl is nef on every fiber
and ample on X,. Ampleness is an open condition, so J( is in fact ample on all but
finitely many fibers of f. After repeating the construction for each such fiber and
forming the tensor product, we have constructed a f-relatively ample line bundle
on X. This completes the proof. O

We now turn our attention to the moduli spaces.

4.1. Esteves Jacobians. We first discuss the Esteves moduli space of quasistable
sheaves. This moduli space fits very naturally into the framework of the previous
section.

Suppose B be a locally noetherian scheme and f : X — B a projective family of
curves whose fibers are geometrically reduced. Quasistability is defined in terms
of a section o : B — X*™ and a vector bundle € on X with fiberwise integral slope
deg(€ép)/ rank(€;,), which we assume is constant as a function of b € B. Given
o and €, o-quasistability is a numerical condition on the multidegree of a rank 1,
torsion-free sheaf of degree

d(€) =d = —x(Ox,) — deg(¥€p)/ rank(€p).

For the definitions (which we will not use), we direct the reader to [Esteves 2001,
p- 3051] (for a single sheaf) and [ibid., p. 3054] (for a family). The basic existence
theorem is [ibid., Theorem A on p. 3047], which is proved in [ibid., Section 4]).
It states that if Sheafy : S-Sch — Sets is the functor defined by setting Sheafg (7')
equal to the set of isomorphism classes of Or-flat, finitely presented Oy, -modules
that are fiberwise o -quasistable, then there is a B-proper algebraic space J_%? — B
of finite type that represents the étale sheaf associated to Sheaf?.

Strictly speaking, our definition differs from the one given in [ibid.] in two ways.
First, Esteves does not work with isomorphism classes of sheaves but rather with
equivalence classes under the relation given by identifying two sheaves $; and
$5 on X7 when $; is isomorphic to $, ® f*(¥) for some line bundle & on T.
Zariski locally on 7', the sheaves $1 and $, are isomorphic, and it follows that the
étale sheaf associated to Sheaff is canonically isomorphic to the sheaf considered
by Esteves. Second, Esteves only defines his functor as a functor from locally
noetherian schemes to sets. However, the functor Sheaff and its associated étale
sheaf are easily seen to be locally finitely presented. It follows that J:g represents
the étale sheaf associated to Sheafg, rather than just the restriction of this sheaf to
locally noetherian schemes.
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If f satisfies stronger conditions, then the space J:g is actually a scheme. This
is the content of [Esteves 2001, Theorem B, p. 3048], proved on [ibid., p. 3086].
The theorem states that if there exist sections o1, ..., 0, : B — X% of f with the
property that every irreducible component of a fiber X, is geometrically integral
and contains one of the points o(b), ..., 0,(b), then fg is a scheme.

In the special case where B = S is a strict henselian discrete valuation ring with
generic point » and special point 0, the hypotheses of Theorem B are automatically
satisfied. Indeed, the locus of k(0)-valued points is dense in the smooth locus X§™
(Fact 3.4), which in turn is dense in X¢ as X¢ is geometrically reduced. We may
conclude that the irreducible components of X are geometrically integral. Finally,
every k(0)-valued point of Xy extends to a section o : S — X (Fact 3.5), so the
hypotheses of Theorem B are certainly satisfied.

We call jg the Esteves compactified Jacobian. Inside of the Esteves compact-
ified Jacobian, we can consider the open subscheme parametrizing line bundles.
This scheme is called the Esteves Jacobian and denoted by J . While the scheme
J_%f’ parametrizes sheaves, it is not naturally a subfunctor of Sh because it does not
parametrize degree 0 sheaves. We can, however, define a natural transformation
JZ — Sh by the rule

9> $(—d- o)
Both Proposition 3.6 and Theorem 3.9 apply to Jig .

Corollary 4.2. Fix a Dedekind scheme B. Let f : X — B be a projective family of
geometrically reduced curves. Let o : B — X*™ be a section and € a vector bundle
on X with fiberwise integral slope.

Then the natural map Jg — Q is an open immersion.

Assume further that f satisfies Hypothesis 1. Then JJ = QF, and this scheme is
the Néron model.

Proof. By localizing, we can assume that B = S is a strict henselian discrete
valuation ring, in which case we are reduced to proving that the hypotheses of
Proposition 3.6 and Theorem 3.9 hold. The scheme J{ is easily seen to be for-
mally S-smooth. Indeed, o-quasistability is a condition on fibers, so the formal
smoothness of P” implies the formal smoothness of J¢ . The remaining hypotheses
of Proposition 3.6 are explicitly assumed, so we can deduce the first part of the
theorem. To complete the proof, it is enough to show that J is stabilized by Q°.
But the action of Q® on J¢ is given by the tensor product against a multidegree 0
line bundle, so this action preserves multidegree and hence o-quasistability. [

Corollary 4.2 implies that Jg is a scheme with (unique) B-group scheme struc-
ture that extends the group scheme structure of the generic fiber. It is not immediate
from the definition that Jg admits such structure, and Example 4.9 shows that the
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group structure is special to the case of families over a 1-dimensional base. The
result also implies uniqueness results for the Esteves Jacobian; if o’ : B — X
is a second section and ¢’ a second vector bundle on X, then ch,/ is canonically
isomorphic to Jg . In the next section, we will define the Simpson stable Jacobian
J§(X ), and this scheme is also isomorphic to Jg provided every slope semistable
sheaf is stable. It would be interesting to know if these isomorphisms extend to
the compactifications. Important results along these lines can be found in [Melo
and Viviani 2012; Esteves 2009], but many basic question remain unanswered.
Currently, there is no example of a curve Xg — Spec(k) such that two Esteves

compactified Jacobians associated to X are nonisomorphic.

4.2. Simpson Jacobians. The hypotheses to Proposition 3.6 and Theorem 3.9 are
satisfied by certain moduli spaces of stable sheaves, which we call Simpson Ja-
cobians. Here we recall Simpson’s construction, along with later work of Langer
and Maruyama, and then apply results from Section 3. We restrict our attention
to families of reduced curves (but see Remark 4.4, and the discussion preceding
Example 4.9).

We work over a scheme B that is finitely generated over a universally Japanese
ring R (e.g., R=C,F,, Z,...). Let f: X — B afamily of curves with f-relatively
ample line bundle &, and assume the Euler—Poincaré characteristics x (Ox,) and
x (&£p) are constant as functions of the base B. Set P; equal to the polynomial

Py(t) :=deg(%p) -t +d + x, 4-1)

where y is the Euler—Poincaré characteristic of a fiber of f and deg($¥;) is the
degree of the restriction of £ to a fiber. This is the Hilbert polynomial of a degree
d line bundle.

Given this data, Simpson constructed an associated moduli space in the case
that R = C. The Simpson moduli space M(Ox, P;) parametrizes slope semistable
sheaves with Hilbert polynomial P;. (See [Simpson 1994, pp. 54-56] for the
definition of semistability). To be precise, define MOy, P;) to be the functor
whose T'-valued points are isomorphism classes of O7-flat, finitely presented Oy, -
modules whose fibers are £-slope semistable sheaves with Hilbert polynomial Pj.
The main existence result [Simpson 1994, Theorem 1.21] asserts that there is a
projective scheme M(Oy, P;) that corepresents M*(Oy, P;). Inside of M(Oyx, P,),
we may consider the open subscheme M*(Oy, P;) parametrizing £-slope stable
sheaves. The stable locus is a fine moduli space: Its C-valued points are in natu-
ral bijection with the isomorphism classes of £-slope stable sheaves with Hilbert
polynomial P, and étale locally on M*(Oy, P;), the product X x g M*(Oy, Py)
admits a universal family of sheaves. The reader may check that these conditions
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are equivalent to the condition that M (Oy, P,) represents the étale sheaf asso-
ciated the functor parametrizing stable sheaves. While Simpson only considers
the case R = C, later work of Langer [2004a, Theorem 4.1; 2004b, Theorem 0.2]
and Maruyama [1996] extends these results to the case where R is an arbitrary
universally Japanese ring.

Let us now specialize to the case where B is a Dedekind scheme. When f has
reducible fibers, M*(Oy, P;) may contain points corresponding to sheaves that
are not rank 1; see [Lopez-Martin 2005, Example 2.2]. This is potentially a major
source of confusion: The term “rank” is used in a different way in [Simpson 1994],
and the sheaves parametrized by M*(Oy, P;) are rank 1 in Simpson’s sense but
not necessary in the sense used here.

We avoid these sheaves. Define the Simpson stable Jacobian J;é of degree d to
be the locus of stable line bundles in M*(Oy, P;) (which is an open subscheme
by [Altman and Kleiman 1980, Lemma 5.12(a)]). We define the Simpson stable
compactified Jacobian J;‘é to be the subset of the stable locus M*(Oy, P;) that
corresponds to pure, rank 1 sheaves. (Warning: The compactified Jacobian is a
B-proper scheme when every semistable pure sheaf with Hilbert polynomial Py is
stable but not in general!)

When the fibers of X — B are geometrically reduced, a minor modification
of the proof of [Pandharipande 1996, Lemma 8.1.1] shows that the subset J:fé C
M (Ox, Py) is closed and open, and hence has a natural scheme structure:

Lemma 4.3. Assume the fibers of f : X — B are geometrically reduced. Then the
subset Jé‘é is closed and open in M* (O, Py).

Proof. The main point to prove is that a 1-parameter family of line bundles cannot
specialize to a pure sheaf that fails to have rank 1, and this is shown by examining
the leading term of the Hilbert polynomial. To begin, we may cover M*'(Oy, P,;) by
étale morphisms M — M* (O, P,) with the property that a universal family $ ;.
on M x g X exists. It is enough to verify the claim after passing from M*(Oy, P,)
to an arbitrary such scheme, and so for the remainder of the proof we work with
M in place of M*(Oy, P;). We will also abuse notation by denoting the pullback
of J¢ under M — M*(Oy, P;) by the same symbol J&.

We first need to check that J:fé C M is constructible, so that we can make use
of the valuative criteria. Given m € M mapping to b € B, the condition that the
fiber I, is rank 1 is just the condition that the restriction of /,, to X;™ is a line
bundle. Constructibility thus follows from [Grothendieck 1966a, 9.4.7] applied to
M x pX5™ — M.

To finish, it is enough to prove that J_bfé is closed under specialization and gen-
eralization. Thus, we pass from M to a discrete valuation ring 7 mapping to M. If
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9 is the sheaf on X7 given by the pullback of the universal family, then we need
to show that the generic fiber of 7, is rank 1 if and only if the special fiber I is.

To prove this, we turn our attention to the Hilbert polynomial P, of a fiber of 1.
This polynomial is defined so that the leading term is deg(¥f;), and we can express
this number in terms of components of a fiber of X7 — T as follows. If x is
generic point of the special fiber Xy, then we define deg, (%) to be the degree of
the restriction of ¥y to the irreducible component corresponding to x. (Give the
component the reduced subscheme structure.) For any generic point y of X,,, we
define deg, (<) in the analogous manner. If xi, ..., x, are all the generic points
of X¢ and yi, ..., yn all the generic points of X, then we have

deg(¥p) = deg,, ($o) + - - - +deg, ($o)
=deg, (£y) +---+deg, (£,

by, say, [Altman and Kleiman 1979, 2.5.1]. The terms deg,. (¥o) and degyj (£y) in
the equation above are each strictly positive as & is relatively ample.

We can also express deg(¥;) in terms of the generic rank of a fiber of /. Using
[Altman and Kleiman 1979, 2.5.1] again, we have

deg(¥p) = deg,, (o) - £x,(lo) +- - - +deg, (Fo) - £, (o)
= degyl (&) Ly, (L) +---+ degym (&) - Ly, Iy).

Here £y, (Ip) denotes the length of the localization of Iy at x; and similarly for
£y, (Iy). The fibers of X7 — T are reduced, so such a length is equal to the minimal
number of generators. In particular, these numbers are upper semicontinuous. In
other words, if y; specializes to x;, then we have £, () < £y, (lo) (by Nakayama’s
lemma).

The desired result now follows. Suppose first that [y is rank 1. Then we have
£y, (I,) < 1forall i by semicontinuity. If some inequality was strict, say £, (1) =0,
then we would have

deg(¥p) = deg,, (£,) +deg, (£) + - - +deg, (£y)
> degy2 (L) +--+ degym (£
> deg,, (£y) - £y, (Iy) +---+deg, (£) Ly, (Iy)
=deg(Lp).

This is absurd! Thus, we must have £,,(I;)) = 1 for all y; and I, is rank 1. Similar
reasoning shows that if 7, is rank 1, then [y is rank 1. U

Remark 4.4. The hypothesis that the fibers of f are geometrically reduced is nec-
essary. Indeed, the moduli space M*(Oy, P;) was described in [Chen and Kass
2011] in the case that X is a nonreduced curve whose reduced subscheme X;eq
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is smooth and whose nilradical N is square-zero (i.e., X is a ribbon). Using that
description it is easy to produce examples where J:f,f C M*(Ox, P,) is not closed
(e.g., take d equal to 0, X to have even genus, and X4 to have genus 1). The
points of the complement in the closure correspond to stable rank 2 vector bundles
on Xyeq.

We now apply Proposition 3.6 and Theorem 3.9 to the Simpson Jacobians.

Corollary 4.5. Fix a Dedekind scheme B that is finitely generated over a univer-
sally Japanese ring. Let f : X — B be a family of geometrically reduced curves.
Let & be f-relatively ample line bundle.

Then the natural map J§(X ) — QF is an open immersion. Assume further that
both of the following conditions hold:

o Every E-slope semistable rank 1, torsion free sheaf of degree 0 is $-slope
stable.

o f satisfies Hypothesis 1.
Then JS%(X) = QF, and this scheme is the Néron model.

Proof. The local existence of a universal family [Simpson 1994, Theorem 2.1(4)]
implies that there is a natural transformation J¢(X) — Sh with the property that
Jo(X) is the preimage of P* C Sh. Furthermore, the slope stability condition is
a fiberwise condition, so a modification of the argument given in Corollary 4.2
completes the proof. U

Remark 4.6. A minor generalization of Corollary 4.5 can be obtained by allowing
for moduli spaces of degree d lines bundles, with d # 0. If we are given a line
bundle ./l on X with fiberwise degree d, then there is an associated map J. bf,f X)—Q
that extends the map on the generic fiber given by tensoring with .(l~!. With only
notational changes the previous corollary generalizes to a statement about this map.

Corollary 4.5 is, of course, only of interest when there exists an & such that
¥-slope stability coincides with &-slope semistability. Thus, we ask, When does
such an & exist? A comprehensive discussion of this question would require a
digression on stability conditions, so we limit ourselves to reviewing known results
about a single curve X( over an algebraically closed field. When X is integral,
the stability condition is vacuous, so every ample £ has the desired property.
If Xy is reducible of genus g # 1 with only nodes as singularities, then Melo and
Viviani have proven the existence of a suitable & [2012, Proposition 6.4]. Stability
conditions on reduced, genus 1 curves were analyzed by Lopez-Martin [2005]. She
exhibits curves X with the property that there is no & such that every ¥£y-slope
semistable, pure, rank 1 sheaf degree O is stable, but a suitable &£ always exists
if one considers sheaves of fixed degree d # 0. Finally, stability conditions for a
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ribbon were analyzed in [Chen and Kass 2011]. On a ribbon, the stability condition
is independent of ¥, and for rational ribbons, slope stability coincides with slope
semistability precisely when the genus g is even. It would be desirable to have a
general result asserting (non)existence of a suitable &.

4.3. Genus 1 curves. The Néron model of the Jacobian of a genus 1 curve can
be quite complicated (see for example [Liu et al. 2004]), but these complications
do not arise if the family admits a section. Suppose B is a Dedekind scheme and
f : X — B is a family of curves such that the total space X is regular and the
generic fiber X, is smooth. If o : B — X*" is a section contained in the smooth
locus, then there is a canonical identification of the smooth locus X5™ with the
Néron model N of the Jacobian of X,. Here we examine how this fact fits into the
preceding framework.

Definition 4.7. Let f : X — B be a family of genus 1 curves over a Dedekind
scheme and o : B — X a section contained in the smooth locus. We define a
sheaf $p;. on X x p X by the formula

Funi. 1= I (] (0) + 75 (0)). (4-2)

Here $, is the ideal sheaf of the diagonal, and 71,7, : X xp X — X are the
projection maps.

The sheaf $,,; determines a transformation X — Sh that realizes X as a moduli
space of sheaves over itself. Proposition 3.6 and Theorem 3.9 apply to this moduli
space.

Corollary 4.8. Fix a Dedekind scheme B. Let f : X — B be a family of genus 1
curves. Let o : B — X be a section.

Then the natural map X5™ — Q is an open immersion.

Assume further that f satisfies Hypothesis 1. Then X5™ = QF, and this scheme
is the Néron model.

Let us consider the special case where B is a discrete valuation ring, X is a
minimal regular surface, and the residue field k(0) is algebraically closed. The
possibilities for the special fiber X are given by the Kodaria—Néron classification
([Kodaira 1960; Néron 1964]; see [Silverman 1994, pp. 353-354] for a recent
exposition). The reduced curves appearing in the classification are the reduction
types I,,, I, III, and IV. In these cases, one may show that the induced morphism
X — Shidentifies X with the Esteves compactified Jacobian J_g .

In every remaining case (reduction type I, IT*, IIT*, or IV*) the morphism X —
Sh is not a special case of the fine moduli spaces discussed in the previous two
sections. Indeed, the special fiber X is nonreduced, so the Esteves Jacobian of X
is not defined. In Section 4.2, we reviewed Simpson’s moduli space M*(Ox, P,) of
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stable sheaves, but the image of X — Sh cannot be described as a closed subscheme
of that space. The reason is that slope stable sheaves are simple, but some fibers
of $uni. are not simple. Specifically, if py € Xy lies on the intersection of two
components, then the fiber of $,,; of pg fails to be simple. This can be seen
as follows. This fiber is the sheaf $, (+0(0)), where $,, is the ideal of py. If
V. X6 — X is the blow-up of Xy at pg, then one may show that HO(X!, @X(/)) is
canonically isomorphic to the endomorphism ring of $,,(+0(0)). An inspection
of the Kodaria—Néron table shows that X6 is disconnected, so H 0(X(’), o) x(’,) does
not equal k(0) and 9, (40 (0)) is not simple.

Corollary 4.8 provides a partial answer to a question posed in the introduction:
What are the maximal subfunctors J of P° represented by a separated B-scheme?
When X is, say, regular, a strong result one could hope for is that there is always a
subfunctor J of Sh satisfying the hypotheses of Theorem 3.9. The line bundle locus
J C J in such a functor has the property that / — Q7 is an isomorphism, and hence
J is maximal. Corollary 4.8 shows that such a J exists when f : X — S is a family
of genus 1 curves that f admits a section. Similarly, the Esteves compactified
Jacobian represents a suitable subfunctor when f has geometrically reduced fibers
and admits a section. In general, however, the hope is too optimistic: Raynaud’s
family, mentioned at the end of Section 3, has that property that no such J can
exist.

The question of describing maximal subfunctors J is most interesting when f
has nonreduced fibers. The slope stable line bundles form a subfunctor J C P° rep-
resented by a S-separated scheme, but our discussion of genus 1 families together
with Remark 4.4 suggest that we should consider other methods for constructing
a suitable J when f has nonreduced fibers.

In a different direction, one nice property of the moduli spaces described by
Corollary 4.8 is that their geometry is very simple. We use these spaces to provide
an example showing that a family J — B of Esteves Jacobians over a regular
2-dimensional base may not have group scheme structure.

Example 4.9 (Néron models in 2-dimensional families). We will construct a 2-
dimensional family f : X — B of plane cubics and an associated Esteves Jacobian
J — B with the property that the group law on the locus Jy — U parametriz-
ing nonsingular cubics does not extend over all of B. Furthermore, the family is
constructed so that a dense open subset of B is covered by nonsingular curves C
with the property that the restriction X¢ of X to C is regular, so J¢ is the Néron
model of its generic fiber (and in particular admits group scheme structure that
extends the group scheme structure over C N U). Thus, the Néron models fit into
a 2-dimensional family, but their group scheme structure does not.

The idea is as follows. The family we construct has a reducible element X, —
bo with the property that, for every nonsingular curve C C B passing through bg
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such that X¢ is regular, the restriction of the Esteves Jacobian J¢ is the Néron
model of its generic fiber. The fiber Jj, inherits a group law from this Néron
model, and we show explicitly that this group law depends on the particular choice
of C. But, if the group law on Jy extended to J, then all the different group laws
on Jj, coming from the different curves C would be the restriction of one common
group law on J, which is absurd. We now construct the family.

We work over an algebraically closed field k. The family X — B will be a net of
plane cubics. Let Xo C [P’i be a reducible plane cubics that is the union of a smooth
quadric Qg and a line Lg that meet in two distinct points. (See Figure 1.) Fix two
general points pi, p» € Lo(k) on the line and one general point g; € Qo(k) on the
quadric. Say that F € H°(P?,0(3))is an equation for Xpand G, H € H(P?,0(3))
are two general cubic equations that vanish on all of the points p1, p2, g1. We will
work with the net V := (F, G, H) ¢ H°(P2, 0(3)) and the associated family of
curves

X:={(p.Ir.s.t):r-F(p)+s-G(p)+1-H(p) =0} (4-3)
C P; x Pt

There are two obvious morphisms e, f: X — [P’i given by the two projections. If we
set B:= I]J’,% equal to the plane, then the second morphism f: X — B realizes X asa
family of genus 1 curves with Xo = f~1(by), where by :=[1, 0, 0]. Corresponding
to the points p1, p2, g1 € Xo(k) are three section o1, 02, 71 : B — X", which lie
in the smooth locus by the generality assumption.

Pc

Ly / Qo

q1

Figure 1. The pencil X¢.
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Another application of the generality assumption shows that the fibers of f
are reduced, so we can form the Esteves Jacobian J := Jg ', where € = Ox. The
quasistability condition on a line bundle ¥ on X|) is the condition that the bidegree
(deg(£r,), deg(£g,)) equals (0, 0) or (1, —1). Now we assume J — B is a group
scheme and derive a contradiction.

Suppose that we are given a general line C C B in the plane that contains by.
Such a line corresponds to a 2-dimensional linear subspace of the form W :=
(F,Gc) C V for some G¢ € V. Invoking generality again, the base locus

{peP?: F(p)=Ge(p) =0} (4-4)

consists of 9 distinct points. The first projection map e : X — []3’% realizes X¢ as
the blow-up of the plane at these points, so X ¢ is regular, and thus J¢ is the Néron
model of its generic fiber. We now study the group of sections of Jo — C.

The base locus (4-4) includes the points pi, p2, g;. In addition to the points
P1, P2, a unique third point of the base locus must lie on the line L. Let us label
that point pc and write o¢ : C — X¢ for the corresponding section.

Now consider the following line bundles on X¢:

£y :=0(01 — 1), Fc:=0(oc — 1),
P :=0(0r — 11), M:=01)R0(—3-19).

These lines bundles are all o-quasistable. If we let g1, g2, gc, h € Jc(C) respec-
tively correspond to &1, &£5, £, M, then I claim we have

g1+8g&+gc=h. (4-5)

Indeed, it is enough to verify the claim after passing to the generic fiber of Jo — C,
where the equation is just the statement that the points p;, p2, pc all lie on a line
(the line Lg). Now suppose that J — I]J’,% admits a group law extending the group
law of the generic fiber. Then the specialization of (4-5) to Jp, holds for all C si-
multaneously. In particular, the isomorphism class of the line bundle Ox, (pc—q1)
is independent of the particular line C C IPI% chosen. But this is absurd: For distinct
general lines C1, C3, the points pc, and pc, (and hence the associated line bundles)
are distinct! This completes our discussion of this example.

This example is particularly interesting in light of [Oda and Seshadri 1979].
The authors of that paper consider the case of a family of nodal curves f: X — B
over a suitable Dedekind scheme with the property that X is regular. Let J, be
the Jacobian of the generic fiber. Given a closed point O € B, they prove that the
special fiber No of the Néron model of J;, depends only on the curve Xy and not
the particular family f [ibid., Corollary 14.4]. This result must be interpreted with
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care: In our example, the group law depends on a particular choice of family, but
any two such group laws define isomorphic group schemes.
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Arithmetic motivic Poincaré series
of toric varieties

Helena Cobo Pablos and Pedro Daniel Gonzalez Pérez

The arithmetic motivic Poincaré series of a variety V defined over a field of
characteristic zero is an invariant of singularities that was introduced by Denef
and Loeser by analogy with the Serre—Oesterlé series in arithmetic geometry.
They proved that this motivic series has a rational form that specializes to the
Serre—Oesterlé series when V is defined over the integers. This invariant, which
is known explicitly for a few classes of singularities, remains quite mysterious.
In this paper, we study this motivic series when V is an affine toric variety. We
obtain a formula for the rational form of this series in terms of the Newton
polyhedra of the ideals of sums of combinations associated to the minimal system
of generators of the semigroup of the toric variety. In particular, we explicitly
deduce a finite set of candidate poles for this invariant.

Introduction

Let S denote an irreducible and reduced algebraic variety defined over a field k of
characteristic zero. The set H (S) of formal arcs of the form Spec k[[t]] — S can be
given the structure of scheme over k (not necessarily of finite type). If 0 € S, we
denote by H (S)¢ the subscheme of the arc space consisting of arcs in H(§) with
origin at 0. The set H,,(S) of m-jets of S of the form Spec k[¢t]/(t"+') — S has
the structure of algebraic variety over k. By a theorem of Greenberg, the image of
the space of arcs H (S) by the natural morphism of schemes j,, : H(S) — H,,(S)
that maps any arc to its m-jet is a constructible subset of H,,(S).

It follows that j,, (H (S)) defines a class [ j,, (H(S))] in the Grothendieck ring of
varieties Ko (Vary) and also a class x.([H,,(S)]) € Ko(CHMoty) in the Grothendieck
ring of Chow motives, where x. : Ko(Vary) — Ko(CHMoty) is the unique ring
homomorphism that maps the class of a smooth projective variety to its Chow
motive (see [Gillet and Soulé 1996; Guillén and Navarro Aznar 2002]). We denote
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by K(‘)n‘)‘(Vark) the image of Ko(Vary) by the homomorphism x.. We use the same
symbol L to denote the class [A}(] € Ko(Vary) and the class Xc([A}(]) € K(r)n"‘(Vark).

Denef and Loeser [DL 2004] have defined various notions of motivic Poincaré
series, motivated by some generating series in arithmetic geometry. Assume for
simplicity that the variety S is defined over the integers. We denote by p a prime
number and by Z,, the p-adic integers. For every positive integer m, the symbol
N,.m(S) denotes the number of rational points of S over Z/ pm+1Z that can be
lifted to rational points of S over Z, by the projection induced by the natural map
Z,— Z/p"*1Z. The Serre—Oesterlé series of S at the prime p is

PS(T)=> Npm($)T" € Z[T].

m>0

The definition of the geometric motivic Poincaré series,

PS () =Y xe(jm(H)DT™ € K (Vary) ® QT

m=>0

is inspired by that of the Serre—Oesterlé series. However, there is no specialization
of the series Pg,.,,(T) into Py (T) in general [DL 2004].

Denef and Loeser studied the “motivic nature” of the series Plf(T), passing
through the Grothendieck ring Ko (Field) of ring formulas over k. By Greenberg’s
theorem, for every m there exists a formula v, over k, such that for any field
extension k C K, the m-jets over k that can be lifted to arcs defined over K
correspond to the tuples satisfying 1, in K. It follows that v, defines an element
[¥m] € Ko(Fieldy). Then, Denef and Loeser defined a ring homomorphism x ; :
Ko (Fieldy) — K§*'(Var;) @ Q. This homomorphism can be seen as a generalization
of xc, since the image by x s of the class of the ring formula defining a variety
V coincides with the class x.([V]) in K (Vary) ® Q. The arithmetic motivic
Poincaré series of S is defined as

PIT) =" xp([WmDT™ € K§ (Vary) @ QIT].

m=>0

Denef [1984] proved the rationality of the series P[f (T) using quantifier elimi-
nation results. Denef and Loeser [1999; 2001] proved the rationality of the series
Pgseom(T) and PaSr(T) by using quantifier eliminations theorems, various forms of
motivic integration, and the existence of resolution of singularities.

If V is a variety defined over the integers and p is a prime number, the symbol
N, (V) denotes the number of rational points of V over the field of p elements.
Denef and Loeser proved that the result of applying the operator N, to the motivic
arithmetic series Pg(T) provides the Serre—Oesterlé series P[f(T) for almost all
primes p.
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If we fix the origin of the arcs at a fixed point O € S, we obtain local versions of
the series Pa(IS’O)(T) and Pg‘i;r?f (T), which are also rational; see [DL 1999; 2001].
The rationality proofs therein are qualitative in nature; in particular, there is no
conjecture on the significance of the terms appearing in the denominator of the
rational form of the series Pa(rS ’0)(T) or in ngi;r?} (7).

The rational form of the series Pa(IS’O)(T) is known explicitly for a few classes
of singularities. If (S, 0) is an analytically irreducible germ of plane curve, the
information provided by the series Pa(rS’O) (T) is equivalent to the data of the Puiseux
pairs [DL 2001]. Nicaise [2005a] proved the equality of the geometric and arithmetic
motivic Poincaré series in the case of varieties that admit a very special resolution
of singularities, in particular for normal toric surfaces; see also [Nicaise 2005b;
Lejeune-Jalabert and Reguera 2003]. He gave a criterion for the equality piSo ()=
P;gg(;g,) (T) for various classes of singularities and also an example of a normal toric
threefold (Sp, 0) such that the series P;rSO’O)(T) and Pg((fgﬁ?) (T) are different. Some
features of the motivic arithmetic series are studied for quasi-ordinary singularities
in [Rond 2009].

In this paper, we describe the arithmetic motivic Poincaré series of an affine
toric variety Z”* = Spec k[A], in terms of the semigroup A. We assume that A is a
semigroup of finite type of a rank d lattice M (lattice of characters), which generates
M as a group, and such that the cone R>oA contains no lines. In this situation,
there is a unique minimal system of generators ey, ..., e, of the semigroup A.
The monomial ideal (X“);=1, ., C k[A] is maximal, and defines the distinguished
point 0 € Z2. In this paper we consider other monomial ideals as the logarithmic
Jjacobian ideals $;, generated by monomials of the form X* for u in the set

{ei1+"'+ei1 |ell/\/\ell#0}

forl=1,...,d (see [Cobo Pablos and Gonzélez Pérez 2012]), and the ideals of
sums of combinations 6 ;, defined by monomials X", with w in the set

{ei] toter [in .. ij) e (“J”})}

j=1,...,n.

We study the motivic arithmetic series Pa(rZA’O)(T) by extending the approach
we used in [CoGP 2010; 2012] to describe the geometric motivic Poincaré series of
toric and quasi-ordinary singularities.

For convenience, we explain the methods and results first when the variety Z As
normal. The set j,,(H(Z%)o) of m-jets of arcs through (Z*, 0) is constructible; it
is a finite disjoint union of locally closed subsets of the form j,, (H,) [Cobo Pablos

and Gonzalez Pérez 2012]. Here H) denotes the set of arcs through (Z A 0) that
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have generic point in the torus and a given order v € M*. The set H is an orbit of
the natural action of the arc space of the torus on the arc space of the toric variety
Z [Ishii 2004; 2005].

We describe the class, denoted by x ¢ ([j.(H,)]y), of the formula defining the
locally closed subset ji,, (H,) in terms of the Newton polyhedra of the logarithmic
jacobian ideals and the degree of a certain Galois cover. This Galois cover reflects the
relation between the initial coefficients of the arcs in H and the initial coefficients
of the m-jets in j,, (H)); see Section 5.

A key point in the description of the rational form of the series Pa(r 0)(T)
is that using the ideals 6, we can refine a finite partition of the set of possible
pairs {(v, m)}, which was defined in [Cobo Pablos and Gonzdlez Pérez 2012] to
describe the sum of Pg(ezomo)(T). If (v, m) and (v', m") belong to the same subset
of this refinement, then the degrees of the Galois covers associated to j,, (H) and
T (H) c01n01de (see Sections 6 and 7). Using these partitions, we decompose the
series P( 0 (T) as a sum of a finite number of contributions. The main result is a
formula for the rational form of P(Z 0)(T) (see Theorem 11.4 and Corollary 10.4).
The proofs pass by the results on the generating function of the projection of the set
of integral points in the interior of a rational polyhedral cone; see [Cobo Pablos and
Gonzalez Pérez 2012]. The denominator of P(Z O)(T) is a finite product of terms
of the form 1 —L*T? with a >0 and b > 0, which are determined explicitly in terms
of the ideals of sums of combinations 6 ;. The integers a and b can be described
in terms of the orders of vanishing of the ideals 6; and $; at the codimension-one
orbits of various toric modifications given by the Newton polyhedra of the ideals € ;
(see Remark 10.8). In the normal toric case, we obtain a formula for PafA (T) in
terms of arithmetic motivic series at the distinguished points of the orbits.

In the nonnormal case, we obtain in a similar way a formula for the rational form
of Pa(rZ 0)(T) and the factors of its denominator. The main difference is that we
have to consider contributions of jets of arcs with generlc point in the various orbits
of ZU'. We deduce a formula for the difference Pg(eomo)(T) P(Z 0)(T) and we
give a criterion for the equality of these two series that generalizes the one given by
Nicaise [2005b] (see Proposition 10.5 and Corollary 10.6).

The paper is organized as follows. In Sections 1 and 2 we introduce the Grothen-
dieck rings, the arc and jet spaces, and the motivic Poincaré series. The notations
on toric varieties, their monomial ideals, and their arcs are introduced in Sections 3
and 4. The computation of the class ¢ ([ j,.(H})]r) is given in Section 5. Sections
6 and 7 deal with the partitions associated to sequences of monomial ideals. The
main results are stated and proved in Sections 8, 9 and 10. In the case of normal
toric varieties, some features of the computation can be simplified (see Section 11).
We discuss some examples in Section 12.
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1. Grothendieck rings of varieties and of ring formulas

The Grothendieck ring Ko(Vary) of k-varieties is the free abelian group of isomor-
phism classes [X] of k-varieties X modulo the relations [X]=[X']4+[X \ X'Tif X’
is closed in X, and where the product is defined by [X][X'] = [X x X']. We denote
by L := [A}c] the class of the affine line. If C is a constructible subset of some
variety X, that is, a disjoint union of finitely many locally closed subvarieties A;
of X, then [C] € Ko(Vary) is well-defined as [C] := ) ;[A;] independently of the
representation. Bittner [2004] proved, using the weak factorization theorem, that
the ring Ko(Vary) is generated by classes of smooth projective k-varieties, modulo
relations of the form [W] — [E] = [X] — [Y], where Y C X is a closed subvariety,
and W is the blowing up of X along Y with exceptional divisor E.

We refer to [Scholl 1994; Gillet and Soulé 1996; Guillén and Navarro Aznar
2002] for the definition of the category of Chow motives. Roughly speaking, its
definition involves replacing the category of smooth projective algebraic varieties
over k by a category with basically the same objects, and whose morphisms are
suitable correspondences modulo rational equivalence. There exists a unique ring

homomorphism
Xc - Ko(Vary) — Ko(CHMoty) )

that maps the class of a smooth projective variety over k to its Chow motive, where
Ko(CHMoty) denotes the Grothendieck ring of the category of Chow motives over
k (with coefficients in Q). This fundamental theorem, which is due to Gillet and
Soulé [1996] and Guillén and Navarro Aznar [2002], can be seen also in terms of
Bittner’s result. We refer to [Gillet and Soulé 1996; Guillén and Navarro Aznar
2002; Bittner 2004] for precise definitions and proofs and to [Scholl 1994] for a
survey on the notion of motives. We denote by K(I)“Ot(Vark) the image of Ko(Vary)
in Ko(CHMoty) under this homomorphism.

Notice that the image of L in K§'*'(Vary), which we denote with the same symbol,
is not a zero divisor in K(‘)n"‘(Vark) since it is a unit in Ky(CHMot;). However, it
seems that it is not known if L is a zero divisor in Kq(Vary).

A ring formula i over k is a first-order formula in the language of k-algebras and
free variables xi, ..., x,, that is, the formula v is built from boolean combinations

“and”, “or”, “not”) of polynomial equations over k and existential and universal
quantifiers. The Grothendieck ring Ko(Fieldy) of ring formulas over k is generated
by symbols [1], where ¥ is a ring formula over &, subject to the relations

(V1 VY] =[]+ [Vl = [Y1 Ayl

if ¢, and ¥, have the same free variables, and [y;] = [y] if there exists a ring
formula W over k such that when interpreted in any field, K D k provides the graph
of a bijection between the tuples of elements of K satisfying yr; and those satisfying
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Y. The ring multiplication is induced by the conjunction of formulas in disjoint
sets of variables [DL 2001]. Denef and Loeser defined a ring homomorphism

Xr: Ko(Fieldk) — K(I)nOt(Vark) ® Q. )

They proved that this homomorphism is characterized by two conditions. The first
one is that for any ring formula ¢ that is a conjunction of polynomial equations
over k, the element x ¢ ([¥]) is equal to the class x.([V]) in K(‘)n"t(Vark) ® Q of the
variety V defined by 1. The second condition, which is more technical, expresses
that certain relations should hold in terms of unramified Galois coverings over k.
We refer to [DL 2001; 2004] for the precise statement. In the simplest case it
implies the following:

Example 1.1 [DL 2004, Example 6.4.3]. If n > 1 is a fixed integer, k is a field
containing all n-th roots of unity, and v is the ring formula

r : there exists y such that x = y" and x # 0,
then we have that x ¢ ([¢/]) = (1/n)(L — 1).

Lemma 1.2. Let i be the ring formula whose interpretation in any field K 2 k
provides the set of K -rational points of T that lift to K -rational points of T' by a
Galois covering T' — T of degree n of d-dimensional algebraic k-tori. If the field
k contains all the n-th roots of unity, then we have that x y([¥']) = (1/n)(L — 4.

Proof. The morphism 7’ — T induces a finite index inclusion of the corresponding
character group M C M’, and hence a map of k-algebras k[M] <— k[M’']. By
the classification theorem of finitely generated abelian groups applied to M’ /M,
there exists a basis {v1, ..., vy} of M" and unique integers by | b, | - - - | by, where |
denotes division, such that {byvy, ..., bsvs} isabasisof M andn =by...b,;. It
follows that the map of coordinate rings K[M] <> K[M'] expresses in coordinates
as K[Zfbl, el zjb"] s K[ZTI, el z}tl]. We deduce that the ring formula v is
the conjunction of formulas ; : there exists y; such that x; = yib" and x; # 0 for
i=1,...,d, where the variables x, ..., x; are independent. Then we get that

1

_1nd
...bd(L <. (]

XD =

Remark 1.3. Denef and Loeser defined the map x s by factoring it through the
Grothendieck ring Ko(PFFy) of ring formulas for the category of pseudofinite fields
containing k. See [DL 2001; 2004; 2002].
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2. Arcs, jets and motivic Poincaré series

We start this section by recalling the definition of the space of arcs of a variety S.
We assume for simplicity that S is an affine irreducible and reduced algebraic variety
defined over a field k of characteristic zero.

For any integer m > 0, the functor from the category of k-algebras to the category
of sets, sending a k-algebra R to the set of R[¢]/(t"+!)-rational points of S, is
representable by a k-scheme H,, (S) of finite type over k, called the m-jet scheme
of S. The natural maps induced by truncation j,;;’“ :Hyy 1 (S) > Hpy(S) are affine,
and hence the projective limit H (S) ::(hﬂHm(S) is a k-scheme, not necessarily
of finite type, called the arc space of S.

In what follows, we consider the schemes H,,(S) and H (S) with their reduced
structure. We have natural morphisms j,, : H(S) — H,,(S). By an arc we mean
a k-rational point of H (S), that is, a morphism Speck[[t]] — S. By an m-jet we
mean a k-rational point of H,,(S), that is, a morphism Spec k[t]1/("*t) — S. The
origin of the arc (respectively of the m-jet) is the image of the closed point O of
Spec k[[t] (respectively of Spec k[¢]/(t"1)).

If Z C S is a closed subvariety, then H(S)z := j, 1(Z) (respectively H,,(S)z :=
( jé")*l(Z)) denotes the subscheme of H (S) (respectively of H,,(S)) formed by
arcs (respectively m-jets) in S with origin in Z.

By a theorem of Greenberg [1966], j,,(H(S)) is a constructible subset of the
k-variety Hy,(S) for any integer m > 0. We can then consider the class

Ljm (H(S))] € Ko(Vary).

Greenberg’s result implies also that there is a ring formula 1, over k, such that
for any field K containing k, the k-rational points of H,,(S) that can be lifted to
K -rational points of H (S) correspond to the tuples satisfying ¥, in K. If  is
another ring formula over k with the same property, then [, ] =[v,,] in Ko (Fieldy).
The same applies for j,,(H(S)z) if Z C S is a closed subvariety.

Notation 2.1. We denote the class [{,,] by [, (H(S))]s to avoid confusion with
the class [j,, (H(S))] € Ko(Vary).

Definition 2.2 [DL 1999; 2001].

(1) The geometric motivic Poincaré series of (S, Z) is

PEDT) =" xe(ljm(H(SDT™ € K (Vary) ® Q[T
m=>0
(2) The arithmetic motivic Poincaré series of (S, Z) is

PEAT) ="y Ljm(HSDINT™ € K§©' (Vary) @ QT

m=>0
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Remark 2.3. In order to have the geometric and arithmetic setting in the same ring,
we have slightly modified the original definition of the geometric motivic Poincaré
series, since Zm>0[jm(H(S)Z)]T’” € Ko(Vary)[[T]; see [DL 1999]. This does not
affect the rationaiity results below.

Denef and Loeser proved that these series have a rational form:

Theorem 2.4 [DL 1999, Theorem 1.1; 2001, Theorem 9.2.1]. The series ngdri)(T)
and P;IS’Z)(T) belong to the subring of K, (r)“Ot(Vark) ® Q[T generated by

Ko (Vary) @ Q[T
and the series (1 —LeT?)™ witha € Z and b > 0.

The arithmetic motivic Poincaré series has interesting properties of specialization
to classical arithmetic series. Let p be a prime number. The operators N, and N, ,
are applied to a variety V' defined over the integers by N, (V) :=#V(Z/pZ) and
Ny (V) :=#m,(V(Z,))}, where Z, denotes the p-adic integers,

Tn(V(Zy)) C V(Z/p™t'7)

is the image of V(Z,)) by the natural projection induced by 7, — 7/ p" 17, and
# denotes the cardinality. Suppose that the variety S is defined over the integers.
The Serre—Oesterlé series Pg(T) = ZmZO N, nT™ € Z[T] of S at the prime
p is a rational function of 7' [Denef 1984]. Denef and Loeser proved that for
p > 0, the series Plf (T) is obtained from P3(T) by applying to each coefficient
the operator N, [DL 2001; 2002; 2004].

Remark 2.5. These results hold in a more general setting, in particular when S
is not affine as assumed here [DL 1999; 2001]. The proof of the rationality of
PpS (T) involves the use of quantifier elimination results and p-adic integration
[Denef 1984]. The proof of the rationality of PaSr(T) requires also quantifier elimi-
nation results and arithmetic motivic integration [DL 2001; 2004; 2002].

3. Affine toric varieties and monomial ideals

In this section we introduce the basic notions and notations from toric geometry;
see [Ewald 1996; Oda 1988; Fulton 1993; Gel’fand et al. 1994] for proofs.

If N = 7% is a lattice, we denote by Ng := N ® R the vector space spanned by
N over the field R, and by Ng := N ® Q) the vector space spanned by N over (.
In what follows, a cone in Ng means a rational convex polyhedral cone: the set of
nonnegative linear combinations of vectors ay, ..., a, € N. The cone 7 is strictly
convex if it contains no line through the origin, in which case we denote by O the
0-dimensional face of t; the cone t is simplicial if the primitive vectors of the
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1-dimensional faces are linearly independent over R. We denote by ¢ or by int(t)
the relative interior of the cone 7.

We denote by M the dual lattice. The dual cone t¥ C Mg of T is the set
{we Mg | (w,u) >0 for all u € t}. The orthogonal cone 7+ has the condition
(w, u) = 0 instead of (w, u) > 0.

A fan ¥ is a family of strictly convex cones in Ng such that any face of such a
cone is in the family and the intersection of any two of them is a face of each. The
relation 6 < 7 denotes that 0 is a face of 7. By 6 < 7, we mean 6 # t is a face of 7.
The support of the fan X is the set |X| := | J,c5; T C Nr. The k-skeleton of the
fan ¥ is X® = {r € T | dimt = k}. We say that a fan X’ is a subdivision of the
fan X if both fans have the same support and if every cone of X’ is contained in a
cone of X. If ; fori =1, ..., n are fans with the same support, their intersection
Moy Zi:={_; @ | i € Z;} is also a fan.

Notation 3.1. In this paper, A is a subsemigroup of finite type of a lattice M, which
generates M as a group and such that the cone 0¥ = RxA is strictly convex and
of dimension d. We denote by N the dual lattice of M and by o C Ng the dual
cone of o¥. We denote by Z* the affine toric variety Z"* = Spec k[ A], where
K[IA] = {D e @. X" | @5 € k} denotes the semigroup algebra of the semigroup
A with coefficients in the field k. The semigroup A has a unique minimal set of
generators ey, .. ., e,; see the proof of [Ewald 1996, Lemma V.3.5, page 155]. We
have an embedding of Z* C A}l given by x; := X% fori=1,...,n.

If A =0V N M, then the variety Z2, which we denote also by Z, y or by Z,
when the lattice is clear from the context, is normal. If A # o N M, the inclusion
of semigroups A — A := oY N M defines a toric modification Z* — Z*, which is
the normalization map.

The torus Ty := Z¥ is an open dense subset of Z* that acts on Z*, and the
action extends the action of the torus on itself by multiplication. The origin O
of the affine toric variety Z* is the O-dimensional orbit, defined by the maximal
ideal (X A)Q#Ae A of k[A]. There is a one-to-one inclusion reversing correspondence
between the faces of o and the orbit closures of the torus action on Z2. If 6 < o,
we denote by orbé\ the orbit corresponding to the face 8 of o. The orbit closures
are of the form ZA" for @ < o.

Notation 3.2. The Newton polyhedron of a monomial ideal corresponding to a
nonempty set of lattice vectors $ C A is defined as the convex hull of the Minkowski
sum of sets $ +o . We denote this polyhedron by N'($). Notice that the vertices of
N(®) are elements of $. We denote by ordg the support function of the polyhedron
N($), which is defined by ordy : 0 — R, v = inf,en ) (v, ). A vector v € o
defines the face &, := {w € N($) | (v, w) = ordg(v)} of the polyhedron N'($). All
faces of N'($) are of this form, and the compact faces are defined by vectors v € 6.
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The fan X ($) of the polyhedron N'($) is the set of cones
o(F):={veo|(v,w)=ordg(v) for all w € F}

for & running through the faces of N'($). The fan X(¥) is supported on o. By
definition, it is easy to check that if T € X(¢$) and if v, v’ € %, then the faces of the
polyhedron N ($) defined by v and v’ coincide, that is, %, = %,/; we denote this
face also by %;.

The affine varieties Z; corresponding to cones T in a fan ¥ glue up to define
a toric variety Zy. A fan ¥ subdividing the cone o defines a toric modification
s Ly —> Zs.

If $ C A defines a monomial ideal, the composite Zx g =9 Zy —> ZNis equal
to the normalized blowing up of Z* centered at $; see for instance [Lejeune-Jalabert
and Reguera 2003].

Definition 3.3. For 1 < j < n, the j-th ideal of sums of combinations of Z* is the
monomial ideal 6; of k[A] generated by X“, where o runs through

{eil+-.-+eij {il,...,ij}e({1"']."”})}, 3)

J=1,...,n. We denote by ®; the fan of the polyhedron N'(€;), and by ords; its
support function; see Notation 3.2. The maps

@1 :=ord¢, and ¢;:= Ol‘dcgj —Ol‘dchl for j =2,...,n,

are piecewise linear functions defined on the cone o. If v € o, we write ¢o(v) :=0
and ¢, 4+1(v) := 400 for convenience.

Definition 3.4. For 1 <[ < d, the [-th logarithmic jacobian ideal of Z* is the
monomial ideal $; of k[A] generated by X%, where « runs through

{eil—i—---—i—ei, |€i1/\--~/\ei,#OfOI‘lSi],...,ilfl’l}. @

We denote by X, the fan of the polyhedron N'($;), and by ordy, its support function;
see Notation 3.2. The maps

¢1:=ordg, and ¢ :=ordg —ordg,_, for [=2,...,d,

are piecewise linear functions defined on the cone o. If v € o, we write ¢p(v) :=0
and ¢g441(v) := 400 for convenience.

We also use the notations $; and 6 ; for the sets (4) and (3), respectively.

Lemma 3.5. Ifv e 6 and if (p1, ..., pn) is a permutation of (1, ..., n) such that

<U9ep1> <---= <U7 ep,,)a
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then ordg; (v) = (v, Zi:l ep,) and 9;(v) = (v, ep.) for 1 < j <n. Moreover,

0=go(v) =@i(V) =---<@a(v) and 0=¢o(V) <P1(v) <--- < Pa(V).

Proof. The first assertion follows by induction on j € {1, ..., n}.
See [Cobo Pablos and Gonzalez Pérez 2012, Lemma 5.3] for the second sequence
of inequalities. ([l

Proposition 3.6. The Newton polyhedra of the ideals € j for j =1, ..., n determine
and are determined by the minimal system of generators of the semigroup A.

Proof. The Newton polyhedron N (€ ;) determines and is determined by its support
function 0rd<@j for j = 1,...,n. By Lemma 3.5 and the definitions if 6 is a
d-dimensional cone of the fan ﬂf: | ©, there exists a permutation iy, ..., i, of
I,...,nsuchthatg;(v) = (v, eij) forj=1,...,nandallv € 6. Thus, the functions
@j for j =1,...,n orequivalently, ord¢; for j =1, ..., n determine the vectors
ey, ..., ey,. O

4. Arcs and jets on a toric singularity

Let A be a semigroup as in Notation 3.1. If R is a k-algebra, an R-rational
point of Z* is a homomorphism of semigroups (A, +) — (R, -), where (R, -)
denotes the semigroup R for the multiplication. In particular, the closed points
are obtained for R = k. An arc h on the affine toric variety Z* is given by a
semigroup homomorphism (A, +) — (k[[¢], - ). An arc in the torus Ty is defined
by a semigroup homomorphism A — k[[¢]]*, where k[[¢]* denotes the group of
units of the ring k[[#].

Notation 4.1. We denote the set of arcs H(Z")q of Z* with origin at the distin-
guished point 0 of Z* simply by Hy, and by H} the set consisting of those arcs of
H) with generic point in the torus Ty.

Notice that & € H} if and only if the formal power series X“ oh € k[[¢]] is nonzero
forall u € A. Any arc h € H} defines two group homomorphisms vy, : M — Z and
wp: M — k[t]* by X" oh = M gy (m). I m € A, then v, (m) > 0, and hence vy,
belongs to & N N. Notice that w;, defines an arc in the torus, that is, w;, € H(Ty).

Remark 4.2. The space of arcs in the torus acts on the arc space of a toric variety;
[Ishii 2004; 2005].

Lemma 4.3 [Ishii 2004, Theorem 4.1; 2005, Lemma 5.6; Lejeune-Jalabert and
Reguera 2003, Proposition 3.3]. The map 6 "N x H(Tn) — Hj, which applies a
pair (v, ) to the arc h defined by X" oh =t w(u) for u € A is a bijection. The
sets Hj;’v :=1{h € H} | vy = v} forv e 6 NN are orbits for the action of H(Ty) on
HY, and we have H =| |, csny Hy -
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Remark 4.4. We often denote the set H} and orbit H} , by H* and H, respec-
tively, if A is clear from the context.

An arc h € H, has its generic point n contained in exactly one orbit of the torus
action on ZA. If h(n) € orbé‘ for some 6 < o, then h factors through the orbit
closure ZAM" and h € H ., thatis, A is an arc through (ZAN9" | 0) with generic
point in the torus orbé\. We can apply Lemma 4.3 to describe the set H} ., just
replacing the semigroup A by A N@-+; see [Cobo Pablos and Gonzilez Pérez 2012].
In particular, if =0, then h € H}; if = o, then ANAL =0 and £ is the constant
arc at the distinguished point 0 € Z*. We have a partition Hy = Ly <o Hypgo-

S. The image of the class of the formula defining j; (H)
Definition 5.1. We associate to (v, s) € (6 N N) x Z- the sets
M :=spangy{e; | (v,e;) <s,i=1,...,n},
0} :=spangfe; | (v, ¢;) <s,i=1,...,n}.

We denote by [(v, s5) the dimension of the Q-vector space ¢;. The integer [ (v, s)
is also the rank of the lattice M. We denote by g (v, s) the index of the lattice
extension M C £; N M.

Proposition 5.2. If (v, s) € 6 X Z~, with [(v, 5) > 0, and if the field k contains all
the q (v, s)-th roots of unity, then we have

1
qv,s)
Ifl(v, s) =0, then we have x ¢ ([js(H})]s) = 1.

Xf([js(H:)]f) — (L — l)l(v,s) > le(v,s)fordgl(w)(u)'

Proof. If h € H}, the equality ord;(X¢ o h) = (v, ¢;) holds for 1 <i < n. By
Definition 5.1, those vectors e; such that j;(X“ oh) # 0 span the Q-vector space £,
since (v, ¢;) <s. If [(v,s) = 0, this vector space is empty, the jet space j;(H,)
consists of the constant O-jet, and the conclusion follows easily from the definitions.
Suppose then that [ :=[(v, s) > 0. If h € H}, then it is given by n series of the
form
X oh = t<”’e">c(e,~)(1 +3° um(ei)t’") fori=1,....n.

m>1
The s-jet js (X% o h) is different from zero if and only if (v, ¢;) <s.
By [Cobo Pablos and Gonzélez Pérez 2012, Lemma 5.7], there exist integers
1 <ki,...,kg <nsuchthat¢;(v) =(v,e) <sfori=1,...,1,

l

¢}, =spangfek,, ..., ey}, and ordg (v) = Z(v, ek;)-
i=1
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By [Cobo Pablos and Gonzdlez Pérez 2012, Section 6], if £ is the universal
family of arcs parametrizing H, the terms {u,,(ex,) | i = 1,...,1,m > 1} are
algebraically independent over (@ and the terms {cep)T |i=1,...,n) generate a
k-algebra isomorphic to k[M] by the isomorphism that maps c(e;) — X*.

By the proof of [Cobo Pablos and Gonzélez Pérez 2012, Theorem 7.1], a formula
defining j;(H,') is the conjunction of two formulas, ¥; and vy, with independent
sets of variables. The first formula, vy, is a finite sequence of polynomial equalities
with rational coefficients expressing the terms u, (e;) appearing in j;(X¢ o h), for
1 <r <s—{(v,e;), in terms of the variables

{up(ep) |1 <i<l, 1<r <s—{(v,ex)}

We deduce that x s ([¥1]) = L 9d5 (") The second formula comes from the effect
on the initial coefficients c(e;) for e; € £} of the operation taking the s-jet of an arc.
This operation is described by taking the image by the map

W : T := Spec k[c(e,-)il]eiegf} — T := Spec k[c(e,-)il]mei)fs

of the point determined by 4 € H. The map W is the unramified covering of
[-dimensional algebraic tori determined by the inclusion M; C ¢3 N M of index
q (v, s) of rank [ (v, s) lattices. Thus the second formula is equivalent to y,: there
exists y € T’ such that W(y) = x for x € T, and hence by Lemma 1.2 we get that

Xr(W2D) = (1/q(w, )L —1)'. O

6. Sequences of convex piecewise linear functions and fans

Let 0 C Ng be a rational convex polyhedral cone of dimension d = dim Ng.
Consider a sequence of piecewise linear continuous functions

hp:o0 - R for1<p=<m,
such that h,(c N N) C Z, and
O<hiv)<---<hyu() forall veo. )

By convenience we set hg(v) = 0 and h,,4+1(v) = +00. We denote by E( the fan
consisting on the faces of o and by E, the coarser fan such that the restriction of
h, to n is linear for any cone n € E, for 1 < p <m. In addition we assume that for
any cone n € 8,_; the restriction |, is upper convex, that is, h,(v) +h,(V') <
h,(v+V') forall v, v € n.

Notation 6.1. For 0 < p <m and for n € ﬂle g, we set

n(h, p) :={(,s) € N xRxo[vesNij, hp(v) =5 <hpr1(V)}.
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Lemma 6.2. The closure 1n(h, p) of the set n(h, p) is a convex polyhedral cone

that is rational for the lattice N x Z.

Proof. If n € ﬂfzo 8/, then the restriction 4 jj,, : n — R s linear if j = p, and upper
convex if j = p + 1. It follows that 7 (k, p) is a convex polyhedral cone, rational
for the lattice N x Z, since h, and h | take integral values on N. (]

Notation 6.3. For 0 < p <m and n € E, we define the following sets:
() A(h, p):={(v,s) e N xZ|ves, hy(v)<s <hpr1(V)}
(11) A(E’ p’ 77) = {(V’ S) € N X Z | Ve 5- mﬁ’ hp(V) S § < h[)-‘rl(v)}'

Remark 6.4. We have partitions

ENN)xZ=g=| | Ath,p) and A(h,p)= || ACGp,m.
p:O nemf:()ar

7. Refinements of partitions

We apply the procedure of Section 6 to both sequences Q = (¢1,...,¢q) and
¢ =(¢1,..., %) (see Lemma 3.5).

Remark 7.1. The sequence of fans associated to ¢ (respectively ¢) is ﬂizo %, for
i=0,...,d (respectively ﬂ’r:()@r fori =0, ..., n), where for convenience we
denote by Xy or by ®g the fan consisting of the faces of the cone o.

Lemma 7.2. If A(g, j,0) # & for some 1 < j <nand 0 € ﬂle O, (using
Notation 6.3), then the restriction of the functions (6 N N) X Z~o — Z>¢ given by

w,s)—>1I(v,s) and (v,s)—>q(v,s)

to the set A(g, j,0) are constant functions. We denote their values on the set
Ay, j,0) by l(j,0) and q(j, 0), respectively.

Proof. If v € 6 for 0 € ﬂle ©®,, then there exists a unique cone 6, € O, such
that v € Gor forr =1,..., j. We denote by %,y the face of the polyhedron N'(%6,)

defined by any such vector v € 6 forr=1,...,j (see Notation 3.2).
Suppose that v, V' € 6 and (p1, ..., pn) and (p}, ..., p,) are two permutations
of (1, ..., n) such that the inequalities
(viep) < <(v,ep,) and (V,ey)<---<(V,epy) (6)

hold. We prove first that

<V,€ S"'S(vaep.//)- (7)

Py
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By definition, for any 1 <r < j, we have that orde, (v) = (v, u,) for any u, € %, 4.
We get from Lemma 3.5 that the vectors u, :=ep, +- - -+e, and u, := ep tetep
belong to &, for 1 <r < j. This implies (7).

If (v,s5) € Ay, j. 0), then by Lemma 3.5, we obtain ¢;(v) = (v,ep,) <s <
@j+1(v). We deduce that if (v, s) and (V', s’) belong to A(g, j, 0), then

feill<i<n, (vie)<s}={e|1<i=<n, (V,e)<s'Y={ep,....ep}. (8)

Since (8) spans the lattice M}, and the vector space ¢}, the sublattices £; N M and
M; are independent of the choice of (v, s) in A(g, j, ). This implies the constancy
of the functions / and g on A(y, j, 0). ([

Remark 7.3. If 1 </ <dandif t € ﬂi | X, we denoted in [Cobo Pablos and
Gonzalez Pérez 2012] the sets A(¢, 1) and A(¢, 1, 7) by A; and A; ¢, respectlvely.
The map /(v, s) is also constant on the sets of the form A(g, [,t)fort e ﬂ i
see [Cobo Pablos and Gonzalez Pérez 2012, Lemma 5.7].

By Remark 6.4, we have two partitions

n
NNy xZo=|| || A0,
J=0gen/_,©
. ' ©)
6NNy xZoo=| | || Aw.Ln
=0 ey =
associated to the sequences ¢ and ¢.

Proposition 7.4. If0(p, j) # & for some 1 < j <nand 6 € ﬂr | ©;, then there
exists a unique cone T € ()7 i E such that 6 C t and

A(p, j,0) C Ag.1(j,0), 7). (10)

Proof. Given (v, s) and (v/, s") in Ay, ], 0) - (cr NN) x Z~ , we deduce from (9)
that there exist cones t € ﬂ _oXiandt'€e ﬂ _o % forintegers 0 </, I’ <d such that
(v,s) € A(¢,1, ) and (V', s") € A(¢, 1, t/). By [Cobo Pablos and Gonzélez Pérez
2012, Lemma 5.7], we have [ = [(v,s) and I’ = [(V/, 5'), and then [ = I by (8).
Then [ = [(j, ) by definition in Lemma 7.2.

Let (p1, ..., pan) and (p], ..., p,) be two permutations of (I, ..., n) such that
(6) holds. Then we can apply the method given in [Cobo Pablos and Gonzalez Pérez
2012, Proposition 5.1] to determine the value of ordg, (v) for 1 < i < I(v,s).
Moreover, it is enough to apply this on the set (8) instead of {e,...,e,}. We
deduce from (7) that v and v’ define the same face of N'($;) for 1 <i <I(v, s). This
is equivalent to the equality T = 7’. We have proven (10), and as a consequence,
the inclusion 6 C t holds. ([l
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Definition 7.5 [Cobo Pablos and Gonzalez Pérez 2012, Definition 8.1 and Re-
mark 8.6]. We consider the equivalence relation ~ defined on the set (6 N"N) x Z~g
by

)~ 0,s) = s=s, 0 =40 andvy = vl/fj','

Lemma 7.6. The set A(p, j, 0) is a union of equivalence classes by the relation ~
of Definition 7.5 for 1 < j <nand0 € ﬂle ®,. Moreover, we have

0ct
Ag.l.o/~= || A0/~ (11)

0eN_, ©:.1(j.0)=1
Proof. By (9) and Proposition 7.4, it follows that

oct
A@. 1 1) = | | A, j. ).

0eN_, ©,,1(j.0)=I

If (v, s) belongs to A(g, j,6) and (v, s) ~ (v, 5), then (8) holds. The vectors v
and Vv’ define the same face of N'(6,) for 1 <r < j, and therefore V' € intf. Since
@j(V) <5 < @j+1(v'), we conclude that (V', s) € A(gp, j, 0). O

. (zA,0)
8. The structure of the series P, (T)

We consider the auxiliary Poincaré series

P (8= 3 ([N U diHaras) | )T° € KE™' (Var) @ QITI. (12)

s>0 0#£0<o

Notice that the Poincaré series P,(A) measures the class of the formula defining
the set of jets of arcs with origin in O that are not jets of arcs factoring through
proper orbit closures of the toric variety Z*.

A
Proposition 8.1. We have Pa(IZ ’0)(T) = Z P, (AN Ql).
<o
ItAfollows from Proposition 8.1 that in order to describe the motivic series
Pa(rZ ’0)(T), it is enough to describe the form of the auxiliary series P,.(A) for any
semigroup A.

Remark 8.2. In the normal case, the equality j,(Hx) = jn(H}) holds for all
m > 0 [Nicaise 2005b], but this property fails in general.

Definition 8.3 [Cobo Pablos and Gonzalez Pérez 2012, Definition 8.9]. If 1 <[ <d,
TE ﬂizl ¥, and v € 7, then v defines a face %, ,, of the polyhedron N'($;). Since
the face ¥, , is independent of the choice of v € 7, we denote itby &, ;. If 1 <l <d,
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the set 9%, is the subset of cones 7 € m§:1 ¥; such that the face JF; ; of N(¥;) is
contained in the interior of 0. We denote by |%;| the set | J, g, T

Proposition 8.4. Let us fix an integer so > 1. The set jo,(H})\ UO;MS(7 Jso(HapoL)
expresses as a finite disjoint union of locally closed subsets, as follows:

n O0C|9Di.e)l
JnEHON U o =] ] Ll jetHE). (3)
0#£0<c =1 gey_ @, [(v.s0)]eA(.).0)/~

Proof. This partition follows from the partition in [Cobo Pablos and Gonzélez Pérez
2012, Proposition 8.11] by using formula (11) (see Remark 7.3). U

If 59 > 1, the coefficient of 7% in the auxiliary series P(A) is obtained by
applying the map x  to the class of the formula defining (13). Then we determine
this class by using Proposition 5.2. _

We introduce the following auxiliary series for 6 € (/_, ©,:

Pg,j,G(A) = (L _ l)l(j,e) Z Z Ll(j,e)s—ord;gl(jﬂ) v) Ts. (14)
s>1 [(1,5)] €A(g,].0)/~
We deduce the next proposition from Propositions 8.4 and 5.2 and formula (14).

n 0C|%i.0l

Proposition 8.5. Py (A) = Z Z

I=leen]_ o,

( ) Py jo(N).

9. The rational form of some generating series

In this section, we fix an integer 1 < j < n and a cone 6 € ﬂj ©®, such that

A(p, j,0) # @. For simplicity, we denote by / the integer /(j, 9) defined in

Lemma 7.2 and by 7 the unique element of the fan ﬂ _1 2% such that (10) holds.
Since 8 C t C ﬂr: | Xy, the restriction of ¢, to 6 is a linear function of the form

(D)) =(v,e;,) forr=1,...,1,

where {i1,..., i} C{1,...,n}.
Consider the lattice homomorphisms

WiNxZ—>Z" (0,9~ (vei). ... (v.e;).5)
and
T = (7T1,7'[2) . Zl+1 —> Zz, (a], .. .,a1+1) = (la1+1 —a) — - —al,a1+1).

Weset§ =mopu.
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Remark 9.1. The homomorphisms 7, ¢, and & were considered in [Cobo Pablos
and Gonzdlez Pérez 2012]. Since 6 is contained in 7, the kernels of u and &
intersect the cone 6 only at the origin. Similarly, by formula (10), the inclusion
E(A(p, j,0)) C Zio \ {(0, 0)} holds. See [Cobo Pablos and Gonzélez Pérez 2012,
Section 9]. -

If j # n, the lower boundary of the cone 6 is the set
9-0(p, j) :={(v,s) |veb, s=¢;)}.

Notice that d_6(g, j) is a cone since 6 € ﬂle ©®;, and then the function ¢; is
linear on 6. The upper boundary is the set

310(@, j) :={(v,5) [vel, s =9j1(v) #@;V)}.

If j =n, thenl =d and ¢,4(v) = 400, and the upper boundary is the union of
cones spanned by (0, 1) € Ng x R and the proper faces of the cone d_6(g, j). The
edges of the cone (g, j) are edges of d_0(g, j)Ud10(g, j).

Notation 9.2. If p C 7 is a one-dimensional cone rational for the lattice N, we
denote by v, the primitive integral vector on p, that is, the generator of the semigroup
pPNN.

Remark 9.3. The primitive integral vectors for the lattice N x Z on the edges of

the cone 0 are
(V. 9;(v) for p<6, dimp =1

together with

0, 1) if j =n,
{(Vps(pj-i-l(‘)p)) ifj 7&”
forpe®;41, pCO,dimp =1, and ¢;(v) # ¢;+1(v). Then notice that
(lgj(vp) —ordg, (vp), j(vp)) if (v,5) = (Vp, @ (vp)),
E(,s) = (l‘/)jJrl(Vp) - Ord}I(Up)’ §0j+1(vp)) if (v,s5)= (V,m @j+1(‘)p)), (15)
d,1) if (v,s)=(0,1).

Definition 9.4. Suppose that A(g, j, 0) # . We denote by By j¢(A) the finite
set

{Up;(vy) —ordg, (), 0; (V) | p <6, dimp =1}
{Ugj1(vp) —ordy, (v,), @j+1(vp)) [ p €O | pcO} if j #n,
{(d, 1)} if j =n.

Definition 9.5. If A C Z!*! is a set, we denote by F4 (x) := Y aca X the generating
function of A; see [Cobo Pablos and Gonzalez Pérez 2012, Section 12].
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Proposition 9.6. We have the following equality:

Pyjo(A)=(L—1/UO 3" Lm@O7m@ e 7[L)[T]. (16)
aen(A(y,j,0))

There exists a polynomial Rg, j.0 € ZIL, T such that Pg, j,0 () has the rational
form

Pyjo(M)=R, ;s ] @-LTH
((l,b)GBgvjyg(A)

Proof. The map p defines a bijection

A(p, j,0)/~ = n(Alp, j,0)), [, )] n(v,s);

see [Cobo Pablos and Gonzalez Pérez 2012, Lemma 9.3] and Lemma 7.6. Then the
equality (16) follows from the definitions.

We denote by m, : k[Z'*'] — k[L, T] the monomial transformation defined by
Ty (x4) 1= LT @OT™@ for g € 7'+, Then we get that

Py jo(A) = (L= 1D)'I D (Fya, ;0 (X)),

We apply [Cobo Pablos and Gonzélez Pérez 2012, Theorem 12.4]. We obtain
that the denominator of a rational form of Fj,(a, ;,)(x) consists of products of
terms 1 — x*® for b running through the primitive integral vectors in the edges
of the closure of the cone 9(¢, j). Then the result follows by Remark 9.3 and
Definition 9.4. a O

10. Main results

Definition 10.1. (i) For a semigroup A generating a rank d > 1 lattice, we define
a finite subset B, (A) of ZZZO as (see Definition 9.4):

1<j=<n
Bu(A) = U Bejsn). (17)
Béﬂ'j:l @r, 9C‘§D[(jﬁ)|
If 0 < < o, then ANnt is a semigroup generating lattice of rank d — dim 7.

We use formula (17) and Definition 9.4 to define in this case a finite subset
Bur(A Nyt of 72 . We set

Bu(ANob):={(0,1)} and By :=|JBu(ANoh).

T<0

(i) We define the integer

g(A) :=lem{q(j,6) |6 e /_, ©,, 6 CIDiGapl, 1<j<n}. (18
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If 0 < n < o, then (A Nn™t) is the number obtained by replacing A by ANyt
in (18). We set ¢(A No+) := 1. We define also the integer

gn :=lem{g(ANnt) | n <o}

Theorem 10.2. Suppose that the field k contains all qg(N\)-th roots of unity. Then
there exists a polynomial Q. (A) € Z[L, T] such that
Pur(A) = ( e [ a-rrhT
(a,b)€Bar(A)
Proof. This follows from Propositions 8.5 and 9.6. ]

Notation 10.3. If n < o, then the polynomial Q..(A N n*) is obtained from
Theorem 10.2 by replacing A by the semigroup A Nn*. We set Q. (ANot) = 1.

Corollary 10.4. If the field k contains all g-th roots of unity, then there exists a
polynomial Qqa p € Z[L, T] such that

P O(T) = q—erA [T a-vLerhy=.

(a,b)€Bar,n
Moreover, we have the equality
(Z",0) _ _qagby-1
Py; (T)—Zq(Aﬁ 5 Qu(A ) [ a-vrahH. 9
n=o (a,b)EBar(AﬂﬂL)
Proof. The result follows by Theorem 10.2 and Proposition 8.1. ([

We can now compare the series P, geom (T) and Pa(rZ’O)(T) (see Definition 2.2). In
[Cobo Pablos and Gonzalez Pérez 2012] we introduced the series

Pen(M) = 3 xe ([ HO\ U disHane) |) T € K (Var) @ QLT

0£0<0

(20)

and we proved that

A
PLO(T) =" Preom(ANOY).
0<o
Proposition 10.5. If the field k contains all g(\)-th roots of unity, then
n 0C|%i.el |
Pu() = Peon) =30 3 (1= )Reyo [] AL
=1 6eny_ o, ’ (@,b)€By, .o (M)

Proof. This follows from Proposition 9.6, formula (20), Theorem 10.2, and the
results in [Cobo Pablos and Gonzdlez Pérez 2012] for Peeom(A). O



Arithmetic motivic Poincaré series of toric varieties 425

Corollary 10.6. If for every integer 1 <1 < d and any vertex v of the Newton

polyhedra N ($;), there exists a subset I, C {1, ..., n} ofl elements such that
V= Z €;
iel,

A
and the vectors e; for i € I, form part of a basis of M, then the series P 0Ty
(Z*,0) o
and Pgeom ~ (T) coincide.

Proof. This condition implies that g (v, s) = 1 for every (v, s) € (6 N N) X Z~.
By Proposition 10.5, we get that Py (A) = Pgeom(A). Now for any face n < o, the
vertices of the Newton polyhedra of the logarithmic jacobian ideals of A N7n' are
also vertices of the logarithmic jacobian ideals of A. The hypothesis implies that
ANnt spans the lattice M Ny and then also that Py (ANNL) = Peeom(ANNL). O

Remark 10.7. Corollary 10.6 is a generalization of the Nicaise condition [2005b,
Theorem 1] in the case of normal toric varieties.

Remark 10.8. The coordinates of the vectors in the set By, ; 9(A) can be described
geometrically in terms of the ideals €, and §, for I =1(j, 0). Letw; : Z; — Z be
the composite o_f the normalization of Z2, with the toric modification defined by the
subdivision ﬂﬁzl 0, of 0. The modification 7; is the minimal toric modification
that factors through the normalized blowing up with center €, forr =1, ..., j.
If p is an edge of 6, the orbit closure E, of the orbit associated to p on Z; has
codimension one. We denote by v, the divisorial valuation defined by E,. It
satisfies v, (X™) = (v,, m) for m € M. The pullback 71]’.k ($) of a monomial ideal .$
of Z% is a sheaf of monomial ideals on Z j- The ideals nj(%r) forr=1,...,j are
locally principal on Z;. Then we get the following identities:

9 (Vp) = V(77 (6;)) — v, (77 (€;-1)),
Pj+1(Vp) = V(7T (€ 11)) — v (7 (€))),
Ordg,(Vp) = Up(ﬂj(jl))-

Corr}pare this with the geometrical description of the set of candidate poles of
Pg(ezonio)(T); see [Cobo Pablos and Gonzalez Pérez 2012].

11. The normal case

In the normal case, when the semigroup A is saturated, that is, A =oc ¥ N M, we
describe the motivic arithmetic series in a simpler way by using j*(Hy) = js(H));
see [Nicaise 2005b].

Notation 11.1. - () b = I Ll,cry_ 5, A@ 1, D)/~
(i1) For so > 0 we set sy, = {[(v, s)] € A | s = 50}
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Remark 11.2. The set s, is finite; see [Cobo Pablos and Gonzalez Pérez 2012,
Remark 8.2]. By (9) and Lemma 7.6, we deduce that

sﬂ=|_| L] A, j.60)/~

J=1 960}’:1 e

Proposition 11.3. Let us fix an integer so > 1. The set j,,(H*) expresses as a
Sfinite disjoint union of locally closed subsets as js,(H*) = U[(U $)lesty, Jso (H). We

deduce that x ¢ ([js(H*)] ) = Z[(,, §)]est, x5 (s (H) ).

Proof. The first claim follows by the method of [Cobo Pablos and Gonzdlez Pérez
2012, Proposition 8.11]. The second is a consequence of the first and Proposition 5.2.

O
Theorem 11.4. If Z" is normal, then we have
P(zA 0) _ 1 —LeTh-1
Z Z q(] 0) Ry.j l_[ ( )
J=1eeny)_ © (a,b)€By,j0(A)
Proof. 1t is a consequence of Propositions 11.3 and 9.6 and Remark 11.2. U

Corollary 11.5. Suppose that the aﬁ‘ine toric variety Z" is normal. If 0 < o, we
denote by o,/ the image of the cone " in (Mg)r, where My := M /6N M, and by
A(0) the saturated semigroup A(0) := (o, N My) X nglme. With this notation, we
have zA dimé p(Z2@,0
PE(T) =) (L—1)imo pZmm0(T).
<o
Proof. The proof follows by the arguments of [Cobo Pablos and Gonzalez Pérez
2012, Corollary 4.11]. ([l

12. Examples

12a. The case of monomial curves. Let A C Z>o be a semigroup with minimal
system of generators e; < ey < - - - < ¢, such that gcd{ey, ..., e,} = 1. In this case,
we have 6 NN =Z.¢. If ¢; := gcd{ey, ..., e;}, then we obtain

1 L—l( T qu | —q; Le—are

PENO Ty = ) 21
a ( ) * qll_Tel =2 qi—19i 1 —Lei—eTe ( )

1-T 1-LT
This follows from the results of this paper, taking the following observations
into account:
o We have the equality j;(H) = j;(H™).

o If v,V € Z. satisty ji(H) and j(HY) # {0}, then the equality j;(H) =
Jjs(H?) implies v =’
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o If veZ. satisfies ve; <s < ve;y1, then g(v, s) = g;
Then, setting ey := 00, we get the following equality, which implies (21):

n oo vejti—l

Pa(rZA’O)(T) +ZZ Z (L— 1) Ls verps.
i=1 v=1 s=ve;
Remark 12.1. The inequalities g; > g, > - -- > g, = 1 are not always strict. For
instance, if A is generated by e; = 8, e» = 18, e3 = 20 and e4 = 21, then we get
q1=8,4>=q3=2and g4 = 1. It follows from (21) that the term 1 — L2720 is
not a factor of the denominator of the series P(Z 0)(T). If A’ is the semigroup
generated by ey, e; and e4, then we obtain from (21) that

A A
PZO(T) = PE AT,

while the semigroups A and A’ are not isomorphic. In contrast with this behavior,
the motivic series Pd(rc ’0)(T) of a plane branch (C, 0) determines the semigroup of
the branch (C, 0); see [DL 2001].

12b. An example of non-normal toric surface. Consider the semigroup A gener-
ated by the vectors e; = (5, 0), e2 = (0, 2), e3 = (0, 3) and e4 = (6, 2) The cone o
is R2 2o and the lattice M is equal to 7?%. We have the semigroups AN 771 =(5,0)Z-9
and A N 772 0,2)Z-0+ (0,3)Z-(, where 1 and 7, are the one-dimensional
faces of o. By the case of monomial curves, we get

Par(Amnf_) =

L-1 T L_L1<T2 LT3>
—Lrior 4 PeAm)=say e ot L
Figure 1 shows the subdivisions associated with the ideals 6, for r =1, 2, 3.

In the following table, we give the different values of ¢(j, 8) and I(j, 6) for 6
in the subdivisions of Figure 1 and j such that A(g, j, 0) # &. We exclude from

. 5) 2. 5) p3=(1,6)
P1 = s pP1 = s
615 053 O34 p1=1(2,95)
p=(@3,95) 033 p2=(@3,95)
022 bia
011 021 031
O, ®;NO, 0;NO, N3

Figure 1. The subdivisions ®1, ®; N O, and ®; N O, N O3.
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this table the cones in 8 € mle(a, for j =4, since in this case ¢(4,60) = 1 and
1(4,0) =2.

q(1,011)=2 ¢q(1,01p) =5
I(1,0)=1 [1(1,012) =1

qg2,6)=1 q2,002)=10 ¢2,03) =10 g2, p1) =10
[2,00) =1 12,000)=2 [2,03)=2 12,p1)=2

qg3,031)=5 qB3,03)=5 ¢q@B,03)=5 ¢gB,634)=2 q@3B,p1)=5

q3,p2) =5
[(3,631) =2 1(3,0)=5 13,033)=2 13,04)=2 13, p1)=2
13, p2)=2

Notice that A(g, 1, p1) = A(g, 2, p2) = A(p, 3, p3) = <. In the following table,
we have filled in the cases corresponding to the pairs (a, b) € By (A), (a, b) # (2, 1)
in terms of the rays appearing in the subdivisions of Figure 1:

(a,b) € By(A) vy =(2,5) vy, =(3,5) vy, =(1,6) Vov gl = (1,0) Vvt = 0, 1)

2y —ordg,, @2) (0, 10) (5,15) 2,2)
(2p3 —ordy,, @3) (10, 15) (5, 15) (19, 18) 5,95 2,2)
(2p4 —ordy,, @1) (24,22) (31, 28) (19, 18) (7,6) 4,3)

It follows that By o = Bar(A) U {(1,3),(0,2), (1, 1), (0, 1)}. We have com-
puted the sum of the series Par (T) with the methods of [Cobo Pablos and
Gonzélez Pérez 2012]. We have obtained an irredundant representation of the form

PEOM =R, T) [] a-Lo7h)!
(a,b)eB

with R(L, T) € Q[L, T], and where B = By 5 \ {(24, 22), (31, 28)}.
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Maximal ideals and representations
of twisted forms of algebras

Michael Lau and Arturo Pianzola

Given a central simple algebra g and a Galois extension of base rings S/R, we
show that the maximal ideals of twisted S/R-forms of the algebra of currents
g(R) are in natural bijection with the maximal ideals of R. When g is a Lie
algebra, we use this to give a complete classification of the finite-dimensional
simple modules over twisted forms of g(R).

1. Introduction

Let S/R be a (finite) Galois extension of commutative, associative, and unital
algebras over a field &, and let g be a finite-dimensional central simple k-algebra.
Let &£ be an S/R-form of g ®; R, that is, an R-algebra & such that

LRrRS>~g® S (L.1)

as algebras over S.

In this paper we accomplish two tasks:

(1) We establish a natural correspondence between the maximal ideals of & and
those of the base ring R.

(2) If g is a Lie algebra, k is algebraically closed of characteristic 0, and R is
of finite type, we describe all the finite-dimensional irreducible modules of & and
classify them up to isomorphism.

In what follows, we will denote g®; S as g(S). Recall that if I" is the Galois group
of S/R, then there is a natural correspondence between the set of isomorphism
classes of §/R-forms of g(R) = g ®; R and the pointed set of nonabelian Galois
cohomology H' (T, Autg_qe 9(S)). See [Knus and Ojanguren 1974], for example.
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For example, consider the multiloop algebra £(g, o), where g is a finite-dimen-
sional Lie algebra over an algebraically closed field k of characteristic 0, and o is
an N-tuple of commuting automorphisms

01,..-,ON: §— ¢

of finite orders m, ..., my, respectively. This is a Z"-graded Lie subalgebra of
the Lie algebra g(S), where S = k[i"', ..., 15']:

$(g;0) = @ g, @'t el
jezN
where g; ={x € g|o;(x) = Eij"x for all i}, for fixed primitive m;-th roots of unity
& € k. Then £(g, o) is an S/R-form of g(R), where R = k[tliml, e tﬁm’v]. The
Galois group I of S/R is Z,,,, X - - - X Z,,,, and the corresponding (constant) 1-
cocycle in H' (", Aut s-alg §(S)) is the group homomorphism taking a fixed generator
a; of Z,, to ol._l ® 1. Such algebras play an important role in affine Kac—Moody,
toroidal, and extended affine Lie theory.'

We open the paper with a detailed investigation of the maximal ideals of twisted
forms &£.> Given any ideal $ of the R-algebra &£, we show that there is a unique
["-stable ideal J ($) C S for which $®g S maps to gRQy J ($) under the isomorphism
LRrS — g®¢ S. As all maximal ideals $ of the k-algebra & are R-stable, this
produces a bijection ¥ : $ — J($) N R between maximal ideals of the k-algebra &
and the set Max(R) of maximal ideals of R. Explicitly, ¢ ~! : I — 1% for maximal
ideals I C R.

To have access to the attractive results of classical representation theory, we
then assume that g is a finite-dimensional simple Lie algebra and R is of finite
type over an algebraically closed field k of characteristic 0. The classification of
finite-dimensional simple £-modules V proceeds by observing that the kernel of the
representation ¢ : £ — End (V) is an intersection of a finite collection of distinct
maximal ideals $1, ..., $, C &£. Given any maximal ideals My, ..., M, € Max(S)
lying over the maximal ideals ¥/ ($1), ..., ¥ ($,) € Max(R), respectively, we obtain
evaluation maps

evy L > g® S —> (g S/M) -+ D (g S/ My) ~ g®".

We then use properties of forms to show that ev, is surjective and descends to an
isomorphism evy, : £/ ker ¢ => g®". The finite-dimensional simple ¥-modules V

IFor simplicity of notation, we use integral powers of the variables #;, though fractional exponents
are sometimes used to work with the absolute Galois group of the base ring R or with twisted modules
for vertex algebras.

2Throughout this paper, all ideals are assumed to be two-sided unless there is an explicit mention
to the contrary.



Maximal ideals and representations of twisted forms of algebras 433

are thus pullbacks of tensor products of g-modules along evy:
VxV@, M)=V, (M) k- B Vi, (M),

for some nonzero dominant integral highest weights A1, ..., A, of g (relative to a tri-
angular decomposition g =n_®hdn, ) and maximal ideals My, ..., M, € Max(S),
where V. (M;) is the simple g-module of highest weight A;, viewed as an $£-module
via the composition of maps

@ 2 G @ S/M; ~ g — End(V3,).

Two such representations V (A, M) =V, (M)®x- - - Vi, (M) and V(u, N)=
Vi (N1 ®k - - -®xk Vyu,, (N,,) are isomorphic (££/ ker ¢p)-modules, and thus isomorphic
¥-modules, if and only if their highest weights are equal, relative to the induced
triangular decomposition

F/kerp = ev;,,l DY) ev&l H®) @ ev;,,1 (n?”).

The cohomological interpretation of forms leads to an action of the group I" on
P, x Max(S§), for which V(A, M) >~ V(u, N) if and only if m = n and

(Ais M) ="(i, Ni)

for some yq, ..., y, € I'. This classification (Proposition 3.7) is then described in
terms of ['-invariant functions from the maximal spectrum Max(S) to the set Py
of dominant integral weights. This gives a constructive description (Theorem 3.9)
of the moduli space of finite-dimensional simple ¥-modules in terms of finitely
supported ["-invariant functions Max(S) — Ps.

One of our main motivations in the present paper was to generalize and provide
more intuitive proofs of previous work on (twisted) loop and multiloop algebras. See
[Lau 2010; Senesi 2010] for a summary of past work on this problem. However, the
interpretation of isomorphism classes as spaces of I"-equivariant maps used in past
work does not generalize to our context of twisted forms. Instead, the I"-equivariant
functions had to be reinterpreted as I'-invariant functions Max(S) — P. This
turned out to be the correct perspective to include cases where there is no natural
action of I on the space P of nonzero dominant integral weights. More signif-
icantly, with new proofs, we have eliminated all dependence on the Z"-grading
of £(g, o), a point that was crucial in the arguments of [Lau 2010]. This lets us
apply our work to nongraded contexts, including a classification of modules for the
mysterious Margaux algebras explained in Section 4.

Perhaps the most striking feature of the present work is its nearly complete
independence from the particular S/R-form under consideration. The maximal
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ideals of any S/R-form & of g(R) are in bijection with Max(R), and the finite-
dimensional simple ¥-modules are evaluation modules enumerated by finitely
supported I'-invariant maps Max(S) — Py. Indeed, the only place where the
Galois cocycle (and hence the isomorphism class) of the S/ R-form plays an explicit
role is in the isomorphism criterion for £-modules (Proposition 3.7). But in many
interesting examples, even this condition vanishes, as we illustrate in Section 4.

Notation. Throughout this paper, k£ will denote a field. We let k* = k \ {0} and
denote the set of nonnegative integers by Z. The category of finitely generated
unital commutative associative k-algebras will be denoted by k-alg, and we will
write Max(S) for the maximal spectrum of each S € k-alg.

2. Twisted forms and their maximal ideals

In this section, k£ will denote an arbitrary field and S/R will be a finite Galois
extension in k-alg with Galois group I'. Let g be a finite-dimensional central simple
algebra over k, and let R € k-alg. We may view g(R) = g ®; R as an algebra over
R by base change, the multiplication given by (x @ r)(y ® s) = xy ® rs (for each
x,y€gandr,s € R). As before, & will denote an S/ R-form of g(R). Any such &
is obviously an algebra over k by restriction of scalars, and we may thus speak of
k-ideals and R-ideals of &, namely the ideals of & viewed as an algebra over k and
over R, respectively.> The goal of this section is to classify the maximal k-ideals
of &.

Since Galois extensions are faithfully flat, we have the following general facts.
See [Matsumura 1989, Theorem 7.5], for instance.

Lemma 2.1. Let I be an ideal of R, and let M be an R-module.
(1) The canonical map
M—>MQ®rS, x—x®I1
is injective. In particular, R can be identified with a k-subalgebra of S.
(2) After viewing R inside of S via (1), IS is an ideal of S and RNI1S = 1.
Up to coboundary, we can associate a Galois 1-cocycle
u = (uy)yer € Z' (T, Auts.ae(8(S)))

to¥,suchthat ¥ ~ &%, = {z € g®i S | u,/z = z for all y € I'}. We therefore can
(and henceforth will) view & as an R-subalgebra of g(§) = g ®; S. Note that the
S-algebra isomorphism

LROrS=g(R)®r S =9(5)

3We remind the reader that the word ideal means two-sided ideal.
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may be realized as the multiplication map

U:LRr S — g(S), (in®si)®sr—>2xi®sis 2.2)

forall ), x; ®s; € £ and s € S. This will allow us to associate an ideal of S to
every R-ideal of &£.

Lemma 2.3. Let $ be an R-ideal of £. Then $ Qg S is an S-ideal of £ R S, and
there is a unique ideal J = J($) C S such that g ®; J = (9 Qg S).

Proof. Fix a k-basis {x1, ..., x,} of g. Let J = J(¥) be the set of all s € § for which
there exists ) ;- x; ®s; € u($ ®g S) such that s =s; for some i. By the definition
of J, it is clear that £ ($ Q@ S) € g®i J. Moreover, since g® 1 C g®y S is a finite-
dimensional central simple k-algebra, it follows from the Jacobson density theorem
that x; ® s € u($ g S) for all s € J and for all i <m. Thus g®; J C u($ Qg S).
The uniqueness of J is clear since the tensor product g ®; J is being taken over a
field k. (|

Proposition 2.4. Let $| and $, be R-ideals of £. Then J($1) C J($3) if and only
if $1 C $o. In particular, the map J : {R-ideals of £} — {ideals of S} is injective.

Proof. Let $ = 91 + $,. The restriction of the multiplication map
w: LR S — g(S)

to $Qg S gives an isomorphism g : FQrS — g&i J ($) with J($)=J ($1)+J ($2).
By flatness of S/R,
IQr S

$/9 S~
(9/92) ®r 5 @0 S

as S-modules. The injection g restricts to an isomorphism
$2Qr S — g @i J($2),

so we see that

QS _ g®J ()

$2®rS 9@ J($2)
Thus ($/%,) ®g S = 0 if and only if g ®; (J($)/J($2)) = 0; then by faithful
flatness, $/$, = 0 if and only if J($)/J($2) = 0. That is, $; C ¥, if and only
if J($1) € J($2). O

=g & (J($)/J($2)).

Proposition 2.5. Let $ C & be an R-ideal. Then J($) is stable under the action of
the Galois group I' =%al(S/R).
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Proof. As in the proof of Lemma 2.3, we fix a k-basis 8 = {x1, ..., x;;} of g. From
the definition of J = J(¥), it is easy to see that J is the ideal of S generated by
the set Eg(¥) of those elements s € S for which there is an element ) , x; ® s; € §
for which s; = s for some i. It is thus enough to show ¥s € J for all y € I" and
s € Eg(9).

Letu € Z\(T, Autg_q1¢(g(S))) be a cocycle corresponding to the S/R-form &£.
Fix y € I', and write u,(x; ® 1) = Z;'”:I xj ®aj;. Since u, is an automorphism of
g(S), the matrix A = (a;;) is invertible in M,,(S). Letz=)" x; ®s; € $. It suffices
to show that¥s; € J fori =1, ..., m. We have

Zx,- si=pnz®) =pnu,z01)= M(Z uy(xi ®7s;) ® 1)

1

_ “(Z Vsi,(xi ® 1) ® 1) - M(Z 1y (i ®1) ® Vs,-)

i
= “(ij ®aij ® ysz’) =) 4® (Z“iiysi)
ij j i
In matrix form, we see that
Vs 51
— (At)—l

YSm Sm

By definition, s; € Eg($) C J for all i, and (AH~ ' e M,,(S). Hence s; € J for all
i. O

Lemma 2.6. Let I be an ideal of R. Then I ¥ is an ideal of £, and J(IX) = I8S.
Proof. 1t is obvious that /& is an ideal of &. As S-modules (in fact, as S-algebras),
IZQrS=LQOrIS =2 LRrSQs IS =gR; SQs IS =g 1S,
soJ(I¥)=1S. O
We now turn to the classification of maximal k-ideals $ of the S/R-form &£.

Lemma 2.7. The sets of maximal k-ideals and maximal R-ideals of & coincide.

Proof. Let $ be a maximal k-ideal of £. We claim that $ is stable under the
action of R. For any r € R, the space rJ is clearly a k-ideal of &, and if r$ £ 9,
then $ 4+ r$ = &£ by the maximality of $. The algebra & is perfect by descent
considerations, as has already been noted in [Gille and Pianzola 2007], for instance.
Thus

L=LL=(F+rPHL=9L+Ir¥F) CIL I,
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since & is an R-algebra. But this contradicts the proper inclusion $ C &£, sor$ C $
as claimed. From this, it follows that every maximal k-ideal of & is also a maximal
R-ideal of & and conversely. U

Lemma 2.8. Let M be a maximal ideal of R.

(1) There exist prime ideals of S lying over M, and any such ideal is maximal. The
group I acts transitively on the set of such maximal ideals. In particular, this
set is finite.

2) MS = ﬂ[ M;, where the intersection is taken over the (finite) set of maximal
ideals of S lying over M.

Proof. (1) This is well-known, but we recall the main ideas for completeness. From
basic properties of Galois extensions, we know that R = S', and hence S/R is
integral. From this it follows that the set of prime ideals of S lying over M is
not empty, that any such ideal is maximal, and that the action of I on this set is
transitive. (See [Bourbaki 1964, §2.1 Proposition 1 and §2.2 Théoreme 2].)

(2) Any maximal ideal m of S containing M S will lie over M, since the intersec-
tion m N R is a proper ideal of R containing M SN R, which is equal to the maximal
ideal M by Lemma 2.1(2). Thus m = M; for some i, and (), M; is the radical of
MS. Since S/R is flat,

S/MS~ (R®zS)/(M®grS)~ (R/M)®zS.

Let L = R/M, a field extension of k. Since the extension S is Galois over R,
general facts about base change guarantee that the extension (R/M) Qg S is Galois
over (R/M) ®gr R >~ L. (See [Milne 1980, §1.5], for instance.) That is, S/MS
is a Galois extension of L. Galois extensions are finite étale and the only such
extensions of L are products L x - - - X L,,, where the L; are finite separable field
extensions of L. We see from this that S/M S has trivial Jacobson radical. Hence
MS is aradical ideal of S, and M S =", M;. O

Theorem 2.9. The map v : I — I & defines a bijection between the set of maximal
ideals of R and the set of maximal ideals of ¥.

Proof. Let $ be a maximal ideal of £, and let J = J($) C § be the ideal correspond-
ing to $. Let P C S be a maximal ideal containing J, and let M = P N R. Since
S/R is integral, M is a maximal ideal of R [Bourbaki 1964, §2.1 Proposition 1].

As explained in Lemma 2.8(1), the Galois group I acts transitively on the
finite set My, ..., My of maximal ideals S lying over M. Since J is I'-stable
(Proposition 2.5) and contained in a maximal ideal P lying over M, we see that
J <Y, M;. By Lemma 2.8(2), MS = (\_, M;. Hence J C MS.

Note that M & is an ideal of & whose corresponding ideal is M S, by Lemma 2.6.
By Proposition 2.4, $ € M¥. Since MS = ﬂfvzl M; is a proper ideal of S,
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Lemma 2.3 guarantees that M is a proper ideal of £. Hence $ = M ¥ by the
maximality of $, so the image of the map i includes all maximal ideals of .

Let I; and I, be maximal ideals of R. If | = L¥, then IS = I,S by
Proposition 2.4 and Lemma 2.6. Now Lemma 2.1(2) yields that I; = I, hence that
¥ is injective. It remains only to check that /¥ C & is maximal whenever I C R
is maximal. Suppose that / C R is a maximal ideal, and let $ € &£ be a maximal
ideal containing /&¥. We have already shown that there is a maximal ideal M C R
for which $ = M¥. By Lemma 2.1(2) and Lemma 2.6,

M=MSNR=JME)NR=J(F)NR.
By Proposition 2.4, J(I£) C J($), so
I=ISNR=JUEL)NRCJIF)NR=M.

By the maximality of I, we see that / = M. Hence I£ = MY = $ is a maximal
ideal of &£. a

As an application, we recover the following well-known fact; see [Knus and
Ojanguren 1974, Corollary I11.5.2].

Corollary 2.10. Let s be an Azumaya algebra over R. Every (two-sided) maximal
ideal of A is of the form 1A for some maximal ideal I of R.

3. Classification of simple modules

We maintain the notation of the previous section but now assume that g is a finite-
dimensional simple Lie algebra over an algebraically closed field k of characteristic
zero. The base ring R will be of finite type in k-alg, and all modules (representations)
will be of finite dimension over k. Unless explicitly indicated otherwise, ® will
denote a tensor product ®; taken over the base field k.

Let £ C g® S be an §/R-form of g(R) as before, and let ¢ : £ — End (V)
be a finite-dimensional irreducible representation of £. We fix a cocycle u €
Z\(T, Auts_pic(g(S))) so that £ = £,,.

3a. Evaluation maps and simple modules. Since ¥ is perfect, £/ ker ¢ is a finite-
dimensional semisimple Lie algebra over k£ [Lau 2010, Proposition 2.1]. Hence
there is an isomorphism

f:ZL/kerp —> g1 D---DBygy

for some collection of finite-dimensional simple k-Lie algebras gy, ..., g,. Let
7 : ¥ — Z/ker ¢ be the natural projection. Then

P/kerp =~ LMy D DL/ My,
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where Ay, ..., M, are pairwise distinct maximal ideals of &£ whose intersection is
ker ¢. More precisely, we can take

Mi=r"lof g @ @GS - Do)

fori =1, ..., n, where g; indicates that the i-th summand is omitted. To classify
the simple modules of &, it thus suffices to consider quotients of £ by maximal
ideals.*

Let $ C ¥ be a maximal ideal. By Theorem 2.9, $ = ¥ for some maximal
ideal I C R. Let P C S be a maximal ideal lying over /, and let

€:S—S/P~k 3.1

be the natural evaluation map.> Then the composition

eszi%g@)S&)g@k:g (3.2)
is a homomorphism of k-Lie algebras.
Proposition 3.3. The map evp : £ — g is surjective and has kernel $ = (P N R).

Proof. The multiplication map u : £ ®r S — ¢g(S) is an isomorphism (2.2), so
given any element x € g, there exist elements z; € &£ and #; € S such that

M(ZZ;’@E’) =x®I1.
i

Thatis, if z; = ) _; x; ® 5;; for some k-basis {x;} of g and s;; € S, then

ij' ®Sijt,' =x®1.

iJj
Applying the map 1 ® € introduced in (3.1), we get Zi’j Xj®e(sije(t;) =x@ 1.
But & is closed under multiplication by elements of k, so ) _; €(#;)z; € £, and

evp (Z e(tl-)zl-) =) xje(sipe(t) =x.
i

1

Hence evp is surjective.
Letz=),x;®s;€<Landr el. Thene(r) =0,since I = PN R C P =kere.
Hence

evp(r) =Y xie(rs) =Y _ xie(r)e(si) =0,

“4Recall that there is no difference in the concept of maximal ideal if we view & as an R- or k-Lie
algebra.

35S is of finite type over R and R is assumed to be of finite type over k. Thus S is of finite type
over k and therefore S/ P =~ k by the Nullstellensatz.
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so [¥ C kerevp. Since $ = IZ is a maximal ideal and evp is nonzero, the kernel
of evp is precisely $. U

We have now shown that &/ ker ¢ is isomorphic to a direct sum of finitely many
copies of g. Explicitly, ker ¢ is the intersection of a (finite) family of distinct

maximal ideals M, ..., M, in £L. Let I, ..., I, be the (distinct) maximal ideals
of R given by Theorem 2.9. For any collection M of maximal ideals My, ..., M,
of S lying over Iy, ..., I,, respectively, the map
evy = (evy,,....,evy,) L= gd--- Dy,
2> (evp, (2), ..., evy, (2))

descends to an isomorphism evy : £/ker¢p — gd--- D g.
Since the irreducible representations of g®" = g@®- - - @ g are precisely the tensor
products

P=01,..,pp): 0D Bg— Endp (Vi ®:--®Vp),

@) > Y i@ @ pi(x) ® - ®id

i=1
of simple g-modules (p;, V;), we now have a complete list of the simple £-modules.
Theorem 3.4. Let ¢ : £ — Endi (V) be a finite-dimensional irreducible representa-
tion of &. Then there exists a finite collection P = (P, ..., P,) of maximal ideals

of S with P;N\ R # P; N R fori # j, and a simple g®"-module (p, Vi ®---Q V,)
suchthat V=V ®---®V,and ¢ = poevp.

Remark 3.5. The converse of Theorem 3.4 is obvious. Given a collection of
maximal ideals P, ..., P, of S for which the ideals P; N R of R are pairwise
distinct, the Chinese remainder theorem gives an isomorphism

/My D - - DL/ M, = L) N M,

where JA; = (P; N R)¥. (This uses the fact that the P; N R are maximal, as shown
in the proof of Theorem 2.9.) Thus the map

L LM D---BDL/M, ~ g

is surjective, so the pullback of any simple g®"-module V = V; ® --- ® V,, will be
a simple ¥-module.

3b. Isomorphism classes of simple modules. Fix a Cartan subalgebra h of g and
an épinglage of (g, b); see [Bourbaki 1975, VIII, §4.1]. Given a maximal ideal
M € Max(S) and a finite-dimensional representation p : g — Endy (W), we write
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W (M) for the vector space W, viewed as an £-module with action given by the
composition of maps

Fesg®S 2 g5 End (W),
where evy, is the quotient map

eVy i GRS —> (g®S)/(g®M)=9gQ(S/M) ~ g,
XRsH—> (xQs)(M) =s(M)x

for all x € g and s € §. For each automorphism o« € Autgs.y ;. (g(S)) and M € Max(S),
we write a(M) € Aut(g) for the automorphism defined by

(@(M))(x) = (@(x @ D)(M) =evy(a(x @ 1))
for each x € g. It is straightforward to verify that the map
Autg.ric(g(S)) — Aut(g), o> a(M)

is a group homomorphism for each M € Max(S). We write Outa (M) and Int (M)
for the outer and inner parts, respectively, of the automorphism

a(M) =Inta(M) oOuta(M).

See [Bourbaki 1975, VIII, §5.3 corollaire 1] for details.

By Theorem 3.4, the (finite-dimensional) simple £-modules are those of the form
VL, M) =V, , (M) ®---® Vy, (M,), where each A; is in the set Pf of nonzero
dominant integral weights, V. is the simple g-module of highest weight A;, and
M = (M, ..., M,) is an n-tuple of maximal ideals of S lying over distinct (closed)
points of Spec(R).

Lemma 3.6. Suppose that the £-modules VL, M) =V, (M) ®---®V,,,(My,)
and V(u, N) =V, (N1) ®---® V,,, (N,) are isomorphic for certain A1, ..., Ap,
Uiy ovny Up € Pf and My, ..., My, Ny, ..., N, e Max(S). Then m = n, and up to
reordering, Mi "R = N; N\ R for all i.

Proof. Let ¢y : £ — Endi(V(A, M)) and ¢, n : £ — Endi(V(u, N)) be the
homomorphisms determining the module actions. Since V (A, M) >~ V (u, N), their
kernels are equal, so

[((M: N R)E =Ker ¢ =ker gy = [ |(N; N R)L.
i=1 j=1
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By Lemma 2.1(2) and Lemma 2.6,

ﬁ(M,-ﬂR): (ﬁ(MiﬂR)S)ﬂR:J(ﬁ(MﬂWR)i)ﬂR

i=1 i=1 i=1
n n
= J(ﬂ(Nj n R)35> NR=("\W;NR).
j=1 j=1
For I C R, let Var I be the set of m € Spec R with / C m. Then

Lm_J{M,- NR} = Lm_J Var (M; N R) = Var (ﬁ(M,- N R)>
i=1 i=1 i=1

:Var(ﬁ(Nﬂ']R)) = O{NjﬂR}.
j=1

j=1
Thus m = n, and after reordering, M; "R = N; N R for all i. O

Recall that u, is the image of y € I' = %al(S/R) under the Galois cocycle
u:I' = Autg i (g(S)). The group I acts on the set of pairs (A, M) € P+X x Max(S)
by (i, N) = (o Outu, ™' ("N), "N).

Proposition 3.7. Suppose
VA, M)=V,,(M)®---®V3,(My) and V(u, N)=V,,(N)Q---QV,,(Ny)

are irreducible $-modules with ., . € (P)" and M; "R = N; N\ R for all i. Then
V(A, M) >~V (u, N) if and only if there exist y, ..., ¥, € I' such that

(Ai, My) =" (ui, N;) fori=1,...,n.

Proof. Let ¢y p : £ — Endi(V(A, M)) and ¢, n : £ — Endi(V (e, N)) be the
homomorphisms defining the module actions. Since each A; is nonzero, the kernel
of the action of g®" on V (A, M) is trivial, and the evaluation maps ev u; induce an
automorphism

evy =evy, ®---Devy, : £/ kerdy y = g¥".

Similarly, evy : £/ ker ¢, y — g®" is a Lie algebra isomorphism.

Let g=n_®hdn, be the triangular decomposition of g relative to the épinglage
of (g, h). We pull back the corresponding triangular decomposition of g®” to obtain
the triangular decomposition

P/ ker ¢y m = evy (0 devy, (H®) @evy, (). (3.8)

The representations V (A, M) and V (u, N) will be isomorphic precisely when they
have the same highest weights relative to the decomposition (3.8).
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The Galois group I' = %al(S/R) acts transitively on the fibers of the pullback
map Spec(S) — Spec(R) over maximal ideals of R. Choose y; € ' so that M; ="iN;
for all i.

Letg' =0@---®g®--- DO be the i-th component of g®*. Note that

evy (09 =(\kerevy, = M, NR)E =N, N R)L =) kerevy, .
r#i r#i r#i r#i

Therefore, evy; o ev;,l1 (¢') =0forall i # j, and
evy oeV;,,1 (xi) = oevy, OCVA_,[I (xi) =1 0EVy, O ev;,,ll, (x)
for all x' € g', where (; is the inclusion of g as the i-th component of g®":
L:g—> 0B - - ®gd---HOC g%

Relative to the decomposition (3.8), the highest weight of V (A, M) is thus
Y ' Aioevy, and the highest weight of V(u, N) is Y _, v oevy,, where v; €
(evy, o ev;,lll_ (h))* is the highest weight of V,,, relative to the new triangular decom-
position

-1 -1 -1
g=evy,oevy, (n_) @evy, oevy, (h) @evy, oevy, (ny).

By [Lau 2010, Lemma 5.2], v; = u; o ri_l, where 7; = Int(evy, o ev;,,ll,). That is,
V(A, M)~V (u, N) if and only if

n n
ZA,- oevy, = Z i © rl._l oevy;,
i=1 i=1
on ev;,,1 (h®™). For the i-th component h =0®--- P HhP - -- D0, we have
evy (h) Sevy (@) =M N R,
J#
SOAjoevy; (ev;,l1 (")) =0 for i # j. Therefore, V (A, M)~ V(u, N) if and only if
Ai OV, =i OT; —1 oevy, for all i; that is, if and only if A; = u; oOut(eVN oeVM ).
We now s1rnp11fy the expression for the automorphism evy, cev, M :g— g. For
X € g, write evM (x)= Z X;j®s; +kerevM € &/ kerevy, = £/kerevy,, where
xj€gands; €S forall j. Then evy, oevM (x) = Z s;j(N;)x ;. By definition,
sj(Ni)+ Ni =s;+ N; € S/Ni,
and s;(N;) € k C R is clearly fixed by y; € I'. Hence

Sj(N,')-l-yiN,' =yiSj +7iN; € S/)/iNl. =S/M;,
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and s;(N;) ="is;(M;). Therefore,
evy, oeV;,,ll_ x) = Z Visi(M;)x;.
J

Moreover, ijj@)sj €ef={zeg®S|u,’z=zforall yeTl}, so

Vi
eV, oevyl (x) = (ij®s,-)<Mi)=<uy,.>I(ij@@s,-)(M,-)
J J

=u, (M;) Y si(M)xj = u, (M;)(x),
J

and evy, oeV;,I} = u;l_l(M,-). Hence V (A, M) >~ V (i, N) if and only if there exist
Y1, ..., ¥Yn € I such that ¥i(u;, N;) = (\;, M;) for all i. O

We identify the £-module V(A, M) =V, , (M) ® --- ® V},(M,) with the map
Xy - Max(S) — Py,

Where X[)\.,M] = Z}/EF Z:l=l XV()Lini) and

w; if I =N,

Cay s Max(S) —> Py, I+ .
X (i, Ni) (5) + {O otherwise.

The Galois group I' acts on the set % of finitely supported functions Max(S) — Py,
by identifying each function f with the set of ordered pairs {(f(M), M) | M €
Max(S)} and defining ¥f = {"(f (M), M) | M € Max(S)}. The function Xiy. M is
then I'-invariant, and the set %' of I'-invariant functions in % is in bijection with
the set € of isomorphism classes [ V'] of (finite-dimensional) simple ¥£-modules V:

Theorem 3.9. The map i : [V (A, M)] — X[ M is a well-defined natural bijection
between 6 and F" .

Proof. By Theorem 3.4, Lemma 3.6, and Proposition 3.7, two simple £-modules
W, and W, are isomorphic if and only if there exist n > 0, ordered pairs

(M, %), (N, p) € Max(8))" x (P{)"

with M "R =N;NR#N;,NR=M;NRfori # j,and y|,...,y, €T
such that W, ~ V(A, M), W >~ V(u, N), and (M;, A;) = Yi(N;, u;) for all i.
Thus V(A, M) =~ V(u, N) if and only if Xpom1 = XNy In particular, the map
¥ : 6 — F' is well-defined and injective. It is also surjective, as the support of
any f € ¥ decomposes into a disjoint union of I"-orbits. Therefore,

m
f= Z Z Xv(ri M;)

yel' i=1
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for some collection of orbit representatives My, ..., M,, € Max(S). O

4. Applications

In this section, k will denote an algebraically closed field of characteristic zero.

4a. Multiloop algebras. Multiloop algebras are multivariable generalizations of
the loop algebras in affine Kac—Moody theory. The study of these algebras and
their extensions includes a substantial body of work on (twisted and untwisted)
multiloop, toroidal, and extended affine Lie algebras. The representation theory of
multiloop algebras has also been adapted to include generalized current algebras
and equivariant map algebras [Chari et al. 2010; Neher et al. 2012]. When R and
S are Laurent polynomial rings, the intersection of the class of algebras with the
class of twisted forms discussed in the present paper includes multiloop algebras
(Section 4a), but not Margaux algebras (Section 4b), for instance.

Let g be a finite-dimensional simple Lie algebra over k, with commuting au-

tomorphisms oy, ..., on : g — g of finite orders my, ..., my, respectively. Fix a
primitive m j-th root of unity &; € k for each j, and let R = k[tliml, e t,jvtmN] -
S=kl, .. 5.

The (twisted) multiloop algebra £ = £(g, o) is a ZV-graded subalgebra of
g(S)=g®S:
$(g,0) =P g1,

jezN

where j = (ji,....jn), 9; = {x € g | oi(x) = El:/ix fori =1,...,N}, and
th=t]'tf -1, Tt is easy to see that & is a Lie algebra over R and an S/R-
form of g(R).

Specializing our main theorems to the case of multiloop algebras, we recover
the results of [Lau 2010]. Maximal ideals M; = M,, = (ti — a;1, ..., ty —ain) of
S correspond to points @; = (a1, - - ., aijn) on the algebraic n-torus (kKN = k* x
-+ x k*. Note that M; N R is the ideal (of R) of polynomials vanishing at a;. Thus
M;NR € Max R is generated by {r"' —al}', ..., 1" —a/y'}. Therefore, M; N\R =
M; N R if and only if m(a;) = m(a;), where we write m(ag) = (a,}', . . ., ayy) for
all ag € (K)V.

The Galois group I' =%al(S/R) is Z,y, X - - - X Z,,, where each Z,,, is generated
by an element
&t ifi= Js

o it .
tj  otherwise.

The 1-cocycle u : I' = Autg.ic(g(S)) corresponding to &£ is given by

f— _rl DY _rN
u, =0, oy " ®1,
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foreach y = (af', ..., ay) €. Thenu, (M) =0, "' ---oy'" for all M € Max(S).
The fact that
u,: Max($) - Autg, M+ u,(M)

is constant means that the action of I' on P;* x Max(S) splits into separate actions
of I on Max(S) and on P} by

YT x P — PX, (y,A) > AoOuto; " - oy™".

In this language, I" acts on ij x Max(S) as Y(A, M) = (Y (y~', 1), M). The
I'-invariant functions xx, a1 : Max(S) — Py become I'-equivariant functions under
the new action ¥ on P;. We thus recover the following theorem [Lau 2010,
Corollary 4.4, Theorem 4.5, and Corollary 5.10]:

Theorem 4.1. (1) The finite-dimensional simple modules of ¥(g; o) are those of
the form V(A,a) =V, (My,)®--- @V, (M) forn >0, a; € k)N, and
m(a;) #m(a;) wheneveri # j.

(2) The isomorphism classes of finite-dimensional simple £(g; o)-modules are in

)N

bijection with the finitely supported I -equivariant maps (k*)" — Py.

4b. Azumaya and Margaux algebras. Fix Laurent polynomial rings
R=k[,1F*] and S=k[" 5]

Let A= A(1,2) be the standard Azumaya algebra, the unital associative R-algebra
generated by {Tlil , Tzil} with relations 7,71 = —T,T> and Tl.2 = tl.z fori =1, 2. Then
A is an S/ R-form of the associative algebra M>(R) of 2 x 2 matrices over R, as can
be readily verified using one of the well-known representations of the quaternions
as matrices in M, (C).

Since PGL; is the automorphism group (scheme) of both M; (k) and s(, (k), there
is a natural correspondence between S/R-forms of M;(R) and sl (R). Namely,
given any S/R-form B of the matrix algebra M;(R), view B as a Lie algebra Lie B
with bracket [a, b] = ab — ba. Its derived subalgebra (Lie B) = Span{[a, b] |
a,b € B} is then an S/R-form of sl;(R).

Applying this construction to £ = (Lie A)’ and computing explicitly, it follows
that | >~ $(sly(k), o1, 02) where o] and o, are conjugation by ((1) _01 ) and ((1) (1)),
respectively [Gille and Pianzola 2007]. Therefore, we obtain the representations of
¥, as in the previous section.

Surprisingly, not every twisted form of g(k[tlil, tiﬂ]) is a multiloop algebra.
This can be seen using loop torsors. The only known S/R-forms of g(R) that are
not isomorphic to multiloop algebras are called Margaux algebras. The simplest of
these can be constructed concretely as follows. See [Gille and Pianzola 2007] for
details.
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Let A, R, and S be as in Section 4a. The right A-module
M={x,nw)eADA|(1+T)Hr=U+T)u}

is projective but not free. This can be used to show that its endomorphism ring
M = End4 (M), while also an S/R-form of M,(R), is not isomorphic to A as an
A-algebra. It follows that £; and ¥, = (Lie M)’ are nonisomorphic S/ R-forms of
sl (R). By the classification of involutions in PGL; (k) and a study of loop torsors,
it can be shown that &, is not a (twisted) multiloop algebra.

By Theorems 3.4 and 3.9, the irreducible representations of &, are the tensor
products VA, M) =V, (M) ® ---® V,, (M), where A1, ..., A, € Z, \ {0} are
highest weights of sl,(k) and M; = (f; — a;1, t» — a;») are maximal ideals of
S = k[tlil, tzil] corresponding to points in distinct fibers over Spec R. That is,
(@7, ay) # (a3, a3,) fori # j.

Two such representations

Vo, M)=V, (M)Q--- @V, (My) and V(u, N)=V, (ND®- @V, (Ny)

m

are isomorphic precisely when the corresponding %al(S/R)-invariant functions
XM and XN Are equal. But the action

"(uis M) = (i 0 Outu, ™" (M), "M;)
is simply an action on Max(S§),
i, My) = (A, "M),

since u,,_l (YM) € Aut slp(k), and every automorphism of sl (k) is inner! Thus
V(A, M) =~ V(u, N) if and only if (after reordering the tensor factors) m = n,
Ai = 1, and the a;, b; € k* x k* corresponding to M; and N; satisfy a;; = £b;;
for all i and j.

As for any Galois extension S/ R, the isomorphism classes of the (finite-dimen-
sional) simple modules of any S/R-form of sl,(R) are given by restrictions of
the same evaluation modules of s[;(S). In particular, the irreducible &;- and
%,-modules come from the same sl,(S)-modules.
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Higher Chow groups of varieties
with group action

Amalendu Krishna

We give explicit descriptions of the higher Chow groups of toric bundles and flag
bundles over schemes. We derive several consequences of these descriptions for
the equivariant and ordinary higher Chow groups of schemes with group action.

We prove a decomposition theorem for the equivariant higher Chow groups of
a smooth scheme with action of a diagonalizable group. This theorem is applied
to compute the equivariant and ordinary higher Chow groups of smooth toric
varieties. The results of this paper play fundamental roles in the proof of the
Riemann—Roch theorems for equivariant higher K -theory.

1. Introduction

A scheme in this paper will mean a separated and reduced scheme of finite type
over a perfect field k£, which admits an ample line bundle. This base field £ will
be fixed throughout this paper. A linear algebraic group G over k will mean a
smooth and affine group scheme over k. By a closed subgroup H of an algebraic
group G, we shall mean a morphism H — G of algebraic groups over k that is
a closed immersion of k-schemes. In particular, a closed subgroup of a linear
algebraic group will be of the same type and hence smooth. Recall from [Borel
1991, Proposition 1.10] that a linear algebraic group over k is a closed subgroup of
a general linear group, defined over k.

Recall that an action of a linear algebraic group G on a k-scheme X is said
to be linear if X admits a G-equivariant ample line bundle, a condition that is
always satisfied if X is normal (see [Sumihiro 1975, Theorem 2.5] for G connected
and [Thomason 1988, 5.7] for G general). All G-actions in this paper will be
assumed to be linear. Let ¥ denote the category of quasiprojective k-schemes
and let °V,f denote the full subcategory of smooth k-schemes. We shall denote the
category of quasiprojective G-schemes with G-equivariant maps by Vg, and the
full subcategory of smooth G-schemes will be denoted by °Vf;.
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The G-equivariant higher Chow groups CHf (X, i) of X € ¥V were defined by
Edidin and Graham [1998] in terms of the ordinary higher Chow groups (motivic
Borel-Moore homology) of the quotient space X x U. Here, U is a G-invariant
open subscheme of a finite-dimensional representation V of G such that it acts
freely on U and V \ U is of sufficiently high codimension. This definition of Edidin
and Graham is based on an earlier construction of Totaro [1999], who invented the
idea above to define the Chow groups of the classifying spaces of linear algebraic
groups.

In this paper, we develop further the Edidin—Graham theory of equivariant higher
Chow groups and establish many important properties of this theory. We also prove
some decomposition theorems for the equivariant higher Chow groups of smooth
schemes with torus action. These results turn out to have many applications.

Brion [1997] proved many results about the equivariant Chow groups of the form
CHf (X, 0). Many of the structural results in this paper can be described as the
generalization of the results of [Brion 1997] to the case of equivariant higher Chow
groups. In Section 2, we recall the definition of equivariant higher Chow groups
from [Edidin and Graham 1998] and prove its basic properties, which are all well
known for the ordinary higher Chow groups; see [Bloch 1986]. As a consequence,
one finds that the equivariant higher Chow groups form a Borel-Moore oriented
bigraded homology theory in the category of schemes with the action of a given
linear algebraic group. Other important results about these groups such as the
Morita isomorphism are proven in Section 3. We also prove a structure theorem
(see Theorem 3.5) for the equivariant higher Chow groups of schemes with action
of tori.

Section 4 contains the proof of the self-intersection formula for the higher Chow
groups. This formula plays a very important role in the proofs of the main results
of this paper. In Section 5, we construct Demazure operators on equivariant higher
Chow groups and give some consequences of these operators.

In Section 6, we prove the Leray—Hirsch theorem for the higher Chow groups. As
a consequence of this theorem, we compute the higher Chow groups of toric bundles
in Section 7. In Section 8, we turn to the description of the higher Chow groups of
principal bundles and flag bundles over schemes. We give several applications of
these descriptions in the study of equivariant higher Chow groups.

In Sections 9 and 10, we prove a decomposition theorem (see Theorem 10.3)
for the equivariant higher Chow groups of smooth schemes with action of a diago-
nalizable group G. This result describes the equivariant higher Chow group of a
G-scheme in terms of the equivariant higher Chow groups of the loci where the
stabilizers have a fixed dimension. This result is an analogue of a similar result
of Vezzosi and Vistoli [2003] in equivariant K-theory and has many important
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applications in the study of equivariant and ordinary higher Chow groups of smooth
schemes.

Theorem 10.3 is the basic step in the proof of the equivariant Riemann—Roch
theorem in [Krishna 2009b]. This theorem presents an explicit relation between
the equivariant K-theory and the equivariant higher Chow groups. Like in the
ordinary case, this Riemann—Roch is a fundamental result in equivariant algebraic
geometry. This theorem was in fact one of the main motivations for the author to
work on this paper. We expect Theorem 10.3 to have many more applications in the
computation of equivariant and ordinary higher Chow groups. In Section 11, we
apply this theorem to compute the equivariant and ordinary higher Chow groups of
smooth toric varieties. We shall follow the following convention while studying the
equivariant and ordinary higher Chow groups with the rational coefficients.

Convention. In this paper, all the results and statements up to Section 7 do not
make any assumption on the coefficient ring of the higher Chow groups. On the
other hand, all the results and statements from Section 8 onwards assume rational
coefficients. In order to simplify the notation, the following convention will be
followed.

From Section 8 onwards, an abelian group A will actually mean its extension
A®z Q. In particular, all higher Chow groups and other cohomology groups will be
considered with the rational coefficients. For (-vector spaces A and B, the tensor
product A ®qg B will be simply written as A ® B. We shall however, indicate the
appropriate coefficients in the statements of the all results.

2. Equivariant higher Chow groups

In this section, we recall the definition of the equivariant higher Chow groups from
[Edidin and Graham 1998] and review their main functorial properties. It turns out
in particular that the equivariant higher Chow groups have all the properties of an
oriented bigraded Borel-Moore homology theory.

Let G be a linear algebraic group and let X be a scheme over k£ with a G-action.
We shall denote the dimension of the underlying group G usually by the letter g.
All representations of G in this paper will be finite-dimensional. The definition of
equivariant higher Chow groups of X needs one to consider certain kind of mixed
spaces which in general may not be schemes even if the original spaces are schemes.
The following well-known (see [Edidin and Graham 1998, Proposition 23]) lemma
shows that this problem does not occur in our context and all the mixed spaces in
this paper are schemes with ample line bundles.

Lemma 2.1. Let H be a linear algebraic group acting freely and linearly on a
k-scheme U such that the quotient U/ H exists as a quasiprojective scheme. Let X
be a k-scheme with a linear action of H. Then the mixed quotient X x™ U exists for
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the diagonal action of H on X x U and is quasiprojective. Moreover, this quotient
is smooth if both U and X are so. In particular, if H is a closed subgroup of a
linear algebraic group G and X is a k-scheme with a linear action of H, then the
quotient G x™ X is a quasiprojective scheme.

Proof. 1t is already shown in [Edidin and Graham 1998, Proposition 23] using
[Mumford et al. 1994, Proposition 7.1] that the quotient X x” U is a scheme.
Moreover, as U/ H is quasiprojective, [Mumford et al. 1994, Proposition 7.1] in fact
shows that X x* U is also quasiprojective. The similar conclusion about G x 1 X
follows from the first case by taking U = G and by observing that G/H is a smooth
quasiprojective scheme; see [Borel 1991, Theorem 6.8]. The assertion about the
smoothness is clear since X x U — X x* U is a principal H-bundle. (]

2a. Good pairs and equivariant higher Chow groups. For any integer j >0, let V
be an /-dimensional representation of G and let U be a G-invariant open subset of V
such that the codimension of the complement V \ U in V is sufficiently larger than j,
and G acts freely on U such that the quotient U/G is a quasiprojective scheme.
Such a pair (V, U) will be called a good pair for the G-action corresponding to j.
It is easy to see that a good pair always exists; see [Edidin and Graham 1998,
Lemma 9].

For an equidimensional G-scheme X, let X denote the quotient X x¢ U of the
product X x U by the diagonal action of G, which is free. We define the equivariant
higher Chow group CHé(X, i) as the homology group H;(%’/(Xg, *)), where
%J(Xg, o) is the Bloch cycle complex of the scheme X. It is known [Edidin and
Graham 1998, Section 2] that this definition of CHé (X, i) is independent of the
choice of a good pair (V, U) for the G-action up to unique isomorphisms. One
should also observe that CHé (X, i) may be nonzero for infinitely many values of j,
a crucial change from the case of nonequivariant (ordinary) higher Chow groups.

If X is of dimension d, which is not necessarily equidimensional, one defines
the equivariant higher Chow groups as

CHY (X, i) := H;(%j11-¢(Xg, *)), (2-1)

where (V, U) is an /-dimensional good pair for the G-action corresponding to d — j,
and % ,(Xg, ) is the homological cycle complex of Bloch such that % ,(X¢, i) is
the group of admissible algebraic cycles on X x A’ of dimension p 4 i. We write

CHI(X,i)= @) CHY(X.i) and CHY(X)=@DCH{(X.i). (2-2)

—oo<j<d i>0

It is easy to see that CH? (X,i)= CH‘(I;_j (X, 1) if X is equidimensional of dimension
d. For most of this paper, we shall use the cohomological indexing for the equivariant
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higher Chow groups while dealing with smooth schemes. In particular, CHg; (X)
will denote the sum P, CHg (X, i).
For a commutative ring R, the equivariant higher Chow groups CH!/ c(X,i; R)
are defined as the homology groups of the complex %/ (Xg, o) ®7 R. The symbol
HF; (X; R) will denote the direct sum of all CH/ (X, i; R). We shall denote the
rings CHF; (k, 0) and CH; (k, 0; R) by S(G) and S(G; R), respectively.

2b. Egquivariant operational Chow groups. For X € V', we define
OPCH]G(X i) _thH (Y, 0), (2-3)

where the limit is taken over the category of arrows X — Y in Vg with ¥ € °VS .
Notice that the natural map OPCH? (X, i) — CH (X, 1) is an isomorphism if X is
smooth. We shall write the sum EBI >0 OPCH! (X i) as OPCH; (X).

It follows from [Bloch 1986, Proposition 5. 5 Corollary 5.6] that OPCH; (X)
has a ring structure and OPCH{; (X, 0) is a subring of OPCH{;(X). Moreover,
X — OPCHE;(X) is a contravariant functor on ' which acts on the higher Chow
groups of X. In particular, OPCHla (X, 0) = Picg(X) acts on CHf (X,1i). This
action is same as the action of the Chern classes of equivariant line bundles on the
homology theory CHf (X,10).

2c. Main properties of equivariant higher Chow groups. The following result
summarizes most of the essential properties of the equivariant higher Chow groups
that will be used in this paper.

Proposition 2.2. The equivariant higher Chow groups as defined above satisfy the
following properties.

(1) Functoriality: Covariance for proper maps, contravariance for flat maps and
their compatibility. That is, for a fiber diagram

X f.x

It

Y —=Y

inV'g with f proper and g flat, one has
g o fu=f',0g" 1 CHJ(X,i) — CHJ(Y', D).

Moreover, if f : X — Y is a morphism in Vg with Y in V>, then there is a
pull-back map f*:CHY(Y,i) — CHS (X, i).

(2) Homotopy: If f : X — Y is an equivariant vector bundle, then

f*:CHY(Y,i) = CHY(X,i).
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(3) Exterior product: There is a natural product map
CHY(X,i)® CHY(Y,i’) - CHS (X x Y, i +1i').

Moreover, if f: X — Y is such that Y € V>., then there is a pull-back via
the graph map Ty : X — X x Y, which makes CHy,(Y) a bigraded ring and
CHf (X) a module over this ring. In particular, CH*G (X, 1) an S(G)-module
for X e Vg andi > 0.

(4) Localization: If Y C X is a G-invariant closed subscheme with complement U ,
then there is a long exact localization sequence of S(G)-modules

... — CHSY(Y,i) - CHY(X, i) - CHY (U, i) - CHO (Y, i —1) = --- .

This sequence is compatible with the push-forward and flat pull-back maps of
higher Chow groups.

(5) Chern classes: For any G-equivariant vector bundle of rank r, there are
equivariant Chern classes ch(E) : CH? (X,i) —> CH?_Z(X, i)forO<l<r,
having the same functoriality properties as in the nonequivariant case and

G —
¢y (E)=1.

(6) Projection formula: For a propermap f : X — Y in Vg and for x € CH*G (X),
y € OPCH(Y), one has f.(f*(y) -x) =y - fi(x). Here, the action of
OPCH;(Y) on CHY (X) is given by (3) above.

(7) Free action: If G acts freely on X with quotient Y, then there is a canonical
isomorphism CH*G (X,i) = CH.(Y,i).

Proof. Since the equivariant higher Chow groups of X are defined in terms of
the higher Chow groups of X, the proposition (except possibly the last property)
can be easily deduced from the similar results for the nonequivariant higher Chow
groups as in [Bloch 1986] and the techniques of [Edidin and Graham 1998]. We
therefore skip the proof. To see that the maps in the localization sequence are
S(G)-linear, it suffices to know that for a good pair (V, U), the long exact sequence

--+— CH«(Yg, i) - CH.(Xg,i) > CH,(Ug,i) > CH,(Yg,i — 1) > - --

is a sequence of CH,(U/G)-modules. But this is a well-known fact as U/ G is
smooth and the above is a sequence of higher Chow groups of schemes over it; see
[Bloch 1986, Exercise 5.8(i1)].

To prove (6), we need to show that if Y & Zisa G-equivariant map with Z € Vs,
then the map CHf (X )£> CH*G(Y ) is CH{;(Z)-linear. Since the push-forward and
the pull-back maps of equivariant Chow groups are nothing but the maps of ordinary
higher Chow groups of suitable mixed quotients, it suffices to prove the statement
above for the push-forward map of the higher Chow groups corresponding to the
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maps of mixed quotients X — Y — Z¢g. Since Z¢ is smooth, this nonequivariant
version is well-known [Bloch 1986, §5.5, Exercise 5.8].

For the last property, fix j < d and choose a good pair (V, U) of dimension / for
the G-action corresponding to d — j > 0. Since G acts freely on X, it acts likewise
also on X x V with quotient, say Xy. Then X is an open subset of Xy and Xy — Y
is a vector bundle, which implies that the map CH; (Y, i) — CH;(Xv,i) is an
isomorphism by the homotopy invariance. On the other hand, the restriction map
CH;/(Xy,i) - CH;1;(Xg, i) = CHf_g (X, i) is an isomorphism by the property
(4) as d — j is sufficiently small. (|

Remark 2.3. The reader should be warned that the various isomorphisms between
the (equivariant) higher Chow groups in the proposition above are true only up to
some obvious shift in the dimension of cycles, which we have chosen not to write.

We next recall from [Edidin and Graham 1998] that the Chern classes ch (E)
of an equivariant vector bundle E, as described in Proposition 2.2 above, live in
the operational Chow groups OPCH (X¢). If X is in °Vé however, this operational
Chow group is isomorphic to the equivariant Chow group CHlG (X, 0) and the
action of ch (E) on CH;(X) then coincides with the intersection product in the
ring CHE, (X).

Finally, we recall from [ibid.] that if H C G is a closed subgroup and if (V, U)
is a good pair, then for X € V¢, the natural map of quotients X x U — X x6 U
is an étale locally trivial G/ H -fibration and hence there is a natural restriction map

ri x 1 CHY (X, i) — CHI (X, i). (2-4)
Taking H = {1}, one obtains the forgetful map

r¢ CHY(X, i) — CH.(X, i). (2-5)

Moreover, as rg!  1s the pull-back under a flat (in fact, a smooth) map, it commutes

(see Proposition 2.2) with the pull-back for any flat map, and with the push-forward
for any proper map in V. We remark here that although the definition of rg’ x uses
a good pair (V, U) for any given j <dim(X), it is easy to check from the homotopy
invariance that rg’ x 1s independent of the choice of the good pair (V, U).

3. Morita isomorphisms

In this section, we prove some Morita-type isomorphisms that address the question
of comparison between the equivariant higher Chow groups for the action of two
different algebraic groups. We also prove a structure theorem for these equivariant
higher Chow groups under the trivial action of split tori. These results are analogues
of the similar results of Thomason in equivariant K -theory; see [Thomason 1986,
Lemma 5.6; 1988, Section 1].
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Proposition 3.1 (Morita isomorphism). Let H be a normal subgroup of a linear
algebraic group G and let F = G/H. Let f : X — Y be a G-equivariant morphism
of G-varieties that is an H -torsor for the restricted action. Then the map induced
on the equivariant higher Chow groups

CHF (v, i) L5 CHO (X, i).
is an isomorphism.

Proof. We first observe from [Springer 1998, Corollary 12.2.2] that F is also a
linear algebraic group over the given ground field k. Now, since f is an H-torsor,
it is clear that G acts on Y via F. Fix j < dim(X) and choose a good pair (V, U)
of dimension [ for the F-action corresponding to dim(Y) — j. Then V is also a
representation of G in which U is G-invariant. In particular, G acts on X x U via the
diagonal action, which is easily seen to be free since H acts freely on X and F acts
freely on U. By the same reason, we see that X x U — Y x U, which is a principal
H-bundle, is G-equivariant. This in turn implies that the map (X x U)/G — Y
is an isomorphism and hence we get

CHY (Y, i) = CHj4i—g+n(Yr, i) =2 CHjrgn(X x9U, i), (G-

where dim(H) = h. On the other hand, we have
CHY,,(X,)ZCHY,, ,(XxV,)ZCHY,, ,,(XxU, ) ZCHj 1y (XxU. i),

where the first isomorphism is due to the homotopy invariance, the second follows
from the localization property (see Proposition 2.2(4)) as j is sufficiently small, and
the third isomorphism follows from Proposition 2.2(7). The proof of the proposition
now follows by combining this with (3-1). U

Corollary 3.2 (see [Edidin and Graham 2000]). Let H C G be a closed subgroup
and let X € V'y. Then for any i > 0, there is a natural isomorphism

CHS (G x X, i) = CHH (X, i). (3-2)
Proof. Define an action of H x G on G x X by
(h, 8)- (g, x)=(gg'h™", hx) (3-3)

and an action of H X G on X by (h, g)-x = hx. Then the projection map G x X L x
is (H x G)-equivariant and is a G-torsor. Hence by Proposition 3.1, the natural
map

cHY(x,i) %> CHY* (G x X, i)
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is an isomorphism. On the other hand, the projection map G x X — G xf X is
(H x G)-equivariant and is an H-torsor. Hence we get an isomorphism

CHS (G x" X, i) = CHI*Y(G x X, ).
The corollary follows by combining these two isomorphisms. ([

Proposition 3.3. Let G be a connected reductive group over k. Let B be a Borel
subgroup of G containing a maximal torus T over k. Then for any i > 0, the
restriction map

I'B
CH?(x, i) —5 CHI (X, i) (3-4)
is an isomorphism for any X € V'p.

Proof. By Corollary 3.2, we only need to show that
CHZ(Xx,i) = CH2(B x" X,i). (3-5)
By [M. Demazure 1970, XXII, 5.9.5], there exists a characteristic filtration
B'=Uy2U;2---2U, = {1}

of the unipotent radical B" of B such that U;_;/U; is a vector group, each U;
isnormal in B and TU; =T x U;. Moreover, this filtration also implies that for
each j, the natural map B/TU; — B/TU;_, is a torsor under the vector bundle
Uj—1/U; x B/TU;j_y on B/TU;_;. Hence, the homotopy invariance gives an
isomorphism

CHZ(B/TU;_y x X,i) => CHE(B/TU; x X, i).
Composing these isomorphisms successively for j =1, ..., n, we get
CHZ(X,i) = CHE(B/T x X, 1).

The canonical isomorphism of B-varieties B x X = B/T x X (see Corollary 3.2)
now proves (3-5) and hence (3-4). U

Recall that a linear algebraic group G over k of dimension g is diagonalizable if
G; = H x (G,,)8, where H is a finite abelian group. The group G is called split
diagonalizable, if such an isomorphism is defined over k. A connected reductive
group G over k is said to be split if it contains a split maximal torus 7" over k such
that G is given by a root system relative to 7. Every connected and reductive group
containing a split maximal torus is split; see [M. Demazure 1970, Chapter XXII,
Proposition 2.1].

Recall from [Springer 1998, Lemma 14.1.1] that every solvable group G over k
has a filtration {e} = Gy € G| € --- € G, = G by closed normal k-subgroups
such that each quotient group G ;/G;_; is either diagonalizable or an elementary
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unipotent group; see [Springer 1998, §3.4]. The group G is called split over k if
each G;/G;_; is either split diagonalizable or G,. It is known [Springer 1998,
Corollary 14.3.10] that every unipotent group over a perfect field is split.

Proposition 3.4. Let H be a possibly nonreductive group over k. Assume that H
has a Levi decomposition H = L x H" such that H" is split over k (for example, if
k is of characteristic zero). Then for each i > 0, the map

H
CH (X, i) =% CHL(X, i) (3-6)
is an isomorphism.

Proof. Since the unipotent radical of H is split over k, the proof is exactly same
as in the proof of (3-4), where we just have to replace B and T by H and L,
respectively. U

3a. A structure theorem for CH,{ (X). We end this section with the following
structure theorem for the equivariant higher Chow groups of a scheme with the
action of a split diagonalizable group on which certain subgroup acts trivially.
This theorem is the initial step in the proof of its far reaching generalization in
Theorem 10.3.

Theorem 3.5. Let T be a split diagonalizable group and let X € V'r. Let H be a
connected closed subgroup of T that acts trivially on X. Then there is a natural
isomorphism

iT
CHI/H (X)®7S(H) =5 CHI (X).
This is a bigraded ring isomorphism if X is smooth.

Proof. Put T" = T/H. Since H is a split torus, we can choose a decomposition
(not necessarily canonical) T = H x T’. Fix an integer j < dim(X) and let (V, U)
and (V’, U’) be good pairs for the actions of H and 7', respectively, corresponding
to dim(X) — j as in [Edidin and Graham 1998, Example 3.1]. Thus U is a product
of punctured affine spaces and U/H = (P")" for some n >> 0, where r = rank(H).
Then (Vr, Ur), with Vp =V x V' and Ur = U x U’, is a good pair for the action
of T. We now have

Xr=(XxUxU)(HxT)=XxU)x"U/H =Xy x (P"Y,

where the second equality holds since H acts trivially on X x U’ and the third
equality holds because T’ acts trivially on U. It follows from the projective bundle
formula (see also Lemma 6.2) for the ordinary higher Chow groups that the map

CH..(X7) ®z CH.((P")", 0) - CH.(X7) (3-7)
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is an isomorphism. We conclude the proof by noting that CH,(X7/) = CHZ;,(X )
and CH,(X7) = CHITJ (X) for all p < j. If X is smooth, the assertion about the
ring isomorphism of 1{, « now follows because (3-7) is known to be a bigraded ring
isomorphism in that case. ([

4. Self-intersection and projection formulas

Our aim in this section is to prove the following two results for the ordinary and
equivariant higher Chow groups. The first result is the self-intersection formula for
the higher Chow groups of smooth schemes. The analogue of this formula for the
higher K -theory was proven by Thomason [1993, Theorem 3.1]. Surprisingly, this
formula for the higher Chow groups has remained unnoticed. Its equivariant version
will play a very crucial role in the decomposition Theorem 10.3 for the equivariant
higher Chow groups of smooth schemes with an action of a diagonalizable group.
The second result of this section is a version of projection formula for the higher
Chow groups of singular schemes. Such a formula for the smooth schemes was
proven by Bloch [1986]. We shall need this version of the projection formula in
our construction of Demazure operators on the equivariant higher Chow groups.

4a. Self-intersection formula. We shall use the method of deformation to the
normal cone as the main technical tool to prove the self-intersection formula.
Since this technique will be used several times in this paper, we briefly recall the
construction from [Fulton 1984, Chapter 5] for our, as well as reader’s, convenience.
Let X be a smooth scheme over k and let f : Y < X be a smooth closed subscheme
of codimension d > 1. Let M be the blow-up of X x P! along Y x co. Then Bly(X)
is a closed subscheme of M and one denotes its complement by M. There is a
natural map 7 : M — P! such that 77! (A!) = X x A! with 7 the projection map
and 7~ !(c0) = X'/, where X’ is the total space of the normal bundle Ny,x of Y in
X. One also gets the following diagram, where all the squares and the triangles
commute.

Y Y xPl<=_y

(4-1)
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In this diagram, all the vertical arrows are the closed embeddings, ip and i, are the
obvious inclusions of ¥ in ¥ x P! along the specified points, i and j are inclusions
of the inverse images of oo and A!, respectively, under the map 7, u and f’
are zero section embeddings and py is the projection map. In particular, one has
pyoiozpyoioo =1dy

In case X is a G-scheme and Y is G-invariant, then by letting G act trivially
on P! and diagonally on X x P!, one gets a natural action of G on M, and all
the spaces in the diagram above become G-spaces and all the morphisms become
G-equivariant. This observation will be used later in this paper.

We shall need the following result about the higher Chow groups, which is an
easy consequence of Bloch’s moving lemma.

Lemma 4.1. Let

WL>
g’t
Z

be a fiber diagram of closed immersions of schemes such that X and Y are smooth
and Y and Z intersect properly in X. Then one has for each i > 0,

><T"<

f

[fogi=2g o f" :CH.(Y,i) - CH.(Z, ).

Proof. Since X and Y are smooth, we can assume them to be equidimensional. Let
i
By (Y, o) = EP(Y, )

be the subcomplex that is generated by cycles on Y x A®* which intersect all faces
of Z x A* and W x A® properly. Similarly, let

PD(X, o) <5 AP (X, o)

be the subcomplex generated by the cycles on X x A® that intersect all faces of
Z x A°* properly. Then ix and iy are quasi-isomorphisms by the moving lemma;
see [Krishna and Levine 2008, Theorem 1.10]. However, if V € %gW(Y, e)is an
irreducible cycle in Y x A", then the conclusion of the lemma is checked easily. [J

Corollary 4.2. Let G be a linear algebraic group and let
f/

W ——»

d

7 ——X
f
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be a fiber diagram of closed immersions of smooth G-schemes such that Y and Z
intersect properly in X. Then one has f*og,=g', o f*:CH5(Y,i) —> CH;(Z, i).

Proof. By choosing a good pair (V, U) for the G-action and then considering
the appropriate mixed quotients, we can reduce to proving the corollary for the
nonequivariant higher Chow groups. But this is shown in Lemma 4.1. ([

Lemma 4.3. Consider the diagram (4-1) and let y € CH*(Y, m). Then there exists
z € CH*(M, m) such that f,(y) = h*(z) and [’ . (y) =i*(2).

Proof. Put y = py(y) and z = F,(y). Then
f«(3) = fullpy 0i0)*(x)) = fuoif o py(y) = fuoiy(F) = fuou 0 j(3)
=u*o F'.(j () (by Lemma 4.1)
=u*oj o F.(y) (since j is an open immersion)

=h"o F.(y) = h*(2).

Similarly,
F0) = £/i(py 0in)" () = [/, 0i% 0 py(3) = £y 0ile ()
=i"o F.(y) (by Lemma 4.1)
=i*(2). O

Theorem 4.4 (self-intersection formula). Let Y ri)X be a closed immersion of
smooth varieties of codimension d > 0, and let Ny, x be the normal bundle of Y in
X. Then for every y € CH*(Y, i), one has f* o fi(y) = ca(Ny;x) - y.

Proof. There is nothing to prove when d = 0 and so we assume d > 1. We first
consider the case when X > Y is a vector bundle of rank d and f is the zero
section embedding so that p o f =idy. In that case, we have

[P fs) = fTo fil(f o p™(y) = f7(fu(1)- p*(y)) (by Proposition 2.2(6))
= TS D) - (fTop™(y) = 1 (fe(D) - y =ca(Nyx) -,

where the last equality follows from the self-intersection formula for Fulton’s Chow
groups; see [Fulton 1984, Corollary 6.3]. This proves the theorem in the case of
zero section embedding.

Now let Y — X be as in the theorem. We consider the deformation to the normal
cone diagram (4-1) and choose z € CH*(M, i) as in Lemma 4.3. Then we have

f*o fuly) = froh*(x) =ig* o F*(2) = i% 0 F*(2) = [ 0i*(2)
=f"o f1.(y) (by Lemma 4.3)
=c4(Ny,x')-y (by the case of vector bundle above)

=cq(Ny;x)-y.
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This completes the proof of the theorem. (|

Corollary 4.5. Let G be a linear algebraic group over k and let Yi>X be a closed
immersion of codimension d > 0 in “Vf;. Then for every i > 0 and y € CH§ (Y, i),
one has f* o fi(y) = ¢ (Ny/x) - y.

Proof. There is nothing to prove if d = 0 and so we assume d > 1. Fix i, j >0
and choose a good pair (V, U) for n > j + d. We can then identify CHZ (X,1)
with CH” (X, i) (and same for Y) for p < n. We can also identify cg(E) with
cq(E¢) for any equivariant vector bundle £ on Y; see [Edidin and Graham 1998,
Section 2.4]. Now, the proof of the corollary would follow straightaway from
Theorem 4.4, once we show that (Ny,x),; is the normal bundle of Y¢ in X¢. But
this follows immediately from the elementary fact that if G acts freely on a smooth
scheme Z and W is a smooth closed and G-invariant subscheme of Z with normal
bundle N, then G acts freely on N, and moreover, N/G is the normal bundle of
W/G in Z/G. We leave the proof of this fact to the reader. [l

4b. A projection formula for singular schemes. Recall from Section 2b (see also
[Bloch 1986, Corollary 5.6]) that the operational Chow groups X — OPCH*(X)
form a ring-valued contravariant functor on V' that acts on the higher Chow groups.
The action of OPCH! (X, 0) => Pic(X) on CH, (X, J) coincides with the action of
the Chern classes of line bundles.

Proposition 4.6. Let X € Vi and let [ : Y =P(E) — X be the projective bundle
associated to a vector bundle E of rank n + 1 on X and let

£ =c1(0y(1)) e OPCH! (Y, 0)

be the first Chern class of the relative tautological line bundle on Y. Then for any
x € CH.(X, j), one has

ifi <n,

ifi =n.

Proof. If X is smooth, the proposition is an easy consequence of the projection
formula [Bloch 1986, Exercise 5.8], as this formula implies that

feE - fF () = fiu(E) - x.

Moreover, it follows from [Fulton 1984, Proposition 3.1] that f,(§)=1ifi=n
and zero otherwise. The case of singular schemes is the hard part of the theorem
because we cannot directly apply the projection formula of [Bloch 1986]. We obtain
a proof by an indirect approach of reduction to the smooth case and by unravelling
the action of Chern classes on the higher Chow cycles on singular schemes.

S FR ) = {0
X
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By [Fulton 1984, Lemma 18.2], we can find a closed embedding ¢ : X — X' and
a vector bundle E’ of rank n + 1 on X’ such that £ = (*(E’) and X’ is smooth. We
set Y =P(E’), & =c1(0y/(1)) and consider the Cartesian diagram

! l L ! (4-2)

Recall from the construction of the action of &’ " on CH., (Y, j) in [Bloch 1986]
that for any irreducible cycle [V] on Y x A/, the support of £/ - [V]=¢" - [V]is
supp(V Na), where « is cycle on Y’ representing S/i and such that each component
of « intersects V properly. This is achieved by using the moving lemma on Y’, a
smooth scheme. Since &’ reduces the dimension of a cycle on Y x A/ by exactly one,
we see that dim(£' - f*([W])) = dim(W)+n —i and the support of f,(£%- f*([W]))
is contained in W, whenever W is an irreducible admissible cycle on X x A/. We
conclude from the definition of the push-forward map that f, (&' - f*([W])) must
be zero if n —i > 0. Since any admissible cycle on X x A/ is a sum of irreducible
admissible cycles, this proves the first case.

We prove the case of i = n by induction on n. If E is of rank one, then f is
an isomorphism and Oy (1) is trivial and hence co(Oy (1)) = 1. So we assume that
n>1 Welet:: X < X’ be aclosed embedding into a smooth scheme as in (4-2).

By [Panin 2003, Lemma 3.24], there is a morphism ¢’ : 7" — X', which is a
composite of projective and affine bundles on X’ such that ¢"*(E’) = F'@® L', where
L’ is a line bundle on T’. Moreover, if ¢ : T — X is the restriction of ¢’ on X,
then the pull-back map ¢* : CH, (X, j) — CH,(T, j) is a split injection and the
same holds for ¢™*. Notice here that X is a closed subscheme of X’ and hence
CH,.(X) = CHff (X’) in the notation of [ibid., Definition 2.1]. We denote the
restrictions of F” and L’ on X by F and L respectively.

Consider the Cartesian diagram

v
_—

zZ
gt (4-3)
T

and suppose the given assertion holds for the projective bundle g. We then have

<<
~

_—
¢

(€ [T (X)) = g (Y (E" - f1(x))) = g (YT ()" - Y™ 0 f(x))
=8:((Y"(§)" - g% 0™ (x)) = ™ (),
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where the first equality holds by Proposition 2.2 and the last equality holds by our

assumption. Since ¢* is injective, we see that the conclusion holds for f as well.

Thus we have reduced the problem to the case when E' = F' & L' and E = F® L.
Ifweset E=E®L'and Y = IP(E), there is a commutative diagram

P(E)

\/

such that £ is an isomorphism and Oy (1) = h*(Oy (1)) ® f*(L_l). Set n =c (L)
in OPCH' (X, 0) and 7j = f*(5) and £ = ¢ (O5(1)) in OPCH!(Y, 0).
Suppose that our assertion holds for the projective bundle f. In this case, we get

FE 2 0) = f(([+E)" FX(0) = (@) f*(x) =,

where the last equality holds by our assertion about f. The second equality holds
because of the fact that

o8- 7 @) =30 (7 ) A’ @ o)

i=0

Z( o (@ )

(see [Bloch 1986, Exercise 5.8]) and that the term f*((é)”_i . f* (x)) vanishes for
0 <n —1i < n by the first assertion of proposition. Hence, we are further reduced to
the case when E/ = F/ @0y and E = F @ Oy.

Let Z =P(F) and let p and g be the closed and the open inclusions of Z — Y
and F — Y, respectively. Let g : Z — Y — X be the composite map and set
£ =c¢1(0z(1)). We observe that Z is a Cartier divisor on Y such that Oy (1) = £(Z).
In particular, the pull-back p* is defined and we have & - f*(a) = p«(p* o f*(a)).
Since F is of rank n, the desired assertion holds for g : Z — X by induction. That
is, g« (¢" ' g*(x)) = x. We now have

[ f5(0) = fu 6" pu(p™ o f*(x)))
= [ (P71 P o fH@)) = 8¢ g () = x.
This proves the desired assertion and the proof of the proposition is complete. [
5. Demazure operators on equivariant higher Chow groups

In this section, we introduce Demazure (divided difference) operators on the equi-
variant higher Chow groups of schemes. Such operators were constructed by Brion
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[1997] on the equivariant Chow groups CHf (X, 0) and by Holm and Sjamaar
[2008] on the equivariant singular cohomology H (X). We extend these operators
to the higher Chow groups and discuss some consequences.

Let G be a connected reductive group with a split maximal torus 7' of rank n.
Let ® =& (G, T) C %(T) be the root system of G with respect to T, where &(T) is
the character group of T'. For any o € @, let P, be the minimal parabolic subgroup
of G corresponding to « and let B = TU,U and B’ = TU_,U be the opposite
Borel subgroups of G containing 7 in P,. Let W, = {s4, s_4} denote the Weyl
group of P,, where s, is the reflection in ¥(7T) given by

sa) = A — (@Y, M for A e X(T).

Let X be a k-scheme with a free G-action and let B and B’ act on X x P, by
b-(x,g) = (x,bg) and ' - (x, g) = (b'x, gb'""). It is easy to check that the two
actions are free and they commute with each other. Hence we get a free action
of Bx B on X x G by (b,b)-(x,g) = (b'x, bgh'""). One checks that B acts
freely on X' = X x8 P,. P, acts freely on X’ by acting trivially on its X-factor
and by left multiplication on the P,-factor. In particular, we have a B-equivariant
map X' — X given by [x, g] — x, which yields the projection map on quotients
fi:X'/B— X/B = X'/P,. One also has the P,-equivariant map X’ — X given
by [x, g] — [gx], which yields the map f, : X'/B — X/B on quotients by the
action of B. It is also easy to check that the data above yield the commutative
diagram

X'/B—"> X/B

7 5-1)
o1 f|l lpx
X/B —— X/Pa,

which is Cartesian. The section o, of f; is defined by o> ([x]) = [x, 1] and the
section o] of f] is defined by o ([x]) = [x, ny], where n, is a representative of
s in Np, (T). Since f> is induced by a Py-equivariant map, we see that it is
We-equivariant with respect to the natural action of W, on X’/B and X/B. In
particular, we get

frosa =540 f5,

5-2
fy(ax) =af;(x) forall a €S andx € CH.(X/B). ©-2)

Note that the all the maps (except the sections) in (5-1) are P,/B = P!-bundles
and hence they are all smooth and projective. Let Oy, (1) denote the universal
quotient line bundle on X /B relative to py.
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Let D denote the image of o7 and let £(D) denote the associated line bundle
on X'/B. Let £, and ¥; denote the line bundles X xB L, and X’ xB L, on
X/B and X'/ B respectively, where L, is the B-equivariant line bundle on Spec(k)
corresponding to the character A of T. It follows from [Demazure 1974, Lemme 2,
Proposition 2] that

Ll = [ (Fa) ® (£(D))*2,

5-3
5 (E(D)) = (£(D) ® f (La))® . (5-3)

S5a. Demazure operators on CH,(X). Let G be a connected reductive group with
split maximal torus 7" as above and let X be a G-scheme of dimension d. Let j <d
be an integer and let (V, U) be a good pair for the G-action corresponding to d — j.
The smooth and projective morphism px«y : Xp — Xp, yields the maps

Pixw:CH[“(X, i)~ CHE (X, i) and px.u,:CHY(X, i)~ CHJ (X, i). (5-4)
For the rest of this text, the ring S will denote the equivariant Chow ring
S(T)=CH}(k, 0).

Lemma 5.1. The maps p% ., and pxxu, do not depend on the choice of the good
pair (V, U).

Proof. We prove the lemma for the push-forward map and a very similar proof
works also for the pull-back map; see [Edidin and Graham 1998, Section 1].

Let g and b denote the dimensions of P, and B, respectively. Let (V, U) and
(V', U’) be good pairs of dimensions / and /’, respectively, corresponding to d — j.
Welet V=V @V and U= U@ V)U(V U Let G act diagonally on V.
Then it is easy to see that the dimension of the complement of the open subset
X xB (U @ V') in X xBa is sufficiently smaller than [ + " — b + j. Similarly,
the dimension of the complement of the open subset X x % (U @ V') in X xP=
is sufficiently smaller than [ +1' — g+ j <l +1'— b + j. It follows from the
localization sequence for the higher Chow groups and Lemma 5.2 that the there is
a commutative diagram

CHirrsj—p(X xB AU, i) —— CHigpy jop (X xB (U @ V'), 0)

| |

CHyjpr4j—p(X x P AU, i) —— CHyqppj—p (X xFe (U V), i)

where the vertical maps are the push-forward maps and the horizontal maps are
isomorphisms.
On the other hand, the maps

XxOWUeV)—>Xx°U and XxBWeV)->XxBU
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are vector bundles of rank /" and hence we get another commutative diagram
CHy1j—»(X xB U, i) —— CHjqy4jp (X xB (U ® V'), 1)
CHy4j—p(X x* U, i) — CHyyp4j—p(X xF« (U V'), i),

where the vertical arrows are the push-forward maps and the horizontal arrows are
isomorphisms by the homotopy invariance.
Combining the two isomorphisms above, we get the commutative diagram

CH;jyipr—p(X xB U, i) CHitj_p(X xB U, i)

| |

CH 14— (X x P« U, i) — CHjqpqj41-g (X xFe (U@ V'), 1),

where the horizontal maps are isomorphisms. By repeating the same argument
with U’, we get the diagram above with U replaced by U’ and V' replaced by V
on the right column. This proves the lemma. U

Lemma 5.2. Let p : X — Y be a morphism in V' p, such that P, acts freely on X
and Y. Then the diagram of quotients

X/B——Y/B
X/ Py —=Y/Py
is Cartesian such that the vertical maps are smooth and projective.
Proof. This is an easy exercise. (]

Proposition 5.3. For any X € Vg, one has the restriction and the push-forward
maps

rpy (CHI (X, ) > CHI(X. i) and  pyy : CH}(X. i) > CHJ (X, D).

These maps are contravariant with respect to the flat maps and covariant with
respect to the proper morphisms of schemes in V' g.

Proof. Let j <d be an integer and let (V, U) be a good pair for the G-action corre-
sponding to d — j. We define ”gfx and pg‘fx to be py, and pxxu, respectively.
It follows from Lemma 5.1 that these maps are well-defined.

The functoriality properties of r g v 1s already known see [Edidin and Graham
1998, Section 1]. To prove these properties for p B x- it suffices to prove the same
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for pxxuv . But this follows easily from Lemma 5.2 and the similar properties of
the ordinary higher Chow groups. U

The following result generalizes [Brion 1997, Theorem 6.3] to equivariant higher
Chow groups.

Theorem 5.4. Let o be a simple root of G. For any X € Vg andi > 0, there is a
unique operator 85 on CHI(X, i) such that for allu € S and v € CH: (X,1), we
have

(1) a8X(v) = v —s4(v) and
(2) 8X(uv) = usX (v) + 8k u)sy (v) if X is smooth.

Moreover, 8% commutes with the G-equivariant flat pull-back and proper push-
forward maps between T -equivariant higher Chow groups.

Proof. Let B and B’ be the opposite Borel subgroups of P, containing 7. Using
Proposition 3.3, we can replace T by B to define 8. We let

8y i=rg"y o ppey : CHY (X, i) - CH? (X, ). (5-5)

The co- and contravariant functoriality of 8% follows from Proposition 5.3. The
uniqueness of 85 follows from [Brion 1997, Theorem 6.3] since this definition of
8X coincides with the one defined for CHB (X, 0) by Brion. We only need to show
the first and the second assertions.

Let j <dim(X) and (V, U) be a good pair the G-action corresponding to d — j.
There is a G-equivariant projection X x U — X such that

CHf(X, i) = CHf(X x U, i)

and 8 on CHJG (X, i) coincides with the operator §X*U on CH? (X x U,1i) by its
construction. Hence we can assume that G acts freely on X.

We now consider the diagram (5-1). Since f> is a P!-bundle, the map 15 is split
injective by Proposition 4.6. Hence it suffices to show that the two assertions of the
theorem hold after applying f".

On the other hand, f;(s¢(v)) = so(f5(v)) and ff (X (v)) = af; (X (v))
by (5-2). Since f is induced by a G-equivariant map X’ — X, we also have
ey (85 v)) = 65 ( /5 (v)) by the functoriality of §,. Thus we need to show for u € §
and v’ € CH.(X'/B, i) that

a8 (V)=v'—s5,(v) and 8X wv')=usX V) +58(u)s, (V) if X V. (5-6)

Let ¢ : CH} (k, 0) = OPCH7 (k, 0) — OPCH*(X/B, 0) be the ring homomor-
phism on the operational Chow groups induced by the map on the Picard groups
Ly — &4. We denote the corresponding map OPCH7.(k, 0) — OPCH*(X'/B, 0)
by ¢’. We set & = ¢ (£(D)) and { = ¢;(Ox//p(1)), where Ox'/p(1) is the universal
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quotient line bundle associated to the P!-bundle f;. We shall write 8 simply as &,
in what follows.

Since £(D) and Ox,5(1) have same degree on every fiber of fi, there is a line
bundle it on X /B such that Oyx/,p(1) = £(D) ® f;'(M). In particular, there exists
n € OPCH!(X/B, 0) such that { = & + fi'(n). Since f* commutes with the action
of OPCH*(X/B, 0) on the higher Chow groups, it follows from Proposition 4.6
that we can write v’ € CH,(X'/B, i) as

v' = fi'(a) +&f] (D), with a,be CH.(X/B,i). (5-7)
Furthermore, it also follows that for any » € CH,(X/B, i),

G0 = f[i.@f70) = fi.(ff(nb)) =b+0=b. (5-8)

Since s, keeps the elements of the form f*(a) invariant, we get

sa(V)) = f'(a) +50(§) f7 (D)
= fi'(@) = [§ + fi (@] f7 D), (5-9)
where the second equality follows from (5-3).

On the other hand, we have seen in (5-1) that fj is same as the quotient map
X'/B — X'/ Py and hence §X' = f; f1,. This yields

v = (@85 (V) = i@ +EfT () — @) fT LA @ + fr.EfFB)]
=" fH@+EfF B) — (@) f{ (b)
= fi(@) +EFF (b) — [f (@) + 281 £ ()
= fi (@ — &+ fi (D] f{ (), (5-10)
where =" follows from Proposition 4.6 and (5-8), and =* follows from (5-3). The
first equality of (5-6) follows at once by comparing (5-9) and (5-10).

To prove the second equality of (5-6) for u € S and v € CH,(X'/B, i) with X
smooth, we can assume using (5-7) that v’ is either f;*(a) or & f;"(a). We now have

SX(ufi(@) = fifo fi,(uff @) =" £ (fr,w)-a) = ff fi.@) - fi(a)
=28k @) - £ (a) = 88 (u) - so (fF (@) + usX (7 (@)).

The equality ="' holds by the projection formula for smooth schemes (see [Bloch
1986, Exercise 5.8]) and =2 holds by [Brion 1997, Theorem 6.3]. The last equality
holds because f}"(a) is invariant under s, and f" fi,(a) vanishes, again by the
projection formula. The required formula for v = £ f}*(a) is proved exactly in the
similar way using the observation that fi,(£) = 1 and that the equality =2 holds
even if we replace u by &u. (]
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Proposition 5.5. For X € V¢, let r{ y : CHY (X, i) — CHL (X, i) be the restric-
tion map.

(1) 840rf y =0.

(2) If X is smooth, then &, is CHg; (X)-linear.

(3) 82 =0.

(4) Soby =084 = —8_a, SuSq = —84.

Proof. Since rg x = rﬁ’“X ) rgw x> We can replace G by P,. It suffices then to

show that

Py Py __
Py'x °Tg'x =0.

But this follows immediately from Proposition 4.6. The second point follows from
the observation that f;* and fi, in (5-1) are CH*(X’/G)-linear. The third point
follows directly from the first and the fourth point is an immediate consequence of

the other assertions of the proposition. U
5b. Ring of Demazure operators. Let {«y, ..., a,} be the set of all simple roots
of G. For any sequence I = {iy, ..., i;} of integers in the interval [1, m], we define

the operator 83 on CHZ (X, i) by
8 =084y 0"+ 004, . (5-11)

Following the notation of [Brion 1997, §6.4], we let D denote the subring of
Endz(S) generated by the elements 6% and the endomorphisms given by the multi-
plication in S. It is clear from the definition of D and Theorem 5.4 that D contains
the twisted group algebra S[W] and there are inclusions of rings S C S[W] C D. It
is known that D is a free S-module with basis {9,,},cw, Where 9,, is same as 6]1‘
above whenever w = sy, - - - 5o, - As an immediate consequence of Theorem 5.4,
Proposition 5.5 and (5-11), we get:

Corollary 5.6. For any X € V' and i > 0, there is a unique D-module structure
on CH: (X, i), which extends the action of S{[W]. Moreover, the flat pull-back
and proper push-forward maps between the T -equivariant higher Chow groups
are D-linear. For X € °V§;, the D-module structure on CH} (X) commutes with its
CH; (X)-module structure.

Let 7 (D) be the subset of D consisting of those operators § such that §(1) = 0.
It is easy to check that /(D) is a left ideal of D generated by {9,,},+1. For any
X eVg, let

(CHI (X, i)™ ={x e CHI (X, i) | §(x) =0 V5 e I(D)}. (5-12)
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Since the Weyl group is generated by simple reflections, it follows from Theorem 5.4
and Proposition 5.5 that

r{ x(CHS (X, 1)) € (CH] (X, i))'"® < (CHL (X, i)". (5-13)

Recall that the torsion index #g of the group G is the order of the cokernel of the
map Sy — CHN(G/B), where N = dim(G/B) = |®™|. Let R denote the localized
ring 7|t 1].

Theorem 5.7. Let X € Vg and i > 0 be such that CH}. (X, i) is torsion-free. Then
the map CHS (X,i)— (CHI (X, N isan isomorphism over R.

Proof. Let B be a Borel subgroup of G containing 7. Let (V, U) be a good pair
for the G-action and consider the Cartesian diagram

X5 —2- U/B
pxl lp (5-14)

By the definition of fg, it follows that there is a € CHY (U /B, 0) such that
ps«(a) =tg € CHY(U/G, 0). Using the projection formula, we get for any x €
CH*(Xg, 1),

Px+(qp(@)px (%)) = px.(q5(@)x = q5(p«(a))x =tGx.

In particular, rf x 1s split injective over R.
To show the surjectivity, we see from the above that for any x € CH* (X, i),

Px frx(x) = px(tex) =t px(x),

where f(y) = px,(ay). This in particular implies that p} f(y) =tgy for all y in
the image of p%. It follows from Corollary 8.7 that

pxf(y) =ty forall ye (CH"(X5.0)a)".
Since CH}. (X, i) is torsion-free, we must have
Pxf(y)=tcy forall ye (CH*(Xp,i)".
Hence the map rg x 1s surjective onto the W-invariants over R. ([l

Remark 5.8. The proof of the theorem above in fact shows that the map rg x 18
split injective over R for any X € Vf;.
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Corollary 5.9. Let X be a smooth projective scheme with a G-action such that the
fixed point locus XT for the T -action is isolated. Then the map

CH (X, 0) - (CH{ (X, 0)"
is an isomorphism over R.

Proof. This is an immediate consequence of [Krishna 2009a, Theorem 4.2] and
Theorem 5.7. O

6. The Leray-Hirsch Theorem

In algebraic topology, the Leray—Hirsch theorem is a very important tool for de-
scribing the cohomology of the total space of a fiber bundle. Since the arguments
in this theorem are mostly topological, one cannot always expect such results for
the cohomology theories of algebraic varieties. A version of the Leray—Hirsch
theorem was proven for the Chow groups of the total space of a Zariski-locally
trivial fibration in [Ellingsrud and Strgmme 1989, Lemma 2.8; Edidin and Graham
1997, Lemma 6]. In this section, we prove the general form of the Leray—Hirsch
theorem for the higher Chow groups of schemes. We shall give several important
applications of this theorem in the next few sections.

6a. A Kiinneth formula. In [Fulton 1984, Example 1.9.1], a k-scheme L is called
cellular if it has a filtration @ = L, 1 C L, € --- C L1 € Lo = L by closed
subschemes such that each L; \ L;4 is an affine space A,Z" .1 Tt follows from the
Bruhat decomposition that schemes of the type G/B are cellular, where B is a
Borel subgroup of a split reductive group G.

Lemma 6.1. Let L be a cellular scheme with the cellular decomposition
G=Lyy1 CL G- CLICLo=L
andletU; =L\ L; for0<i <n-+1. Then forany 0 <i <n and p >0, the sequence
0 — CH.(Uit1\ Ui, p) > CH.(Ui+1, p) = CH.(U;, p) - 0

is exact.

Proof. The proof is very similar to the arguments of [Kahn 1999, Lemma 3.3] using
an induction on the number of cells. ([

Lemma 6.2. Let L be a cellular scheme and let X be a any k-scheme. Then the
exterior product map

CH.(X)®z CH,(L,0) - CH,(X x L) (6-1)

1Some authors allow L;\ L;4+ to be a disjoint union of affine spaces over k. But both definitions
are equivalent.
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is an isomorphism. In particular, the natural map CH* (k)®z CH,. (L, 0) — CH, (L)
is an isomorphism.

Proof. Consider the cellular decomposition of L as in Lemma 6.1. Then each
U; =L\ L; is also a cellular scheme. It suffices to show by induction that (6-1)
holds when L is any of these U;. There is nothing to prove for i = 0 and the case
i =1 follows by the homotopy invariance since U, is an affine space. In general,
we have the short exact sequence

0 — CH.(Ui+1\ Ui, 0) > CH4(Uj11,0) = CH.(U;, 0) = 0 (6-2)

by applying Lemma 6.1 with p = 0. Since each U;; \ U; is an affine space, it also
follows from Lemma 6.1 and by induction on the number of affine cells that each
CH. (U;, 0) is a free abelian group of finite rank. Tensoring this with CH,.(X) over
CH*(k, 0) = Z, we get a commutative diagram

0

CH,(X) ® CH,(U;1+1 \ U;, 0) —— CH, (X x (U;+1\ U;))

i

CH.(X) ® CH(Ui1, 0) CH,.(X X Uiy1)

e

J

CH.(X) ® CH(U;, 0) ——— CH.(X x U)),

0

where the left column is exact by the freeness of each CH,(U;, 0) and the right
column is the localization exact sequence. The top horizontal arcolumn is an
isomorphism by the homotopy invariance and the bottom horizontal arcolumn is
an isomorphism by the induction. In particular, j* is surjective in all indices. We
conclude that i, is injective in all indices and the middle horizontal arcolumn is
also an isomorphism. (]

6b. Leray—Hirsch with integral coefficients. Let F be a cellular scheme over k.
For any field extension k < [, the scheme F;] is also cellular, for which the cel-
lular decomposition and the affine cells are the base extensions of the cellular
decomposition and affine cells of F. It follows from Lemma 6.1 that the map
CH..(F, 0) — CH,(F, 0) is an isomorphism. The following is the integral version
of the Leray—Hirsch theorem for the Zariski-locally trivial fibrations.
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Theorem 6.3. Let B be a smooth k-scheme and let F <> E 2 B be a Zariski-
locally trivial fibration such that the fiber F is a smooth cellular scheme. Assume
that there are elements {ey, . . ., e} in CH*(E, 0) such that

{fl = i*(el)v L] fr = l*(er)}
forms a Z-basis of CH*(Fy, 0) for each fiber F\ of the fibration. Then the map

® : CH*(F,0)®z CH*(B) » CH*(E), Y fi®bir> Y p“(bie;
I<i<r 1<i<r
is an isomorphism. In particular, CH*(E) is a free CH*(B)-module with basis
ler, ..., e}

Proof. Since k is perfect, we can find a filtration
=By CB, G CBICBi =B

of B by closed subschemes such that for each 0 < i < n, the scheme B; \ B;+
is smooth and the given fibration is trivial over it. We set U; = B \ B; and
Vi =U; \Uj—1 = B;_1 \ B;. Observe then that each of the U; and V; is smooth.
Set E; = p~'(U;) and W; = p~1(V}). We prove by induction on i that the map
CH*(F,0) ®7 CH*(U;) — CH*(E;) is an isomorphism, which will prove the
theorem. Since Uy = @ and E; = U; x F, the desired isomorphism for i = 1
follows from Lemma 6.2. We now consider the commutative diagram

CH*(U;) ® CH*(F, 0) CH*(E;)

\ |
CH*(Vi41) ® CH*(F, 0) —— CH*(W; 1)
| |
CH*(Ui4+1) @ CH*(F, 0) —— CH*(E;11) (6-3)

| |
CH*(U;) ® CH*(F, 0) CH*(E;)

| |

CH*(Vi11) ® CH*(F, 0) —— CH*(W,1).

The left column is obtained by tensoring the long exact localization sequence
for higher Chow groups with CH*(F, 0) over Z, and the right column is just the
localization exact sequence. Since CH*(F, 0) is a free abelian group, the left column
is also exact.

It is easily checked that the second and the third squares commute using the
commutativity property of the push-forward and pull-back maps of higher Chow
groups in a fiber diagram. We show that the other squares also commute. It is
enough to show that the first square commutes as the fourth one is same as the first.
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Let é denote the connecting homomorphism in a long exact localization sequence
for the higher Chow groups.

Before we show the required commutativity, let us recall that if (X, Y) is pair of
k-schemes where i : Y < X is a closed subscheme with complement j : U — X,
then the localization exact sequence is the long exact homology sequence associated
to the short exact sequence of cycle complexes

i * Zn(X, )
0= %, (Y, o) 2> %, (X, o) L 2520 2,
— £, (Y, o) = Ey( )_)Zin(Y,-)_)
where the natural map
En(X, »)
—— > %, (U,
TR

is a quasi-isomorphism. So we identify the last term with %, (U, ). The formal-
ism of the homological algebra now shows that the connecting homomorphism
8 :CH,(U,i) - CH,(Y,i — 1) is obtained as one obtains the connecting homo-
morphism in the snake lemma. In particular, this is same as the differential map
d0:%,(X,i) > %,(X,i— 1), evaluated on the homology groups. The Leibniz rule
for this differential now implies that the connecting homomorphism § also satisfies
the Leibniz rule; see [Panin 2003, §2.4].

If we now start with an element b ® i*(e;) € CH*(U;) @ CH*(F, 0) and map
this vertically, we get 6b ® i*(e;), which maps horizontally down to p*(b) - ¢;.
On the other hand, if we first map horizontally, we get p*(b) - e; which maps
vertically to §(p*(b) - ;). Using the Leibniz rule above, this last term is same as
Sp*(b) - e; = p*(8b) - e; since e; = 0. We have shown that the diagram above
commutes.

The first and the fourth horizontal arrows in (6-3) are isomorphisms by induction.
The second and the fifth horizontal arrows are isomorphisms by Lemma 6.2. Hence
the middle horizontal arrow is also an isomorphism by the 5-lemma. (]

6c. Leray—Hirsch with rational coefficients. We need the following step to prove
the rational version of the Leray—Hirsch theorem for the étale locally trivial fibrations
of smooth schemes.

Let F be a smooth cellular scheme over k. We have seen before that for any
field extension k < [, the natural map CH*(F, 0) — CH*(F}, 0) is an isomorphism.
Moreover, each of these is a free abelian group with the basis vectors given by
the closures of the affine cells in the cellular decomposition. We fix this basis
{f1,..., fr} of CH*(F;, 0) in what follows. For a complete flag variety G /B, this
set is same as the set of Schubert cycles {¢y }wew.
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Lemma 6.4. Let B be a smooth k-scheme and let F - E 5 B be an étale
locally trivial fibration such that the fiber F is a smooth cellular scheme. As-
sume that this fibration becomes trivial after a finite étale cover of B of degree d.
Assume furthermore that there are elements {e1, ..., e} in CH*(E, 0) such that
{fi=i*(er), ..., fr =i*(e,)} is the basis of CH" (Fy, 0) for each geometric fiber
Fy of the fibration. Then the map

@ : CH(F,0)®7 CH"(B) » CH*(E), Y fi®bir> Y p*(be;

1<i<r 1<i<r

is an isomorphism over Z[d™". In particular, CH*(E)[d s afree CH*(B)[d~']-
module with basis {ey, ..., e }.

Proof. Let B’ 9, B be a finite étale cover such that E' = E x3 B’ 2> B is a
trivial fibration and let ¢’ : E’ — E be the other projection. It follows from our
assumption and the isomorphism of CH*(F, 0) under the field extensions that the
set {e; = q"*(e;)} restricts to the basis { f;} of CH*(F), 0) for every fiber F) of the
fibration p’.

Setting ®'(b' ® f;) = p™(b')e); and using the fact that g™ o p* = p™ o g%,
proq.=q,op™ and g, o0q* =d = q, oq"* (see [Bloch 1986, Exercise 5.8(i)]),
one checks that the diagram

* * !/ %
CH*(B) sl CH*(B') ol CH*(B)

*

® — Y —
CH*(F, 0) CH*(F,0) CH*(F, 0)
. ‘| |
CH*(E) CH*(E") CH*(E)

1% 4

*

commutes. The middle vertical arrow is an isomorphism by Lemma 6.2. A diagram
chase shows that @ is an isomorphism over Z[d -1 O

Theorem 6.5. Let B be a smooth k-scheme and let F — E 2> B be an étale locally
trivial fibration such that the fiber F is a smooth cellular scheme. Assume that there
are elements {e, ..., e} in CH*(E, 0) such that { fi =i*(e1), ..., fy =i*(e;)} is
the basis of CH*(F), 0) for each geometric fiber F\, of the fibration. Then the map

®:CH*(F,0) ®q CH*(B) - CH*(E), Y fi®bi+> Y p*bie

1<i<r 1<i<r

is an isomorphism over the rationals. In particular, CH*(E) is a free CH*(B)-
module with basis {ey, . .., e;} over the rationals.
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Proof. We assume all abelian groups to be tensored with Q in this proof. Since k is
perfect and since every étale cover is generically finite, we can find a filtration

S=By1 B, C---CB CBy=B

of B by closed subschemes such that for each 0 <i <n, the scheme V; = B;_1\ B; is
smooth and there is a finite étale cover V/ — V; such that the given fibration is trivial
over V/. We set U; = B\ B; as before, which implies that V; = U; \ U;_;. Observe
then that each of the U; and V; is smooth. Set E; = p‘l(Ui) and W; = p‘l(V,-).
We prove by induction on i that the map

CH*(F, 0) ®g CH*(U;) — CH*(E;)

is an isomorphism, which will imply the proposition. Since Uy = & and since the
map E; — Uj is a smooth fibration which becomes trivial over the finite étale cover
Vl/ — V| = Uy, the desired isomorphism for i = 1 follows from Lemma 6.4. We
now consider the diagram

CH"(U) CH*(Viy1) CH*(Ui+1) CH*(U) CH*(Vi41)
® —- ® — ® — ©® — B8
CH*(F, 0) CH*(F, 0) CH*(F, 0) CH*(F, 0) CH*(F, 0)

| | | | |

CH*(E;) — CH*(W;4) —= CH"(E;;|) — CH"(E;) — CH"(W;41).

The top row is obtained by tensoring the long exact localization sequence for higher
Chow groups with CH*(F, 0) over @ and hence is exact. The bottom row is just
the localization exact sequence.

One checks as in the proof of Theorem 6.3 that the diagram above is commutative.
The first and the fourth vertical arrows are isomorphisms by induction. The second
and the fifth vertical arrows are isomorphisms by Lemma 6.4. Hence the middle
vertical arrow is also an isomorphism by 5-lemma. ]

7. Higher Chow groups of toric bundles and applications

As an application of Theorem 6.3, we describe the ordinary higher Chow groups of
toric bundles with integral coefficients. Let 7 be a split torus of rank n over k and
let M = Hom(G,,, T') be the group of its one-parameter subgroups. Let X = X (A)
be a smooth projective toric variety associated to a fan A in My (see Section 11).
Let B be a smooth k-scheme and let p : E — B be a principal T-bundle. Setting
E(X)=E xT X, we see that

7:E(X)— B, m((e,x)) = p(e)



478 Amalendu Krishna

is a Zariski-locally trivial smooth fibration with all fibers isomorphic to X. Since
X is projective, it follows that 7 is a projective morphism.

We fix an ordering {o7, ..., 0,,} of Anax and let ; C o; be the cone that is the
intersection of o; with all those o; such that j > i and that intersect o; in dimension
n—1. Let ) C 0; be the cone such that 7; Nt/ = {0} and dim(z;) +dim(z/) = n for
1 <i <m. Itis easy to see that 7/ is the intersection of o; with all those o; such that
J <1 and that intersect o; in dimension n — 1. Since X is smooth and projective, it
is well-known that we can choose the ordering above of Apax such that

1, Co; implies i<j and 1/ Co; implies j<i. (7-1)
Let A; ={p1, ..., ps} be the set of one-dimensional cones in A and let {vy, ..., vs}
be the associated primitive elements of M. We choose {p1, ..., p,} to be a set of
one-dimensional faces of o,,, such that {vy, ..., v,}isabasisof M. Let {xi, ..., xn}

be the dual basis of M".

Definition 7.1. Let A be a commutative ring with unit and let {ry, ..., r,} be
a subset of A. Let 14 denote the ideal of the polynomial algebra Alt, ..., t;]
generated by the elements

tjy---tj for1<j,<d (7-2)
such that pj,,..., p; do not span a cone of A. Let I denote the ideal of
Alt1, ..., t;y] generated by Ix and the relations

d

5= (Z(X,-,vjnj)—r,- for 1 <i <n. (7-3)

j=1
We define the A-algebras R.q(A, A) and R(A, A) to be quotients of A[zy, ..., 74]
by the ideals /o and I, respectively.

The ring Req(A, A) is also known in the literature as the Stanley—Reisner algebra
over A associated to the fan A; see [Sankaran and Uma 2003, Definition 2.1].
Notice that any character x of T acts on Req(A, A) through the multiplication by
the element 2?21 (x,vj)t;. This makes Req(A, A) into an § = §(T')-algebra.

Any T -equivariant line bundle L — X uniquely defines a line bundle

E(L)=ExTL

on E(X). Every p € Ay defines a unique T -equivariant line bundle L, on X with
a T-equivariant section s, : X — L, that is transverse to the zero section and
whose zero locus is the orbit closure V, = O,. For any o € A, let u,, denote the
fundamental class of the T-invariant cycle [V, ] in CH*(X, 0) and let y, denote
the cycle [E(V,)] in CH*(E(X), 0). Notice that r, : E(V,) — B is a smooth
projective toric subbundle of 7 : E(X) — B with fiber V.



Higher Chow groups of varieties with group action 479

Suppose that pj,, ..., pj do not span a cone in A. Then s = (sj,...,sj)isa
nowhere vanishing section of L,, @---@® L, and hence

ct(E(Lp;))---c1(E(Lp;))=0 in CH*(E(X)).
In particular, we get
Yoj,***Yp; =0 in CH*(E(X)). 7-4)

We now consider the commutative diagram

X; EX)<2—ExXx X

n,l nl lpﬁ lnx (7-5)

Spec(l) B > E p. Spec(k),

where Spec(/) is any point of B. It is clear that all squares are Cartesian and all the
maps in the right square are 7T-equivariant. Let L, denote the T-equivariant line
bundle on Spec(k) associated to a character x of 7. Since p and p are principal
T-bundles, we see that there is a unique line bundle { on B such that

mp(Ly) =p*(¢) and pyxomy(Ly)=p om™((). (7-6)

Using the identity

Ty(cl (Ly) =Y (x,vp)u, in CH}(X)
PEA]
and the isomorphisms CH*(B) = CH}(E), CH*(E(X)) = CH}(E x X), we see

that 7*(c1(¢)) = ZpeAI (X, vp)y,. Let & € Pic(B) be such that . (L,,) = p* (&),
where {x1, ..., X} is a chosen basis of M" as above. Setting r; = ¢1(¢;) € CH*(B),
we conclude that

U

T (ry) :Z Xirvj)yp, in CHYE(X)), 1<i<n. (7-7)

We define a homomorphism of CH*(B)-algebras
CH*(B)[t1, - ..,ts] > CH*(E(X))

by the assignment #; — y,, for 1 <i <d. It follows from (7-4) and (7-7) that this
homomorphism descends to a CH*(B)-algebra homomorphism

¥ : R(CH*(B), A) — CH*(E(X)). (7-8)
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The following result describes the higher Chow groups of the projective toric
bundle 7 : E(X) — B and generalizes [Sankaran and Uma 2003, Theorem 1.2(iii)]
to higher Chow groups.

Theorem 7.2. The homomorphism  is an isomorphism.

Proof. To prove this theorem, we first observe that for any o € A and any point
Spec(l) — B, one has *(E(V,)) = (V,);. Also, it is well-known [Sankaran and
Uma 2003, Lemma 3.1] that {¢*(y7,), ..., t"(yr,)} forms a Z-basis of CH*(X}, 0).

Since y;; = Yoi, " Vi, for every 1 <i < m, where {p;,, ..., p,-p} is the set of
edges of ;, it follows from the proof of Theorem 6.3 that CH*(E (X)) is generated
by {yp,, ..., Yp,} as a CH*(B)-algebra. In particular, the map v is surjective.

To prove injectivity, let x (o) denote the monomial #; - --#;, in R(CH*(B), A)
such that {p;, ..., p;,} is the set of edges of o € A. Then by [Sankaran and
Uma 2003, Lemma 2.1(ii)], the set {x(11), ..., x(17,y)} spans R(CH*(B), A) as a
CH*(B)-module. Since v (x(t;)) =y, for 1 <i <m and since CH*(E(X)) is a
free CH*(B)-module with basis {y,,, ..., yr,} by Theorem 6.3, we conclude that
¥ must be injective. U

7a. Equivariant and ordinary higher Chow groups of smooth projective toric
varieties. As a consequence of Theorem 7.2, we derive some explicit formulas for
the equivariant and ordinary higher Chow groups of smooth projective toric varieties
with integral coefficients. We shall later show in Section 11 that such formulas hold
for all smooth toric varieties with rational coefficients. Recall that if X = X (A) isa
toric variety, then for every o € A, the orbit closure V, is a T -invariant closed toric
subvariety of X and hence uniquely defines a class y, = [V, ] in CH} (X, 0); see
[Edidin and Graham 1998, Section 2.2]. This is called the fundamental equivariant
class of V.

We consider A = CH* (k) ®7 S =CH*(k)[t1, . .., t,] as a graded CH* (k)-algebra
whose degree zero part is CH* (k). We have seen above that R.q(CH*(k), A) has
an action of S that makes it a graded A-algebra. Moreover, R(CH*(k), A) is just
the quotient Req(CH*(k), A) ®5Z = Req(CH*(k), A) ® 4 CH* (k).

Corollary 7.3. Let X = X (A) be a smooth projective toric variety as above. Then
the assignment t; — y,, induces CH* (k)-algebra isomorphisms
Wy : Req(CH*(k), A) = CH}(X), (7-9)
Wy : R(CH*(k), A)) = CH*(X). (7-10)
Proof. The second isomorphism is just a special case of Theorem 7.2 when B =
Spec(k).

To prove the isomorphism of (7-9), we first observe that Wy is a graded A-linear
homomorphism; see Section 11. Let M denote the kernel of this map. It follows
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from [Krishna 2009a, Theorem 4.2] that CH} (X) is a free A-module with basis
{yr,}. It follows from this that Wx is surjective and we get an exact sequence of
graded A-modules

0= M — Req(CH*(k), A) 25 CH}(X) — 0.

The freeness of CH} (X) as an A-module ensures that this sequence remains short
exact after tensoring with CH* (k) via the augmentation A — CH* (k).
It follows from [Krishna 2009a, Theorem 1.1] that

CH} (X) ® 4 CH* (k) = CH"(X).

In particular, Wx becomes an isomorphism after tensoring with CH* (k). We con-
clude that M ® 4 CH*(k) = 0. Since M is a nonnegatively graded A-module, it
must be zero. ([

8. Higher Chow groups of flag bundles and applications

We remind the readers of our convention that all the higher Chow groups for the
rest of this text will be considered with rational coefficients. We shall however,
indicate the coefficients in the statement of all results.

In this section, we describe a formula for the higher Chow groups of complete
flag bundles with rational coefficients. Such a formula for general flag bundles is
an immediate consequence of the case of complete flag bundles. We also give some
applications of this formula to the theory of equivariant higher Chow groups.

8a. Complete flag bundles. Let G be a connected reductive group over k and let
B be a Borel subgroup of G containing a split maximal torus 7. Let X be a
k-scheme and let p : E — X be a principal G-bundle and let 7 : E/B — X be
the associated complete flag bundle. Vistoli [1989] described the classical Chow
groups CH,(E, 0) and CH,(E/B, 0) in terms of the Chow groups of X. In this
section we generalize Vistoli’s results to the case of higher Chow groups. The proof
below is completely different from Vistoli’s; it is much shorter and relies more on
the equivariant techniques.

The restriction map rg x induces for every i > 0, a natural map of S(7)-modules

CHS(E, i) ®s) S(T) — CHL(E, i), w®a > a-rf p(w).

Since G acts freely on E, one identifies CH*G(E , 1) with CH, (X, i) by Proposition
2.2. The group CH*B (E, i) is canonically identified with CH,(E/B, i) for the same
reason. The map above then translates into a natural map of S(7)-modules

Ax 1 CH,(X, i) ®s() S(T) — CH,(E/B, i). (8-1)
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Taking the direct sum over {CH..(X, i)};>0, we get a natural map of S(7")-modules
Ax 1 CH«(X) ®s(6) S(T) — CH.(E/B). (8-2)

This map is a ring homomorphism if X is smooth. One can easily check that A x
commutes with the flat pull-back and the proper push-forward maps between the
higher Chow groups of the base schemes of the bundle. We wish to show that Ly
is an isomorphism. We begin with the following special case.

Lemma 8.1. Let X be a smooth (not necessarily connected) scheme over k and let
f: X' — X be a finite étale morphism such that the principal bundle p : E — X is
trivialized over X'. Then the map Ax is an isomorphism with rational coefficients. In
particular, Ay is an isomorphism with rational coefficients if X is zero-dimensional.

Proof. Since X is a disjoint union of connected smooth schemes, it is enough to
prove the lemma when X is smooth and connected. If E/B = G/B — Spec(k) is
the flag variety, then we have

CH. (k) ®s(6) S(T) = CH, (k) ®chrx,0) (CH*(k, 0) ® () S(T))
=" CH, (k) ®cr*(r,0) CH+(G/B. 0)
= CH.(G/B) (by Lemma 6.2),

where =T follows from [Demazure 1973, théoreme 2].
IfG/B x X L X is the trivial bundle, then we get

CH..(X) ®s(6) S(T) = CH,.(X) ®cux,0) (CH*(k, 0) ®s(6) S(T))
= CH, (X) ®CH*(k,0) CH., (G/B, 0)
=CH,(G/B x X) (by Lemma 6.2).

In general, we consider the diagram

CH,(X) ® S(T) -2 cH,(x) @ S(T) 244 CHL(X) ® S(T)
ij AX/L LAX
CH,(E/B) CH,(Ex/B) —— = CH,(E/B),

—%
J %

where the tensor product in the top row is over S(G). We have just shown that
Ax is an isomorphism. It follows from the projection formula (see [Bloch 1986,
Exercise 5.8]) that the composite horizontal maps in both rows are multiplication
by [k(X’) : k(X)]. Hence, Ax must be an isomorphism too. U

Theorem 8.2. For any k-scheme X, the map A is an isomorphism of S(T)-modules
with rational coefficients. This is a ring isomorphism if X is smooth.
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Proof. We only need to prove the first assertion, for which we use induction on the
dimension of X. The zero-dimensional case follows from Lemma 8.1. In general,
we can find an étale cover of X over which the bundle p : E — X becomes trivial.
Since any such cover is generically finite and since the base field k is perfect, we
can find a dense open subset j : U < X and a finite étale cover f : U’ — U such
that U is a disjoint union of connected smooth schemes and the given bundle is
trivial over U’. Let ¢ : Z < X be the complement of U with its reduced induced
closed subscheme structure.
We now consider the diagram

CH..(U) CH.(2) [ CH.(X) ., CH,(U)  CH.(2)
e X o - o L o X g
S(T) S(T) S(T) S(T) S(T)

kyl l}»z L)\.X l}»y L)\.Z
CH*(Ey/B) = CH*(E,/B) = CH*(E/B) >~ CH*(Ey/B) = CH*(E;/B)

of localization exact sequences, where the tensor product in the top row is over
the ring S(G). In particular, this row is exact by the flatness of S(T) over S(G).
The second and the third squares commute by the compatibility of Ax with the
push-forward and the pull-back maps as remarked above.

To see that the first square commutes, let us consider an element

a®b e CH,.(U)RS(T).

If we map this horizontally, we get d(a) ® b, which is mapped vertically down to
b -7 0d(a). Since the localization sequence of higher Chow groups is compatible
with respect to the flat pull-back, this last term is same as b-d o7, (a). On the other
hand, mapping a ® b vertically down gives b-7;;(a) and if we map this horizontally,
we get d(b - 7rj;(a)). Since the horizontal maps in the bottom row are S(T')-linear
(see Proposition 2.2), we conclude that the first (hence the fourth) square commutes.

The first and the fourth vertical arrows in the diagram above are isomorphisms
by Lemma 8.1. Since U is a dense open in X, the dimension of Z is strictly smaller
than that of X. Hence the second and the fifth vertical arrows are isomorphisms by
induction on the dimension and Lemma 8.1. We conclude from the 5-lemma that
Ax 1s an isomorphism. U

8b. Principal bundles and flag bundles. The following extension of Theorem 8.2
to all flag bundles is a direct generalization of the projective bundle formula for
higher Chow groups.

Corollary 8.3. Let p: E — X be a principal G-bundle over a k-scheme X and let
w: E/P — X denote the flag bundle associated to a parabolic subgroup P. Then
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the natural map of S(P)-modules

Ax :CH.(X;Q) ® S(P;Q) — CH.(E/P;Q), w®atr> a-rs p(w).
S(G;Q) '

is an isomorphism. This is a ring isomorphism if X is smooth.

Proof. We only need to prove the first assertion. Let B € P be a Borel subgroup of
G containing a split maximal torus 7. Let ®(G, T) be the root system of G with
respect to T such that B corresponds to the base A of ®(G, T') and P corresponds
to a subset I C A. Let P = M x N be the Levi decomposition and let By = BN M
be the Borel subgroup of M containing 7. Let Wp C W be the Weyl group of P
with respect to 7. It follows from Propositions 3.3, 3.4 and Corollary 8.7 that the
natural map

CH.(E/P) — (CH.(E/B)"" (8-3)

is an isomorphism.
On the other hand, following the proof of Corollary 8.7, we get

(CH.(X) ®s(6) S(T)"" = CH.(X) ®s(6) (S(TH™”
= CH.(X) ®s(6) S(M)
= CH.(X) ®s(G) S(P), (8-4)
where the last isomorphism follows again from Proposition 3.4. The corollary now
follows from Theorem 8.2 by combining (8-3) and (8-4). U

The following result generalizes [Vistoli 1989, Corollary 3.2] to higher Chow
groups.

Corollary 8.4. Let G be connected and split reductive group over k and let
p: E — X be a principal G-bundle over a k-scheme X. Then there is a strongly
convergent spectral sequence

Ey! =Tor) @@, CH.(X, ¢: @) = CHy(E, p+¢: Q).
The edge homomorphism yields an isomorphism

CH.(X,0; Q) ® Q= CH.(E,O0;Q).
S(G;Q)
Proof. This is an immediate consequence of Theorem 8.2, [Krishna 2009a, Theo-
rem 1.1] and flatness of S(T") over S(G). O

8c. A change of groups isomorphism. The following theorem is an analogue of a
similar result in equivariant K -theory by Merkurjev [2005, Proposition 8]. However,
this result for the equivariant higher Chow groups has an advantage over Merkurjev’s
theorem in that it holds for the action of any split reductive group (though with
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rational coefficients) whereas [ibid., Proposition 8] is known only for the groups
whose derived subgroups are simply connected, for example, GL,. The special
case CH*G (X, 0) of the result below was proven by Brion [1997, Theorem 6.7].

Theorem 8.5. Let G be a connected reductive group and let T be a split maximal
torus of G. Then for any X € Vg, the natural map of S(T)-modules

Ax:CHY(X;Q) ® S(T:Q)— CHI(X;Q) (8-5)
S(G;Q)

is an isomorphism. This is a ring isomorphism if X is smooth.

Proof. We only need to show the first assertion. If (V, U) is a good pair for
the G-action, then CHf(X ,1) and CHI (X, 1) in suitable degrees are the same
as CH,(Xg, i) and CH.(Xp, i), respectively, where B is a Borel subgroup of G
containing 7. Hence, it suffices to show that for any k-scheme Z with a free action
of G with quotients G/B and Z/G, the natural map

Az/G - CH.(Z/G) Qs S(T) — CH.(Z/B)

is an isomorphism. But this follows immediately by applying Theorem 8.2 to the
principal bundle Z — Z/G. ]

Remark 8.6. The first remark is that Theorem 8.5 holds if G is any connected linear
algebraic group (not necessarily reductive) if the base field is of characteristic zero.
This is an immediate consequence of Proposition 3.4. The second remark is that
the theorem above can also be proven as a simple consequence of the Leray—Hirsch
theorem 6.5. The case of smooth schemes is a direct consequence of Theorem 6.5
and the general case can be proven using noetherian induction and the localization
sequence. We leave it an exercise to fill in the details.

8d. Some consequences of Theorem 8.5. Recall that if G is a connected reductive
group with a split maximal torus 7', then the normalizer N of T in G and all its
connected components are defined over k and the quotient N/ T is the Weyl group
W of the corresponding root system. In particular, W C G/T. If G acts on a variety
X and if (V, U) is a good pair for the G-action, then X x” U — X x% U is an
étale-locally trivial smooth fibration with fiber G/ T. In particular, W acts on each
CHJT (X, i) and the map CHJG (X,i)— CHJT- (X, i) factors through the W-invariants.
We get the following consequence of Theorem 8.5.

Corollary 8.7 (see Theorem 5.7). Let G be a connected reductive group and let T
be a split maximal torus of G with the Weyl group W. Then for any X € Vg, the
restriction map rg x induces an isomorphism

CHY(X; @) = (CHI(x;Q)".
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Proof. Since W is a finite group, the trivial Q[W]-module Q is a projective
Q[W]-module of finite rank. In particular, it follows from Theorem 8.5 that

(CH3%(X))V = Homgw(Q, CHY (X)®s(6)S(T))
= CHY (X) ®s() Homg[w(Q, S(T))
= CHY (X) ®s(6) (S(T)HY
=" CHY (X) ®s(6) S(G)
= CH{ (X),

where =" holds by [Edidin and Graham 1998, Proposition 6]. (]

As an important consequence of the result above, we get the following analogue
of a similar result of Thomason [1988, Theorem 1.13] in equivariant K -theory.

Corollary 8.8 (see Remark 5.8). Let G be a connected and reductive group over k
and let T be a split maximal torus in G. Then the restriction map

G

CHC (X; @) % CcHT (X; Q) (8-6)

is a split monomorphism. Moreover, this splitting is natural for morphisms in V'g.
In particular, if H is any closed subgroup of G, then there is a split injective map
G
,
CH (x; @) =5 CHI (G x" x; Q). (8-7)
Proof. The first statement follows directly from Corollary 8.7, where the splitting

is given by the trace map into the subgroup of W-invariants. The last statement
follows from (8-6) and Corollary 3.2. O

Remark 8.9. Let ¢ € S(T) = CH;(G/B, 0) be such that the forgetful map takes
o to the class of the zero-dimensional Schubert cycle in CH*(G/B, 0). For a flag
bundle 7 : E/B — X over a scheme X, if we define {x : CH,(X) — CH,(X)
by ¥x (o) = m(o - m*()), then it can be shown that ¥y is an isomorphism. In
particular, 7* is split injective. This gives another (and more conceptual) proof
of Corollary 8.8. In fact, this proof shows that rg  1s split injective with integer
coefficients if G is special.

Let G be a connected reductive group and let B be a Borel subgroup of G
containing a split maximal torus 7'. It follows from [Demazure 1973, théoréme 2]
that the forgetful map S(7') — CH*(G/B, 0) is surjective. Moreover, if {0y }wew
are polynomials in S(7") which map to the classes of Schubert cycles {¢ }wew in
CH*(G/B, 0), then S(T) is a free S(G)-module with basis {0, }wew. The following
is a direct generalization of Demazure’s theorem to the case of all smooth schemes
and all higher Chow groups. This also strengthens Corollary 8.7 for smooth schemes.
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Corollary 8.10. Ler X € °Vé and let X 25 Spec(k) be the structure map. Set 0, x =
P (0w). Then CH}(X; Q) is a free CHE; (X ; Q)-module with basis {0w, x }wew-

Proof. 1t follows from the construction that the map
x : CHG(X) ®s(6) S(T) — CH7.(X)

takes 1 ® o, onto ¢, x. The corollary is now an immediate consequence of
Theorem 8.5. U

9. Cohomological rigidity and specializations

Let G be a split diagonalizable group over k acting on a smooth scheme X. Recall
[Springer 1998, 13.2.5] that all the diagonalizable subgroups of G are defined
and split over k. The equivariant K -theory of X for the G-action was studied by
Vezzosi and Vistoli [2003]. Their main result (Theorem 1) is to reconstruct the
equivariant K -theory ring of X in terms of the equivariant K -theory of the loci
where the stabilizers have constant dimension. In the next two sections, we use
the ideas of Vezzosi and Vistoli to prove an analogous decomposition theorem
(see Theorem 10.3) for the equivariant higher Chow groups of X for the G-action.
As mentioned in the introduction, this theorem and its compatibility with the
corresponding result for the equivariant K -theory play fundamental roles in the
proof of the equivariant Riemann—Roch theorems in [Krishna 2009b]. This theorem
is very useful in computing the equivariant and ordinary higher Chow groups of
smooth schemes with torus action. Some applications of this kind are given in
Section 11.

This section is concerned with the study of the notion of cohomological rigidity
and the construction of certain specialization maps in equivariant higher Chow
groups. In this and the next section, the group G will denote a split diagonalizable
group and the all schemes will be assumed to be smooth with G-action. We have
seen (Proposition 2.2) that for such a scheme X, CHg;(X) is a bigraded ring, which
is an algebra over the ring CH; (k).

9a. Cohomological rigidity.

Definition 9.1. Let Y C X be a smooth and G-invariant closed subscheme of
codimension d > 0 and let Ny, x denote the normal bundle of Y in X. We say that
Y is cohomologically rigid inside X if cg (Ny,x) is a not a zero-divisor in the ring
CHg(Y).

As one observes, this definition has reasonable meaning only in the equivariant
setting, since every element of positive degree in the nonequivariant Chow ring
is nilpotent. The importance of cohomological rigidity for the equivariant higher
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Chow groups comes from the following analogue of the K-theory splitting theorem
(Proposition 4.3) of [Vezzosi and Vistoli 2003].

Proposition 9.2. Let Y be a smooth and G-invariant closed subscheme of X of
codimension d > 0. Assume that Y is cohomologically rigid inside X, and put
U=X\Y.Leti:Y — Xand j:U — X be the inclusion maps.

(1) The localization sequence

0 — CHL(Y; @) = CHA(X; @) 1> CHE(U; @) — 0

is exact.
(i1) The restriction ring homomorphisms

CH:(X; ) 2

CHg;(Y; Q) x CHG;(U; Q)
give an isomorphism of rings

H(X: Q) = CHg(Y; @) x  CHL(U; @),
CH(Y:Q)

where CHf; (Y; Q) = CHG(Y; @)/(cg(Ny/X)), and the maps

CH;(Y; Q) — CHE(Y; Q), CH;(U; Q) — CHg(Y; Q)
are, respectively, the natural surjection and the map

CHG(X; @ i+ CHG(Y: Q)
—_
i+«(CHG(Y; Q) c$(Ny;x)

which is well-defined by Corollary 4.5.

CH(U; Q) = = CHg(Y; ),

Proof. Part (i) follows directly from Corollary 4.5 and the definition of cohomolog-
ical rigidity. Since i* and j* are ring homomorphisms, the proof of the second part
follows directly from the first part and [Vezzosi and Vistoli 2003, Lemma 4.4]. [J

To apply the result above in our context, we need to find some sufficient conditions
for checking the cohomological rigidity in specific examples. We begin with the
following elementary result.

Lemma 9.3. Let A be a ring which is a Q-algebra. Then an element of the form t,
where t = Z;:l ajti; € Aln, ..., tyl, isnot a zero-divisor for any d > 0 whenever
aj € Qforall janda; # 0 for some j.

Proof. Since all a; € Q) and some a; # 0, we see that t? is a nonzero element of
Q[t, - . ., t,] and hence a nonzero divisor in this ring. Since tensoring with A over
Q is exact, we see that the multiplication by 4 is injective in A[ty, ..., ;] too. O
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Proposition 9.4. Let G be a split diagonalizable group acting on a smooth scheme
X and let E be a G-equivariant vector bundle of rank d on X. Assume that there
is a subtorus T C G of positive rank which acts trivially on X, such that in the
eigenspace decomposition of E with respect to T, the submodule corresponding to
the trivial character is zero. Then cfi;(E ) is not a zero-divisor in CHg (X; Q).

Proof. By [Thomason 1986, Lemma 5.6], E has a unique direct sum decomposition

-
E= @ Ey,®Ly,,
i=1

where we choose a splitting G = D x T, E,, are D-bundles and x; are characters
of T with associated line bundles L,, € Picr (k). This decomposition is via the
functor

Bun? x Rep(T) — Bun§, (F, p) — p}(F)®p3(p),

where p; : D xT — D and py: D x T — T are the projections.

Since rank(E) =d, the Whitney sum formula yields ¢ (E) =]]\_, cg (E,®Ly,),
where d; = rank(E,,). We can thus assume that £ = E, ®L,, where x is not a
trivial character by our assumption. In particular, we can write

p
ALy =t=> nt; €Qltr, ..., 1] (9-1)

i=1

with n; % 0 for some i. By neglecting those i for which the coefficients n; are zero,
we can assume that n; % 0 for all i. Now we have

d .
c§(E) =c§ (P (E)@p3(Ly))="> " c§ ;(pT(Ex) - (e (p3(Ly)))
i=0

d d
=Y Pl (ED) - p3c] @) =) et
i=0 i=0
where «; € CH},(X) and cg(E) € CH;(X) = CH(X) ® S(T) by Theorem 3.5
and =" holds by [Fulton 1984, Remark 3.2.3]. Furthermore, oty = p}(c (Ey)) = 1.
Thus we get ¢§(E) =t +ay 1197+ -+ ant +ap = g(1).

We need to show that g() is not a zero divisor in CH}, (X)[t1, ..., #,]. So
suppose f(¢) is a nonzero polynomial such that g(¢) f(¢z) =0, and let f'(z) be the
homogeneous part of f(¢) of largest degree which is not zero. By comparing the
homogeneous parts, it is easy to see that g(¢) f(t) = 0 only if t¢ f'(¢) = 0. But this
is a contradiction since ¢ satisfies the condition of Lemma 9.3 by (9-1), and hence
is not a zero-divisor. ([l
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Let G be a split diagonalizable group as above and let X € ﬂ/é. Following the
notation of [Vezzosi and Vistoli 2003], for any s > 0, we let X<, C X be the open
subset of points whose stabilizers have dimension at most s. We shall often write
X<s—1 also as X ;. Let X; = X<\ X, denote the locally closed subset of X,
where the stabilizers have dimension exactly s. We think of X as a subspace of
X with the reduced induced structure. It is clear that X - and X are G-invariant
subspaces of X. Let Ny denote the normal bundle of X in X, and let N, SO denote
the complement of the O-section in Ny. Then G clearly acts on N;. The following
result describes some very useful properties of these subspaces.

Proposition 9.5. Let s > 0 be an integer.

(1) There exists a finite number of s-dimensional subtori Ty, . .., T, in G such that
X is the disjoint union of the fixed point spaces X 25
(i1) X is smooth locally closed subscheme of X.
(i) N? = (Ny)_,.

Proof. Since the base field k is perfect, this is a special case of [Vezzosi and Vistoli
2003, Proposition 2.2], which holds for regular G-schemes over any connected and
separated Noetherian base scheme. (]

Remark 9.6. We mention here that although the proposition above has been stated
for the smooth schemes, part (i) of the proposition holds also when X is not
necessarily smooth, since the proof given in [loc. cit.] only uses Thomason’s
generic étale slice theorem, which holds very generally.

Corollary 9.7. Fors > 1, X is cohomologically rigid inside X ;.

Proof. Let d be the codimension of X in X ;. We need to show that cffs (Ny) is not
a zero-divisor in CHF; (X,). By Proposition 9.4, it suffices to show that there exists a
subtorus 7" in G of positive rank that acts trivially on X, such that in the eigenspace
decomposition of N with respect to 7', the submodule corresponding to the trivial
character is zero. But this follows directly from parts (i) and (iii) of Proposition 9.5
and the fact that s > 1; see [Vezzosi and Vistoli 2003, Proposition 4.6]. O

9b. Specialization maps. Let G and X be as above and let n be the dimension
of G. As seen above, there is a filtration of X by G-invariant open subsets

®=X§_1CX§OC"'CX§”=X-

In particular, G acts on X o with finite stabilizers, and the toral component of G
acts trivially on X,,. We fix 1 <s <n andlet f; : X; > X<y and g, : Xy — X<
denote the closed and the open embeddings, respectively. Let 7 : M, — P! be
the deformation to the normal cone for the embedding f; as in Section 4. We
have already observed there that for the trivial action of G on P!, M has a
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natural G-action. Moreover, the deformation diagram (4-1) is a diagram of smooth
G-spaces. For 0 < < s, we shall often denote the open subspace (M;), of
M; by M <;. The terms like M, and M, -; (and also for Ny) will have similar
meaning in what follows. Since G acts trivially on P!, it acts on M, fiberwise with
N, = 7~ (c0) and

My <, N YA = X, x Al M, Nna YA = X, x Al (9-2)

Let iy <; : Ny <; <> M, < and j; <, : X<; x Al < M, -, denote the obvious closed
and open embeddings. We define i, ; and j; ; similarly. Let n,, : Ny, < Ny <, and
8.t + My — M <; denote the other closed embeddings. One has a commutative
diagram

8<t Js.<t
Xo — X x Al == M,

fiat| . (9-3)

8<s 1 Jss 1
XSSéXSS x A MS XSSX[FD é‘XSS,

where g<; is the 0-section embedding, and the composite of all the maps in the
bottom row is identity. This gives us the diagram

'S,I* -Is*,t t*
CHZ (Ny,) — > CHE (M) ——= CH (X, x Al) — = CH%(X,)

o | s | | £
. - *
§,<tx Js,<t

8<;
CHY (Ny. <) —=% CHY (My. <) —= CHE (X<, x Al) —= CH5 (X <,)

of equivariant higher Chow groups, where the left square commutes by the covari-
ance of the push-forward map, the middle commutes by Proposition 2.2(1) and the
right commutes by Corollary 4.2. Since the last horizontal maps in both rows are
natural isomorphisms by the homotopy invariance, we shall often identify the last
two terms in both rows and use j;"_, and (js,<; o g<,)* interchangeably.

Theorem 9.8. The maps j _, and j, are surjective and there are ring homomor-
phisms
Spx.,: CHG (X <: @) — CHG (N, <: Q) and

Splys: CHE (X,; Q) — CHE(N,.1; Q)

. o= . , ot : .
such that iy _, = Spy ;o ji <, and iy, = Spy ; o j,. Moreover, both the squares in
the following diagram commute:

CH (X< @) ——= CH (X,: @) — L~ CH, (X< @)

5o | | svh. | 5w (9-4)
CHG (N, <13 @) ——= CHG(Ny i @) —— CHG (N <3 @)
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Proof. Using the results obtained so far in this section, one can define the spe-
cialization maps along the lines of the construction of such maps for K-theory
in [Vezzosi and Vistoli 2003, Theorem 3.2; 2005]. However, it is not at all clear
from the construction of the specialization maps in [Vezzosi and Vistoli 2005]
that these maps have good functorial properties, and, in particular, if they are ring
homomorphisms. Moreover, it is not clear if these maps will have the compatibility
properties with the Chern character and Riemann—Roch maps (see [Krishna 2009b])
from the equivariant K -groups to higher Chow groups.

We give here a more direct and functorial construction of the specialization maps,
which works both for the K-theory as well as the higher Chow groups, and the
proof of various compatibilities of these maps then becomes essentially obvious.
We give here the construction of these maps for the higher Chow groups. The same
construction works also for the K-theory without any change.

First of all, using Corollary 9.7 and Proposition 9.2, we see that for 1 <s <n
and 0 <t <, the map CH{;(X <) — CH{ (X<,) is surjective. We now consider
the commutative diagram

CHE (M) — ="~ CHY (X <,)

l |

(Ms <t) CH* (X<t)

Since the composite map in the bottom row of (9-3) is identity, we see by the
homotopy invariance that jZ is surjective. Thus jJ_, is also surjective. Applying
this surjectivity for j_, and_j o <;_1» We obtain the commutative diagram of Figure 1,
which is such that the second and the third rows are exact. All the columns are exact
by Corollary 9.7 and Proposition 9.2. We conclude that the localization sequence
of the top row is also exact. This proves the surjectivity part of the theorem.

Next, we apply the self-intersection formula (Corollary 4.5) to the inclusions
is. < and i ; to see that the composites i s* <1 Ols, <ty and i S*J oiy s, are multiplication
by the first Chern class ClG of the corresponding normal bundles. But these normal
bundles are the inverse images of a line bundle on P'. It follows that these normal
bundles are trivial, because the restriction of any line bundle on P! to co € P!
and hence on the fiber over oo is clearly trivial. We conclude that the composites
is*’<, ol <, and iS*J olg;, are Zero.

The diagram above now automatically defines the specializations %;tv and
Sp; x.s and gives the desired factorization of i{ _, and i{,. Since i{, and j{', are ring
homomorphlsms and since the latter is surjective as shown in 1 we deduce that
Sp x.s 18 also a ring homomorphism. The map Sp th is a ring homomorphism for
the same reason.
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0 0 0
i.v,t* jy*t
0—— CHE(NSJ) e CHE(MS,,;) E— CHE(X,) —0
Ns,t 4 Bs,14 St
Iy, <ty Jsi<t

0 —— CH};(N; <) CHY (M, <) CHy (X <) 0

I, <t—14 ]s<r 1

OﬁCHE(Ns <t— l)ﬁ'CH (Ms <t— l)ﬁ“CH (X<t )—=0

Figure 1

We are now left with the proof of the commutativity of (9-4). To prove that the
right square commutes, we consider the following diagram.

LI

CHE (M;.,) CHE (M <) )
iz, CHZ (X)) / CHE (X <) 9-5)
y /
ns,t* %;tr

CHg (Ns,0)

CHg (N, <)

It is easy to check that Ny <; and M, ; are Tor-independent over M, < (see [Vezzosi
and Vistoli 2005, Lemma 1]) and hence the back face of the diagram above commutes
by Corollary 4.2. The upper face commutes by diagram 1. Since j;, is surjective, a
diagram chase shows that the lower face also commutes, which is what we needed
to prove.

Finally, since we have shown that 7, ,, is injective, and the right square commutes,
it now suffices to show that the composite square in (9-4) commutes in order to
show that the left square commutes.

By the projection formula, the composite maps f;, o f;* and 7y, o n;, are
multiplication by f;,(1) and n, (1) respectively. Since

S_p)_<(fs and S_ths
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are ring homomorphisms, it suffices to show that

SPxs (frx 072, (1) = Spyy (fra (1) = 051, (1).

But this follows directly from the commutativity of the right square. ([

10. Decomposition theorem for equivariant higher Chow groups

We use the specialization maps to prove the main decomposition theorem for the
equivariant higher Chow groups of X € V'S, where G is a split diagonalizable group.
We continue with the notation of the previous section.

Proposition 10.1. The restriction maps

(fs* gy)

CH (X <y; @) 25 CHE (X,; @) x CHE (X -y @)

define an isomorphism of rings

H(X<: @ = CHg(X; @) x  CHG(X<5; Q),
CHE, (N0; Q)

where CH; (X,; Q) EnN CH: (NO, Q) is the pull-back
CH (X,; @) = CHE(Ny; @) — CHE(NY; @)

and

*<371

Sp
CHE (X -; Q) — CH% (Ny.<,_1; @) = CHE(NY; Q)
is the specialization map of Theorem 9.8.

Proof. We only need to identify the pull-back and the specialization maps with the
appropriate maps of Proposition 9.2. In the diagram

0 —— CH} (X)ﬂCH (N)LLCH (N9 ——=0

CH*G (X;Y)s

where fs o : Xy — N; is the O-section embedding, the top sequence is exact, and
the lower triangle commutes by Corollary 4.5. Since f* is an isomorphism, this
immediately identifies the pull-back map of the proposition with the quotient map

CHg(X;)

CHE (X, —_—
o) =G ()
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Next, we consider the diagram

HE (X y) —25 CHE (Ng) - CHE (X,)

fi l / (10-1)
s,<s—1

CHE; (X <) —— CHG(ND).
SpX,s

Since the left vertical arrow in the diagram above is surjective, we only need to
show that

<sl *

% *
SpX K s,<s—1 — ns,fs—l © fs

in order to identify S_p)—(: with the map j* of Proposition 9.2. It is clear from the
diagram 1 and the definition of the specialization maps that the left square in the
diagram (10-1) commutes. We have just shown above that the right side triangle
also commutes. This reduces us to showing that

f:joo o S_p}S(?v = fs*‘ (10'2)

If X, x P! —> M denotes the embedding (see (4-1)), then for x € CHf; (X <), we
can write x = jZ (y) by Theorem 9.8. Then
fs o0 OSst °J<s()’) - fs o0 ols <s(y)_Tg:o <s o Fs*(y)
= gO,Ss o Fs*(y) = fs o ]55())) = fs*(x)v
where =" follows from Corollary 4.2. This proves (10-2) and the proposition. [J

We need the following algebraic result before we prove the main theorem. Let A
be a Q-algebra (not necessarily commutative) and let Z(A) denote the center of A.

For any linear form f(¢) = Z?:l a;t; in A[ty, ..., t,] such that ¢; € Q for each i,
let ¢(f) denote the vector (ay, ..., a,) € Q" consisting of the coefficients of the
form f.
Lemma 10.2. Let A be as above and let S ={fi, ..., fs} be a set of linear forms in
Alt1, ..., t,] such that the vectors {c(f1), ..., c(fs)} are pairwise nonproportional
in Q". Let

dj .

=S nls]
i=0

such that mgj eQ*forl <j<s,and mj:, € Z(A) forall j, j'. Then one has

v == ()

as ideals in Alty, ..., t;].
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Proof. Using a simple induction, it suffices to show that for j # j’, the relation
vjlqy; implies that y;|g. So we can assume § = {f}, f2}. Since c(f1) and
¢(f») are nonproportional, we can extend the set {c¢(f1), c(f2)} to a basis B of Q".
Applying the linear automorphism of A[tq, ..., t,] given by the invertible matrix
B, we can assume that f; =t; for j =1, 2. Now the proof follows along the same
lines as the proof of [Vezzosi and Vistoli 2003, Lemma 4.9]. O

Theorem 10.3. Let G be a split diagonalizable group of dimension n and let
X e °Vg. The ring homomorphism

n
CH;(X; @) — [ [CHE(X,; @
s=0
is injective. Moreover, its image consists of the n-tuples (ay) in the product with
the property that for each s = 1, ..., n, the pull-back of a; € CH;(Xs; Q) in
CHY, (Ns 5—1; Q) is the same as pr s (ozS 1) € CHg (Ny 5—1; Q). In other words,
there is a ring isomorphism
CH{(X; Q) = CHG(X,; Q) X e X CH (Xo; Q).
CHG (Npu—-1;@)  CHG(N1,0;Q)
Proof. We prove by induction on the largest integer s such that X; # &.
If s = 0, there is nothing to prove. If s > 0, we have by induction

CHy; (X <) = CH; (X5-1) X -+ x  CHg(Xy). (10-3)
CHE; (Ny—1,5-2) CHE (N1,0)
Using (10-3) and Proposition 10.1, it suffices to show that if oy € CH; (X,)
and if oe<s € CH (X .,) with the restriction a;—; € CHg;(X,—1) are such that
o; > o € CH (NO) and o > o ;1 € CHf (Ny 1), then

SpE @) =a¥ ifandonlyif  Spy, (1) = 5,1
Using the commutativity of the left square in Theorem 9.8, this is reduced to
showing that the restriction map

HG (N]) — CHg (Ns 5-1) (10-4)

is injective.
To prove this, we first use Proposition 9.5 to assume that the toral component T’
of the isotropy groups of the points of X is fixed, and choose a splitting G =D x T.

Now, following the proof of the analogous result for K-theory [Vezzosi and
Vistoli 2003, Theorem 4.5], we can write

q
N":E:@Ei and Ns,s—l :]_[Elo’
i=1 i
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where each E; is of the form P E,,; ® Xl.mj such that for i #i’, x; and ;s are
nonproportional characters of T, and E? is embedded in E by setting all the other
components equal to zero. Let d; = rank(E;).

Now we see from Proposition 10.1 that

Ker(CHE (X,) — CH (Ny 1>)—ﬂ<c§i<E ).

Ker(CH{; (X)) — CH{ (NO)) = (cd (Ny))  with dg =) d;.

Put y; = q G(E;) and y = cd (Ny). Since the map CHf(X,) — CH”C‘;(NO) is
surjective, showing the injectivity of the map in (10-4) is equivalent to showing that

»=(Tn) =N (10-5)

in CHy, (X)[t1, - .., &].
However, we have seen in the proof of Proposition 9.4 that each y; is of the form

& | i di-l ; -
Vi=uy oy qup et oqug + o,

1

where a e CH},(X,,0) € Z(CHL, (X)) and u; = ¢} (LXI) = Zj | jt] # 0 in
Q[t, - . ., ts]. Moreover, the pairwise nonproportionality of x; implies the same for
the vectors {c(u1), ..., c(uy)} in Q°. We now apply Lemma 10.2 to conclude the
proof of (10-5) and hence the theorem. (|

11. Equivariant higher Chow groups of toric varieties

In this section, we apply our decomposition theorem to give explicit descriptions
of the equivariant higher Chow groups of smooth toric varieties. An analogous
description of the equivariant cohomology of such varieties was earlier given by
Bifet, De Concini and Procesi in [Bifet et al. 1990] and such a description of
the equivariant K -theory was given by Vezzosi and Vistoli [2003]. Brion [1997,
Theorem 5.4] had proven similar results for the classical equivariant Chow groups
of toric varieties. As a consequence of our descriptions of the equivariant higher
Chow groups, we shall obtain formulas for the ordinary higher Chow groups (or
motivic cohomology) of smooth toric varieties.

Let T be a split torus of rank n over k. Let M = Hom(G,,, T') be the lattice of
the one-parameter subgroups of 7' and let M"Y be the character lattice of 7. Let
A be a fan in My and let A; and A, denote the subsets of the one-dimensional
cones and the maximal cones in A, respectively.

Let X = X (A) be the smooth toric variety associated to the fan A. The smooth-
ness of X is equivalent to the condition that every positive dimensional cone of A
is generated by it edges such that the primitive vectors along these edges form a
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subset of a basis of M. In this case, there is an one-to-one correspondence between
the 7'-orbits in X and the cones in A. For every cone o € A, the corresponding
orbit O, is isomorphic to the torus 7 /T,, where T, is associated to the sublattice
M, of M generated by o N M. Under this isomorphism, the origin (identity point)
of T /T, corresponds to the distinguished k-rational point x, of O,. In particular,
for every 0 <s <n, X; is of the form

X,= | 0.2 ] 1/7.. (11-1)

dim(o)=s dim(o)=s

We shall write T < o if 7 is a face of o as cones in A. The orbit closure V,
of O, is the toric variety associated to the fan x(0) = {t € A | o < t}, called the
star of 0. Moreover, it is clear from the characterization of the smoothness of toric
varieties that V, is also smooth and is the disjoint union of all orbits O, such that
o is a face of 7. In particular, O, is closed in X if and only if 0 € Apax. The
following is our first description of the equivariant higher Chow groups of smooth
toric varieties.

Theorem 11.1. Let X = X (A) be a smooth toric variety associated to a fan A in
Mp. There is an injective homomorphism of S-algebras

Oy :CHy(X; @) — [] CH'(; @) ® S(T,; Q).

0 € Amax

An element

@)e [] CH'G: @ ®S(T; @

0 € Amax

is in the image of this homomorphism if and only if for any two maximal cones o
and oy, the restrictions of a,, and a, to CH* (k; Q) ® S(T5,no,; Q) coincide.

Proof. We only need to appropriately identify the various terms and the maps in the
statement of Theorem 10.3. We follow the notation of Section 9 and Section 10. It
follows from [Vezzosi and Vistoli 2003, Lemma 6.1] that for every s > 1, there is a
canonical isomorphism

Nes= [ L] o- (11-2)

L0EA 1€d0
dim(o)=s

Furthermore, for each s-dimensional cone o and t € do, the composition of the
map

Spi) CHy(Xn= [] CHj00—CHi(Ng,-0= [] [] cHj00

. TEA oEA t€do
dim(t)=s—1 dim(o)=s
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with the projection

Po.: || [] CH}(O:) — CH}(O:)

0EA T1€d0
dim(o)=s

is the projection map

[ CH; (0 — CH;(0,).
TEA
dim(t)=s—1
The identification above of the specialization maps in [Vezzosi and Vistoli 2003,
Lemma 6.1] was shown for the equivariant K -theory, but the same holds in the
present case as well without any modification in view of the construction of these

specializations for higher Chow groups in Section 9.
It also follows from Corollary 3.2 and Theorem 3.5 that

CH7(0,) = CH7(T/T,) = CH7, (k) = CH" (k) ® S(T5). (11-3)

We conclude now from (11-1) and Theorem 10.3 that CH}(X) is a subring of
[[,ca CH* (k) ® S(Ty), consisting of elements (a,) with the property that the
restriction of a, € CH* (k) ® S(T,) to CH* (k) ® S(T;) coincides with a, whenever
7 < 0. The theorem now follows from the fact that every cone in A is contained in
a maximal cone in A. U

As an immediate consequence of Theorem 11.1, we obtain the following local-
ization theorem for the equivariant higher Chow groups of smooth projective toric
varieties. This was earlier proven for CH7 (X, 0) by Brion [1997, Theorem 3.4].

Corollary 11.2. Let X = X (A) be a smooth projective toric variety and {x1, . .., X}
be the fixed point locus of X. Then the map

CH:(X; Q) — CHi(XT; Q) = (CH*(k; Q)[z1, ..., t,])"

is injective and its image is the set of all n-tuples (fi, ..., fy) such that f; = f;
(mod x ) whenever x; and x; lie on a T -invariant smooth irreducible curve on which
T acts through its character x.

Proof. This follows directly from Theorem 11.1 once we observe that the fixed points
of X for the torus action are same as the 7 -orbits corresponding to the maximal
cones in A that are n-dimensional. Moreover, the orbit closures corresponding to
the codimension one cones in A are the smooth 7 -invariant curves. (]

11a. Stanley—Reisner presentation. Using Theorem 11.1, we now give another
explicit presentation of the equivariant higher Chow groups of smooth toric varieties.
This presentation is analogous to the Stanley—Reisner presentation of the equivariant
cohomology in [Bifet et al. 1990, Theorem 8] and equivariant K -theory in [Vezzosi
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and Vistoli 2003, Theorem 6.1]. This presentation has the advantage that it can
often be used to describe the ordinary higher Chow groups of smooth toric varieties.

Let T be a split torus of rank n and let M denote the lattice of the one-parameter
subgroups of 7. Let X = X (A) be a smooth toric variety associated to a fan A in
Mpg. For r > 1, let A, denote the set of r-dimensional cones in A. For 0 € Apax,
let M, denote the sublattice of one-parameter subgroups of 7, so that T,=M S as
an abelian group. For any p € Ay, let v, denote the generator of the monoid p N M.
Note that if {p;, ..., ps} is the set of one-dimensional faces of o € A, then the
smoothness of X implies that {vp,, ..., v,} is a basis of M,. Let {v,,..., v, }
denote the dual basis of M.

We recall that for o € A, there is a canonical isomorphism of abelian groups
ﬁ, — S(Ty), given by x — c]T‘r (L,). For each p € Ay, we define an element

up = ug) € naeAmaxl'[ S(T,) such that

o {U;)/ if,OSG, (11_4)

u, = .
0 otherwise.

Then Up has El}e property that for all oy, 02 € Apax, the restrictions of ugl € 7"\01 and
ugz € T, in T, s, coincide.
We have the obvious inclusion

[l sac [] cHmesT) (11-5)
0 € Amax 0 € Amax
and using the description of CH} (X) in Theorem 11.1 and the description of u,
above, we can consider these u,, as elements of the ring CH}(X). In other words,
we get a bigraded CH* (k)-algebra homomorphism

CH*(k)[t,] - CH}(X), t, > up,

where CH*(k)[t,] is the polynomial algebra CH*(k)[z, | p € Aq].

If S is a subset of A that is not contained in any maximal cone of A, then for
any given o € Anax, there is one p € S such that p jé o. This implies in particular
that u7 = 0. We conclude from this that the elements u,, satisfy the relation

[Ju,=0 in CH}(X) (11-6)
peS
whenever § € A is such that it is not contained in any maximal cone of A. We
shall denote the collection of all such subsets of A; by A?. We conclude that
if In denotes the graded ideal of CH*(k)[#,] generated by the set of monomials
{TT,eso | S € Al}, then there is a CH* (k)-algebra homomorphism

CH*(b)[1,]

; — CH}(X), 1, u,. (11-7)
A

X
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Note also that any character x € MY defines multiplication by the element
ty = ZpeAl {(x,vp)t, in CH*(k)[t,], and this makes the term on the left hand side
of (11-7) an S-algebra and Wy is also an S-algebra homomorphism. Furthermore,
it is easy to check from the definition of u, that it is the fundamental class (see
[Edidin and Graham 1998, Section 2]) of the T -equivariant Chow cycle

[V, — X] € CHr(X, 0) C CH7.(X),
where V,; is the orbit closure in X associated to a cone o € A.

Theorem 11.3. For a smooth toric variety X = X (A) associated to a fan A in My,
the homomorphism Wy is an isomorphism with rational coefficients.

Proof. We prove the theorem by induction on the number of maximal cones in A.
Suppose Amax = {0} is a singleton set. In that case, o is the only maximal cone
and X = U, is a T-equivariant vector bundle over O, such that the inclusion

0, <% X

is the zero-section embedding. Hence, we conclude from (11-3) that there are
isomorphisms

CH7(X)= CH7(0,) = CH"(k) ® S(T,) = CH*(b)[11, . . ., ],

where s is the dimension of . It is also clear in this case that the ideal /o in (11-7)
is zero. Hence, we have isomorphisms

CH*(k)[t1, ..., t;] = CH}(X) = CH"(k) ® S(Ty).
Wy Dy

We consider now the general case. We assume that |Apyax| > 2 and choose a
maximal cone o of dimension s > 1 in A. Let X’ = X’(A’) be the toric variety
associated to the fan A’ = A\ {o'}. Note that O, is a closed T-orbit in X and X is
the complement of O, in X. Let U, C X be the principal open set associated to the
fan consisting of all faces of o and let U’ be the complement of O, in U,. Then U’
is nothing but the complement of the zero-section in the 7 -equivariant vector bundle
Us = O,. Letiy : Oy — X and j, : X’ < X denote the T -invariant closed and
open embeddings respectively. Let S, = {p1, ..., ps} be the set of one-dimensional
faces of o and set

s % K
Xo =jlj[1tpj € CH;—Z)U'O] and y, =jlj[1upj € CH7.(X).

Since No,/x = No, /Uy and since the latter is of the form @ j=1Ly;, where
{x1,..., xs} 1s a basis of T(,, it follows from the definition of the elements u, (see
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Proposition 9.4) that
¢y (No,/x) = ys € CH7(X). (11-8)

We consider the diagram

~

CH*(k)[tp,, - .., t5,] — CH3(O5)

N -

CHOU 9 o)~ [T co(h @ ST,

IA TE€Amax

CH* (k) ® S(T5)

Yo (11-9)

where the horizontal maps on the top are the obvious isomorphisms taking z,, to u ;.
The left and the right vertical maps are the multiplication by the indicated elements
in the target rings. We claim that all the vertical arrows are injective and the left
square in this diagram commutes.

To prove the claim, notice that the composite outer square clearly commutes by
the definition of x, and y, and the map Wx. Since @y is injective by Theorem 11.1,
we only need to show that the right square commutes and the right vertical arrow is
injective to prove the claim.

We first observe that the right vertical arrow is the multiplication by y, on the
factor CH* (k) ® S(T,,) and is zero on the other factors of [ ], . A CH*(k) @ S(Ty).
Thus the required injectivity is equivalent to showing that the multiplication by
Yo is injective in CH* (k) ® S(T,). We can thus assume that X = U, and then
CH}(X) = CH*(k)[11, . . ., t5]. In this case, y is just the element 7; - - - £, and hence
is a nonzero divisor in CH*(k)[t1, ..., ].

To show the commutativity of the right square, we observe from the proof of
Theorem 11.1 that @y is simply the product of the pull-back maps

iy :CH7(X) - CH;(0;) for t € Ama.

Hence the composite ®x 0 iy, is i} 0is, on the factor CH} (O, ) and zero on the

other factors of [, . A CH7}(0O;). Since we have just seen that the composite

CH;(0,) 2> [] CH;(0:)

TE€Amax

is of similar type, we are reduced to showing that the triangle

CH7(0o)

CH3 (X) — CH}(0,)
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commutes. But this follows immediately from Corollary 4.5 and (11-8). This proves
the claim.
To complete the proof of the theorem, we now consider the diagram

v CH'(K)[t,] Jj, CH*(k)[1,]
In (a, xo)

lw |o

0 — > CH}(0,) —— CH}(X) ——> CH}(X') —— 0,
! Jo

O %

0 —— CH*(k)[tp,, ..., 15,]

IR

_ (11-10)
where j 2 is the natural quotient map by the ideal (x,) in CH* (k)[#,]/1a. Note that

the image of the first map in the top row is the ideal (x,) because the product of x,
with any 7, for p & {p1, ..., ps} is zero.

The left square in this diagram commutes and the first maps in both the rows are
injective by the claim above. The bottom row is exact by Proposition 2.2. Since o
is not a cone of A’, the element x,, is zero in CH*(k)[t,, p € A’1]/Ia’ and hence
the map j o Wx has a factorization:

CH'(0)ltp] | CH (0t CH'B)ltp, p € A oy o, X
I (In, Xo) In e

where the middle arrow is the natural map of the Stanley—Reisner rings induced by
the inclusion of the fans A’ C A. Letting W x denote the composite

H* H* A /
CH (O)ltp]  CH (B)Itp, p € At] Wy CHE (X,
(Ua, x5) In

we see that the right square in the diagram (11-10) also commutes.

If all the cones of A are at most one-dimensional, then x, =1,, where p = o
and it is obvious that CH* (k)[#,]/(Ia, X, ) is the Stanley—Reisner ring associated
to the fan A’. If A has a cone of dimension at least two, we can assume that o is
of dimension at least two. In that case, we have A’; = A and the natural inclusion
A‘l) C A’(l) gives the equality A’(l) = A‘l) ] {Ss}. In particular, we have

CH*(k)[t,, p € A1] ~ CH*(k)[t,, p € A'1]
(Ia, xo) In '

On the other hand, A’ is a fan with smaller number of maximal cones than in A
and X’ = X'(A’). Hence the map

CH*(k)[t A /
( )[pvloe 1] \II—X)CH;(X/)

Iy
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is an isomorphism by induction. We conclude that the map Wy in the dia-
gram (11-10) is an isomorphism. A diagram chase in (11-10) now shows that
Wy is also an isomorphism. U

As an important application of Theorem 11.3, we obtain the following pre-
sentation of the ordinary higher Chow groups (motivic cohomology groups) of
smooth toric varieties. An explicit description of CH*(X, 0) for a smooth projective
toric variety X was given in [Fulton 1993, Proposition 5.2]. The following result
extends this to all smooth toric varieties, not necessarily projective. In fact, such a
description extends to all higher Chow groups of smooth projective toric varieties.
In particular, we obtain another proof of Corollary 7.3 with rational coefficients.
Recall that for every o € A, the orbit closure V, = O, in X is a T-invariant Weil
divisor and defines a unique element [V, ] € CH' (X, 0).

Corollary 11.4. Let X = X (A) be a smooth projective toric variety. Then the
assignment t, — [ V] defines a CH* (k; Q)-algebra isomorphism

= . CH'(k; Ql1,]
v (IA’ ZpeA] (Xv Up) Zp)

— CH*(X; @), (11-11)

where x runs over M.
If X is not necessarily projective, the map

Qlt,]
(IA’ ZpeAl (X’ v,o>tp)

is a ring isomorphism.

— CH*(X, 0; Q)

Proof. We have already seen before that every character x € M acts on CH* (k)[z,]
by multiplication with the element ) _ \ (X, v)) t, which makes the left hand side
of (11-11) an S-algebra. The corollary now follows directly from Theorem 11.3
and [Krishna 2009a, Theorem 1.3]. The second isomorphism follows in the same
way from Theorem 11.3 and [Brion 1997, Corollary 2.3]. ]

Corollary 11.5. Let X = X (A) be a smooth toric variety. Then there are canonical
ring isomorphisms

CH*(k; Q) ® CH7.(X, 0; Q@) = CH}(X; Q),

CH*(k; Q) @ CH*(X, 0; Q) = CH*(X; Q).
Proof. Tt follows from (11-7) that CH* (k) ® (Q[t,1/1n) = CH"(k)[t,]/Ia. The
first part of the corollary now follows directly from Theorem 11.3. The second part

follows from the first and [Krishna 2009a, Theorem 1.1], which says that there is a
convergent spectral sequence

Tor} (@, CH}.(X, q)) = CH*(X, p+¢). O
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Remark 11.6. All the results in this section about the (equivariant) higher Chow
groups of smooth toric varieties have been stated over the rationals. However,
an attentive reader can check that these results (and the proofs) for the subrings
CH7 (X, 0) and CH*(X, 0) hold true with the integral coefficients. The basic reason
is that CH7 (k, 0) and CH*(k, 0) are torsion-free abelian groups. But this is false
for the higher Chow groups of k.
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