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Structure of Hecke algebras
of modular forms modulo p

Shaunak V. Deo

Generalizing the recent results of Bellaiche and Khare for the level-1 case, we
study the structure of the local components of the shallow Hecke algebras (i.e.,
Hecke algebras without U,, and U, for all primes ¢ dividing the level N) acting
on the space of modular forms modulo p for I'g(N) and I'; (N). We relate them
to pseudodeformation rings and prove that in many cases, the local components
are regular complete local algebras of dimension 2.

1. Introduction

The p-adic Hecke algebra acting on modular forms of level N of all weights, which
is generated by the Hecke operators away from Np, has been well studied in the
past due to its connection with p-adic families of modular forms and deformation
rings of Galois representations (see [Emerton 2011] for the precise definition and
more details). One can similarly define a mod p Hecke algebra acting on modular
forms modulo p of level N (in the sense of Serre and Swinnerton-Dyer) of all
weights. The main aim of this paper is to study the structure of these Hecke algebras
acting on modular forms modulo p and their relation with suitable deformation
rings in characteristic p. These objects were previously studied by Jochnowitz
[1982], Khare [1998], Nicolas and Serre [2012a; 2012b], and Bellaiche and Khare
[2015]. In this article, we generalize, with minor changes, the results Bellaiche and
Khare [2015] proved for p > 5 and N = 1.

Before proceeding further, we fix some notation. In all of this paper, we fix
a prime number p > 3 and a positive integer N > 1 not divisible by p. We
shall denote by K a finite extension of Q,, by O the ring of integers of K, by
p the maximal ideal of O, by m the generator of p and by [ the finite residue
field of 0. We call Gg,n, the Galois group of a maximal algebraic extension
of Q unramified outside {£ s.t. £| Np}U {oo} over Q. For a prime ¢ not dividing
Np, we denote by Frob, € Gg, np a Frobenius element at g. We denote by ¢ a
complex conjugation in Gg n,. We write G, for Gal(Q,/Qy) for every prime

MSC2010: primary 11F80; secondary 11F25, 11F33.
Keywords: Modular forms modulo p, Hecke algebras, deformations of Galois representations.
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¢ dividing Np. There are natural maps i, : Gg, — Gaq,np, Well defined up to
conjugacy. For every prime ¢ dividing Np, we write I, for the inertia subgroup of
Gq,. For a representation p of G, np, we shall denote by Plce, the composition
of iy with p: this is a representation of Gq,, well defined up to an isomorphism.
We denote by w, : Gg,np — F* the cyclotomic character modulo p.

We will now define the Hecke algebra that we want to study and the space of
modular forms on which it acts. For the rest of the introduction, I" means either
['1(N) or I'g(N) and I'(M) means either I'j (M) or ['g(M) accordingly. Following
[Bellaiche and Khare 2015] (henceforth abbreviated as [BK]), we shall denote
by Skr (O) the module of cuspidal modular forms of weight k£ for I' with Fourier
coefficients in O. We see it as a submodule of O[¢] by the g-expansion. We
denote by SL <1 (O) the submodule Zi:k SF(O) of O[lq]l. Note that this sum is
direct (see [BK, Section 1.2]). We denote by S<k([F) the image of ST <1 (O) under the
reduction map O[lg]] — Fllg]l, which reduces each coefficient of a power series in
Ollg1 modulo p. Thus, ST, (F) = Y"i= ST (F), where S (F) is the space of cuspidal
modular forms of weight i for I" over [ in the sense of Serre and Swinnerton-Dyer,
i.e., it is the image of S (©) under the reduction map considered above. The map
SE,( (©)/pSE <+ (0) —> ST <« (F) is surjective but not an isomorphism in general. Let

sTo) = U SL(©) and S"(F) = U ST ().
k=0

All the modules considered above have a natural action of the Hecke operators T,
for (n, Np) = 1. We denote by TF the O-subalgebra of Endp (ST k(O)) generated
by the 7,,’s with (n, Np) = 1. We denote by AF the F-subalgebra of Endr(SL < (F))
generated by the 7,,’s with (n, Np) = 1. From the relations between the Hecke
operators, we see that T}: or A,l: is generated by the Hecke operators T, and S, for
primes g not dividing Np (see [BK, Section 1.2] for more details). Here, S, is the
operator acting on forms of weight k as the multiplication by (g)g*~2, where (g) is
the diamond operator corresponding to q.

We have a natural morphism of F-algebras TT,E /pTT,E — A,l;, which is surjective,
but in general not an isomorphism. We set

T'=1imT; and A" =limAj.

Thus, the Hecke algebras T' and AT act on ST(©) and ST(F), respectively. We
obtain a surjective map T /pTl — A" from the surjective maps considered above.
We call A" the Hecke algebra modulo p of level I" and this is the central object of
our study.

The rings T' and A" are complete and semilocal. Actually, if F is large enough,
then, by the existence of Galois representations attached to eigenforms and by the
Deligne—Serre lifting lemma, the maximal ideals, and hence the local components of
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both T' and A", are in bijection with the set of isomorphism classes of I'-modular
Galois representations o : Gg, np — GL2(F) (see [BK, Section 1.2] for more details).
Here and below, I"-modular means that p is the semisimplified reduction of a stable
lattice for the Galois representation p : Gg, np — GL2(K) attached by Deligne to
an eigenform in ST(O). Observe that, since 0 is odd, if p is irreducible, then it
is absolutely irreducible. We define Tg and Ag to be the local components of T
and A" corresponding to a I-modular representation 5. These rings are complete
local rings. The surjective map T' /pT! — Al sends Tg /pTg onto Ag. As AT
(resp. T') is semilocal and an inverse limit of artinian rings, A" (resp. T") splits
into the product of its local components. Thus, it is enough to study the structure
of each local component to understand the structure of A", once we determine the
number of its local components.

The advantage of working with the local components is that one can relate
them to suitable deformation rings. By gluing pseudorepresentations attached to
modular eigenforms of level I" lifting the system of eigenvalues corresponding to
a I'-modular representation p, one gets a pseudorepresentation of Gg, n), taking
values in Ag and deforming (tr p, det p). Let Iég be the universal deformation ring
with constant determinant of the pseudorepresentation (tr p, det p) in the category of
local, profinite F-algebras with residue field F. The pseudorepresentation obtained
above induces a local, surjective morphism 152 — Ag when either I' = Tlo(N )
or pt¢(N) and I' = T'j(N). Otherwise, it induces a local, surjective map Rg —
(Ag'(N )yred See Section 2 for more details.

We define a I'-modular representation p to be unobstructed if the tangent space
of R% has dimension 2. If p is irreducible and p{¢ (N), then p is unobstructed in
our sense if and only if it is unobstructed in the sense of Mazur [1989, Section 1.6].
But our notion is weaker than Mazur’s notion if p|¢(N). See Section 10, where
the notion of unobstructedness is studied in detail.

We prove the following rgsults concerning the Hecke algebra Ag and its relation
with the deformation ring Rg:

Theorem 1. Let ' = I'{(N) or T'o(N). If p is a I'-modular representation, then
both Rg and Ag have Krull dimension at least 2.

Theorem 2. Suppose either T = I'o((N) or p{¢p(N) and ' =T ((N). If p is a
['-modular representation which is unobstructed, then the morphism Iig — Ag
is an isomorphism, and Ag is isomorphic to a power series ring in two variables
Fllx, 1. If pl¢(N) and p is an unobstructed I"{(N)-modular representation, then
the morphism 152 — (Agl(N nred is an isomorphism, and (Ag‘(N nred i isomorphic
to a power series ring in two variables F x, y].

In the last section, we shall give some conditions under which a I'j(N)-modular
representation p is unobstructed and the corresponding local component Agl(N )
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is not reduced: see Proposition 27 and Proposition 28. We shall also give some
examples of nonreduced Hecke algebras: see the remarks and discussion after
Proposition 28.

Remark. (1) Our approach to prove Theorem 1 and Theorem 2 does not depend
on whether p is irreducible or not. This is mainly because the results that we
use from deformation theory of Galois representations are available for both
reducible and irreducible p’s. So, the proof does not become simpler when o
is irreducible.

(2) Note that from Theorem 2, it follows that if p is a I'g(N )-modular representation
which is unobstructed and if pt¢(N), then the natural restriction morphism
ATV — AToN) is an isomorphism. In fact, if p{¢(N), then this happens
for any ['g(N)-modular representation p. Indeed, fixing such a p, we see
that the corresponding system of eigenvalues for the diamond operators is
trivial. As p{¢(N), by Hensel’s lemma, any system of eigenvalues lifting p
is trivial for the diamond operators. Hence, the diamond operators act trivially
on ST (0) ;. Therefore, SV (0); = SN (0);. So, TH'™) and T
are isomorphic. Thus, AEI(N ) and AgO(N ) are isomorphic for all the I'g(NV)-
modular representations p if p does not divide ¢ (N). However, this argument
breaks down if p divides ¢ (N).

Theorem 3. Assume that p is a I'{(N)-modular representation coming from a
newform of level N and is absolutely irreducible after restriction to the Galois
group of Q(¢p). If £]IN, pl1e? —1 and PlGq, is unramified, then assume 22| N.
If¢|N, pl€—1,and PlGg, is reducible, ramified and not a sum of two ramified
characters, then assume that the highest power of € dividing N is greater than the
highest power of £ dividing the Artin conductor of p. If plGq, is reducible, assume,
in addition, that ,0|G@ is not isomorphic to x ®( ) norto x ® (0 J ) where x is
any character Gg, — F*. Then AFl(N) has Krull dimension 2. Moreover (Ro)red
is isomorphic to (AF‘(N))recl

Similarly, if p is a I'o(N)-modular representation satisfying the hypotheses as
above, then AFO(N ) has Krull dimension 2. Moreover, if p does not divide ¢ (N),
then (RO)red is lsomorphlc to (Ar"(N))red

These results are generalizations of Theorem III, Theorem I and Theorem II
of [BK], respectively. Note that, it is possible to have mod p deformation rings
with constant determinant which are nonreduced, but we do not know of any such
examples.

Remark. If pt N, then we know that the module of mod p modular forms for
I'{(N) is the same as the module of mod p modular forms for I';{ (Np€¢) fore > 1
(see the remark after Corollary 1.3.6 on page 23 of [Gouvéa 1988] for more details).
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Hence, the corresponding mod p Hecke algebras are also the same. So, even though
we are assuming that p{ N, all the theorems that we prove for mod p Hecke algebras
for I'1(N) above will still be true without this assumption on N.

Note that, Theorem 2 easily follows from Theorem 1 and the definition of
unobstructed.

The idea of the proof of Theorem 1 is similar to the idea used in proving
Theorem III in [BK]. So, we try to find a relation between the characteristic-0
Hecke algebra Tg with the characteristic-p Hecke algebra Ag. However, there are
some difficulties, such as ST(O) ®¢ F not being isomorphic to ST(F), in comparing
them directly. To overcome this problem, like Bellaiche and Khare [2015], we
also work with the divided congruence modules of Katz. Using the results of
Katz and the methods of [BK], we get the relation between characteristic-0 and
characteristic- p full Hecke algebras, i.e., the relation between the characteristic-0
and characteristic-p Hecke algebras generated by the Hecke operators T, ¢S, for
primes g not dividing Np, U, for primes ¢ dividing N and U,.

Now, we need to analyze how the addition of the U, and U, operators changes
our Hecke algebras in characteristic 0 and p. We can control the change caused by
the U, operator in a similar way to that done in the level-1 case in [BK]. This allows
us to get a relation between Hecke algebras in characteristic O and p generated by
Hecke operators away from p. Note that, the proof for the N = 1 case finishes
at this step. However, for N > 1, we still need to study the effect of adding the
extra operators U, for primes £ dividing N to our original Hecke algebras. This
differentiates the case of N > 1 from N = 1. In this direction, we prove that in
characteristic 0, if p is new, i.e., if p is not I'(N’)-modular for any proper divisor
N’ of N, then the operator U, acting on ST(0); is integral over Tg for every
prime ¢ dividing N. This gives us the finiteness of the U,’s over the mod p Hecke
algebra automatically for a new p and, along with the Gouvéa—Mazur infinite fern
argument, leads us to Theorem 1 in those cases. Finally, we prove that if p is
also a I'(M)-modular representation for some M dividing N, then the natural map
Ag — Ag(M ) is surjective using the pseudorepresentation attached to it and the
Chebotarev density theorem. Theorem 1 in the case where p is new, along with the
surjectivity established above, leads us to Theorem 1 for all the local components
of the mod p Hecke algebra. We would like to point out that, in contrast with [BK],
our method does not give the precise kernel of the map Tg — Ag in all the cases
while proving Theorem 1. However, in many cases, we can find the kernel up to
some nilpotence.

To prove Theorem 3, we need to use a result of Bockle and flatness of Tg’(N )
over the Iwasawa algebra O[[T'] which is proved in the same way as in [BK]. This,
along with Theorem 1, would imply the first part of Theorem 3. We prove, using
techniques and results similar to the ones sketched in the previous paragraph, that
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the map T'™)/(p, T) — AJ'™ has nilpotent kernel if £ satisfies the hypotheses
of Theorem 3. We use it, along with the results of Bockle, to conclude the second
part of Theorem 3 for the I'j (V) case. The theorem for the I'g(N) case then follows
easily from the theorem for the I';(N) case.

Finally, we would like to remark on a possible generalization of these results
to the case of Hilbert modular forms. A well behaved theory for mod p Hilbert
modular forms with arbitrary weights, which includes a lot of tools and facts for
mod p modular forms that we use, is available (see the works of Andreatta and
Goren [2005] for more details). Moreover, an analogue of the Gouvéa—Mazur
infinite fern argument is also true for certain local components of the p-adic Hecke
algebra acting on the space of Hilbert modular forms due to work of Chenevier
[2011, Theorem 5.9]. However, contrary to the case of modular forms, the theory
of divided congruence modules of Katz, and properties of Hecke operators acting
on them, is not known for Hilbert modular forms. We expect results similar to
what we have proved above to hold for Hilbert modular forms once we know the
theory of divided congruence modules of Hilbert modular forms and the infinite
fern argument for all the local components. The results will depend on the space of
mod p Hilbert modular forms we consider. For instance, we expect the lower bound
on the Krull dimension of the mod p Hecke algebra for Hilbert modular forms of
parallel weights to be 2, while the corresponding lower bound for the mod p Hecke
algebra for Hilbert modular forms of arbitrary weights to be 2n, where n is the
degree of extension of the totally real field over Q.

2. Deformation rings and Hecke algebras

The goal of this section is to relate mod p Hecke algebras with appropriate defor-
mation rings.

Using [Bellaiche 2012b, Step 1 of the proof of Theorem 1], which is essentially an
argument of gluing pseudorepresentations attached to modular eigenforms of a fixed
level and all weights, we get the following lemma (see also [BK, Proposition 2]):

Lemma 4. Let " be either I'o(N) or I'1{(N). For a I'-modular representation p,
there exists a unique continuous pseudorepresentation

", 8"): Ganp — Th

such that t"(¢) =0, tr(Frobq) =T, and SF(Frobq) = qS, for all the primes q not
dividing Np. We have

- (modmyr) =trp  and st (mod myr) = det f.

By composing (t', 1) with the natural morphism Tplj — Ag, we get a pseudorep-
resentation (t*, 87) : Ga,np — Ag lifting (tr p, det p).
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A deformation (¢, d) of a pseudorepresentation (7, d) is called a deformation
with constant determinant if d =d.

Lemma 5. If [ =Tg(N) orif pt¢(N) and T’ =T |(N), then for a T'-modular rep-
resentation p, (t', 8 Y is a deformation of (tr p, det p) with constant determinant.

Proof. Let g be a prime not dividing Np. Note that, in the ['o(N) case, S, acts as
multiplication by g2 on a weight k modular form with Fourier coefficients in O.
If two modular forms of level N are congruent modulo p, then their weights are
congruent modulo p — 1. So, §, acts like a constant on STV () 5 for every p.
Since § 1“(Frobq) = qu~ and the set of Frob, for primes g not dividing Np is dense
in Gg,np, We get that § I is constant and we are done in the I'o(N) case.

Applying the same reasoning to the I'{(V) case, we get that, for every prime ¢
not dividing Np, S, acts like ¢, (g) on ST'™)(F) 5, where ¢, is an invertible constant.
Since S, € AJ'™), it follows that (g) € AJ'™ for every prime ¢ not dividing Np. If
p does not divide ¢ (N), then the order of every diamond operator (g) is coprime to p.
We have chosen [ to be large enough so that it contains all the mod p system of eigen-
values. Thus, by Hensel’s lemma, (g), and hence S,, will be constant in AFI(N ) for
every 5 and every prime ¢ not dividing Np. Therefore, 8" is constant in the I'i(N)
case if p does not divide ¢ (IV), by the same argument as in the I'g(V) case. U

If p|¢(N), then the determinant 8" may not be constant. See Section 10 for
more details. If the order of (¢) is p¢, then ({(g) — 1)?" =0 in Ag'(N). Therefore, in
(Ag'(N Nred we have (¢) = 1 for all such (g). Thus, from the proof of the lemma
above, it follows that if p|¢(N), then the determinant

(SFl(N))red . G@,Np _ ((Agl(N))red)*
is constant.

Let R; be the universal deformation ring of the pseudorepresentation (tr p, det p)
in the category of local profinite O-algebras with residue field F, Rp be the corre-
sponding universal deformation ring mod p and Iég be the corresponding universal
deformation ring mod p with constant determinant (see [Chenevier 2014; BK,
Section 1.4] for more details regarding the existence and properties of these rings).
For a I'-modular representation p, the pseudorepresentation (z!, §'') defines a local
morphism R; — TF which is the identity, modulo their maximal ideals. Similarly,
we get a 10cal morphlsm R — AF From the previous paragraphs, we see that the
morphism R — AF factors through R ifT=Ty(N)orif pf¢p(N)and ' =T (N).
However, thlS is not true in general. But from the above discussion, we see that for
a I'{(V)-modular representation p, the map ﬁp — (Ag’(N red factors through Rg.
All the morphisms considered above are surjective. Indeed, for a prime g not divid-
ing Np, the images of the trace and the determinant, coming from the universal pseu-
dorepresentation of Frob,, under the morphisms above are T, and ¢ S, respectively.
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3. Relation between the full Hecke algebras in characteristic 0 and p

The goal of this section is to obtain a relation, similar to [BK, Proposition 16],
between the full Hecke algebras, but for both the cases, I'{ (V) and T'o(N). We follow
the approach of [BK]. We briefly recall, without proofs, some important results of
the theory of divided congruences of Katz needed for our purpose. Then, we state
some results about the comparisons of various Hecke algebras; these are similar to
the results given in Sections 3—6 of [BK], and since their proofs are more or less the
same, we do not give them in full detail here. Instead, we mostly refer readers to the
proofs of corresponding results in [BK] and provide some additional details when
required. In this section, we follow the notation of [BK] for the divided congruence
modules and the Hecke algebras along with an additional index representing the
level. For instance, D"'™)(©) will represent the divided congruence module of
cuspidal forms for I'j (V) over O. These modules and the Hecke algebras acting on
them are defined in exactly the same way as their level-1 counterparts in [BK] after
making appropriate level changes. The main references for this section are [Katz
1975; Hida 1986; BK]. Throughout this section, I" means either I'{(N) or T'o(N).

3.1. The divided congruence modules of Katz. In this and the following subsec-
tion, we quickly list all the results that are needed from the theory of divided
congruence modules. These results are the level-N counterparts of the results that
appear in [BK].

We now define the divided congruence modules of Katz. Let SL,(K) be the
subspace of K[[¢g] given by Zzg Sl.r(K ), where SZ.F(K ) is the space of cusp forms
of weight i and level I" with Fourier coefficients in K, which is identified as a
subspace of K[[¢]l via g-expansions. Let DL, (O) be the O-submodule of O[l¢]]
given by the intersection of ST «(K) with (’)[[4_1]]. These modules are called divided
congruence modules because they capture congruences between cusp forms of
different weights (see Remark 3 of Section 2 of [BK] for more details). We define

ng([F) as the image of ng (O) under the reduction map O[[g]] — Fllg]. Let
o o0
D"(0)=|_JDL(0) and D'(F)=| ] DL, (.
k=0 k=0

We call D'(0) the divided congruence module of cuspidal forms of level I' and
DY (F) the divided congruence module of cuspidal forms modulo p of level I'. See
Section 2 of [BK] for more details.

Lemma 6. The natural map ng O)R®oF— ng([F) is an isomorphism.

Proof. If f € Dg «(O) lies in the kernel of the natural surjective map

DL, (0) — DL, (P),
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then f/m lies in both S¥ <« (K) and O[[¢]. Hence, it lies in ng(O) which implies
the lemma. See the proof of Lemma 5 of [BK]. O

We now recall, without proof, two theorems of Katz which relate the divided
congruence module of cuspidal forms mod p of level I with the space of mod p
cuspforms of level I":

Proposition 7 [Katz 1975, Corollary 1.7]. (1) There exists a unique action of
7% x (Z/NZ)* on D""M)(0), denoted by ((x, y), f) = (x,y).f, such that
for (x,y) € Z% x (Z/NZ)*, and f € ;'™ (0) c D"'™M(0),

(x,y).f =x* () f.

(2) There exists a unique action of Z, on Do )(O) denoted by (x, f) — x.f
such that for x € 7%, and f € S}'N)(0) c DM (0),

x.f=xFf.

Theorem 8 [Katz 1975, Section 4]. The space S'(F) is the space of invariants of
1+ pZ, acting on DI(F).

See also [Hida 1986, Theorem 1.1].
The two results of Katz recalled in this subsection are proved only for p > 3.
We do not know whether they also hold for p =2, 3.

3.2. Hecke operators on the divided congruence modules. On D'(©) we can
define the Hecke operators 7, and S, for primes ¢ not dividing Np, and Uy, for
primes £ dividing N. Their action on the g-expansions is given in the same way
as it is given on the g-expansions of the classical modular forms. See the proof of
Corollary-and-Definition 7 of [BK] and [Hida 1986, page 243] for more details.

Now we introduce partially full Hecke algebras which are generated by the U,’s
for every prime £ dividing N along with the 7,’s for (n, Np) = 1. We denote these
Hecke algebras by supplementing the index with pf. Thus, T P! is the O-subalgebra
of Endp (ST k((’))) generated by the 7,,’s with (n, Np) = 1 and U,’s with prime £
dividing N, while AF Pfis the [F- subalgebra of Endg (St k([F)) generated by the 7,’s
with (n, Np) =1 and U,’s with prime £ dividing N. We can consider the projective
limits

ThPf = = lim TP, AlP = =lim ApPE

Lemma9. (1) The subalgebra of Endp(DE <1(0)) generated by the Hecke oper-
ators T;, Sy for primes q not dividing Np and U, for primes £ dividing N is
naturally isomorphic to TF pf,

(2) The subalgebra of Endp (DL k(O)) generated by the Hecke operators Ty, S,
for primes q not dividing Np is naturally isomorphic to Tk
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Proof. Both parts of the lemma follow from the observations that SL, (0) is a
cotorsion submodule of ng (O) and that the action of Hecke operators on DL «(O)
extends their action on .S_‘<Fk((9). Indeed, as SEk(O) is a cotorsion submodule
of DE,{((’)), if fe Dzk(O)_, then 7" f € Szk(O)_for some n which implies that a
Hecke operator Vanis_hing on S gk (@) also vanishes on DE «(O). See the proof of

Lemma 8 of [BK] for more details. O

Lemma 10. (1) The homomorphism ¢ : 7% — Endo(D"'"N)(0)), defined by
d(x)f = (x,1).f for f € DM'""N(O), takes values in the subalgebra T'1™)
and hence, in TV N)-pf,

(2) The homomorphism ¢ : 7% — Bndo (D" (0)), defined by ¢ (x) f = x. f for
f € DY), takes values in the subalgebra T"™) and hence, in TToNV)-PL,

Proof. The proof of part (1) is almost the same as the proof of Lemma 9 of [BK].
We only need to change the last step of the proof slightly, so we sketch it briefly here.
Following the same proof, we see that T'! (M) is a closed subset of Endop (D7) (0))
under the weak topology, and the map ¢ : Z% — Endo (DY )(0)) is continuous
for the weak topology. For a prime ¢ which does not divide Np and is 1 (mod N),
one has ¢ (q) = g%, € T"'™) since (g) is the trivial operator as g is I (mod N). If
X € Z’;, there exists, by the Chinese remainder theorem and Dirichlet’s theorem on
primes in arithmetic progressions, a sequence of primes ¢,, (different from primes
dividing Np) that are 1 (mod N), that converges to x p-adically. Hence, ¢(g,)
converges to ¢ (x) in Endo (D" (0)). Therefore, ¢ (x) € T''W). The proof of
part (2) is the same as the proof of Lemma 9 of [BK]. U

Let A be the Iwasawa algebra O[[1+ pZ,]|. By choosing a topological generator
of 1+pZ,, say 1+ p, one gets an isomorphism A >~ O[T]]. Under this isomorphism,
the maximal ideal m, of A gets mapped to (7, T). We get a morphism y : A — T
of O-algebras from the group homomorphism ¢ : 1 + pZ, — (TY)*. Using the
morphism 1/, we can consider T! as a A-algebra.

3.3. Divided congruence modules of level T'y(Np) and T'{(Np). In this subsec-
tion, we consider the divided congruence modules of cuspidal forms for levels
[o(Np) and I'{ (Np). They are defined in the same way as in the level-N case after
just changing the level. For the rest of this section, I still means I'g(V) or I'{(N)
and I"'(p) means either I'g(Np) or I'{ (Np) accordingly.

Proposition 11. The closures of D' (O) and D"P)(O) in O[lq]] provided with the
topology of uniform convergence, are equal.

Proof. See [Gouvéa 1988, Proposition 1.3.9] and Section 1 of [Hida 1986]. U

Corollary 12. There is an isomorphism preserving q-expansions of

D"P(0) @ F ~ DI'(F).
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Corollary 13. The algebras TV PP and TUP' are naturally isomorphic, as are
also the algebras T' P and TT.

Proof. The natural restriction maps between the Hecke algebras of level Np and
N are isomorphisms because their action is continuous and the modules on which
they act have the same closure. See the proof of Corollary 13 of [BK] for more
details. (]

3.4. Full Hecke algebras. In this subsection, we consider full Hecke algebras,
i.e., the Hecke algebras generated by all the operators 7, S, for primes g with
(g, Np) = 1, U, for primes ¢ dividing N and U,. So, T @l pAlfull apqg
A};*f‘ﬂl are the Hecke algebras generated by the Hecke operators 75, S, for primes g
with (g, Np) =1, U, for primes ¢ dividing N and U, acting on Dg,gl’)((’)), ng([F)
and ST, (F), respectively. We denote by TT (-l p AT full and AT.full the full Hecke
algeb;as acting on D' P (0), D'(F) and ST(F), respectively, which are obtained by
taking the inverse limits over the weights k of appropriate Hecke algebras, as before.

Proposition 14 (perfect duality). The pairings
Ty P pEP 0y > 0, DA™ x DL (F) - F, A™ x SL(F) > F,

given by (t, ) — a,(tf), are perfect.

Proof. This is well known but we recall the proof here. Suppose f € DLP)(0O)
is such that a;(tf) = 0 for all ¢ € T,ls(l’)*fun. This means a| (T, ) = an(_f) =0
for all n coprime to Np, a1 (U, f) = a;(f) = 0 for all primes £ dividing N and
ar (U, f) = a,(f) =0. Thus, we have a,(f) = 0 for all n which implies f = 0.
Now, suppose t € T}:(”)’f““ is such that a;(zf) = O for all f € DE,((I’)(O). This
means a|(s(tf))=a(t(sf))=0forall s € T};(”)’f‘lu. Thus, from the_previous part,
we getthat7f =0 for all f € DSF,E”) (O) which means ¢t = 0. The proof for other

cases goes in the exact same way. (I

Corollary 15. The map T};(P)’fun — DA,E’full induces an isomorphism
Ty Pl @o F = DAL
Hence, we get an isomorphism TX (Pl @ F ~ p AT full,

Proof. By the perfect duality above and Lemma 6, we see that the rank of the
torsion-free O-module T} VTl and the dimension of DA}-™! as an F-vector space
are the same, which implies the result. See the proof of Corollary 15 of [BK] for
more details. |

The composition A — TT-Pf— TT(-full defines a A-algebra structure on TT (P full,

Proposition 16. TrPLfll gy TRl ATl
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Proof. The proposition follows from Theorem 8 (a theorem of Katz that we recalled
in Section 3.1), the perfect duality and its corollary above. See the proof of
Proposition 16 of [BK] for more details. O

4. Relation between the components of Partial and Full Hecke algebras

Throughout this section I' means either I'{(N) or I'o(N) and I'(p) means either
"1 (Np) or I'g(Np) accordingly. Recall that we have a direct product decomposition

=1 Tg and a direct sum decomposition ST(0) =D ST(O) 5, where the product
and sum are taken over all the I'-modular representations. Note that, ST(0) 5 18
the intersection of the subspace of S* (@p) generated by the eigenforms lifting the
system of eigenvalues corresponding to p with ST(©). The decompositions above
are such that T} is also the largest quotient of T" which acts faithfully on S'(0),.
Let T, be the largest quotient of T"Pf which acts faithfully on ST(0);. Define
Ag'Pf in a similar way.

Note that, since D' () contains ST(O) as a cotorsion submodule, we have a direct
sum decomposition DY(0) = P DY) 5 similar to that of S T'(©). Moreover, Tg’pf
and Tplj are the largest of quotients of T'Pf and T' respectively, acting faithfully
on DT(0);.

By aresult of Serre and Tate (see [Jochnowitz 1982, Lemma 4.4]), the subalgebras
of TF»-full and ATl generated by the Hecke operators 7, S, for primes ¢ not
dividing Np and U, are semilocal and the local components of both of them
are in bijection with the set of F-valued systems of eigenvalues of the Hecke
operators T, S, for primes ¢ not dividing Np and U, appearing in ST(F). Hence,
they are in bijection with the pairs (o, A), where p: Gg, np — GL(F) is a I'-modular
representation attached to some eigenform f € ST(F) and A is the eigenvalue of U,
on f (see [Jochnowitz 1982]).

So, we get a direct sum decomposition DI (©) = b DI»(©) 5, similar to
that of ST(©) seen above. Now, let us define Tr(p 1 46 be the largest quotient of
TrP-fl aeting faithfully on DTP)(0) ;5 and AF full to be the largest quotient of
AT acting faithfully on ST(F); Bh-

We get, using the Chinese remainder theorem and the definitions above, the
product decompositions TTP)full = T TF(” 0l Cand TRPE = [ TEP. Similarly,
we get product decompositions of A funt, and AF Pt Here, the products are finite
products as the pairs (o, A) are finitely many.

Proposition 17. (1) For a I'-modular representation p, one has a natural isomor-
phism ofAr PLalgebras AF pf[[U 7=~ AF fu“_

(2) For a I'-modular representation p, one has a natural isomorphism of Tg’pf-
algebras Tg’pf[[Up]] ~ Tg(é’)’fun.
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Proof. The first part of this proposition is proved by Jochnowitz [1982, Theorem 6.3].
The proof of the second part of the proposition is the same as that of Proposition 17
of [BK], where they adapt the proof of Jochnowitz in characteristic 0, which relies
on the interplay between the operators U, and V. Here, V is the operator which
sends Y a,q" to Y a,qP". The same argument works here. O

5. Finiteness of Tg’Pf over TE for new p

Throughout this section, I" means either I'{(V) or I'o(N) and I'(M) means either
['1(M) or I'g(M) accordingly. Let us call a I'-modular representation p new if it is
not I'(M)-modular for any proper divisor M of N. Thus, the system of eigenvalues
of the Hecke operators corresponding to p does not have a nontrivial eigenspace in
STM)(F) for any proper divisor M of N. Let S} ""*¥(Q,) be the O-submodule of
S,f (@p) consisting of new modular forms of weight k and level I'. Let

k 00

Sg}(new(@p) — Z Sil",new(QTp) and SF,neW(@p) — U Sg,kneW(@p).
i=0 k=0

The following lemma follows directly from the discussion above and the description

of ST(0); given in the previous section:

Lemma 18. If p is a new T'-modular representation, then S*(0)j is an O-submodule
of SV(Q)).
Now we recall a well-known result regarding the Galois representations attached

to level-N newforms:

Lemma 19 [Emerton et al. 2006, Lemma 2.6.1]. Let f be a classical newform of
tame level N over (I;_Dp. Let py be the p-adic Galois representation attached to f
and let V; denote its underlying space. Let £ be a prime dividing N and let ay(f)
be the Uy eigenvalue of f. Let (Vy)j, be the vector space of I, coinvariants of Vy.
Then the following are equivalent:

(1) ae(f) is a nonunit,
(2) ae(f) =0,
(3) Vo), =0.

If these equivalent conditions do not hold, then we have that (Vy)j, is one
dimensional and a,(f) is equal to the eigenvalue of Froby acting on this line.

Proposition 20. If p is a new I'-modular representation, then Tg’Pf is finite over Tg.
More precisely, Uy ( for every £|N) is integral over Tg of degree at most 2. If one
of the following condition holds:

(1) T' =To(N) and there does not exist a prime £ such that || N and p|€+ 1.
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(2) T =T'\(N) and if there exists a prime £ such that p|€*> — 1 and £||N, then
pl€+1anddetp(ly) # 1.

Ipf _ T
then Tﬁ Pt — Tﬁ.
Proof. Let I' =T'o(N). Since p is new, we know, from Lemma 18, that
S'0); € STV (@)).

Now, T5P' is the largest quotient of T'-Pf which acts faithfully on ST(0);. Let £
be a prime dividing N. By Theorem 5 of [Atkin and Lehner 1970], if £2 divides N,
then U, acts like 0 on SkF’“eW(@p) and if £ || N, then Ug2 acts like €52 on SkF’“ew(@p).
Hence, if ¢> divides N, then Uy acts like 0 on ST(0); and if £ N, then U? acts
like £72¢ (£) on ST(O) 5> where ¢ : Z; — Tg is the map considered in Lemma 10.
Thus, if £*| N, then Uy =0, and if £|| N, then U7 — £%¢(£) =0 in T}-P".

Suppose £|| N and let f be a newform of level I'g(N) lifting the system of
eigenvalues corresponding to p. Let 7y be the £-component of the automorphic
representation corresponding to f and py be the p-adic Galois representation
attached to f. As £2{ N, my is either principal series or special (see [Carayol 1989,
Section 1.2]). So, it follows from the local Langlands correspondence, that PflGa,
is either a direct sum of two characters or a nontrivial extension of a character by
its cyclotomic twist (see Sections 3 and 5 of [Weston 2004]). As f is a newform of
level I', the Artin conductor of py is N (the level of f). Since £|| N, the exponent
of ¢ appearing in the Artin conductor of pr is exactly 1 which means (pf)", the
subspace of py on which I, acts trivially, is one dimensional. So, if ps[ge, is a
direct sum of two characters, then one of them is unramified and the other is tamely
ramified. Otherwise, pr|G,, 18 a nontrivial extension of an unramified character
by its cyclotomic twist. As f is a modular form of level I'o(N), its nebentypus is
trivial, which means det py(I;) = 1. This implies that p¢ |G@z is not a direct sum of
two characters and hence, 'OflG@z ~ (egx ; ), where * is nonzero and ramified, x is
an unramified character and €, is the p-adic cyclotomic character of Gg,.

As ay(f), the U, eigenvalue of f, is nonzero, by Lemma 19 above, it is the
eigenvalue of Froby acting on (pr)j,. Thus, a,(f) = x (Froby). Let x be a lift of
Frob, in Gg,. Note that

tr(pf oie(x)) = €px (Froby) + x (Frobe) = (€ + 1) x (Frobe) = (€ + Dae(f),

which means a,(f) = tr(ps o i¢(x))/(¢ + 1). Suppose p{¢+ 1, which implies
that £ + 1 is a unit in Trg. Then on every newform f of level I lifting p, the
action of U, coincides with the action of (z! o i) (x) /(€ + 1), which lies in Tg
as £+ 1 is a unit in Tg. As p is new, every eigenform of level I lifting o is a
newform. This implies that U, — (t" 0i¢)(x)/(£ 4+ 1) acts like O on SF(O)ﬁ and
hence, Uy = (t" 0ig)(x)/(£+1) in TP, Therefore, Uy € T}, if £[| N and pf€+1.
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Note that, Tg’pf is generated by the Hecke operators U, over Tg. So, by com-
bining the discussion of the last two paragraphs, we get that Tg’Pf = Tg if there
does not exist a prime £ such that £|| N and p|€ + 1. Otherwise, we have U, € Tg
if either ¢£2| N or ptl+1and Ue2 —¢72¢(¢) =0 if £|| N. Therefore, we conclude
that Tg’pf is a finite extension of Tg.

Let I' =I"{(N). There is a continuous pseudorepresentation

", 8"): Ganp — TF

such that rF(Frobq) =T,46 1“(Frobq) = g, for primes g not dividing Np. Hence,
we get a continuous pseudorepresentation (¢, d) : Go,np — Tgpf since Tg C Tg’pf.
For every prime ¢ dividing N, let us choose an element g, of Gg, which gets
mapped to Frob, under the quotient map Gg, — Ggq,/I;. We have already fixed a
natural map iy : Gg, — Gq,np. Hence, we get a pseudorepresentation

(toig,doiy): Gg, = ‘|]'/1;1(N),pf'
Now, consider the characteristic polynomial Qg (x) of g¢ which is defined by

Qu(x) = x* — (toip)(ge)x + (d 0ig)(ge).

Let f be a newform of level N lifting the system of eigenvalues corresponding
to p. Denote by pr the p-adic Galois representation attached to f and by a,(f)
its U, eigenvalue. By Lemma 19, if a,(f) = 0, then U, kills f. If a,(f) # 0,
then a,(f) is the root of the characteristic polynomial Py(x) of ps ois(g¢). But
Q¢(Up) f = Prae(f)) f = 0. Thus, in this case, Q¢(Uy) kills f. We will now
determine if it is possible to have two newforms f and g of level N lifting p
such that a,(f) # 0 but a,(g) = 0 or equivalently (by Lemma 19), (oy),, is one
dimensional but (p,);, = 0.

Let f be a newform of level I" lifting o as above and 7y be the £-component of
the automorphic representation corresponding to f. So, 7, is one of the following:
principal series, special and supercuspidal (see [Weston 2004, Section 3]). As f
is a newform, the Artin conductor of ps is N (the level of f). Suppose £| N but
62)( N. Then, from the analysis carried out in the I'g(&V) case above, we see that
o |G@( is either a sum of an unramified character and a tamely ramified character
or a nontrivial extension of an unramified character by its cyclotomic twist. Hence,
the space (py);, of Iy coinvariants is also one dimensional. Therefore, if £ || N, then
for every newform f of level I' lifting o, (py);, is one dimensional and hence,
ag(f) #0.

Now suppose £2| N, and moreover, the space of I, coinvariants of pr is one
dimensional. So, the exponent of £ appearing in the Artin conductor of py is at
least 2. This means that 7y is not special, as otherwise (o), being one dimensional
will imply that pf|Gg, is a nontrivial extension of an unramified character by its
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cyclotomic twist, and hence, the exponent of £ appearing in the Artin conductor
of py is 1. The nontriviality of (pr);, also implies that 7, is not extraordinary
supercuspidal (see the proof of [Weston 2004, Proposition 3.2] for more details).
Suppose 7y is supercuspidal but not extraordinary. Then, by the local Langlands
correspondence,

pflGa, =Indge x,

where K is a quadratic extension of (g, Gk is the absolute Galois group of K,
X 1s a character of G taking values in @p and moreover, oy is irreducible (see
Section 3 of [Weston 2004]). But as (pr),, is one dimensional, we get that x is
an unramified character of Gx. However, since the maximal unramified extension
of K is an abelian extension of Qg, this implies that ,ofl(;@( is a sum of two
characters, contradicting the hypothesis that ps|g,, is irreducible. Hence, 7 is
not supercuspidal. Therefore, 7, is principal series which means that ps|g,, is a
sum of two characters x; and x». Moreover, (pf);, # 0 implies that one of them is
unramified, while ¢2| N implies that the other is wildly ramified. Without loss of
generality, suppose x; is wildly ramified and x, is unramified.

Thus, plGe, = X1 @ X2, where ¥i and )3 are the reductions of x1 and yx» in
characteristic p, respectively. Note that, x; is unramified while x; is wildly ramified
as £ # p. Let g be another newform of level I" lifting 6 and 7, be the £-component
of the automorphic representation corresponding to g. If 7, is special, then PelGa,
is a nontrivial extension of a character by the cyclotomic twist of itself. This
would imply that both x; and 3 are either unramified or ramified, which is not
the case. Hence, 7, is not special. If 77, is extraordinary supercuspidal, then p|,,
is irreducible as p > 5 (see proof of [Weston 2004, Proposition 3.2]). So, 7, is
not extraordinary supercuspidal. If 7r; is supercuspidal but not extraordinary, then
pglGg, 1s induced from a character of the absolute Galois group of a quadratic
extension of Qy. Moreover, the subspace of p, fixed by Iy is trivial. But the
subspace of p fixed by I, is one dimensional. Thus, the exponent of £ in the Artin
conductor of p, is greater than the exponent of £ in the Artin conductor of p (see
[Carayol 1989, Section 1.1]). But [Carayol 1989, Proposition 2], along with the
assumption that 7, is supercuspidal, implies that p is unramified at £ which gives
us a contradiction. Therefore, 7, is not supercuspidal.

This means that 7, is principal series and hence, p, |G, 1s a sum of two characters,
say x; and x;. Without loss of generality, suppose x; is a lift of x and x; is a
lift of X7. As X1 is wildly ramified, the Artin conductor of x; is same as the Artin
conductor of X{ and the Artin conductor of yx; (see [Carayol 1989, Section 1.2]).
As the exponent of £ in the Artin conductor of py is the sum of the exponents of £
in the Artin conductors of x; and x, and its exponent in the Artin conductor of
pg is the sum of its exponents in the Artin conductors of x; and x). As both f
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and g are newforms of level N, the exponents of £ in the Artin conductors of p¢
and p, are same. This implies that the Artin conductors of x, and x} are same,
which means that x/ is also unramified. In particular, we see that (pg);, is one
dimensional. As a consequence, we see that if f is a newform of level I" lifting
p and (pr)j, is one dimensional, then, for every newform g of level I lifting p,
(pg)1, 1s one dimensional.

Let us continue with the assumption that there is a newform fy of level I" lifting
p such that (o), is one dimensional. Observe that in this case, from the discussion
so far, we get that for every newform g of level I' lifting p, pglgg, is reducible and
moreover, at least one character appearing in the semisimplification of pg|cq, 18
unramified. Thus, (/5|G@Z)SS =o & B, where (p |G@£)SS is the semisimplification of
PlGe, and o and B are characters of Gg, such that at least one of them is unramified.
Note that, both & and B are defined over [. Indeed, both «|;, and B|;, take values in
[ as one of them is unramified and det(p) is defined over F. So it follows from the
previous discussion that the image of I, under p in GL,([F) is abelian and hence,
is upper-triangular under a suitable basis. Therefore, since I; is normal in Gq,, it
follows that if p is ramified at £, then under the same basis, the image of Gg, under
o in GL,(F) is also upper-triangular, which implies that both « and g are defined
over [. If p is unramified at £, then p is reducible as it is new. As p is semisimple,
it follows that both @ and S are defined over F.

Suppose @ # B. Then, by [Bellaiche and Chenevier 2009, Theorem 1.4.4,
Chapter 1], TE[G@{] / (ker(tr oly (G@K))) is a generalized matrix algebra (GMA)

of the form
L B )
? (D
I‘ )
(¢

where B and C are finitely generated Tg—modules contained in the total fraction
ring of TL, and the diagonal entries reduce to « and f modulo the maximal ideal
of Tg. Moreover, BC C Tg and it is an ideal of Tplj. Letus call it 1.

For a newform f of level I lifting p, let ¢ :Tg — @p be the map which sends a
Hecke operator to its f-eigenvalue and denote its kernel by Py. From the previous
paragraph, we see that the 2 dimensional pseudocharacter t' oiy of Gg, is a sum of
two characters modulo Py and hence, is reducible modulo Py for every newform f
of level I lifting p. Therefore, by [Bellaiche and Chenevier 2009, Proposition 1.5.1,
Chapter 1], it follows that I C Py for every newform f of level I" lifting p. This
means that if x € I, then x(f) = 0 for every newform f of level I' lifting p. As
every eigenform of level I lifting p is a newform, we see that / = 0. Thus, the
projection on the diagonal entries of the GMA (1) above gives two characters &
and 8 of Gq, taking values in Tg such that, @ is a deformation of «, while 8 is a
deformation of 8.
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As at least one of o and $ is unramified; without loss of generality, assume
that g is unramified. Suppose « is ramified. Then, it follows, from the analysis
above, that for a newform f of level I' lifting p, prlg,, is a direct sum of an
unramified character and a ramified character. As « is ramified, the unramified
character appearing in p¢|gg, is a lift of 8 and hence, it is the image of B modulo Py.
This means that the reduction of g modulo Py gives an unramified character for
every newform f of level I' lifting o. Hence, by the reasoning used in the previous
paragraph, we see that S is an unramified character of Gqg,. By Lemma 19, it
follows that for every newform f of level I' lifting p, the U, eigenvalue of f is the
reduction of B (Frob,) modulo Py. Thus, Uy — B(Froby) annihilates every newform
[ of level T lifting 4. Therefore, Uy = B(Froby) in T5?" and hence, Uy € T} as
B(Frob) € TT.

Now, suppose « is also unramified. This means that for a newform f of level I'
lifting p, py |G@£ is either a nontrivial extension of an unramified character by its
cyclotomic twist or a direct sum of an unramified character and a tamely ramified
character and in both cases, £ || N (see [Carayol 1989, Proposition 2]). Moreover, in
the second case, p|€— 1. Suppose ps|Gq, is a direct sum of an unramified character
and a tamely ramified character. Let € be the nebentypus of f. Note that,

det(py (1)) = €((Z/L2)") # 1,

but its reduction is 1 in characteristic p. So, by [Carayol 1989, Proposition 3], there
exists a newform g of level I lifting p such that €’((Z/£Z)*) = 1, where €’ is the
nebentypus of g. Thus, pg|c, is a nontrivial extension of an unramified character
by its cyclotomic twist. This means that either o/8 or B/« is the cyclotomic
character w,. But as p|¢ —1, w,(Froby) =1 and hence, w),, is the trivial character.
However, this means that « = §, which contradicts our assumption that o # .
Therefore, we get that, if o is unramified, then ,0f|G@£ is a nontrivial extension of
an unramified character by the cyclotomic twist of itself for every newform f of
level I' lifting 0. By [Carayol 1989, Proposition 3] and the discussion above, it
follows that p ¢ — 1, for otherwise there would exist a newform g lifting p such
that det(po, (1)) # 1, which gives a contradiction.

As « is also unramified, we saw above that either /B or 8/a is w,. If both of
them are w,,, then a)f, =1, which means p|£> —1. As p{£— 1, we get that p|£+1
if both of them are w,. Suppose pt£+ 1, which implies that exactly one of them
is wp,. Without loss of generality, assume «/f is w,. Now in this case, the image of
@ is the cyclotomic twist of the image of 8 modulo Py for every newform f of level
I" lifting 0. Thus, for every such newform f, Gq, acts by the image of B modulo
Py on (pr)y,. Hence, the U, eigenvalue of f is the reduction of ,g (Froby) modulo
Py for every newform f of level I lifting o. Therefore, by the reasoning used in
the previous case, we see that U, = B(Froby) in Tg’Pf which means that U, € Tg.
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Now suppose that there exists a newform fy of level I' lifting p such that
(0£,)1, =0, which means U, fo = 0. Then, by our analysis above, it follows that
22| N and U, f = 0 for all newforms f of level I lifting . As j is new of level T,
we get, by the reasoning used above, that Uy = 0 in Tg’Pf.

From the discussion so far, we see that for a prime ¢ dividing N, U, € Tg if one
of the following conditions hold:

(1) €2|N,
(2) £||N and pte> —1,
3) L|IN, pl€£+1and detp(I;) # 1.

Otherwise, Q¢ (Uy) kills every newform f of level N lifting p. Since p is new,
every eigenform of level N lifting p is a newform. This implies that either U, € Tg
or Q¢(Uy) =0 for every prime £ dividing N. Since the pseudorepresentation (¢, d)
takes values in Tg, it follows that for every prime £ dividing N, Q,(x) is a monic
polynomial with coefficients in Tg. Hence, U, is integral over Tg for every prime
£ dividing N of degree at most 2. Therefore, Tg*’f is finite over Tg and moreover,
TEPP=TE if €| N and p|€* — 1 implies that p|£+ 1 and det 5(Iy) # 1 as T5-Pf
is generated by these U,’s over Trg. ]

Remark. (1) Note that, the proof given above for the I'{(/V) case works for the
['o(N) case as well. But we give a different proof because it gives us a more
precise result in the I'g(/V) case and it is also simpler than the proof in the
I'{(N) case.

(2) Even though we do a detailed analysis in the I';(N) case above, it is not
really necessary just to prove that U, is integral over TEI(N ). Indeed, by the
reasoning used in the last paragraph of the proof above, we can easily prove
that U, Q¢ (U,) = 0, which proves that U, is integral over Tgl(N). For most of
our purposes, we only need the result that U, is integral over Tg (V) But we
give this detailed analysis to obtain a more precise result which is helpful in
getting a more precise version of Theorem 3 in some cases (see the remark
after the proof of Theorem 3).

6. The case of p which is not new

Throughout this section I' means either I'{(N) or ['g(N) and I'(M) means either
1 (M) or I'gy(M) accordingly. Let p be a I'-modular representation which is not
new. Thus, the system of F-valued eigenvalues corresponding to o has a nontrivial
eigenspace in ST (F) for some proper divisor M of N. Let us denote by M 5 the
smallest divisor of N such that the system of [F-valued eigenvalues corresponding
to p has a nontrivial eigenspace in S* (M7)(F). Note that, 5 is then a new I'(M 5)-
modular representation.



20 Shaunak V. Deo

Lemma 21. If p is a I'-modular representation which is not new, then the natural
map of local algebras r : Ag — Ag Mp) obtained by restriction is surjective.

Proof. First note that ST ™7 (F) ; € ST(F) 5. Hence, using this inclusion, we obtain a
natural map r : A — AJM») by restriction. Its image Im(r) is complete and hence,
closed. It contains all the Hecke operators T, and ¢S, (considered as operators
on STM7) (F) ) for all the primes ¢ not dividing Np. There is a continuous pseu-
dorepresentation (FTMp) ST (Mz)y . Ga.m;p— AF(M ») and Im(r) contains the Hecke
operators T, = =7l (Mp) (Frob,) for primes ¢ not d1v1d1ng Np. By the Chebotarev den-
sity theorem the set of Frob,, for primes g not dividing Np is dense in G, p, - Since
T (M) is continuous and Irn(r) is closed, it contains 7" M%) (g) for every g € G, u,p.
It also contains ¢S, =" ) (Frob, ) for all the primes ¢ not dividing Np. As §7 M7
is continuous and Im(r) is closed, by the Chebotarev density theorem, we see that
it contains §7 ™7 (g) for every g € Gg, um,p. For every prime ¢ not dividing M,
we have fF(Mﬁ)(Frobq) =T, and SF(Mﬁ)(Frobq) = qS,. Hence, we see that Im(r)
contains 7, S, for all the primes g not dividing M;p. Thus, Im(r) is a closed
subalgebra of Ag(Mﬁ) containing all of its generators. Hence, Im(r) = Ag(Mﬁ). (]

7. Proof of Theorem 1

Throughout this section I' means either I';(N) or ['g(N), I'(p) means either I'; (Np)
or ['g(Np) accordingly and I'(M) means I'1 (M) or I'o(M) accordingly. As we
noted before, the natural map T"P" — T T7?" is an isomorphism and it lifts the
natural map T" — [] Tg. The corresponding statement for AT"Pf and AT is also
true. The natural surjective map TTPf — ATPf sends Tg’pf onto Ag’pf. The natural
surjective map TTPhfull . ATull taeg Tr(p >l Gnto Ar’fu“.

Thus, from Proposition 16 and the dlscuss10n above it follows that A" (f)un
isomorphic to Tr(p) fuu/mAT;(é’) full . By Proposition 17, Tr(p) Aull TF pf[[U 1
and AE ofull _ AF[[U 1. Thus, AF P s isomorphic to TF pf/mATTF PfAs the ideal

mp is generated by two elements the Hauptidealsatz 1mp11es that
dim ADP" > dim T, PPF — 2,

Suppose p is a new I'-modular representation. Then, we have proved so far that
TEP' is a finite extension of T5. Observe that T} is mapped onto A under the
surjective map T5P" — AT, This follows from the fact that the map between the
partially full Hecke algebras is obtained by first reducing the partially full Hecke
algebra in characteristic 0 modulo p to get an action on D'(F) 5 and then restricting
it to the subspace S 'R, 5- Hence, we see that Ag Pt is finite over AF

Therefore, dim Ar Pf = dim AF and dim Tr Pf = dim Tr By the Gouvea—Mazur
infinite fern argument we see that dim TF > 4 (see [Emerton 2011, Corollary 2.28;
Gouvéa and Mazur 1998, Theorem 1]). Hence, dimAj > dim T, —2 > 2.
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Now suppose that p is not a new ['-modular representation. Thus, as remarked
before, there exists a proper divisor M; of N such that p is a new I'(M;)-modular
representation (we can take it to be the smallest divisor of N such that the eigenspace
corresponding to the system of eigenvalues corresponding to p is nonzero in
ST (F)). If M = 1, then we know that dim AL?) = 2 by Theorem III of
[BK]. If M; > 1, then since p is a new I'(M;)-modular representation, repeat-
ing the argument given in the previous paragraph for Ag(Mﬁ) and TE(MP’) gives
dim Ag(Mﬁ) > 2. (We can do this since, all the results till the previous section are
valid for any level not divisible by p. This condition is satisfied by M as it divides
N which is coprime to p.) Thus, in any case, we see that dim AL > 2. By
Lemma 21, we have a surjective map A} — AJM»). Hence, dim A} > 2 when
0 is not a new I'-modular representation. Thus, Theorem 1 is proved for all the
['-modular representations p.

8. Proof of Theorem 3

Theorem 22 (Bockle, Diamond—Flach—-Guo, Gouvéa—Mazur, Kisin). Under the
hypotheses of Theorem 3, the natural map R; — Tgl(N ) is an isomorphism between
local rings of dimension 4.

Proof. If p is a I'|(N)-modular representation which also satisfies the hypotheses
of Theorem 3, then mimicking the proof of Theorem 18 of [BK] gives the result
of the theorem. We can mimic the argument since, under all these assumptions,
the infinite fern argument of Gouvéa—Mazur and [Bockle 2001, Theorems 2.8, 3.1
and 3.9; Diamond 1996, Theorem 1.1; Diamond et al. 2004, Theorem 3.6; Kisin
2004, Main Theorem], which are the key ingredients of the proof of Theorem 18 of
[BK], hold. Note that the Hecke algebra appearing in [Bockle 2001, Theorem 3.9]
is of a higher level N’ such that N| N’ and N and N’ have the same prime factors
(see the discussion after [Bockle 2001, Theorem 2.7] for more details). But the
hypotheses of Theorem 3, along with [Carayol 1989, Proposition 2], ensure that all
eigenforms of level N’ lifting /5 arise from newforms of level dividing N, which
means that the natural restriction map T}V ) > TH'™ is an isomorphism.  [J

Lemma 23. Under the hypotheses of Theorem 3, the algebra Tgl(N ) is flat over A
for the structure of A-algebra on Tg'(N ) defined at the end of Section 3.2.

Proof. The proof is similar to that of Lemma 19 of [BK], but we need to make a
few changes. Let p be a I'1(N)-modular representation. If the p-primary part of
(Z/NZ)* is [];Z] Z/ p Z, then the universal deformation ring of det g is

Raetp =AY, ..., Y,/ (P =1,y —1). 2)

Thus, if p does not divide ¢ (N), then Ryei; = A. Using the same arguments as
used in the proof of [BK, Lemma 19], we get that R is flat over Rye( 5. Since Rget 5
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is finite and free over A, it is also flat over A. So, we get that R is flat over A. To
verify that the map A — R; — TH'™) is the same as the map A — T'™) given
at the end of Section 3.2, we first show that it is true for all the primes g € 1+ pZ,
which are 1 (mod N). This is shown in exactly the same way as it is showed for all
the primes g € 1+ pZ,, in the proof of [BK, Lemma 19]. Since we are choosing the
primes which are 1 (mod N), the nebentypus is trivial at those primes and hence, we
can use the argument used in the proof of [BK, Lemma 19] without modifications.
By Dirichlet’s theorem on primes in arithmetic progressions, we know that the set
of all such primes is dense in 1 + pZ,. Thus, by continuity, we see that the two
maps considered above are the same. Under the hypotheses of Theorem 3, the map
R; — T5'™ is an isomorphism. Hence, we conclude that T1'™) is flat over A for
the A-algebra structure defined on T') at the end of Section 3.2. O

There is a surjective map Tgl(N ) Ag‘(N ) whose kernel contains m ATgl(N ) by
Proposition 16. Hence, we get a surjective map T1'™) /mpTD1 V) — ALYV Since
TEI(N ) is flat over A by Lemma 23, it follows, from [Eisenbud 1995, Theorem 10.10],
that the Krull dimension of TEI(N)/mATgl(N) is equal to dim TEI(N) —2=4-2=2.
Thus, the Krull dimension of Agl(N ) is at most 2. But, by Theorem 1, the dimension
of Agl(N ) is at least 2. Hence, the dimension of Agl(N ) is exactly 2. This concludes
the proof of first part of Theorem 3 for the I'{ (V) case.

Let us assume that p satisfies the hypothesis of Theorem 3 and is also new.
Then we have proved that Tg‘(N )-Pf is an integral extension of Tpli'(N ) and Ag‘(N )-pf
is an integral extension of AT!™) By Proposition 16, we see that the kernel
of the natural map TTW-Pf . ATINLPE jg gy, TTN-PE - Thys, the kernel of the
natural map T5'™) — AT s contained in every prime ideal of T5')-P" contain-
ing mp TP, Hence, by the going-up theorem, the kernel is contained in every
prime ideal of Tg 1N) containing m ATEI(N ). Therefore, the natural surjective map
(TFFI(N)/m TF‘(N))red — (AF'(N))red is an isomorphism. Under the hypothesis of
Theorem 3, the surjective map R; — TFI(N ) is an isomorphism. Thus, from the proof
of Lemma 23, it follows that (Ro)r'e‘jl is isomorphic to (R;/ma R yred (this follows
from the fact that the universal deformatlon ring of det p is given by Equation (2)
and hence, its maximal ideal is Rad(m,)) and the map R; — TFI(N ) considered
above induces an isomorphism (R)™d — (T5/™) /m,TF (v ))red As seen before,
we have a surjective map (RD)™! — (ADi(M)d and this map factors through

(TEM /mp TR Vyred | Since both the maps (R)™d — (T5 ™) /mp T M)yred an
(TFFI(N)/m TFI(N))red — (AFI(N))Ml are 1s0m0rphlsms we see that (RO)““]l is iS0-
morphic to (Agl(N )yred under the map mentioned above.

Now suppose p satisfies the hypotheses of Theorem 3 but is not new. Note
that, while proving the theorem for a new p of level N, we use the result that
Tg 1M g an integral extension of Tg'(N ) to prove that the kernel of the surjective
map TH™ — AT s nilpotent modulo my TH'™, which in turn implies the
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isomorphism between (T5'™)/ma T ™M) and (AJ1V))™d. This, along with the
isomorphism between R; and T5'™), gives us the isomorphism between (R%)"
and (AD1M)red In the present situation, we know that R and T5'™) are isomorphic.
So, to prove the theorem in the current case, it suffices to prove that Tg 1(N)PF s an
integral extension of TEI(N ). To prove this, we will first compare the Artin conductor
of p with the level N and then do a case by case analysis using the technique used
in the proof of Proposition 20. Let C be the Artin conductor of p. Recall that we
assume p to be semisimple. As there exists a newform of level N giving rise to p,
we see that N = C []r*("”, where the product is over finitely many primes r and
v(r) <2 for every r (see [Carayol 1989, Proposition 2] and the discussion before
it). Note that the product may include some divisors of C.

Let £ be a prime dividing N. So, if f is an eigenform of level N lifting the system
of eigenvalues associated to p, then f comes from a newform g of level M such
that the highest power of ¢ dividing N/M is at most 2. Thus, f(z) = Y ;= g(d;2),
where the d;’s are some divisors of N/M. Now we will analyze the action of U, on
f case by case to find a monic polynomial with coefficients in Tgl (V) satisfied by U,.

Case 1. £|M but £t N/M: In this case, £1d; for all i and hence, f is new at £.
Therefore, from the proof of Proposition 20, we see that U, Q¢(U,)(f) = 0, where
Q¢ (x) is the characteristic polynomial of a lift of Frob, in Gg,np, as considered in
the proof of Proposition 20.

Case 2. £|M and £ || N/M: In this case, for every i either £||d; or £1d; and g is an
eigenform for U,. So, U, f is an eigenform of level N /¢, which is also new at £ if
it is nonzero. So, by the same logic as in the previous case, U, Q¢(U;)(Uy f) = 0.

Case 3. ¢£| M and ¢*>|N/M: In this case, for every i either £{d; or ¢ divides d; with
multiplicity at most 2 and g is an eigenform for U,. So, U, 152 f is an eigenform of
level N/Z2 and it is new at £ when it is nonzero. Thus, we get U, Qg(Ug)(UZZf) =0.

Case 4. £{M and £+td; forall i: If £1M and €1d, then it follows directly from the
description of the action of 7y and U, on the g-expansions of modular forms, along
with the assumption that g is an eigenform of level M, that U, stabilizes the subspace
of modular forms of level Md¢ generated by g(dz) and g(£dz) (see [Bellaiche
2010, Lemma III.7.2] and the discussion around it). Moreover, the characteristic
polynomial of U, over this subspace is (Ue2 — tr pg (Froby) Uy + det pg (FI‘Obg)),
where p, is the p-adic Galois representation of Gg, ), attached to g. Thus, in this
case, we get that Q,(U,)(f) =0.

Case 5. £+ M and ¢ divides at least one of the d;’s: Note that, U;g(d;z) is an
eigenform of level N/¢ if €| d; and U2 g(d;z) is an eigenform of level N /€% if €2 |d;.
This means that for all i, one of g(d;z), Uyg(d;z) or Uzzg(diz) is an eigenform
of level coprime to £. So, by case 4, we have Qg(Ug)(Uezg(d,-z)) =0 foralli as
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both Q¢ (Up)(Urg(diz)) =0 and Q,(Uy)(g(diz)) =0imply Q¢(Up)(U;g(d;z)) =0.
Hence, we have Qg(Ug)(UZZf) =

From the previous paragraphs, we conclude that, if f is an eigenform of level
N lifting p, then (Ug’ 0¢(Uyp)) f = 0, which means Uf Q¢(Up) =0. As Qp(x) is
a monic polynomial with coefficients in TL!™), U, is integral over Tgl(N ) for all
primes £ dividing N. Therefore, TEI(N )-Pfis an integral extension of TF‘(N ) and
AFI(N )-Pf is an integral extension of A;‘(N ). Now using the argument used for the
new case above, we get that (Ro)re‘l is isomorphic to (AFI(N )yred " This concludes
the proof of the second part of Theorem 3 for the I'1 (V) case.

Let p be a I'g(N)-modular representation which satisfies the hypothesis of
Theorem 3. Then, by the arguments above, it follows that AT'™) has Krull di-
mension 2 and (AL'M)red i jsomorphic to (RO)red We have a natural surjective
map AFI(N) — AFO(N) By Theorem 1, the Krull dimension of AL0V) s at least 2.
Hence, we Conclude that the Krull dimension of AEO(N ) is exactly 2. If p does
not divide ¢ (IV), then as observed in the introduction, the natural surjective map
AEI(N ) AFO(N ) is an isomorphism. Hence, we get that (AFO(N )yred is isomorphic
to (RO)“’Gl Thus Theorem 3 is proved in the ['g(N) case.

Remark. Let p be a I'{(N)-modular representation satisfying the hypothesis of
Theorem 3 and assume p{¢ (N). Moreover, assume that if £|| N and p |+ 1, then
det p(1;) # 1. Hence, from the proof of Proposition 20 and the proof of Theorem 1,
we see that the kernel of the map TH'™ — ATV is my THV) As pt¢(N), the
kernel of the surjective map R; — R is mAR As p satlsﬁes the hypotheses of
Theorem 3, we get that R; >~ TF‘(N ) Hence, by combining all the observations
above, we see that the natural surjectlve map R0 — AF'(N ) is an isomorphism.
Thus, for this case, we get a stronger statement than Theorem 3.

9. Proof of Theorem 2

Throughout this section I" means either T'o(N) or I'1(N) with p{¢ (N). Assume that
0 is an unobstructed I'-modular representation. So, by assumption, the cotangent
space of RO has dimension 2 and this implies that its Krull dimension is at most 2.
We have a surJectlve morphism R — AL. The Krull dimension of AY is at least 2
by Theorem 1. Hence, the Krull dlmensmn of R0 is exactly 2 and 1t is a regular
local ring of dimension 2. Therefore, by [Elsenbud 1995, Proposition 10.16], it is
isomorphic to F[[x, y]l. Hence, the surjective map ﬁg — Ag is an isomorphism.
This proves Theorem 2 for the cases considered above.

If p is an unobstructed I'j(N)-modular representation and p|¢(N), then we
have a surjective morphism Rg — (Ag‘(N yred By Theorem 1, the Krull dimension
of Ag‘(N ), and hence also of (AG™Y yred g at least 2. Therefore, the argument used
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in the previous paragraph proves Theorem 2 in this case as well. This completes
the proof of Theorem 2 in all the cases.

10. Unobstructed modular representations

In this section, we study I';(N)-modular representations to determine if and when
they can be unobstructed. If p is irreducible, then p is unobstructed in our sense if
and only if H 1(6@, Np» adoﬁ) has dimension 2 (see [BK, Section 1.4]). By Tate’s
global Euler characteristic formula, we see that dim H'(Gg, Np> ad’p) > 2 with
equality if and only if H2(Gq, Np> ad’p) = 0. If p does not divide ¢ (N), then this
is equivalent to Hz(G@,Np, adp) =0, as adp = 1 ® ad’p and, by the global Euler
characteristic formula, H 2(G@, ~p» 1) =0. Thus, in this case, p is unobstructed in
our sense if and only if it is unobstructed in the sense of Mazur [1989, Section 1.6].
The study of such unobstructed representations is carried out in [Weston 2004;
2005] when p does not divide ¢ (N).

However, if p is irreducible and p divides ¢ (), then the global Euler character-
istic formula tells us that HZ(G@,NP, 1) # 0 and hence, HZ(G@,N,,, adp) #0. Thus,
we see that p is always obstructed in the sense of Mazur if p|¢(N) (see [Weston
2004, Theorem 4.5]). However, it is not clear a priori if p can be unobstructed in our
sense when p|¢(N). We devote most of this section to study the unobstructedness
of reducible and irreducible p’s when p|¢(N).

Throughout this section, we assume that p |¢ (N) unless otherwise stated. Note
that, as p{ N and p|¢(N), there exists at least one prime divisor £ of N such that
pl€—1,1ie,£=1 (mod p). Let C be the category of local profinite F-algebras.
Let D; be the functor from C to Set of deformations of the pseudorepresentation
(tr p, det p) and Dg be its subfunctor of deformations with constant determinant.

Proposition 24. If p|¢ (N), then every reducible I'{(N)-modular representation is
obstructed.

Proof. Let p be a reducible I'{(V)-modular representation. Up to a twist, p is of the
form 1@ x where x is an odd character of G,y taking values in . The character
X is odd because p is odd. By the main theorem of [Bellaiche 2012a], we have the
following exact sequence involving the tangent space of D;:

0 — Tan(D; ® D,) AN Tan(D;) — H'(Ga.np, x) ® H' (Ganp, x~ ') = H*(Ga.np, D

Here, D, and D; are the deformation functors of x and 1 as characters of Gg,np,
and i is the map which sends a pair of deformations (o, 8) of (x, 1) on F[e]/ (€2)
to the deformation ¢ + g of trp =1+ .

Let y be an element of H' (Ga,nps X)® H' (Ga,np» x 1) which is the image of
some deformation (¢, d) of (tr g, det 5) to F[€]/(€?). Thus, d is a deformation of
det p = x and hence, an element of Tan(D, ) C Tan(D@® D, ). Thus, subtracting the
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image of this element under the map i from (¢, d) gives us an element of Tan(Dg)
whose image in HI(G@,N,,, xX)® HI(G@,N,,, x 1) is still . Therefore, we have
an exact sequence:

0— Tan((D1®D,)°) = Tan(DY) — H' (Ga.np. )®H (Ganp. x ) = H*(Gonp. D

Here, (D1 ® D, )0 is the subfunctor of D; @ D, parameterizing the deformations
(a0, B) of (1, x) such that o is constant.

Observe that, dim H'! (Ga,np, 1) =n+1, where n is the number of prime divisors
of N which are 1 mod p. Hence, dim Tan((D; & DX)O) =n+1. Since, i is an
injective map, we get dim Tan(Dg) > n+ 1. Thus, if n > 2, then dim Tan(Dg) > 3.
Hence, p is obstructed when n > 2, i.e., when there are at least two primes dividing
N which are 1 mod p.

Let us now assume that n = 1. Thus, there is a unique prime ¢ which divides
N and which is 1 mod p. In this case, dim H' (Ga,np» 1) =2 and by Tate’s global
Euler characteristic formula, dim H?(Gq, Np» 1) = 1. From the exact sequence
above, we get that

dim Tan(DY) > 2 +dim H'(Ga,np. x) dim H' (Ga.np. x ') —2dim H*(Gg,np. 1).

We shall distinguish between two cases:

First case. X|G@[ = 1: Note that a)plG@[ =1, since £ =1 (mod p).
If x # w,, then, by the Greenberg—Wiles version of Poitou-Tate duality [Wash-
ington 1997, Theorem 2], we get that

dim #'(Ga,np, x) = dim H'(Gay, xl6o,) —dim H*(Gay, Xl6q,)
+dim H'(Ga,. xl6o,) —dim H*(Ga,. xlgq,)-
As =1 (mod p), dim H I(G@z, 1) = 2. By the local Euler characteristic formula,
dim #'(Ga,, xl6g,) —dim H(Ga,, xlg,,) = 1 +dim H*(Ga,, Xlgq,) = 1.

Since, X|G@K =1, we see that dim HI(G@,N,,, X)=2—1+1=2.

If x = wp, then, using the Kummer exact sequence, we get that a class in
Hl(G@,NP, wp) is represented by a cocycle of the form g — g(a)/a, with a € Q,
a? € Q@ and v, («?) = 0 for all primes ¢ { Np (See [Washington 1997, Section 1]
for more details). Hence, dim H'(Gg, Np» wp) =n’, where n’ = number of distinct
prime factors of Np. Hence, dim H'(Gq,np, @,) = 2. Since, x ~'|gq, = 1 as well,
the same argument gives us dim Hl(G@,Np, xH>2.

Combining all the above calculations yields dim Tan(Dg) >24+12)2)—2(1) =4.
Hence, if n =1 and yx |G@e =1, then p is obstructed.

Second case. x|Gq, 7# 11 As XlGo, # 1, wp ® x # 1. Thus, H%(Gq,, x1Gq,) =0,
H*(Gay, X|6o,) = H*(Ga,, wp ® XlGq,) = 0 and hence, H'(Gq,, X|Gq,) = 0.
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Similarly, we get that H! (Ga,» x ll(;@ ) = 0. Thus, the calculations done in the
first case do not imply that dim Tan(DO) > 2 which is required to prove that g is
obstructed.

Assume that p is unobstructed. So, the dimension of the tangent space of R0 is 2.
By Theorem 1, its Krull dimension is at least 2. Hence, R0 is isomorphic to [F[[x ¥,
the power series ring in two variables. Let ("™, 4"") be the universal pseudorep-
resentation with constant determinant in characteristic p deforming (tr p, det p).

By [Bellaiche and Chenevier 2009, Theorem 1.4.4, Chapter 1],

~ ) 0
Rg[Gq;pe]/(ker(turllv oi¢(Gq,)) is a GMA of the form (IZ Ifo)
where B and C are finitely generated RO modules and the diagonal entries reduce
to 1 and x modulo the maximal ideal of RO By [Bellaiche and Chenevier 2009,
Theorem 1.5.5, Chapter 1], we get 1nJect1ve maps (B/m k0 B)* — ExtG (X 1)
and (C/mRoC)* — ExtG (1 x). Since we have

H'(Ga,, xl6o,) = H' (Gay. x '6q,) =0

it implies that ExtG (X 1) = ExtG (1 x) = 0 and hence, B = C = 0. Thus,
Funiv o i0(Ga,) =K1 + Ky, where k| and ko are characters of Gq, taking values in
(RO)* and are deformations of 1 and yx, respectively. Therefore, """V 5§, factors
through Gg , the abelianization of Gq,.

By local class field theory, G?QF’ =7 x 7. Let p° be the highest power of p
dividing £ — 1. Leta € Gab be the unique element of order p°. Since, a has order
p¢ and F[[x, y] does not have any nontrivial element of order p, it follows that
k1(a) =ka(a) = 1. Let b be a lift of a in Gg,. Hence, M"Y o i, (b) = 2, ie., it is
constant. Hence, t o i;(b) = 2 for any deformation ¢ of tr o as a pseudocharacter
of Gg,np With constant determinant in characteristic p. But it is easy to construct
an explicit such deformation ¢ with ¢ o iy (b) # 2.

Indeed, to construct such a deformation, first observe that the maximal pro-p
subgroup G?;D ﬁp of G“b QNp is Z/p°Z x Z,. Consider a deformation lToflasa
character of Gg, ) to R= I]:[[x]][y]/(y” — 1) which maps Gab p — 1+ mpg in
the following way: the topological generator of Z,, is mapped to 1+ x and the
generator of Z/p°Z is mapped to y. The character x /1, which we will denote
by %, is a deformation of x. Let 5 = 1@ ¥. Thus, (tr 5, det §) is a deformation of
(tr p, det p) to R with constant determinant. We claim that tr(p o iy (b)) # 2.

To prove the claim, first consider the map i @b Gab G%” Np induced from
i by passing to the abelianizations of both the groups By class field theory,
Gj‘QP Np = =]]Z;, where the product is taken over primes ¢ which divide Np By the
local-global compatibility of class field theory, the Z; component of G@ Np> lies
in the image of Z; C G%’e under the map i} b Thus, the unique element of G?Q}? Np
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of order p¢ is iz‘b (a). Therefore,

w(poir() = 16§ @) + 1 G @) =y +y".
If y + y~! =2, then it would imply (y — 1)?> = 0. But this relation does not hold
in R. Hence, tr(p oi;(b)) # 2 and our claim is proved.
Thus, we get a contradiction to our hypothesis that p is unobstructed. Therefore,
in this case as well, p is obstructed.

Therefore, combining all the results above, we get that if p is a reducible I'{(N)-
modular representation and if p|¢(N), then p is obstructed. U

Remark. Now suppose that p is a reducible I';(N)-modular representation and p
does not divide ¢(N). Up to a twist, p = 1 @ x. If pt$(N), then

dim H' (Ganp, 1) =1,

and Tate’s global Euler characteristic formula implies that H Z(G@, np» 1) =0. The
exact sequence of [Bellaiche 2012a] considered on page 25 implies

dim Tan(DY) = 1 4+ dim H'(Ga,np. x) dim H' (Ga,np, x ).

If x = wp, then by the Kummer theory argument above, it follows that the number
of distinct prime divisors of Np is dim H'(Gg, Np» @p) and hence, greater than 1.
Hence, if x = wp, w, !, then dim Tan(Dg) > 2, so in this case p is obstructed. If
X # wp, a),fl, then by the Greenberg—Wiles version of Poitou-Tate duality, we
get that
k4+1<dim H (Ggnp, x) <k+1+dim A(x 'w))
and
K +1<dimH (Ganp, x7") <k +1+dim A (xo,),

where k is the number of prime divisors £ of N such that x |G@€ = a)p|(;@é, k' is
the number of prime divisors £ of N such that x! |G@€ = a)plc;@(, A(X_la)p) is
the part of the p-torsion subgroup of the class group of the totally real abelian
extension F of @ fixed by Ker(xfla)p) on which Gal(F/Q) acts by Xfla)p and
A’(xw)p) is the part of the p-torsion subgroup of the class group of the totally real

abelian extension F’ of @ fixed by Ker(xw,) on which Gal(F’/Q) acts by xw,,.

Proposition 25. Suppose p|¢p(N). Let p be an absolutely irreducible T'|(N)-
modular representation such that |G, is reducible for at least one prime € dividing
N which is 1 mod p. Then, p is obstructed.

Proof. Let p be an absolutely irreducible I'j(N)-modular representation. By
[Weston 2005, Lemma 2.5], we have

dimg H*(Ga,np, adp) = dimg IT' (Ga,np, 0p ®adp) + Ty np dimg H(Gg,, 0, ® adp).
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Note that adp = 1 @ ad’p. By Tate’s global Euler characteristic formula, we get
that dimp H*(Gq, Np» 1) = n, where n = number of prime divisors of N which are
1 mod p. For a prime ¢, dimg HO(G@q, wp) is 1 if g is 1 mod p and 0, otherwise.
By removing the contributions of the trivial representation from both sides of the
formula above, we get

dimg H*(Go,np, ad’p) =dimg 1" (G, np, @, ®2ad’ )+ Zy vy dimp H(Ga, , 0, ®ad’p).

Now, let £ be a prime dividing N such that £ — 1 is divisible by p. Suppose that
o |G@( is reducible. Thus, ﬁlG@« is an extension of a character x| by a character x,. If
X1 7 X2, then, by Tate’s local Euler characteristic formula, ExthQ (x1, x2) =0. So,
plaa, = x1® x2 and ad’plg,, = 1@ x1x2 "' @ x1 7' x2- As ple—1, ,(Ga,) =1
and HO(G@Z, wp @ ad’p) = HO(G@Z, ad’p) and in this case, both of them are
nonzero. Hence, if x; # x2, then, by the formula above, H*(Gg, Np» ad’5) # 0 and
0 is obstructed.

If X1 = x2 = x. then p|g,, is either x @ x or a nontrivial extension of x by itself.
If plee, = X @ X, then clearly 1 C ad’p. If PlGag, is a nontrivial extension of x by
itself, then choose a basis of p such that 5(Ggq,) is upper triangular and identify
ad® 0 with the subspace of trace 0 matrices of M>([F). Then, Gq, acts trivially on
the subspace of ad’5 generated by the element (8 (1)) Thus, 1 C ad’5 in this case
also. Therefore, if x; = x», then

H(Gq,, w, ®ad’p) = H'(Gq,, ad"p) # 0

and hence, by the formula above, H Z(G@, Np» ad’ 0) # 0, which implies that p is
obstructed. This concludes the proof of Proposition 25. ]

We would like to determine the cases when the situation considered as above
would arise, i.e., when ,5|G@£ would be reducible. Note that, if f is an eigenform
of level N and py is the Galois representation attached to it, then we know all the
possible descriptions of pf|g,, for a prime £ dividing N. So, we will now analyze
all the possible descriptions of p¢|g,, for an eigenform f lifting p to determine
which of them will make p obstructed and when can they arise. This will give us
some conditions on p which will force it to be obstructed.

Let f be an eigenform of level N lifting p, £ be a prime dividing N which
is 1 mod p, py be the p-adic Galois representation attached to f and m; be the
£-component of the automorphic representation associated to f. If m, is either
principal series or special, then by the local Langlands correspondence, we see
that '0f|G@z’ and hence /5|G@(, is reducible (see Sections 3 and 5 of [Weston 2004 ]
for a similar analysis). This implies that p is obstructed. In particular, if £| N but
€24 N, then we know that 7, is either special or principal series (see [Carayol 1989,
Section 1.2]). If (p), the subspace of 5 on which I, acts trivially, is nonzero, then
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clearly p|gg, is reducible. If there exists an eigenform f of level M which lifts
o such that there exists at least one prime divisor £ of N which is 1 mod p and
which does not divide M, then p is unramified at £ and hence, PlGe, is reducible.
Therefore, in these cases, p is obstructed.

On the other hand, if m, is supercuspidal, then, as £ # 2, it follows, from
the local Langhinds correspondence, that ,of|G@é is induced from a character x
of Gg = Gal(Q/K), where K is a quadratic extension of (0, and moreover,
pf|G@z is irreducible (see the proof of Proposition 3.2 of [Weston 2004]). Let
x° be the Gal(K /Q)-conjugate character of x. So, prlg, >~ x ® x°. If PlGq,
is reducible, then clearly ¥ = x?, where x and x° are the reductions of x and
x ¢ in characteristic p, respectively. This means that x/x° factors through the
maximal abelian pro-p quotient of Gg. But it follows, from local class field theory
and the assumption that p |£ — 1, that the maximal abelian pro-p extension of K
is also abelian over Q. So, if x/x? factors through the maximal abelian pro-p
quotient of G, then it implies that p¢|g,, = Indggl x is reducible, contradicting
the hypothesis that it is irreducible. Thus, we see that if 7y is supercuspidal and
pl€—1, then PlGaq, is not reducible. In summary we have:

Corollary 26. Suppose p|¢(N). Let p be an absolutely irreducible I"{(N)-modular
representation satisfying one of the following conditions:

(1) There exists at least one prime £ which is 1 mod p such that £|N and €*{ N.

(2) There exists an eigenform f of level M which lifts p such that there is at least
one prime divisor £ of N which is 1 mod p and which either does not divide M
or divides M with multiplicity 1.

(3) The subspace (P)' is nontrivial.
Then, p is obstructed.

The only case which remains to be considered is when '5|G@z is irreducible for
all the prime divisors £ of N which are 1 mod p. Let p be such a I'{(N)-modular
representation. In this case, HO(G@Z, wp ®ad0,5) = HO(G@Z, adoﬁ) =0 for all such
primes £. Note that, if f is any eigenform which lifts p, then the local component
m¢ of the automorphic representation associated to f is supercuspidal at all such
primes. The analysis of contributions coming from p and other prime divisors of N
in the formula above, which are not 1 mod p, is done in [Weston 2004, Sections 3-5;
2005, Section 3] to give conditions for vanishing of corresponding H%’s. We can
assume that those conditions hold as well so that we can ignore those primes. Note
that these conditions neither depend on each other nor put any restrictions on each
other. So assuming them together does not yield any immediate contradiction. Now,
moreover assume that o does not come from a weight 1 modular form. We need
this hypothesis to use the results of Section 3 of [Diamond et al. 2004]. We will
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analyze the only remaining group III! (Gg, Nps @p @ ad’p) in this case following
the approach of Weston [2004; 2005].

Let g be an eigenform such that p, is a minimally ramified lift of o (such a lift
does exist; see [Diamond et al. 2004, Section 3.2]). Hence, it is an eigenform of
level N and its weight k lies between 2 and p — 1. Let K be a finite extension
of Q, generated by the eigenvalues of g, O be its ring of integers and m be its
maximal ideal. Denote by A, the module (K'/ )3 on which Go,np acts via adopg.
We define Hé (Ga, Ap,) as in [Diamond et al. 2004, Section 2.1] (see also [Weston
2005, Section 2.2]).

By [Diamond et al. 2004, Theorem 2.15], we get that

H}(Ga. pg) = Hi(Ga. pg(1)) =0,

where pg (1) is the Tate twist of p, and H}(G@, Pg), H} (Ga, pg(1)) are the Bloch—
Kato Selmer groups defined as in Section 2.1 of [Diamond et al. 2004]. It follows,
from [Weston 2005, Lemma 2.6], that

dimg ' (G g np, wp @ ad’p) < dimg H(Ga, Ap,)[ml,

where H}(Ga, A,,)[m] is the m-torsion of H}(Gg, Ap,). Now, [Diamond et al.
2004, Theorem 3.7] implies that the length of Hé (Gg, Apg) is vm(ngg). Here, vy,
is the m-adic valuation and ng@ is the congruence ideal of g defined in [Diamond
et al. 2004, Section 1.7]. From the proof of [Weston 2005, Proposition 4.2], we see
that vm(ng@ ) > 0 if and only if m is a congruence prime for g, i.e., if there exists an
eigenform & which lifts p and which is not a Galois conjugate of g.

Let € be the nebentypus of g. Let i be a character of (Z/NZ)* whose order is a
power of p (there exists such a character as p |¢ (N)). Thus, € and 1€ have the same
reduction modulo m. Hence, from [Carayol 1989, Proposition 3], it follows that there
exists an eigenform /4 of level N and nebentypus e which lifts p. If £ is a Galois
conjugate of g, then e ((Z/NZ)*) and yre((Z/N Z)*) will be Galois conjugates of
each other. Since, g is a minimal lift of p, the p-part of € ((Z/NZ)*) is trivial. But
the p-part of e ((Z/NZ)*) is nontrivial as i is a character of p-power order. So,
they can’t be Galois conjugates of each other. Therefore, g and & are not Galois
conjugates of each other. Thus, m is a congruence prime for g and H.(Gg, A pe) 7 0.
However, this does not ensure that I11! (Ga,np, wp ® ad’ p) is nonzero because we
do not know whether the injection Hll(G@,Np, w, ® ado,é) — Hé(G@, Ap)[m]
given in the proof of Lemma 2.6 of [Weston 2005], which we used in the last
paragraph, is an isomorphism, and in general it is very difficult to prove such a
result (see [Weston 2005, Lemma 2.6, Remark 2.7] and the discussion preceding
them for more details). But, based on the calculations above, we do expect that
' (Gg,np, wp ® ad’p) is nonzero.
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Let us consider the modular representations coming from a weight-1 modular
form. In the proposition below, we do not put the condition p|¢ (N). For a number
field L with ring of integers O, we denote by A(L)[p] the p-torsion subgroup of
the class group of L and we let

B o1 oL,
U(L)—ker<(0 oY (ll_! (Ozv)p>)-

Proposition 27. Let p be a I'|(N)-modular representation coming from a regular
modular form f of weight 1 which has either RM or CM by F (see [Bellaiche and
Dimitrov 2016] for the definition of regular). Let H be the extension of Q) which is
fixed by Ker(ad®5). Moreover, assume the following conditions:

(1) If ¢| N and p|€+ 1, then £ does not stay inert in F.

(2) If € is a prime divisor of N, then p |G@e is irreducible.

(3) A(F)[p] =0 and Homg(A(H)|p], ad’p) =0

(4) Homg (U(F), ad’p) = 0 and if F is imaginary, then Homg(U(H), ad’p) =

Then, p is unobstructed.

Proof. Note that, p = Indg;“iD 8, where F is a quadratic extension of @ which is either
real or imaginary and § : Gp — [* is a character, as it comes from a weight-1 form
which has RM or CM. Let Gal(F/Q) = G’ = {1, 0}. As f is a regular weight-1
eigenform, py |G@ = X1 x2, Where x; and yx, are distinct, unramified characters
from Gg, — (@ p)* So, F and the fixed field H of Ker(adop) are unramified at p.
From the hypothes1s (2) above, we see that all prime divisors £ of N are either inert
or ramified in F.

Thus, from above, it follows that ad’p = € ® Indg;‘g’ X, Where € is the character
of Gg of order 2 corresponding to F' and y =§/5. So

Hl(G@,Np, ad’p) = Hl(G@,Npa €)®d HI(G@,Np’ Indgf X)-

We will analyze each part of this sum separately. We mostly follow the notation of
[Bellaiche and Dimitrov 2016].

First, we will look at the group H'(Gg, Np» €) appearing above. From the
inflation-restriction sequence, we see that H 1 (Ga,np, €) = (Hom(Gfr s, F) ® e)G/,
where S is the set of the places of F dividing Np. From class field theory and the
hypothesis (3) above, we have the following exact sequence of G’-modules:

0 — Hom(G¥g, F) — H0m< [T or. [F) — Hom(O}, F).
vINp
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Now, by hypothesis (1), we have:

Hom( I1 9. [F) :Hom(l_[(’)pv IT [Tz/e-nz. [F)

v|Np v|p LIN v|L
ple—1

as F is unramified at p. The factors in the second product come from places of
F dividing such primes and, since ¢ is either inert or ramified in F, each factor
appears only once. Observe that G’ acts trivially on each of them. Thus,

(Hom( I][]z/e-nz [F>®6>G/:0.

LN w|e
ple—1

If F is imaginary, then O}, is a finite group and its order is not divisible by p, as
p is unramified in F. Thus, U(E) = 07} /(0%)? =0. Hence, in this case, it follows
that (Hom(]_[v‘p Or,, F) ® e)G has dimension 1. Therefore, H!(Gg n,, €) has
dimension 1. If F is real, then the free part of O} has rank 1 and the torsion part
is {1, —1}. Suppose p is not split in F. Then, it is inert in F* and the fundamental
unit of F' generates the residue field of OF, over [,. Suppose p is split in F. Then
[, » OF, = Zp x Z), and the action of G’ switches them. Moreover, under the
G'-equivariant diagonal embedding O} — ]_[U‘ » OF, = 2}, x Z},, the fundamental
unit of ' gets mapped to an element of the form (a, —a) as the nontrivial element
of G’ sends the unit to its inverse. So, it follows, from the discussion above and
hypothesis (4), that in both the cases, G’ acts trivially on the subspace of elements
of Hom(]_[v| » OF,, F) which vanish on O%. An element of Hom(Ga}}f s, F) vanishes
on the fundamental unit. Thus, combining this and the previous paragraph, we see
that G’ acts trivially on Hom(Gj‘Vb’ ¢» 1), when F is totally real. It follows that, in
this case, H'(Ga,xp, €) = (Hom(G2 ¢, -y ®@€)® =0,

We shall now analyze the second factor appearing in the sum above. Let H be
the extension of @ which is fixed by Ker(ad’p). Thus, G = Gal(H/Q) is a dihedral
group Dy, which is nonabelian and Indgff” X 1s an irreducible representation of G.
By the arguments used above, we get that

H'(Ga,np, Indg2 x) = (H'(Gu,s, F) ® Indg2 x)°.

By hypothesis (3), H'(Gpy_s, F) is the subspace of Horn(]_[v| Np Op. »
on O0%. Since H is unramified at p, we get

Hom< I1 o [F) =H0m<l_[(’)Hv [[z/rz. [F),

v|Np vlp

I]:) vanishing

where the last product is taken over all places v of H which divide N and whose
residue fields have p-th roots of unity. If £ is a such a prime, then the G-submodule
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Hom([T,,Z/pZ, F) of the module above is isomorphic to Ind$ o, where Dy is the
image of Gg, under ad’p and « is the character by which it acts on the p-th roots of
unity. Note that, by hypothesis (2) above, Indgf x is an irreducible representation
of D, for every £|N. So, (Hom(]_[ 7] pZ, [F) ®Indg£’ X)G =0.

Assume F is imaginary. As H is unramified at p and pt|G|, we see, using
arguments from [Bellaiche and Dimitrov 2016, Section 3.2], that every irreducible
representation of G occurs in Hom(G%',” ¢» F) with multiplicity at least 1. The addi-
tional multiplicities would only arise from U(H). But, from hypothesis (4) above,
we have Homg (U (H), Indg;“iD X) = 0. Therefore, Indg;‘;D X occurs in Hom(G?}’ D)
with multiplicity 1. Hence, (Hom(Gps, F) ® Ind$e x)¢ = H'(Gg,np, Ind% x)
has dimension 1. If F is real, then Indgg x is totally odd. Thus, from the arguments
in [Bellaiche and Dimitrov 2016, Section 3.2], we see that Indg;‘;}D X occurs in the
subspace of Hom(]_[v‘ » (’);’;U, [F) vanishing on O}, with multiplicity 2. Note that,
we do not need to consider contribution from U(H) as Indg;I x does not occur
in Oy, /(O},)?. Therefore, combining this with the previous paragraph, we see that
Indgjf:D X occurs in Hom(G}‘;b’ g» ) with multiplicity 2. Hence, H ! (Ga,np» Indg;‘iD X)
has dimension 2.

Combining these results we see that if p satisfies the conditions of the proposition,
then H' (G, Np> ad’p) has dimension 2. Hence, j is unobstructed in our sense. [J

Remark. (1) The hypotheses (3) and (4) are similar to those used by Mazur [1989,
Sections 1.12 and 1.13], where he studies unobstructed representations unram-
ified outside a single prime. Note that, for a number field L, A(L(¢,))[p]=0
implies that U(L) = O (see the remark after Proposition 1 of [Boston 1990]).

(2) We know that G’ = Gal(F/Q) acts on A(F)[p] by the character €. So, if
A(F)[p] # 0, then it would contribute to H' (Ga,np, €) in addition to what
we have calculated above. Hence, in this case, we have dim H' (Ga,np,€) > 1.
Thus, considering the above calculations, we see that dim H' (G, Np> ad’p) > 2.
Hence, if A(F)[p] # 0, then p will be obstructed.

(3) Suppose f is a weight-1 form which has RM or CM by F, and there exists a
prime £ such that £| N and p|£ 4 1. Moreover, assume that £ stays inert in F.
Thus, using the notations of the proof above, we see that

Hom( [T or. [F) =Hom<l_[(’)pv [T [1z/«e-vz]]z/rz [F),

v|Np v|p LN v|e
plé—1
where the last product is taken over all the prime divisors £ of N which stay
inert in F and which are —1 mod p. Observe that, they are isomorphic to €
as G’ representations. The projection of the image of O} in Hvl Np OF, onto
this product is also trivial as F is unramified at p. Hence, this product also
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contributes to H!(Gg, Np» €), making it bigger. All the other calculations at
the places above p in the proof above still remain valid. As a result, we see
that dim Hl(G@,N,,, ad’p) > 2. Hence, in this case, g is obstructed.

Note that, the assumptions in the proposition above do not yield any immediate
contradiction. Thus, we see that our notion of unobstructedness is weaker than
Mazur’s notion of unobstructedness.

Proposition 28. Let p be a modular representation satisfying the hypotheses of
Proposition 27 and suppose p|¢(N). Let the p-primary part of (Z/NZ)* be
Z/pZ X --- X Z]pZ. Assume moreover that:

(1) p is a new I'{(N)-modular representation.

(2) For all primes € dividing N such that p|€*> — 1, Uy acts like 0 on all newforms
of level N which lift p.

Then, the corresponding local component A of the mod p Hecke algebra is isomor-
phic to Fllx, yI[y1, ..., yal/O] s ..., y8 ") and thus, is not reduced.

Proof. As p satisfies the hypotheses of Proposition 27, it satisfies the hypotheses
of Theorem 3 as well. Indeed, p comes from a regular, weight-1 form and is
unramified at p. So, PlGq, is of the required form. If £ is a prime divisor of N
which is 1 mod p, then it splits completely in Q(¢,). As plgg, is irreducible,
/3|G@<;,,> is also irreducible. Therefore, from the results of Bockle [2001], Diamond
[1996], Diamond et al. [2004], and Kisin [2004], it follows that the surjective
map R; — Tgl(N ) is an isomorphism. The hypothesis (2) along with the proof
of Proposition 20 and the proof of Theorem 1 implies that the kernel of the
surjective map TN — AT i m, THM) By Proposition 27, we see that

R; ~Olx,y, Tllz1, - -, Zn]/(zfe1 —1,... ;zﬁen — 1). Combining all of the above
gives us that A > Fllx, yllyi, -, yal/OF ooy 90 ). -

Remark. (1) If the first condition of Proposition 28 is satisfied, then to check the
second condition, it is sufficient, by Lemma 19, to check that p|, is irreducible.

(2) Suppose p is a I'j(N)-modular representation which satisfies the two assump-
tions of Proposition 28 and the assumptions of Theorem 3. Moreover, assume
pl¢(N) and let the p-primary part of (Z/NZ)* be Z/p“Z X --- X Z]p“Z.
Then, from the proof above, we see that AL'™ ~ R;/(r, T). Now, as p #2,

Rﬁ:Rg[T»)’l,»)’n]/(Y{” _17--'ay;{l)en_1)v

where Rg is the universal deformation ring of p with constant determinant (see
the proof of [BK, Le,emma 19e] for more details). So, AEI(N ) is isomorphic to
Eg [z1,..., Zn]/(le 4 ”) and hence, is not reduced. So, the assumptions
of Proposition 27 are not necessary to get nonreduced Hecke algebras but are
necessary to find the precise structure of the Hecke algebra.
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We now give some examples of nonreduced Hecke algebras following the pre-
vious remark. Let £ be a prime such that p|¢ — 1 and £ is 3 modulo 4. Let
K = Q(/—¢) and let hg be its class number. If p splits in K, then define n to
be the smallest integer such that p is not split in the anticyclotomic extension of
degree ¢" of K and ¢"{hg. Otherwise, define it to be the smallest integer such
that €" { hg. Let x : Gk — Zy — Z/€"Z — F*, where the first map is given by the
anticyclotomic Z, extension of K, and the last map is the inclusion of the £"-th roots
of unity into F*. Now, we see, from a classical theorem of Hecke, that p= Indgg X
on Gq, ¢ 18 an odd, irreducible representation coming from a weight-1 newform f
of level £2"+3,

As x? = x~" and x has odd order, they are distinct characters of Gx and they
only coincide on ker(yx). Now, £ ramifies in K and the prime v’ of K lying above
¢ ramifies in the anticyclotomic extension of K of degree ¢" as £"thg. As a

1

consequence, we see that p|;, and plg,, are irreducible. As £ splits completely in
Q(¢&p), it follows that o |G@<:p) is also irreducible. If p is inert in K, then clearly
/5|G@,, is a sum of distinct characters as p is unramified in K. If p is split in K,
then for a place v of K above p, x and x¢ are distinct characters of Gg,, as x
has odd order and p does not split completely in the anticyclotomic extension of
K of degree £". As the anticyclotomic extension of K is unramified at p, we see
that plGa, is not a direct sum of characters which are cyclotomic twists of each
other. Therefore, 5 is a new I'; (£2*+3)-modular representation satisfying the two
conditions of Proposition 28 and the conditions of Theorem 3. Hence, from the
remark above, it follows that Ag‘(‘ﬂ”H) 18 not reduced.
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For prime powers ¢, let split(q) denote the probability that a randomly chosen
principally polarized abelian surface over the finite field [, is not simple. We
show that there are positive constants ¢; and ¢, such that, for all g,

c1(logq) > (loglog q) ™ < split(q) /g < c2(logq)*(loglog q)?,

and we obtain better estimates under the assumption of the generalized Riemann
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1. Introduction

Let A/K be a principally polarized absolutely simple abelian variety over a number
field. Murty and Patankar have conjectured [Murty 2005; Murty and Patankar 2008]
that if the absolute endomorphism ring of A is commutative, then the reduction A,
is simple for almost all primes p of Ok. (See [Achter 2009; Zywina 2014] for work
on this conjecture.) Given this, it makes sense to try to quantify the (conjecturally
density zero) set of primes of good reduction for which Ay, is split; that is, for which
A, is isogenous to a product of abelian varieties of smaller dimension. Specifically,
define the counting function

mopiit(A/K, 2) =#{p : N(p) <z and A, is split}.

Some upper bounds for the rate of growth of this function are available. For
instance, a special case of [Achter 2012, Theorem B, p. 42] states that if the image
of the £-adic Galois representation attached to the g-dimensional abelian variety A
is the full group of symplectic similitudes, then

1

1+
z(loglog z 32¢2+g+1)
Tpti(A/K, 2) € (ogloe ) i for all z > 3;

(log z) tealien

if one is willing to assume a generalized Riemann hypothesis, one can further show

that
1 2

Toptt(A/K, 2) < 2 Wt (log 2) W5t forall z > 3. 1)

However, there is no reason to believe that even (1) does a very good job of capturing
the actual behavior of the function 7gpic(A/ K, z). The purpose of the present paper
is to explain and support the following hope.

Conjecture 1.1. Let A/K be a principally polarizable abelian surface with abso-
lute endomorphism ring Endg A = Z. Then there is a constant C4 > 0 such that

Z
Tsplit(A/ K, 2) ~ CAi as 7 — oo.
logz

This statement bears some resemblance to the Lang—Trotter conjecture [1976],
whose enunciation we briefly recall. Let £/Q be an elliptic curve with Endg E =7,
and fix a nonzero integer a. Let w(E, a, z) be the number of primes p < z such
that E,(F,) — (p +1) = a. Then Lang and Trotter conjecture that 7 (E, a, z) ~
Cg.a+/7/10g z as z — oo, for some constant Cg ,. They also give a conjectural
formula for the constant Cg ,, but we shall ignore such finer information here.

In Section 2, we review a framework under which one might expect such counting
functions to grow like /z/log z. Roughly speaking, the philosophy of Section 2
suggests that Conjecture 1.1 should hold if the probability that a randomly chosen
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principally polarized abelian surface over [, is split varies like g~ '/2. The bulk of
our paper is taken up with a proof of a theorem which says that, up to factors of
log g, this is indeed the case.

For every positive integer n we let A,, denote the moduli stack of principally
polarized n-dimensional abelian varieties, so that for every field K the objects of
A, (K) are the K-isomorphism classes of such principally polarized varieties over K.
For every n and K we also let A, s1i((K) denote the subset of A, (K) consisting
of the principally polarized abelian varieties (A, A) for which A is not simple
over K. This is perhaps an abuse of notation, because there is no geometrically
defined substack A, piic giving rise to the sets A, spiie(K); our definition of “split”
is sensitive to the field of definition.

Theorem 1.2. We have

1 #AZ split(l]:q) 4 2
. 1 log1 il gq.
(logq)(loglog )’ e < (logg)“(loglogq)” forall q
If the generalized Riemann hypothesis is true, we have
1 #AZ split([Fq) 2 4
. 1 log 1 Il gq.
(logq) (oglog )° pE K (logg)“(loglogq)™ forall q

Since Aj; is irreducible of dimension 3, Theorem 1.2 implies that, up to loga-
rithmic factors, the chance that a randomly chosen principally polarized abelian
surface over [ is split varies like g2

The paper closes by presenting some numerical data, including evidence in favor
of Conjecture 1.1. We also indicate what we believe to be true when one considers
varieties that are geometrically split, and not just split over the base field.

After the first-named author gave a preliminary report on this work, including
some data obtained using sage, William Stein suggested contacting Andrew Suther-
land for help with more extensive calculations. Sutherland provided us with the
program smalljac [Kedlaya and Sutherland 2008], which we ran on our own
computers to obtain data on the mod-p reductions of the curve y> = x> +x + 6
over Q; later, Sutherland kindly used his own computers, running a program based
on the algorithm in [Harvey and Sutherland 2016], to provide us with reduction data
for this curve for all primes up to 2. It is a pleasure to acknowledge Sutherland’s
assistance. The data presented in Sections 11.1 and 11.2 was obtained using gp
and MAGMA.

As we were writing up the various asymptotic estimates of number-theoretic
functions that appear in this paper, the second-named author thought frequently of
Professor Tom M. Apostol, in whose undergraduate Caltech course Math 160 he
first became familiar with such computations. Not long after we completed this
paper, Apostol passed away. We dedicate this work to his memory.
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Notation and conventions. 1f Z is a set of real numbers and f and g are real-valued
functions on Z, we use the Vinogradov notation

f(z) kK g(z) forzeZ

to mean that there is a constant C such that | f(z)| < C|g(z)| forallz € Z. If Z
contains arbitrarily large positive reals, we use

f(z)~g(z) as z—> o0

to mean that f(z)/g(z) = 1 as z — oo, and we write f(z) < g(z) to mean that
there are positive constants C; and C, such that C1|g(z)| < |f(2)| < C2|g(z)| for
all sufficiently large z.

When we are working over a finite field [, we will use without further comment
the letter p to denote the prime divisor of ¢. This convention unfortunately conflicts
with the standard use in analytic number theory of the letter p as a generic prime,
for instance when writing Euler product representations of arithmetic functions.
In such situations in this paper (see for example equation (4) in Section 4), we
will instead use £ to denote a generic prime, and we explicitly allow the possibility
that £ = p.

A curve over a field K is a smooth, projective, irreducible variety over K of
dimension one, and a Jacobian is the neutral component of the Picard scheme of
such a curve.

2. Conjectures of Lang-Trotter type

Let M be a moduli space of PEL type [Shimura 1966]. Let K be a number field, let
A € Ok be nonzero, and let S be the set of primes of K that do not divide A. If p is
a prime of K we let [, denote its residue field. Equip each finite set M ([F,) with the
uniform probability measure, and let A, be a random variable on M([F,). Suppose
that for each p € § a subset T, C M([F,) is specified, with indicator function /.
Let A= Hpes Ay, and let

#T,
(A, 1,2) = Z #M(E:)
peS:N(p)<z P

be the expected value of ZpeS:N(p)gz I,(Ap). If #T, /#M(Fp) < 1/ N (p)™, then
Landau’s prime ideal theorem [1903a, p. 670] yields the estimate 7w (A4, I, z) <
fzz 1/(x™ log x) dx. In particular, for m = % one finds that 7 (A, I, z) < /z/logz.

Henceforth, assume M and T, are chosen so that the above holds with m = L

2
Now suppose that A € M(Ok[1/A]), and let
A L= Y L(Ap).

peS:N(p)<z
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If one assumes that (A is sufficiently general, and thus) A is well modeled by the
random variable A, then one predicts that

(A, I,7) = é. 2)

(By “sufficiently general” one might mean, for example, that the Mumford-Tate
group of A is the same as the group attached to the Shimura variety M; but this
will not be pursued here.)

For instance, let .4; be the moduli stack of elliptic curves, and let a be a nonzero
integer. On one hand, since 4, is irreducible and one-dimensional, we have the
estimate #A4;(F;) < ¢g. On the other hand, the number of isomorphism classes of
elliptic curves over [, with trace of Frobenius a is the Kronecker class number
H(a? - 4q). Up to (at worst) logarithmic factors, the class number H (a® — 4q)
grows like /|a% —4q| ~ 2./q (see Lemma 4.4). In this case, the prediction (2)
yields the Lang—Trotter conjecture.

We interpret Theorem 1.2 as saying that the number of principally polarized split
abelian surfaces over [, is approximately ¢>/%. This, combined with the fact that
dim Ay = 3 and thus #43(F,) < q?, is the inspiration behind Conjecture 1.1.

In spite of the apparent depth and difficulty of the Lang—Trotter conjecture, we
are certainly not the first to have attempted to formulate analogous conjectures
in related contexts. Murty [1999] poses the problem of counting the primes p
for which, in a given Galois representation p : Gal(K) — GL,(0,), the trace of
Frobenius tr(p(op)) is a given number a. The work of Bayer and Gonzalez [1997]
is philosophically more similar to the present paper. Bayer and Gonzdlez consider
a modular abelian variety A/Q and study the number of primes p such that the
reduction A, has p-rank zero. Unfortunately, in most situations, both [Bayer and
Gonzélez 1997, Conjecture 8.2, p. 69] and [Murty 1999, Conjecture 2.15, p. 199]
predict a counting function 7 (z) which either grows like loglog z or is absolutely
bounded. In contrast, Conjecture 1.1 has the modest virtue of involving functions
that grow visibly over the range of computationally feasible values of z.

3. Split abelian surfaces over finite fields

In this section we articulate the proof of Theorem 1.2, which gives asymptotic upper
and lower bounds on the number of principally polarized abelian surfaces over finite
fields such that the abelian surface is isogenous to a product of elliptic curves. There
are several different types of such surfaces, each of which we analyze separately.

First, there are the abelian surfaces over [, that are isogenous to a product
E| x E, of two ordinary elliptic curves, with E; and E; lying in two different
isogeny classes. We call this the ordinary split nonisotypic case.
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Proposition 3.1. The number W, of principally polarized ordinary split nonisotypic
abelian surfaces over [, satisfies

W q>*(log ¢)*(loglog q)>  for all q, unconditionally,
1 q>*(log ¢)*(loglog ¢)*  for all q, under GRH.

Second, there are the abelian surfaces over [, that are isogenous to the square of
an ordinary elliptic curve. We call this the ordinary split isotypic case.

Proposition 3.2. The number X, of principally polarized ordinary split isotypic
abelian surfaces over [, satisfies

g*>(log g)*|loglogg| for all q, unconditionally,
4 g*(logq)(loglog q)*> for all q, under GRH.

Third, there are the abelian surfaces over [, that are isogenous to the product of
two elliptic curves, exactly one of which is supersingular. We call this the almost
ordinary split case.

Proposition 3.3. The number Y, of principally polarized almost ordinary split
abelian surfaces over [, satisfies

g*(logg)(loglog q)? for all q, unconditionally,
1 g*|loglog g|? for all g, under GRH.

And fourth, there are the abelian surfaces over [, that are isogenous to the product
of two supersingular elliptic curves. We call this the supersingular split case.

Proposition 3.4. The number Z, of principally polarized supersingular split abelian
surfaces over [y satisfies Z, <K q° forall q.

To prove the lower bound in Theorem 1.2, we estimate the number of ordinary
split nonisotypic surfaces.

Proposition 3.5. The number W, of principally polarized ordinary split nonisotypic
abelian surfaces over [, satisfies

5/2
q ..
for all q, unconditionally,
lo 3(loglo 4
W, > ( gq)q(s/zg 2q)
(log q)(log logq)é fO}’ all q, under GRH.

It is clear that together these propositions provide a proof of Theorem 1.2. We will
prove the propositions in the following sections. We begin with some background
information and results on endomorphism rings of elliptic curves over finite fields
(Section 4) and a review of “gluing” elliptic curves together (Section 5).
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4. Endomorphism rings of elliptic curves over finite fields

In this section we set notation and give some background information on endomor-
phism rings of elliptic curves over finite fields. With the exception of the concepts
of “strata” and of the “relative conductor”, most of the results on endomorphism
rings we mention are standard (see [Waterhouse 1969, Chapter 4] and [Schoof
19871, and note that [Schoof 1987, Theorem 4.5, p. 194] corrects a small error in
[Waterhouse 1969, Theorem 4.5, p. 541]).

Let E be an elliptic curve over a finite field [,. The substitution x — x4 induces an
endomorphism Frz € End E called the Frobenius endomorphism. The characteristic
polynomial of Frg (acting, say, on the £-adic Tate module of E for some £ # p) is
of the form fg(T) =T? —a(E)T + q for an integer a(E), the trace of Frobenius.
Two elliptic curves E and E’ are isogenous if and only if a(E) = a(E’), and Hasse
[1936a; 1936b; 1936¢] showed that |a(E)| < 2,/q. We will denote the isogeny
class corresponding to a by

I(F,, a) = {E/F, : a(E) = a}.

The isogeny class Z([F,, a) is called ordinary if gcd(a, g) = 1, and supersingular
otherwise (see [Waterhouse 1969, p. 526 and Chapter 7]). The supersingular
curves E are characterized by the property that E| p](l]_: ) = {0}.

If E /[, is a supersingular elliptic curve, then End; E is a maximal orderin @ oo,
the quaternion algebra over (0 ramified exactly at { p, oo} There are two possibilities
for End E itself. It may be that all of the geometric endomorphisms of E are already
defined over [, so that End E is a maximal order in Q, ; this happens when
g is a square and a(E)*> = 4¢. The other possibility is that End E is an order in
an imaginary quadratic field; in this case, the discriminant of End FE is either —p,
—4p, —3, or —4. (See Table 1 in Section 8 for the exact conditions that determine
the various cases.)

Suppose Z([F,, a) is an isogeny class with a® # 4q. Then

Oug = ZIT1/(T* —aT +q)

is an order in the imaginary quadratic field

Ka,q = @(V az —4Q),

and is isomorphic to the subring Z[Frg] of End E for every E € Z([F,, a). An order
Oin K, 4 occurs as End E for some E € Z(F,, a) if and only if O 2 O, 4, and O is
maximal at p (see [Waterhouse 1969, Theorem 4.2, pp. 538-539] or [Schoof 1987,
Theorem 4.3, p. 193]). Note that the maximality at p is automatic when Z(F,, a)
is ordinary, because in that case ¢ is coprime to the discriminant a® — 4q of Ouq-
If we let Z(F,, a, O) denote the set of isomorphism classes of elliptic curves in
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Z(F,, a) with endomorphism ring O, we can write Z([F,, a) as a disjoint union

I, a) = | | Z(F,. a, 0),
020,44

where O ranges over all orders of K, , that contain O, , and that are maximal
at p. If a is coprime to ¢, or if a = 0 and ¢ is not a square, then each of the sets
Z(F,, a, O) appearing in the equality above is a torsor for the class group CI(O)
of the order O. In particular, #Z([F,, a, O) is equal to the class number 4 (O) of O
(see [Schoof 1987, Theorem 4.5, p. 194]).

We will refer to a nonempty set of the form Z([F,, a, O) as a stratum of elliptic
curves over [,. Given a stratum S, we will denote the associated trace by a(S)
and the associated quadratic order by Os. If S and S’ are two strata over [, we
say that S and &’ are isogenous, and write S ~ &, if the elliptic curves in S are
isogenous to those in &' —that is, if a(S) = a(S’).

For any imaginary quadratic order O we let A(O) denote the discriminant of O
and A*(O) the associated fundamental discriminant — that is, the discriminant of
the integral closure of O in its field of fractions. Then

A(0) = f(O)*A*(0),

where §(O) is the conductor of . For a trace of Frobenius a with a® # 4¢q we will
write Ag g, f4.4, and A7, for the corresponding quantities associated to Og 4.

Let E/F, be an elliptic curve whose endomorphism ring is a quadratic order. We
define the relative conductor f,,(E) of E by

§(Oa.q)
f(End E)’

this quantity is also equal to the index of O, , = Z[Frg] in End E. If E/F, is a
supersingular elliptic curve with endomorphism ring equal to an order in a quaternion
algebra, we adopt the convention f.(E) = 0. The relative conductor depends only
on the stratum of E, so for a stratum S we may define f,,(S) to be the relative
conductor of any curve in S.

frel(E) =

Proposition 4.1. Let E/F, be an elliptic curve with End E a quadratic order.

(a) The relative conductor f.,(E) is the largest integer r such that there exists an

integer b with
FI‘E —b

r

eEnd E.

(b) The relative conductor f.,(E) is the largest integer r for which Frg acts as an
integer on the group scheme E|[r].

(c) If E is ordinary, the relative conductor f.,(E) is the largest integer r, coprime
to q, for which Frg acts as an integer on the group E[r]([F,).
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Proof. Let O be the maximal order containing End E and let w be an element of O
such that O = Z[w]. Write Frg = u+vw for integers u and v; then Z[Frg]=Z+v0O,
so v = f(Z[Frg]).

On one hand, suppose r is an integer for which there is an integer b with
(Frg —b)/r e End E. Then End E 2 Z + (v/r)O, so r is a divisor of the relative
conductor. On the other hand, if s is the relative conductor of E, then End E =
Z+ (v/s)O =Z[(v/s)w], so (Frg —u)/s is an element of End E. This proves (a).

If Frg acts as an integer b on the group scheme E|[r], then the endomorphism
Frg —b kills E[r]. This implies that Frg —b factors through multiplication-by-r,
which means that (Frg —b)/r lies in End E. Conversely, if (Frg —b)/r lies in
End E, then Frg acts on E[r] as the integer b. Thus, (b) follows from (a).

Suppose E is ordinary. The endomorphism Frg does not act as an integer on
the group scheme E[p], because it acts noninvertibly (consider the local part of
E[p]), but not as zero (consider the reduced part of E[p]). Therefore, the integer
defined by (b) will not change if we add the requirement that r be coprime to p.
For integers r coprime to p, the group scheme E[r] is determined by the Galois
module E [r](E). Thus, (c) follows from (b). U

Corollary 4.2. Let E /T, be an elliptic curve with relative conductor r, and let n
be a positive integer. The largest divisor d of n such that Frg acts as an integer on
E[d] is equal to gcd(n, r).

Proof. When End E is a quadratic order, this follows immediately from Proposition
4.1. If the endomorphism ring of E is an order in a quaternion algebra, then ¢ is a
square and Frg = +,/q; that is, Frg is an integer, so that d = n = ged(n, 0). U

Later in the paper we will need to have bounds on the sizes of the automorphism
groups of schemes of the form E[n] for ordinary E and positive integers n. Our
bounds will involve the Euler function ¢(n) as well as the arithmetic function
defined by ¢ (n) =n[], ,(1+1/0).

Proposition 4.3. Let E be an elliptic curve over [y, let n be a positive integer, and
let g = ged(n, f,o(E)). If E is supersingular, assume that n is coprime to q. Then
#Aut E[n]

g (n)
Proof. Every term in the inequality is multiplicative in 7, so it suffices to consider
the case where n is a prime power £°,

Suppose £ = p. In this case, E must be ordinary by assumption. Note that the
relative conductor divides the discriminant a*> —4¢q, where a = a(E) is coprime to p
because E is ordinary. Therefore the relative conductor is coprime to p, so g = 1.

The group scheme E|[n] is the product of a reduced-local group scheme G
and a local-reduced group scheme G», each of rank n. The group scheme G is

p(n) < <y (n). 3)
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geometrically isomorphic to Z/n, with Frobenius acting as multiplication by an
integer (which is congruent to a modulo ¢). The automorphism group of G is
(Z/n)*, and has cardinality ¢ (n).

The group scheme G, is geometrically isomorphic to u,, the group scheme
of n-th roots of unity, with Frobenius acting as power-raising by an integer. The
automorphism group of G is also (Z/n)*, and has cardinality ¢ (n).

Since there are no nontrivial morphisms between G and G, the automorphism
group of E[n] is the product of the automorphism groups of G and G,. Thus, when
n is a power of p the middle term of (3) is equal to ¢(n), and the two inequalities
of (3) both hold.

Now suppose £ # p. In this case, the group scheme E[n] can be understood
completely in terms of its geometric points and the action of Frobenius on them.
The group E [n]([?q) is isomorphic to (Z/n)?, and if we fix such an isomorphism the
Frobenius endomorphism is given by an element y of GL,(Z/n) whose trace is a
and whose determinant is g. The automorphism group of E[n] is then isomorphic
to the subgroup of GL,(Z/n) consisting of those elements that commute with y;
that is, the centralizer Z(y) of y.

Let r be the largest divisor of n such that Frg acts as an integer on E[r];
Proposition 4.1 shows that » = g. Then there is an integer d (uniquely determined
modulo g) and a matrix 8 € GL,(Z/n) such that

g B €gMatz(Z/n) =Maty(Z/(n/g))

is cyclic and such that y =d - I 4+ g - 5. (See [Avni et al. 2009; Williams 2012] for
details.)

Given this expression for y, we can explicitly compute the centralizer Z(y). If
g =n then Z(y) = GLy(Z/n), so Z(y) has order mﬂ(n)go(n)2. If g is a proper
divisor of n then Z(y) is the group of all « € GL,(Z/n) such that the image of « in
GLy(Z/(n/g)) C Maty(Z/(n/g)) lies in the Z/(n/g)-span of I and 8. The order
of this subgroup of GL,(Z/(n/g)) is equal to ¢(n/g) times

Y(n/g) if B mod ¢ has no eigenvalues in Z/¢,
n/g if B mod £ has 1 eigenvalue in Z/¢,
¢(n/g) if B mod ¥ has 2 eigenvalues in Z/¢,

so the order of its preimage in GL,(Z/n) is either 2> (n)e(n) or g’ne(n) or
g%¢(n)?. In every case we find that

gom)* <H#Z(y) < g (m)p(n),

which gives (3). (Alternative methods of calculating Z(y) can be found in [Williams
2012].) U
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Later in the paper we would like to have estimates for the sizes of isogeny classes
and strata; since these sizes are given by class numbers, we close this section by
reviewing some bounds on class numbers.

We denote the class number of an imaginary quadratic order O by h(O); this is
the size of the group of equivalence classes of invertible fractional ideals of O. We
let H(O) denote the Kronecker class number of O, defined by

H(©O)= ) h(O),

0’20

where the sum is over all quadratic orders that contain O. If A is the discriminant
of an imaginary quadratic order O, we write h(A) and H(A) for h(O) and H (O),
respectively.

Lemma 4.4. We have

|A[/? Tog|A| for fundamental A < 0,

h(A) K
(&) {|A|1/210g|A|10g10g|A| forall A <O;

H(A) < |A]'?1og|A|(loglog|A)?  forall A <O.
If the generalized Riemann hypothesis is true, we have

|A'/2 loglog|A| for fundamental A < 0,

h(A
( )<<{|A|1/2(10g10g|A|)2 forall A <0;

H(A) < |Al'Y?(oglog|A)?  forall A <O0.

Proof. The unconditional bound on /2 (A) for fundamental A comes from [Cohen
1993, Exercise 5.27, p. 296], and the conditional bound from [Littlewood 1928,
Theorem 1, p. 367].

For an arbitrary negative discriminant A, write A = f>A* for a fundamental
discriminant A*, and let x be the quadratic character modulo A*. Then

B(A) = fA(AY) 1‘[(1 - @) < fh(a") ﬂ(l + %) <Y, @

Ll f b

where o is the sum-of-divisors function (and we recall that ¢ ranges over all prime
divisors of §). Since o(n) < nloglogn for n > 2 by [Hardy and Wright 1968,
Theorem 323, p. 266], we find that

h(A) < fh(A") loglog|A| forall A <O.

Combining this with the class number bounds for fundamental discriminants gives
us the bounds for arbitrary discriminant.
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For Kronecker class numbers, note that

- pr g -2

f1f fl1f ay
1
< h(A* - -1 * 2
< h( )(Zf) 1'[(1 + E) <f ' h(Ae (),
f1f Ll
so that
H(A) < fh(A%)(loglog|A? forall A <O.

This leads to the desired bounds on H (A). ]

5. Gluing elliptic curves

In this section, we review work of Frey and Kani [1991] that explains how to
construct principally polarized abelian surfaces from pairs of elliptic curves provided
with some extra structure. First, we discuss isomorphisms of torsion subgroups of
elliptic curves.

Let E and F be elliptic curves over a field K and let n > O be an integer.
We let Isom(E[n], F[n]) denote the set of group scheme isomorphisms between
the n-torsion subschemes of E and F. The Weil pairing gives us nondegenerate
alternating pairings

E[n]lx E[n] > p, and F[n]x Fln]— u,

from the n-torsion subschemes of E and of F' to the n-torsion of the multiplicative
group scheme. Via the Weil pairing, we get a map

m :Isom(E[n], F[n]) — Autu, = (Z/nZ)*.

For every i € (Z/nZ)* we let Isomi(E[n], F[n]) denote the set m~'(i), so that
Isom! (E[n], F[n]) consists of the group scheme isomorphisms that respect the
Weil pairing, and Isom™! (E[n], F[n]) consists of the anti-isometries from E[n]
to F[n].

If n is an anti-isometry from E[n] to F[n], then the graph G of 7 is a subgroup
scheme of (E x F)[n] that is maximal isotropic with respect to the product of the
Weil pairings. It follows from [Mumford 1974, Corollary to Theorem 2, p. 231]
that n times the canonical principal polarization on E x F descends to a principal
polarization A on the abelian surface A := (E x F)/G. In this situation, we say
that the polarized surface (A, )) is obtained by gluing E and F together along their
n-torsion subgroups via 7.

Frey and Kani [1991] show that every principally polarized abelian surface (A, A)
that is isogenous to a product of two elliptic curves arises in this way; furthermore,
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if such an A is not isogenous to the square of an elliptic curve, then the E, F, n,
and 7 that give rise to the polarized surface (A, A) are unique up to isomorphism
and up to interchanging the triple (E, F, ) with (F, E,n~").

Frey and Kani also note that if the polarized surface (A, 1) constructed in this
way is the canonically polarized Jacobian of a curve C, then there are minimal
degree-n maps « : C — E and 8 : C — F such that o, 8* = 0; here minimal means
that o and 8 do not factor through nontrivial isogenies. Conversely, every pair of
minimal degree-n maps « : C — E and B : C — F such that o,,8* = 0 arises in
this way.

6. Ordinary split nonisotypic surfaces

In this section we will prove Proposition 3.1. The proof depends on three lemmas,
whose proofs we postpone until the end of the section.

Lemma 6.1. The number W, of principally polarized ordinary split nonisotypic
abelian surfaces over [, is at most

> OO S Ta(S) Y v,

S S§'#S n|(a(S)—a(s))

where the first sum is over ordinary strata S, and the second is over ordinary strata S’
not isogenous to S.

Lemma 6.2. We have

> ¥(d) < n(loglogn)® forall n> 1.
d|n

Lemma 6.3. We have

Z frel (E) <

{q (log 9)? for all q, unconditionally,
ordinary E/F,

q(logg)llogloggq| forall q, under GRH.

Given these lemmas, the proof of Proposition 3.1 is straightforward.

Proof of Proposition 3.1. From Lemmas 6.1 and 6.2 we find that

W, < q'(loglogq)> >~ > h(O)h(Os) Fei(S) et () forall g.
S StS

Since

2 2
> ¥ OO () < (L0 1®) = X (B
S

S S'#S ordinary E /[,
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we have )
W, K q1/2(log log 61)2< Z frel(E)> for all ¢.
ordinary E/F,
Combining this with Lemma 6.3, we find that we have
W g°/*(log ¢)*(loglog ¢)? for all ¢, unconditionally,
1452 (log ¢)*(loglog ¢)*  for all ¢, under GRH. O

Now we turn to Lemmas 6.1, 6.2, and 6.3. The proof of Lemma 6.1 itself requires
some notation and a preparatory result.

Fix an elliptic curve E/F,; and a stratum S of elliptic curves over F,. For a
positive integer n, let

Isom(E,S,n)={(E,E',n): E' €8, neclsom(E[n], E'[n])},
Isom™(E,S,n)={(E,E',n): E' €8, nelsom ' (E[n], E'[n])}.

Lemma 6.4. Suppose that either S is ordinary, or that a(S) = 0 and g is a non-
square. If Isom™'(E, S, n) is nonempty then ged(n, f,(E)) = ged(n, f,(S)), and
we have

#Isom™ (E, S, n) <29 (0h(Os) ged(n, e (E)) ged(n, fo(S)).
In particular, if §,(E) # 0, then
#Isom™ ' (E, S, n) <29 (M)h(Os) fre1(E) fre1(S)-

Proof. Suppose that Isom™!(E, S, n) is nonempty. Then there is an E’ € S for
which there is an isomorphism E[n] = E’[n]. Corollary 4.2 then shows that
ged(n, fre (E)) = ged(n, frel(E/)) = ged(n, fre (S)).

The class group CI(Os) acts on S, and the assumption that either S is ordinary
or that a(S) = 0 and ¢ is a nonsquare implies that S is a torsor for the class
group. Define an action of Aut E[n] x CI(Ogs) on the nonempty set Isom(E, S, n)
by setting

(a,[a) o (E, E',n) = (E,[a]l* E', [a]lonoa™l).

It is clear that Isom(E, S, n) is a torsor for Aut E[n] x CI(Os) under this action,
so using Proposition 4.3 we find that

#Isom(E, S, n) < (#Aut E[n])h(Os) < g*o(n)y (m)h(Os),
where g = ged(n, fo(E)). Therefore
#Isom(E, S, n) < o(n)y (n)h(Os) ged(n, fro (E)) ged(n, fre (S))-

In the preceding section we defined a map m : Isom(E[n], E'[n]) — Aut u,, that
sends a group scheme isomorphism to the automorphism of p, induced by the Weil
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pairing. This gives rise to a map from Isom(E, S, n) to Aut u,,, which we continue
to denote by m, that sends a triple (E, E’, n) to m(n). We claim that the image of
this map is a coset of a subgroup of Aut u,, of index at most 2.

To see this, we use the theory of complex multiplication, the Galois-equivariance
of the Weil pairing, and class field theory for the extension Q(¢,,)/Q as follows. Let
K be the field of fractions of Og. Given [a] € C1(Ogs) and (E, E’, n) €Isom(E, S, n),
we have

m((1, [aD o (E, E', ) = Nk a(@), Q) /Q) om(n) € Aut p,,

where (-, Q(¢,)/Q) denotes the Artin symbol for the extension Q(¢,)/Q. Since
the group of norms of idele classes of K has index [K : @] =2 in the group of idele
classes of @, the image of the map m is a coset of a subgroup of index at most 2.

Therefore, the number of elements in Isom ™' (E, S, n) is at most 2 /@ (n) times the
number of elements in Isom(E, S, n), and we obtain the inequality in the lemma. [J

Proof of Lemma 6.1. As we noted in Section 5, every principally polarized ordinary
split nonisotypic surface over [, is obtained in exactly two ways by gluing two
ordinary nonisogenous curves E and E’ together along their n-torsion. Since we
must then have E[n] = E’[n], the traces of Frobenius of E and E’ must be congruent
to one another modulo n; that is, n | (a(E) — a(E")). Summing over ordinary E
and E’, we find that

2W,=> "> > #lIsom '(E[n], E'[n])

E E'*E n|(a(E)—a(E"))

- Z Z Z #Isom '(E, S, n)

E S'#*E n|(a(E)—a(S"))

=YY 24@hOs) fa(E) Fra(S)  (by Lemma 6.4)

E S'*E n|(a(E)—a(S))

<23 hO) (B fa(S) D W)

E S'*E n|(a(E)—a(S"))
=2 > h(ODh(O) (S fra(S) D v,
S S'+S n|(a(S)—a(S")
which proves the lemma. O

Proof of Lemma 6.2. Denote the sum on the left by f(n), so that f is a multiplicative
function. We calculate that f(n)/n < HZIn(l 4+ 1/¢)/(1 — 1/¢). Taking this
inequality and multiplying by the square of the identity ¢(n)/n =[], (1 =1/0),

we find that
f(n) o(n)loglog n\ 1100 AP
n(loglogn)? n - ez)—

Lln
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Landau [1903b] showed that liminf ¢(n)(loglogn)/n = e~ 7, where y is Euler’s
constant. The lemma follows. U

Our proof of Lemma 6.3 requires an estimate from analytic number theory.
Let C be the multiplicative arithmetic function defined on prime powers £¢ by
Ce)y=2(1+1/0).

Lemma 6.5. We have
Y € <xlogx forall x> 1.
n<x

Proof. Let D be the Dirichlet product [Apostol 1976, §2.6] of C with the Mobius
function u, so that

Cn) = ZD(d).

dln
We compute that D is the multiplicative function defined on prime powers £¢ by

142/¢ ife=1,

D% =
) {0 ife>1.

Then

ORI ILIOED LI ER 28,

n<x n<xd|n d<x d<x

so we need only show that } _,_ D(d)/d < logx for x > 1.

Note that .
> D(E’)_1+1+2
— A
so that D) . 5
—<[ITl1+=-+=).
d —H( te +52>
d<x <x

Taking logarithms, we find that

D(d) 1 2
log275210g<1+z+£—2)
d<x <x
1 1
=Z—+c+0 -
£ X

1
zloglogx+c/+0( )
log x

where ¢ and ¢’ are constants and where the last equality comes from [Apostol 1976,
Theorem 4.12, p. 90]. Exponentiating, we find that ) ,_ D(d)/d < logx for
x > 2, as desired. (]
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Proof of Lemma 6.3. First we compute a bound on the sum of the relative conductors
of the elliptic curves in a fixed ordinary isogeny class. Let a be an integer, coprime
to ¢, with a®> < 4¢. Recall from Section 4 that we write A, g i=a 2 _4g= f A P
where A7 , is a fundamental discriminant. Let O, .¢ be the quadratic order of
discriminant A* . As we noted in Section 4, the i isogeny class Z(F,, a) is the union
of strata S =7 ( ,a, ©O), where the orders O C Oa ,¢ have discriminant f 2A

for the divisors f of fa,q- The curves in S have relative conductor f, , /f, and the
number of curves in S is equal to £(O). If we let x denote the quadratic character

modulo A7, ., then

L
o) = sy [T(1-447).
el f
Thus,

Y (B = Zf[;;qfh(A 1‘[( m)

EeZ(F,,a) 1 g LLf
« x (6
“hghs) Y T1(1-22).

Flfagtlf

Lemma 4.4 tells us that 2(A) < |A]'/?log|A| for all fundamental discriminants
A < 0. Combining this with the fact that |f112,qA>:1,q| =4q — a* < 4q we see that
there is a constant ¢ such that for all ¢ and a we have

> fralE) < cq'*(og ) A, ).

E€L(Fy,a)
where A is the arithmetic function defined by
v
am = T(1+) =2 %7
dlnt|d d|n

Additionally, if the generalized Riemann hypothesis is true we can use Lemma 4.4
to find that there is a constant ¢’ such that for all g and a we have

Y Fa(E) <c'q"loglogql|A(,,)-
E€Z(F,,a)

Thus, to prove the lemma it will suffice to show that we have

Z A(faq) K qg'/*logq forall g. &)

1<a<2./q
ged(a,g)=1
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Note that the sum on the left side of (5) is equal to

d d
Z ZW() Z M# 1<a<2yq, geda, @) =1, d| o4}

1<a<2./q d|f.q 1<d=<2./q
ged(a.q)=1

Ifd| f,, then a? = 4g mod d?, so let us first consider, for a fixed d, estimates for
the number of a in the interval [1, 2,/g] with a* = 4¢g mod d°.
We have

#la:1<a<2q, a* =4q mod d*}
<#{a:1<a=<d*[2\/q/d*]. a* = 4q mod d*}
=[2/q/d*|#{a:1 <a < d* a*=4q modd?}.

Thus, if we let B, denote the multiplicative arithmetic function given by
B,(n) =#{a l<a< nz, a? =4q modnz}

then we have

d
Y AGup = D ?#{azlgagz\@, ged(a, q) =1, d| fo,}

1<a<2./q d<2q
ged(a,g)=1 gcd(d,q)=1
(d)
= Y Y0 a8,
d<2./q
ged(d,q)=1
2 d d
< ) “/—W)B(d)+ > MB ). (6)
d<2./q d<2./q
ged(d,q)=1 ged(d,q)=1

If ¢ is a prime that does not divide ¢ and if e > O then

2 ife#£2

B, (%) <
o )_{8 if £ =2,

SO
#B (d) <4C@d)

for all d coprime to g, where C is the function from Lemma 6.5. For every € > 0
we have C(d) <« d€ for all d, so

1 ¥ (d) C(d) =, C(d)

> dzw By(d)<4 Y 427«30 forall g. (7)
d<2./q d<2/q d=1

ged(d,g)=1 gcd(d,q)=1
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This shows that the first term on the right side of (6) is < ,/q for all g. To bound
the second term on the right side of (6), we compute that

d
> —1/[; ‘B, <4 Y @) <glogg forall g, ®)
d<2./q d=<2./q
ged(d,q)=1

by Lemma 6.5. Combining (6) with (7) and (8) proves (5), and completes the proof
of the lemma. 0

7. Ordinary split isotypic surfaces

In this section we will prove Proposition 3.2. As in the preceding section, we state
several lemmas which lead to a quick proof of the proposition. Lemma 7.1 follows
from Lemma 6.4. We postpone the proofs of Lemmas 7.2, 7.3, and 7.4 until the
end of the section.

Lemma 7.1. For every ordinary E /[, and positive integer n we have

> #lsom ™ (E, E'.n) <20 () fra(E) Y Fra(E). O

E'~E E'~E

Lemma 7.2. Let E /T, be an elliptic curve and let C /T, be a smooth genus-2 curve
with Jac C ~ E2. Then there is a finite morphism C — E of degree at most /2q. If

E is supersingular with all endomorphisms defined over F,, then there is a finite

morphism C — E of degree at most /4.

Lemma 7.3. We have
Z Y(n) = —=x"+ O(xlogx).
272
n<x

For every pair of isogenous curves E and E’ over [F,, we let s(E, E') denote the
degree of the smallest isogeny from E to E’.

Lemma 7.4. Let E /I, be an ordinary elliptic curve with §(E) =1, and let S be
a stratum of curves isogenous to E. Then

Z 1 _ ¢@3)
s(E, E/)z frel(S)z,

E'eS
where ¢ is the Riemann zeta function.

Proof of Proposition 3.2. Proposition 3.2 gives an upper bound on the number
of principally polarized abelian surfaces isogenous to the square of an ordinary
elliptic curve. We would like to instead consider Jacobians. This requires that
we first dispose of those principally polarized surfaces that are not Jacobians of
smooth curves; according to [Gonzilez et al. 2005, Theorem 3.1, p. 270], these
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are the polarized surfaces that are products of elliptic curves with the product
polarization, together with the restrictions of scalars of polarized elliptic curves over
the quadratic extension of our base field. But the restriction of scalars of an elliptic
curve over [,2 with trace of Frobenius b is an abelian surface over [, with Weil
polynomial x* — bx? +¢2, and such a surface is never isogenous to the square of an
ordinary elliptic curve, because in that case its Weil polynomial would have to be
(x2 —ax +q)2, where a is coprime to g. Therefore, to dispose of the non-Jacobians,
we need only consider products of elliptic curves, with the product polarization.

The number of elliptic curves in an ordinary isogeny class with trace of Frobenius
equal to a is equal to the Kronecker class number H (a”> — 4q) of the discriminant
a® —4q (see [Schoof 1987, Theorem 4.6, pp. 194-195]). From Lemma 4.4 we know
that H(A) < |A|'? log| A|(log log| A|)? for all negative discriminants A. Therefore
the number of product surfaces E x E’ with E and E’ both in a fixed ordinary
isogeny class over [, is < g (log ¢)*(loglog ¢)*; summing over isogeny classes,
we find that the number of product surfaces E x E’ with E and E’ ordinary and
isogenous to one another is < ¢>/?(log ¢)*(loglog ¢)*. Thus, the contribution of
the non-Jacobians to the ordinary split isotypic polarized surfaces is much less than
the bound claimed in Proposition 3.2. (Of course, for present purposes, it suffices to
observe that the number of non-Jacobians is bounded by the square of the number of
elliptic curves over [ ; but the estimate provided here is closer to the actual truth.)

Fix an integer a with |a| < 2,/q and gcd(a, g) = 1, and let E, be an elliptic
curve over [, with a(E) =a and with End E, = O, 4, so that f, (E,) = 1. Suppose
C is a curve over [, whose Jacobian is isogenous to E2. By Lemma 7.2 there is
a morphism from C to E, of degree at most v/2q. We can write this map as a
composition of a minimal map C — E (see Section 5) with an isogeny £ — E,,
and it follows that the degree of the minimal map C — E is at most /2q /s(E, E,).
If we let N,, denote the number of genus-2 curves with Jacobians isogenous to E2,
we find that

N, < Z #{C with minimal maps to E of degree at most v/2¢q/s(E, Ea)}
E~E,

<> > > #lsom™'(E, E',n)

E~E, n<\2q/s(E,E;) E'~E

<> Y 2 faE) Y Fu(E) ©)

E~Eq n<2q/s(E,E,) E'~E

=2( Z frel(E/)> Z frel(E) Z W(I’L)
E~E,

E'~E, n=<+2q/s(E,E,)
2q
E E’ E E)y———— for all dg. (0
< (E/NE frel( )) E~E, frel( )S(E’ Ea)2 oratadm 1 ( )



Split abelian surfaces over finite fields and reductions of genus-2 curves 59

Here (9) follows from Lemma 7.1 and (10) follows from Lemma 7.3. Now we group
the curves E isogenous to E, by their strata. Recall that we have a>—4¢g = f AP
and that the strata of curves isogenous to E, are indexed by the divisors f of faq-
We find that

N, <<Q< Z frel (E )) Z Fre1(S) Z (E 3 )2 for all a and ¢

E'~E, S~E,

< Q< Z frel (£ )) Z - forall aand g (11)
E'~E, fl faq

< q( > frel(E/)> |log log ¢| forall a and ¢,  (12)
E'~E,

where (11) follows from Lemma 7.4 and (12) follows from the asymptotic upper
bound [Hardy and Wright 1968, Theorem 323, p. 266]
T Zdlnd . Zdlnd/n . Zd\nl/d
e’ =limsup ——— =limsuyp —— = limsup ———.
ns0 nloglogn ns0 loglogn n>0 loglogn
Recall that X, is the number of principally polarized ordinary split isotypic
abelian surfaces over [,. Then X, is the sum over all a coprime to g of the N,
(together with the negligible contribution from those abelian surfaces that are
isomorphic, as principally polarized abelian varieties, to products of isogenous
elliptic curves), and we find that

Xy <<q|10g10g61|( Z frel(E)) for all q.

ordinary E/F,
Proposition 3.2 then follows from Lemma 6.3. ]

Proof of Lemma 7.2. Choose a divisor of degree 1 on C, and let L be the additive
group of morphisms from C to E that send the given divisor to the identity of E. Let
E be the base extension of E from [ to the function field F of C. The Mordell-Weil
lattice of E over F is the group E(F)/E(F,) provided with the pairing coming
from the canonical height. The natural map L — E(F)/E([,) is a bijection, and the
quadratic form on L obtained from the height pairing on E(F) is twice the degree
map (see [Silverman 1994, Theorem 111.4.3, pp. 217-218]). Let a = a(E), and let
7 and 7 be the roots in C of the characteristic polynomial of Frobenius for E, so
that m + 7 = a. The Birch and Swinnerton-Dyer conjecture for constant elliptic
curves over function fields (proved by Milne [1968, Theorem 3, pp. 100-101])
shows that the determinant of the Mordell-Weil lattice is a divisor of

{(71 )= (a®—4q)* ifn #7,

q° ifr=m;
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note that w = 7 if and only if E is supersingular with all of its endomorphisms
rational over .

The Z-rank of L is twice the Z-rank of End E. If m # 7, so that End E is an
imaginary quadratic order, then L is a Z-module of rank 4. Applying [Cassels 1978,
Theorem 12.2.1, p. 260] we find that there is a nonzero element of L of degree
at most

Lyala® —4q]'?,

where y4 is the Hermite constant for dimension 4. Using the fact that y4, = V2 (see
[Hermite 1850]), we obtain the bound in the lemma.

If # = 7 then End E is an order in a quaternion algebra and L is a Z-module of
rank 8. We find that there is a nonzero element of L with degree at most

avsq'?
The value of yg3 was determined by Blichfeldt [1935] to be 2, so there is a map
from C to E of degree at most ¢'/4, (]
Proof of Lemma 7.3. First we note that
v = lnd),
dln

where p is the Mdbius function. Then, arguing as in the proof of [Apostol 1976,
Theorem 3.7, p. 62], we see that

> v = Zm(d)m—Zm(dn Y q

n<x d<x q=<x/d
dq<x

- Siua (5 (3)2 +0(3))

Z Iu(d)l ( Zé)

d<x d<x

1
= Ecx2 + O(xlogx),

where

d 1 1—1/¢* 2) 15
_ZW( )| 1—[(1+_2>:1—[( /2)25():_2. 0
' L . a-1/5 ¢4 =
Proof of Lemma 7.4. Let O = Og be the order corresponding to the stratum S.
We claim that there is an elliptic curve E in S and an isogeny f : E — E with
the property that every isogeny from FE to an elliptic curve in S factors through f.
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One way to see this is via the theory of Deligne modules [Deligne 1969; Howe
1995]. If we let w be the Frobenius for £ and let K be the quadratic field Q(r),
then the Deligne modules of the elements of S can be viewed as lattices in K with
endomorphism rings equal to O, while the Deligne module for E can be viewed as a
lattice A C K with End A = Z[x]. The curve E is the elliptic curve corresponding
to the Deligne module A ® O, and the isogeny f corresponds to the inclusion
A C A®O. In particular, we see that the degree of f is equal to f,,(S).

The isogenies from E to the other elements of S correspond to the invertible ideals
a C O, with different ideals giving rise to different isogenies. Let ay, ..., a, be
the (distinct) ideals corresponding to the smallest isogenies from E to the elements
of §, where n = #S. Then

1 . 1 1 1
EZG;S S(E, E/)z ; frel(S)zN(ai)z = frel(S)2 % N(Q)Z’
where the final sum is over all invertible ideals a C O; that is, the final sum is equal
to £»(2), where ¢ is the zeta function for the order O.

Kaneko [1990, Proposition, p. 202] gives an explicit formula for {»(s) in terms
of the zeta function for K and the conductor of O. It is not hard to check that
for real s > 1 the Euler factor at £ for {»(s) is bounded above by 1/(1 — 012,
so that ¢p(s) < ¢(2s — 1), where ¢ is the Riemann zeta function. In particular,
Lo (2) < £(3), and the lemma follows. U

8. Almost ordinary split surfaces

In this section we prove Proposition 3.3, which gives an upper bound on the number
of principally polarized almost ordinary split abelian surfaces. We base the proof
on two lemmas, which we prove at the end of the section.

Lemma 8.1. Let Eq be a supersingular elliptic curve over a finite field F,, with q
a square, and suppose the Frobenius endomorphism on Ey is equal to multiplication
by s, where s> = q. Let S be a stratum of ordinary elliptic curves over Fy, and
suppose n is a positive integer such that Isom™' (Eq, S, n) is nonempty. Then

(a) the integer n is coprime to q,

(b) the relative conductor §,,(S) is divisible by n, and

(c) the trace a(S) satisfies 4a(S) = 8s mod n.

Lemma 8.2. We have

n

1
Z v = n—52x+ O(logx).
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Proof of Proposition 3.3. In analogy with Section 6, we will bound the number Y,
of principally polarized almost ordinary split abelian surfaces over [, by estimating
the number of surfaces obtained by gluing a supersingular Eq to an ordinary E
along their n-torsion subgroups. The methods we use will depend on whether or
not E has all of its endomorphisms defined over [,. Let Y, | denote the number
of principally polarized surfaces we get from Eg with all of the endomorphisms
defined, and let Y, > denote the number we get from Eq with not all endomorphisms
defined. We will show that ¥, ; and Y, > each satisfy the bound of Proposition 3.3.

First let us bound Y, ;; that is, we consider the case where all of the endomor-
phisms of Ej are defined over [F,. In this case, g is a square and the characteristic
polynomial of Eg is (T — 2s)?, where s> = ¢; furthermore, [Schoof 1987, Theo-
rem 4.6, pp. 194-195] tells us that there are

o))

such curves for each of the two possible values of s, so at most /g curves in total.

Fix such an Ej and fix an integer n > 0. Suppose S is an ordinary stratum of
elliptic curves over [, such that Isom ™' (Ey, S, n) is nonempty. If n is even let
m = 5; otherwise let m = n. We see from Lemma 8.1 that the trace a(S) of S
is an integer congruent to 2s modulo m?, but not equal to 2s. The number of
such integers a in the Weil interval is at most |4.,/g/m?].

Given such an integer a, write a® —4q = fi’ q A 4 for a fundamental discriminant
Ay 4- Let x be the quadratic character modulo A7, , and for each divisor d of f, , /n

let S be the stratum S with a(S) = a and §(S) =d. Using Lemma 6.4 we find that

Z #Isom™ ' (Eo[n], E[n]) = Z #Isom™ ' (Ey, S, n)

EcI(Fy.a) ‘S(’g&)flth
a(S)=a
and n | 1 (S)

= Z #Isom ™ (Eo, Sy, n)
| (Gag /n)

<2 ) ymh(Os)n’
d|(aq/m)

24
_ 21p(n)n2H(a . q),
n
where H (x) is the Kronecker class number. Thus,

Z #1som ™' (Eo[n], E[n])

E€Z(F,,a)

< 29 (n)nql/ 2 (log g)(loglog q)2 for all a and ¢, unconditionally,
2y (n)ng'/?|loglog q|? for all @ and ¢, under GRH.
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Conditions on g Conditionson p  a(S) AOs) f(S) #S
g nonsquare — 0 —4p  Vq/p h(—4p)
p =3 mod4 0 -p  2Jq/p  h(=p)

p=2 +/2¢ -4 Va2 1

p=3 +v/3¢ -3 JV4/3 1
q square — 0 —4 Ja 1—(-4/p)
— +/q -3 Ja  1—-(=3/p)

Table 1. The supersingular strata S over [, with not all endomor-
phisms defined over [,. Here g is a power of a prime p.

Summing over the |_4ﬂ / m2J possible values of a for a given n, and then summing
over the possible n < 4,/q, and then summing over the possible curves Ey, we
find that

a
¥ ()
Yy1 <g¥(ogg)(oglogg)® } == < q*(logq)(loglogg)* forall g.
n=1

If the generalized Riemann hypothesis holds, we get the better bound
Y1 < g*|loglogq|® forall .

Now we turn to estimating Y, >, the number of principally polarized split surfaces
isogenous to a surface of the form Ey x E, where E is ordinary and Ej is super-
singular with not all endomorphisms defined. Using [Schoof 1987, Theorems 4.2,
4.3, and 4.5, pp. 194—-195], we find that the possible strata of such curves E are
as listed in Table 1.

Let E( be a supersingular curve with not all endomorphisms defined. If we are
to glue Ey to an ordinary elliptic curve E along the n-torsion of the two curves,
then n must be coprime to ¢g. In that case, the greatest common divisor of f..;(Eop)
and n is either 1 or 2, as we see from Table 1. It follows from Lemma 6.4 that for
every ordinary stratum S we have

#Isom ! (Eg, S, n) < 8¢ (n)h(Os),

so the total number of curves obtained from gluing E( to an ordinary elliptic curve
is bounded by

8 ) hOs) ), ¥ <q'loglogg)’ Y h(Os) forall g

ordinary S n|(a(S)—a(Ep)) ordinary S
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by Lemma 6.2. This last sum is simply the number of ordinary elliptic curves
over [, which (one shows) is at most 2¢ + 4, so the number of curves obtained
as above from a fixed Ey is < ¢/*(loglog ¢)? for all g.

If g is a square there are at most 6 possible Ey, and we find that

Y, K q3/2(log log g)* for all square g.

If g is not a square, then Lemma 4.4 shows that the number of possible Eg is
& q'/*logq for all g unconditionally, and < ¢!/?|loglog¢| for all ¢ under the
generalized Riemann hypothesis. This leads to

v g*(log g)(loglog g)> for all g, unconditionally,
1 g*|loglog g|? for all ¢, under GRH,
and completes the proof of Proposition 3.3. U

Proof of Lemma 8.1. Since Isom™' (Ey, S, n) is nonempty, there is an E € S with
Eo[n] = E[n]. The p-torsion of Ej is a local-local group scheme, while E[p] has
no local-local part, so n must not be divisible by p. This proves (a).

Lemma 6.4 shows that gcd(n, .,/ (Eo)) = ged(n, §(S)). Since . (Eg) =0, we
find that n | §,(S). This proves (b).

Let a = a(S). From (b) we know that a* — 4qg =0 mod n?, and we also know
that a = a(Ep) = 2s mod n. Since a — 2s = 0 mod n we have

0=a® —4as + 4s* = 4s®> — 4as + 4s* = 85> — 4as mod n>.
Since s is coprime to n by (a), we can divide through by s to obtain (c). U

Proof of Lemma 8.2. The proof is quite similar to that of Lemma 7.3. We have

Yn) lu(d)| ln(@d]| x
ZT‘% d =2 d LzJ

n<x s d<x
dg<x
lu(d)|
=x) 5+ 0(ogx) = cx + O(logx),
d<x
where ¢ = > 5 | |u(d)|/d* = 15/ O

9. Supersingular split surfaces

In this section we prove Proposition 3.4, which gives a bound on the number Z, of
principally polarized supersingular split abelian surfaces over [,.

We must first introduce some terminology and some background results. Let A
be an abelian surface over a finite field [, of characteristic p, and let et;, denote the
(unique) local-local group scheme of rank p over ;. The a-number of A is the
dimension of the [, -vector space Hom(e;,, A). If A has a-number 2 then A is called
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superspecial; all superspecial surfaces over [, are geometrically isomorphic to one
another, and they are all geometrically isomorphic to the square of a supersingular
elliptic curve. A supersingular surface A has a-number equal to either 1 or 2; if the
a-number is 1, then A has a unique local-local subgroup scheme of rank p, and the
quotient of A by this subgroup scheme is a superspecial surface.

Let A3’ denote the supersingular locus of the coarse moduli space of principally
polarized abelian surfaces. Koblitz [1975, p. 193] shows that the only singularities
of A3 are at the superspecial points, and from [Oort 1974, Proof of Corollary 4.7,
p- 117] we know that each irreducible component of .A;Sﬁ is a curve of genus 0. Also,
every component contains a superspecial point. Therefore, the nonsuperspecial
locus of A;f[fp is a disjoint union of components, each of which is isomorphic to an
open affine subset of A'.

Moreover, the number of irreducible components of AZ%F,, is equal to the class
number H;(1, p) of the nonprincipal genus of @%y ~ (see [Katsura and Oort 1987,
Theorem 5.7, p. 133]). Hashimoto and Ibukiyama [1981] (see also [Ibukiyama et al.
1986, Remark 2.17, p. 147]) provide a formula for H,(1, p) which shows both that
Hy(1, p) = 5555 0> + O(p) and that Hy(1, p) < p* for all p.

For convenience, we also state the following lemma.

Lemma 9.1. Let (A, A) be a principally polarized abelian surface over Fq that has
a model over Ty. Then the number of distinct Ty -rational models of (A, 1) is at
most 1152.

Proof. The size of the automorphism group of a principally polarized abelian
surface over a finite field is bounded by 1152 (by 72, if the characteristic is greater
than 5); for Jacobians, this follows from Igusa’s enumeration [1960, §8] of the
possible automorphism groups, and for products of polarized elliptic curves and
for restrictions of scalars of elliptic curves it is an easy exercise. (We know from
[Gonzdlez et al. 2005, Theorem 3.1, p. 270] that every principally polarized abelian
surface is of one of these three types.) By [Brock and Granville 2001, Lemma 7.2,
pp. 85-86], the number of [, -rational forms of such a polarized surface is bounded
by this same number. O

With these preliminaries out of the way, we may proceed to the proof of
Proposition 3.4. The proof splits into cases, depending on whether or not the
base field is a prime field. First we consider the case where g ranges over the set of
primes p.

We may assume that p > 3. In that case, we see from Table 1 that there is only
one isogeny class of supersingular elliptic curves, the isogeny class Z([F,, 0) of
trace-0 curves, which consists of 1 or 2 strata.

Pick a trace-0 elliptic curve Ey/F, whose endomorphism ring has discrimi-
nant —4p. If (A, A) is a principally polarized abelian surface over [, with A
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isogenous to E2, then either A is a product of elliptic curves with the prod-
uct polarization, or A is the restriction of scalars of an elliptic curve over [F,2
with trace —2p, or A is the Jacobian of a curve C. (See [Gonzdlez et al. 2005,
Theorem 3.1, p. 270].) The number of elliptic curves in Z([F,,0) is H(—4p);
using Lemma 4.4 we see that the number of products of such elliptic curves is
<« p(log p)*(loglog p)* « p? for all primes p. The number of supersingular
elliptic curves over [,2 with trace —2p is equal to the number of supersingular
Jj-invariants, which is 1—12 p + O(1); therefore the number of restrictions of scalars
of such curves is < p. Thus, we may focus our attention on the case where (A, A)
is the Jacobian of a curve C.

In this case, we know from Lemma 7.2 that C has a map of degree at most
JV2p < p to Egy, so C has a minimal map of degree at most p to a curve E
in Z(F,, 0). We see that the polarized variety (A, A) can be obtained by gluing
together two elliptic curves E and E’ in Z([,, 0) along their n-torsion, for some
n < p. It follows that the a-number of A is 2, so A is superspecial. By [Ibukiyama
and Katsura 1994, Remark 3, p. 41], the number of principally polarized superspecial
abelian surfaces over Fp which admit a model over [, is < ph(—p), which in turn
is <« p3/%(log p)|loglog p| by Lemma 4.4. By Lemma 9.1, we get the same bound
for the number of superspecial curves over [,. This shows that Proposition 3.4
holds as g ranges over the set of primes.

Now we let g range over the set of proper prime powers. Let ¢ = p° for some
prime p and e > 1. First we bound the number of principally polarized superspecial
split surfaces.

By [Ibukiyama and Katsura 1994, Theorem 2, p. 41], the total number of super-
special curves over ﬁq is equal to the class number H,(1, p) < ‘—11 p? mentioned
above, so by Lemma 9.1 there are at most %52 p* = 288p? superspecial curves
over [,. Similarly, the number of supersingular j-invariants is ﬁ p+ O(1), so the
number of distinct products of polarized supersingular elliptic curves over [, is
also bounded by a constant times p?; by Lemma 9.1, this shows that the number
of principally polarized superspecial split abelian surfaces over [, that are not
Jacobians is < p?. Since g > p?, the number of principally polarized superspecial
split surfaces is < q.

We are left with the task of estimating the number of nonsuperspecial super-
singular split curves over [,. To do this, we appeal to a moduli space argument.
As noted above, the coarse moduli space of nonsuperspecial supersingular curves
is geometrically a union of 2;% p? + O(p) components, each one an open sub-
variety of A'. Thus, the number of [,-rational points on this moduli space is at
most Tlsso p*q + O(pg). By Lemma 9.1, each rational point on the moduli space
corresponds to at most 1152 curves over [F,, so there are <« p’q < ¢? principally
polarized supersingular split abelian surfaces over F,. U
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10. A lower bound for the number of split surfaces

In this section we prove Proposition 3.5.

Let £ be a prime coprime to g. We say that two elliptic curves E and F over [,
are of the same symplectic type modulo £ if (in the notation of Section 5) the set
Isom! (E[£], F[£]) is nonempty, that is, if there is an isomorphism E[¢] — F[{] of
group schemes that respects the Weil pairing. Clearly, if £ and F have the same
symplectic type modulo £ then their traces of Frobenius are congruent modulo £, so
for each residue class modulo ¢, the elliptic curves whose traces lie in that residue
class are distributed among some number of symplectic types.

Lemma 10.1. Let £ be an odd prime coprime to q and leta € Z/¢.

(@) If a* # 4q mod € then all elliptic curves E/F, with a(E) = a mod £ are of the
same symplectic type.

(b) If a> = 4q mod £, there are at most three symplectic types of elliptic curves
with trace congruent to a. If we fix an £-th root of unity { € F,, these three
types are determined as follows:

1. Those E for which Frobenius acts as an integer on E[£].

2. Those E for which Frobenius does not act as an integer on E[£], and for
which the Weil pairing e(P, Frg(P)) is of the form ¢* with x € (Z/£)*
a square for all P € E[E](ﬂ_:q) with Frg(P) # 5 P.

3. Those E for which Frobenius does not act as an integer on E[{], and for
which the Weil pairing e(P, Frg(P)) is of the form {* with x € (Z/£)*
a nonsquare for all P € E[Z](EI) with Frg(P) # %P.

Corollary 10.2. For each odd € coprime to q, there are at most £ + 4 symplectic
types of elliptic curves modulo £ over [,. U

Proof of Lemma 10.1. Let E be an elliptic curve over [, and let G be the auto-
morphism group of E[£]. In Section 5 we defined a map m : G — Autpu,. If
a? # 4q mod ¢ then m is surjective, so there is an isometry between E[£] and F[{]
for any two curves E and F of trace a. Likewise, if Frobenius acts as a constant on
E[£] then m is surjective, so if Frobenius acts as % on E[£] and F[£] then there is
an isometry between those two group schemes.

On the other hand, if Frobenius does not act semisimply then the image of m is
a coset of a subgroup of index 2, that is, a coset of the subgroup of squares, and is
an isometry between E[£] and F[{] for two such curves E and F if and only if the
image of m is the same for both of them. U

Lemma 10.3. Let € be a prime coprime to g and with £ = 1 mod 4. If two elliptic
curves E and F over [, have the same symplectic type modulo £, then there are at
least £ — 1 elements of Isom_l(E[E], F[e]).
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Proof. Since E and F have the same symplectic type modulo £ there is an isometry
n : E[¢] — F[£]. Let b be an integer with b> = —1 mod £. Then by is an anti-
isometry, so Isom™ ' (E[£], F[£]) is nonempty. From Proposition 4.3 we know that
#Aut E[€] > (£ — 1)2, so #Isom! (E[£], E[£]) is at least £ — 1, and it follows that
there are at least this many elements of Isom™ ' (E[¢], F[£]). O

Proof of Proposition 3.5. Let ¢ be a constant such that
H(A) < c|A]'? log|A|(log log| A])?

for all negative discriminants A; such a constant exists by Lemma 4.4. We will
show that for every prime £ # p with £ = 1 mod 4 and with

g2

¢ 13
= 1600c2(log ¢)%(log log g)* 4

there are more than %qz triples (E1, E2, n), where E| and E; are nonisogenous
ordinary elliptic curves over [, and n: E1[£] — E>[{] is an anti-isometry. Dirichlet’s
theorem shows that there are constants ¢’ > 13, ¢” > 0 such that when g > ¢’ the
number of such primes £ is at least

C//q1/2

(logg)3(loglog g)*’

so for ¢ > ¢’ we will have at least

C//q5/2

5(log q)*(loglog ¢)*
distinct principally polarized abelian surfaces, thus proving the unconditional part
of Proposition 3.5.

Let £ be a prime as above, let t < £ 4-4 be the number of symplectic types of
curves modulo ¢, and let Sy, ..., S; be the sets of ordinary curves of the ¢ different
symplectic types. We would like to count the number of pairs of curves (E1, E3)
where E| and E; are not isogenous to one another but are of the same symplectic
type. The number of ordered pairs (E1, E,) where E;| and E, are of the same type is

> s>
i=1

This sum is minimized when the elliptic curves are evenly distributed across the
symplectic types. It is easy check that when g > 13 there are always at least %q
ordinary elliptic curves over [, so we see that

t 2 2 2 2
> (#S,-)zzt(s—q> > 247 1247 34
£ 3) Tot+a - 8l T 2
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On the other hand, the number of ordered pairs (E;, E;) of ordinary elliptic
curves that are isogenous to one another is

> H@ —49).

=2/q<a<2./q
ged(a,q)=1

Using Lemma 4.4 and the definition of ¢, we see that each summand is at most
2 2 4 2 2 4
c“(4q)(log(4g))~(loglog(4g))" < 400c“q (log ¢)“(loglog g)",
so the number of such ordered pairs is at most
1600¢%¢>* (log ¢)*(log log ¢)* < ¢°/¢.

Thus, the number of ordered pairs (£, E2) of nonisogenous curves that have the
same symplectic type is at least %(q2 /£). By Lemma 10.3, this gives us more than
%(Z— 1)q2/ﬂ > %qz triples (E1, E2, n) where E| and E; are nonisogenous ordinary
elliptic curves and n : E1[€] — E»[£] is an anti-isometry, as we wanted.

If the generalized Riemann hypothesis holds, we modify our argument as follows.
We take c to be a constant such that

H(A) < c|A]'Y?(loglog|A])?

for all negative discriminants A, and consider primes £ = 1 mod 4 bounded by

'

¢
= 1600¢2(log log ¢)°

instead of by (13). Again we find that for each such £ we have more than %qz
triples (£, E3, ), where E| and E; are nonisogenous ordinary elliptic curves and
n: E1[€] = E,[£] is an anti-isometry. Dirichlet’s theorem then leads to the desired
estimate for W,. ]

11. Numerical data, evidence for Conjecture 1.1, and further directions

In this section we present summaries of some computations that help give some
indication of the behavior of several of the quantities that we study and provide
bounds for, and we give some evidence that seems to support Conjecture 1.1. We
close with some thoughts about possible extensions of our results.

11.1. The sum of the relative conductors. In Section 6 we proved Proposition 3.1,
which gives an upper bound on the number of principally polarized ordinary split
nonisotypic abelian surfaces over a finite field F,. The key to the argument is
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Lemma 6.3, which gives an upper bound for the sum of the relative conductors of
the ordinary elliptic curves over [,. The lemma shows that there is a constant ¢
such that for all ¢ this sum is at most cg (log ¢)>. However, we suspect that the sum
of the relative conductors grows more slowly than this; it is perhaps even O (q).

We computed this sum for all prime powers ¢ less than 107. For ¢ in the range
(10°, 10%), the sum lies between 2.07¢g and 4.27¢; for ¢ in the range (10%, 10%),
the sum lies between 2.14¢ and 3.95¢; for ¢ in the range (10°, 10%), the sum lies
between 2.09¢ and 3.82¢; and for g in the range (10%, 107), the sum lies between
2.10g and 3.77q. Note that as g ranges through these successive intervals, the upper
bound on 1/¢4 times the sum of the relative conductors decreases; this is why we
are tempted to suspect that the sum of the relative conductors is O(g).

11.2. The probability that a principally polarized abelian surface is split. 1f S is
a finite collection of geometric objects having finite automorphism groups, we
define the weighted cardinality #'S of S by

1
#S = .
Z #Auts
seS

It is well known that the weighted cardinality can lead to cleaner formulas than
the usual cardinality. For instance, the weighted cardinality of the set of genus-2
curves over [, is equal to g [Brock and Granville 2001, Proposition 7.1, p. 87]. A
principally polarized abelian surface over a field is either a Jacobian, a product of
polarized elliptic curves, or the restriction of scalars of a polarized elliptic curve
over a quadratic extension of the base field [Gonzalez et al. 2005, Theorem 3.1,
p. 270]. One can show that the weighted cardinality of the set of products of
polarized elliptic curves over [, is %qz, as is the weighted cardinality of the set of
restrictions of scalars. Thus, if we let .A; denote the moduli stack of principally
polarized abelian surfaces, then

# Ax(Fy) =" +¢°.
For each prime power g we let

_ ﬁ'#/AZ,split([Fq) _ \/a'#/AZ,split(ﬂ:q)
# As(Fy) @ +q*

Cq

For all primes g < 300 and for ¢ = 521 we computed the exact value of ¢, by direct
enumeration of curves and computation of zeta functions. For ¢ € {1031, 2053,
4099, 16411, 65537} (the smallest primes greater than 2! fori =10, 11, 12, 14, 16)
we computed approximations to ¢, by randomly sampling genus-2 curves (with
probability inversely proportional to their automorphism groups), and then adjusting
the probabilities to account for the non-Jacobians. We computed enough examples
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Figure 1. The values of ¢, for the primes ¢ with 17 < g < 293,
together with g € {521, 1031, 2053, 4099, 16411, 65537}. The
values of ¢, for the five largest ¢ were computed experimentally;
the error bars indicate one standard deviation.

for each of these ¢ to determine ¢, with a standard deviation of less 0.0005. The
result of the computations is displayed in Figure 1; the (almost invisible) error
bars on the rightmost five data points indicate the standard deviation. Note that the
horizontal axis is loglog g; even so, the graph looks sublinear. This encourages us
to speculate that perhaps the ¢, are bounded away from 0 and oco.

11.3. Reductions of a fixed surface. Let A/K be a principally polarizable abelian
surface over a number field such that the absolute endomorphism ring Endg A
is isomorphic to Z, and recall the counting function 7, (A/ K, z) introduced in
Section 1. Conjecture 1.1 states that g1 (A/ K, z) ~ Cy 2/ log z; we tested this
against actual data on the splitting behavior of a particular surface A over Q.

Let A be the Jacobian of the curve over @ with affine model y> = x> + x + 6.
Using the methods of [Harvey and Sutherland 2016], Andrew Sutherland computed
for us the primes p < 23° for which the mod-p reduction of A is split, thereby
giving us the exact value of 7y, (A/Q, z) for all z < 230 We numerically fit
curves of the form a./z/(log z)” and of the form c./z/log z to this function. For
curves of the form a,/z/(logz)’, the best-fitting exponent b was b &~ 1.02269,
reasonably close to our conjectural value of 1. For curves of the form c,/z/log z,
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Figure 2. The blue curve plots the function 7 (A/Q), z) for the
Jacobian A of the curve y*> = x> 4+ x 4 6 over Q. The red curve is
c+/z/ log z, with ¢ ~ 4.4651.

the best-fitting constant ¢ was ¢ ~ 4.4651. In Figure 2 we present the actual data
(in blue) alongside the best-fitting function c¢4/z/log z (in red); the figure shows
that the idealized function is in close agreement with the actual function.

11.4. Further directions. We noted in Section 1 that our definition of Az it (Fy)
was perhaps not as natural as it could be — one could also ask about principally
polarized surfaces that split over I]_:q, not just over [, itself. We suspect that a result
like Theorem 1.2 holds for this more general type of splitting. To prove such a
theorem, one would need to estimate the number of principally polarized surfaces
in several types of isogeny classes: the simple ordinary isogeny classes that are
geometrically split (which are enumerated in [Howe and Zhu 2002, Theorem 6,
p. 145]), and the supersingular isogeny classes (which are all geometrically split).
There are a number of ways one could try to estimate the number of principally
polarized surfaces in these isogeny classes; for instance, the techniques of [Howe
2004] might be of use. We will not speculate further on this here.

Let Az geom. spiit(Fy) denote the subset of A3 ([,) consisting of those principally
polarized varieties that are not geometrically simple, and for each ¢ let d, denote
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Figure 3. The experimentally computed values of d,, for the primes
q in {131, 257,521, 1031, 2053, 4099, 16411, 65537}. Error bars
indicate one standard deviation.

the ratio
_ VG - # Aa geom. spiit(Fy) _ Va - # Ao geom. spiit(Fy)
# Ay (Fy) 7°+q? '
While collecting the data presented in Section 11.2 we also collected data on d,; by
random sampling of curves. Figure 3 presents the results for g € {131, 257, 521,

1031, 2053, 4099, 16411, 65537}. The figure suggests that perhaps d,; is bounded
away from 0 and oo.

dg
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nonarchimedean Arakelov geometry
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Chambert-Loir and Ducros have recently introduced a theory of real valued
differential forms and currents on Berkovich spaces. In analogy to the theory of
forms with logarithmic singularities, we enlarge the space of differential forms by
so called §-forms on the nonarchimedean analytification of an algebraic variety.
This extension is based on an intersection theory for tropical cycles with smooth
weights. We prove a generalization of the Poincaré—Lelong formula which allows
us to represent the first Chern current of a formally metrized line bundle by a
5-form. We introduce the associated Monge—Ampere measure 1 as a wedge-
power of this first Chern §-form and we show that u is equal to the corresponding
Chambert-Loir measure. The *-product of Green currents is a crucial ingredient
in the construction of the arithmetic intersection product. Using the formalism
of §-forms, we obtain a nonarchimedean analogue at least in the case of divisors.
We use it to compute nonarchimedean local heights of proper varieties.
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0. Introduction

Weil’s adelic point of view was to compactify the ring of integers 0k of a number
field K by the archimedean primes. Arakelov’s brilliant idea was to add metrics on
the “fibre at infinity” of a surface over 0k which gave a good intersection theory
for arithmetic divisors. This Arakelov theory became popular after Faltings used it
to prove Mordell’s conjecture. A higher dimensional arithmetic intersection theory
was developed by Gillet and Soulé. Their theory combines algebraic intersection
theory on a regular model 2" over &k with differential geometry on the associated
complex manifold X" of the generic fibre X of .2". Roughly speaking, an arithmetic
cycle on 2 is given by a pair (£, g,), where 2 is a cycle on 2~ with generic fibre
Z and g, is a current on X" satisfying the equation

for a smooth differential form w,, and the current of integration 6, over Z*". The
arithmetic intersection product uses the algebraic intersection product for algebraic
cycles in the first component and the x-product of Green currents in the second
component. This arithmetic intersection theory is nowadays called Arakelov theory.
It found many nice applications such as Faltings’s proof of the Mordell-Lang
conjecture for abelian varieties and the proof of Ullmo and Zhang of the Bogomolov
conjecture for abelian varieties.

It is an old dream to handle archimedean and nonarchimedean places in a
similar way. This means that we are looking for a description in terms of currents
for the contributions of the nonarchimedean places to Arakelov theory. Such a
nonarchimedean Arakelov theory at finite places was developed by Bloch—Gillet—
Soulé relying strongly on the conjectured existence of resolution of singularities for
models in mixed characteristics. The use of models also has another disadvantage
since they are not suitable to describe canonical metrics as for line bundles on
abelian varieties with bad reduction. A more analytic nonarchimedean Arakelov
theory was developed by Chinburg and Rumely, and Zhang in the case of curves. A
crucial role is played here by the reduction graph of the curve. Without any doubt,
the latter should be replaced by the Berkovich analytic space associated to the curve
and this was done by Thuillier in his thesis introducing a nonarchimedean potential
theory. Chambert-Loir and Ducros [2012] recently introduced differential forms
and currents on Berkovich spaces. These provide us with a new tool to give an
analytic description of nonarchimedean Arakelov theory in higher dimensions.

We recall the definition of differential forms given in [loc. cit.]. We restrict here
to the algebraic case. Let U be an n-dimensional very affine open variety which
means that U has a closed embedding into a multiplicative torus 7' = G/, over a
nonarchimedean field K. By definition, such a field K is endowed with a complete
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nonarchimedean absolute value |- |. Let 11, . . ., . be the torus coordinates. Then
we have the tropicalization map

trop: T - R", t+— (—log|ty],..., —log|t]).

By the Bieri—Groves theorem, the tropical variety Trop(U) := trop(U®") is a finite
union of n-dimensional polyhedra. More precisely, Trop(U) is an n-dimensional
tropical cycle which means that Trop(U) is a polyhedral complex endowed with
canonical weights satisfying a balancing condition. Let xy, . . ., x, be the coordinates
on R". Then Lagerberg’s superforms on R" are formally given by

o= Z o dxi Ao nd'xip, Nd X N ~d X
=p,
IJ1=q
where I (resp. J) consists of i} < --- < i, (resp. ji <--- < jg), o;; € C®(R").
We have differential operators d’ and d” on the space of superforms given by

,
oa
da:= Y Za—”d/xi/\d/xil/\~-/\d/xip/\d”le/\---/\d"qu
. Xi
[I|=p. i=1

I/1=¢

and

-
d"o = Z Z %d”xj Ad'xiy N nd X, Ad X NN
l=p. j=1 "/
IJ1=q
They are the analogues of the differential operators 9 and d in complex analysis. The
space of superforms on R” with the usual wedge product is a differential bigraded
R-algebra with respect to d’ and d”. The space of supercurrents on R” is given as
the topological dual of the space of superforms.

Every superform « induces a differential form on U*" and two superforms «, o’
induce the same form if and only if they restrict to the same superform on Trop(U).
In general, a differential form on an n-dimensional variety X is given locally for the
Berkovich analytic topology on very affine open subsets by Lagerberg’s superforms
which agree on common intersections (see [Gubler 2016] for more details). The
wedge product and the differential operators can be carried over to X?" leading to a
sheaf A" of differential forms on X?". Integration of superforms leads to integration
of compactly supported (n, n)-forms on X?". The space of currents D (X?") is
defined as the topological dual of the space of compactly supported forms.

A major result of Chambert-Loir and Ducros is the Poincaré-Lelong formula for
the meromorphic section of a line bundle endowed with a continuous metric || - ||.
Note that in this situation, c; (L, || -||) is only a current, while a smooth metric allows
one to define the first Chern form in A"!(X?"). For a smooth metric, ¢; (L, ||- )"
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is a form of top degree and hence defines a signed measure called the Monge—
Ampere measure of (L, ||-||). In arithmetic, metrics are often induced by proper
algebraic models over the valuation ring. Such metrics are called algebraic. They
are continuous on X", but not smooth. This makes it difficult to define the Monge—
Ampere measure as a wedge product of currents. In the complex situation, one needs
Bedford—Taylor theory to define such a wedge product. In the nonarchimedean
situation, Chambert-Loir and Ducros use an approximation process by smooth
metrics to define this top-dimensional wedge product of first Chern currents.

The main theorem in [Chambert-Loir and Ducros 2012] shows that the Monge—
Ampere measure of a line bundle endowed with a formal metric is equal to the
Chambert-Loir measure. The latter was introduced in [Chambert-Loir 2006] before
a definition of first Chern current was available. It is defined as a discrete measure on
the Berkovich space using degrees of the irreducible components of the special fibre.
Chambert-Loir measures play a prominent role in nonarchimedean equidistribution
results. For example, they occur in the nonarchimedean version of Yuan’s equidis-
tribution theorem, which has applications to the geometric Bogomolov conjecture.

In the thesis of Christensen [2013] a different approach to a first Chern form was
given. Christensen studied the example E2 for a Tate elliptic curve E and he defined
the first Chern form as a tropical divisor on the skeleton of E2. Then he showed that
the 2-fold tropical self-intersection of this divisor gives the Chambert-Loir measure.

In this paper, we combine both approaches. We enrich the theory of differential
forms given in [Chambert-Loir and Ducros 2012] by enlarging the space of smooth
forms to the space of §-forms. They behave as forms and they have the advantage
that we can define a first Chern §-form for a line bundle endowed with a formal
metric. This leads to a direct definition of the Monge—Ampere measure as a wedge
product of §-forms and to an approach to nonarchimedean Arakelov theory.

This will be explained in more detail now. Throughout this paper K denotes
an algebraically closed field endowed with a nontrivial nonarchimedean complete
absolute value. Note that this is no restriction of generality as for many problems
including the ones discussed in this paper such a setup can always be achieved
by base change. This is similar to the archimedean case where analysis is usually
performed over the complex numbers. For sake of simplicity, we assume in the
introduction that tropical cycles have constant weights as usual in tropical geometry
(see Section 1 for details and for a generalization to smooth weights). A §-preform
on R’ is a supercurrent o« on R" of the form

=Y oA (0.0.1)
iel

for finitely many superforms «; and tropical cycles C; on R". Using the wedge
product of superforms and the stable intersection product of tropical cycles, we
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get a wedge product of §-preforms. Since the supercurrents of integration ¢,
are d’-closed and d”-closed, we can extend the differential operators d’ and d” to
s-preforms leading to a differential bigraded R-algebra. We refer to Section 2 for
precise definitions and generalizations allowing smooth tropical weights.

In Section 3, we extend all these notions from R" to a fixed tropical cycle C
of R". The balancing condition is equivalent to closedness of the supercurrent
8¢, which means that C is boundaryless in the sense that no boundary integral
shows up in the theorem of Stokes over C. Therefore we may view a tropical
cycle as a combinatorial analogue of a complex analytic space. Using integration
over C, we will see that a piecewise smooth form 7 on the support of C induces a
supercurrent [1] on C. We apply this to a piecewise smooth function ¢ on C. In
tropical geometry, ¢ plays the role of a Cartier divisor on C and has an associated
tropical Weil divisor ¢ - C. The latter is also called the corner locus of ¢ as it is a
tropical cycle of codimension 1 with support equal to the singular locus of ¢. We
show in Corollary 3.19 the following tropical Poincaré—Lelong formula:

Theorem 0.1. Let ¢ be a piecewise smooth function on C and let §y.c be the
supercurrent of integration over the corner locus ¢ - C. Then we have

d'd"[¢] —[d'd"¢] = 8y.c
as supercurrents on C.

This is a statement about integration of superforms on tropical currents and its
proof relies on Stokes theorem. In fact, we prove a more general statement in
Theorem 3.16 involving integration of §-preforms on C.

Let X be an n-dimensional algebraic variety over K. We now define §-forms on
X similarly as differential forms, but replacing superforms by the more general
d-preforms. This means that a §-form is given locally with respect to the Berkovich
analytic topology on very affine open subsets by pull-backs of é-preforms with
respect to the tropicalization maps. The §-preforms have to agree on overlaps which
involves a quite complicated restriction process which is explained in Section 4.
Moreover, we will show that §-forms are bigraded, have a wedge product and
differential operators d’, d” extending the corresponding structures for differential
forms on X?". There is also a pull-back with respect to morphisms and so we see
that §-forms behave as differential forms on complex manifolds.

In Section 5, we study integration of compactly supported 5-forms of bidegree
(n, n) on X*". To define the integral of such a §-form «, we choose a dense open
subset U of X with a closed embedding U — G/, such that « is given on U*"
by the pull-back of a §-preform oy on R” with respect to the tropicalization map
tropy; : U™ — R’. Using the corresponding tropical variety Trop(U), we set

/ o= f ay.
a [Trop(U)|
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In Section 6, we introduce §-currents as continuous linear functionals on the space
of compactly supported §-forms. By integration, every §-form o induces a §-
current [«]. Similarly, we get a current of integration §,, for every cycle Z on X.
As a major result, we show in Corollary 6.15 that [«] is a signed Radon measure
on X" for every « of bidegree (n, n). We deduce in Proposition 6.16 that every
continuous real function g on X?" induces a é-current [g] on X" which is defined
at a compactly supported §-form « of bidegree (n, n) by integrating g with respect
to the corresponding Radon measure.

Now let f be arational function on X which is not identically zero. By integration
again, we will get a §-current [—log| f|] on X",

Theorem 0.2. Let cyc(f) be the Weil divisor associated to f. Then we have the
Poincaré—Lelong equation

8cyc(f) = d/d//[10g|f|]
of §-currents on X*".

This is demonstrated as Theorem 7.2. The Poincaré—Lelong equation of Chambert-
Loir and Ducros is the special case of our formula where one evaluates the §-currents
at differential forms. The generalization to §-forms is not obvious and needs a more
tropical adaptation of their beautiful arguments. In Section 7, we introduce the first
Chern §-current [c1 (L, ||-||)] of a continuously metrized line bundle (L, |- ||) on X.
As usual, we mean here continuity with respect to the Berkovich topology on X?".
In Corollary 7.8, we deduce from Theorem 0.2 that a nonzero meromorphic section
s of L satisfies the Poincaré—Lelong equation

d'd"[—log|lslI1 = [e1(L, I ID] = Seyes) 0.2.1)

for 8-currents on X?".

In Section 8, we define piecewise smooth and piecewise linear metrics on L. We
show in Proposition 8.11 that a metric is piecewise linear if and only if it is induced
by a formal model of the line bundle. In Section 9, we introduce piecewise smooth
forms on X?". For a piecewise smooth metric || || on L, the first Chern §-current
[c1 (L, ||- D] has a canonical decomposition into a sum of a piecewise smooth form
and a residual current. If -] is smooth, then ¢{(L, ||-|) is a differential form
on X*. We say that a piecewise smooth metric | - || is a §-metric if the first Chern
S-current [cy(L, ||-1])] is induced by a §-form c{(L, ||-||) (see Definition 9.9 for
a more precise definition). In this situation, we call ¢{(L, ||-||) the first Chern
8-form of (L, ||-||). We will see in Remark 9.16 that every piecewise linear metric
is a §-metric. Canonical metrics on line bundles exist on line bundles on abelian
varieties, on line bundles which are algebraically equivalent to zero and on line
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bundles on toric varieties. It follows from our considerations in Section 8 that all
these canonical metrics are 6-metrics (see Example 9.17).

In Section 10, we consider a proper algebraic variety X over K of dimension n
with a line bundle L endowed with an algebraic metric || -||. This means that the
metric is induced by an algebraic model of L. Based on the formal GAGA principle,
we show in Proposition 8.13 that an algebraic metric is the same as a formal metric
and hence this is also the same as a piecewise linear metric. As a consequence,
we note that || - || is a §-metric and hence ¢ (L, ||-]|) is a well-defined §-form. We
deduce that ¢ (L, ||-||)" is a §-form of bidegree (n, n) on X", which we may view
as a signed Radon measure on X" by the above. We call it the Monge—Ampere
measure associated to (L, ||-||). Our Theorem 10.5 can be expressed as follows:

Theorem 0.3. Under the assumptions above, the Monge—Ampére measure associ-
ated to (L, ||-) is equal to the Chambert-Loir measure associated to (L, || -||).

As mentioned before, this theorem was first proved by Chambert-Loir and Ducros
in a slightly different setting (for discrete valuations, but their method works also
for algebraically closed fields). However, they have a different construction of the
Monge-Ampere measure. Since algebraic metrics are usually not smooth, they
have only a first Chern current c{ (L, ||-||) available. In general, the wedge product
of currents is not well defined. In the present situation, they can use a rather
complicated approximation process by smooth metrics to make sense of the wedge
product c; (L1, ||-]]1)" as a current leading to their Monge—Ampere measure. Our
Monge—Ampere measure is defined directly as a wedge product of §-forms based
on tropical intersection theory instead of the approximation process. This means
that our proof is more influenced by tropical methods.

In Section 11, we define a Green current for a cycle Z on the algebraic variety
X over K as a §-current g, such that

d/d”gz - [a)z] - 82

for a §-form w, on X*'. By the Poincaré-Lelong equation (0.2.1), a nonzero
meromorphic section s of L induces a Green current g, := —log||s|| for the Weil
divisor Y of 5. Here, we assume that || - || is a §-metric on the line bundle L of X.
In case of proper intersection, we define g, * g, := g, A8, +wy, A g, as in the
archimedean theory of Gillet-Soulé. It is an easy consequence of the Poincaré—
Lelong equation that g, * g, is a Green current for the cycle Y - Z. We show the
usual properties for such x-products. Most difficult is the proof of the commutativity
of the x-product of two Green currents for properly intersecting divisors. It relies
on the study of piecewise smooth forms and the tropical Poincaré-Lelong formula
in Theorem 0.1.
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In Section 12, we define the local height of a proper n-dimensional variety X
over K with respect to properly intersecting Cartier divisors Dy, ..., D, endowed
with §-metrics on O(Dy), ..., O(Dy) as follows: Let gy, be the Green current for
the Weil divisor Y; associated to D; as above; then the local height is given by

Ay, (X) =gy # - x gy, (D).

We show that these local heights are multilinear and symmetric in the metrized
Cartier divisors Dy, . .., D,, functorial with respect to morphisms and satisfy an
induction formula useful to decrease the dimension of X. For algebraic metrics,
local heights of proper varieties are also defined using intersection theory on a
suitable proper model (see [Gubler 1998, §9]).

Theorem 0.4. Suppose that the metrics on O(Dy), ..., O(Dy) are all algebraic.
Then the local height \ Do.....
equal to the local height of X given by intersection theory of divisors on K°-models.

b, (X) based on the x-product of Green currents is

The proof uses the observation that the induction formula holds for both defini-
tions of local heights and then Theorem 0.3 gives the claim (see Remark 12.7 for
more details and the proof).

In the introduction, we have presented the whole theory of é-forms based on
s-preforms as in (0.0.1) using tropical cycles with constant weights. However, the
theory can be extended to §-forms locally given by §-preforms allowing tropical
cycles with smooth weights. This will be done throughout the whole paper which
leads to slightly more complications, but it increases the class of §-metrics at
the end which makes it worthwhile. Observe that tropical cycles which arise as
tropicalizations from varieties always have integer weights. Therefore tropical
cycles are always considered with constant weights when they serve, as in Section 3,
as underlying spaces for supercurrents and §-preforms.

Notation and terminology. Throughout this paper K denotes an algebraically
closed field endowed with a complete nontrivial nonarchimedean absolute value | - |,
valuation ring K°, and corresponding valuation v = —log|-|. Let ' := v(K ™) be
the value group.

In A C B, A is strictly smaller than B. The complement of A in B is denoted
by B\ A. The zero is included in N and in Ry.

The group of multiplicative units in a ring A with 1 is denoted by A*. An
(algebraic) variety over a field is an irreducible separated reduced scheme of finite
type. The terminology from convex geometry is explained in the Appendix.

1. Tropical intersection theory with smooth weights

In tropical geometry, a tropical cycle is given by a polyhedral complex whose
maximal faces are weighted by integers satisfying a balancing condition along the
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faces of codimension 1. In this section, we generalize the notion of a tropical cycle
allowing smooth real functions on the maximal faces as weights. This is similar
to the tropical fans with polynomial weights introduced by Esterov [2012] and
Francois [2013]. We generalize basic facts from stable tropical intersection theory
and introduce the corner locus of a piecewise smooth function.

Throughout this section N and N’ denote free Z-modules of finite rank r and r'.
We write Ng = N ®7 R and N, = N’ ®7 R. Every integral R-affine polyhedron o
of dimension n in the R-vector space Ng = N ®z R determines an affine subspace
A, with underlying vector space L, and a lattice N, =L, NN in L, (see A.2
in the Appendix). A smooth function f : 0 — R on a polyhedron ¢ in Np is the
restriction of a smooth function on some open neighbourhood of ¢ in A,. For
further notation borrowed from convex geometry, we refer to the Appendix.

Definition 1.1. (i) A polyhedral complex % of pure dimension # is called weighted
(with smooth weights) if each polyhedron o € €, is endowed with a smooth weight
function m, : 0 — R. If all m, are constant functions, then we call them constant
weights. The support |(¢, m)| of a weighted polyhedral complex (¢, m) of pure
dimension 7 is the closed set

(&, m)| = | supp(mo).

OEG,

The support || of a polyhedral complex ¢ is the support of (¢, m), where m = 1
is the trivial weight function. We have |(¢, m)| C |€|.

(ii) Let C = (¥, m) be an integral R-affine polyhedral complex of pure dimension n
with smooth weights in Nr. For each codimension-one face t of a polyhedron o € %,
we choose a representative w, ; € N,; of the generator of the one-dimensional lattice
N, /N; pointing in the direction of o. Then we say that the weighted polyhedral
complex C satisfies the balancing condition if we have

> mo (@ €L (1.1.1)

0EG,

o>T
forall T € 6,_1 and all w € t, where o > T means that 7 is a face of 0. This is a
straightforward generalization of the balancing condition for polyhedral complexes
with integer weights [Gubler 2013, 13.9].

(ii1) A tropical cycle C = (¢, m) of dimension n in Ng is a weighted integral
R-affine polyhedral complex of pure dimension » which satisfies the balancing
condition (1.1.1). In the following, we identify two tropical cycles (¥, m) and
(¢, m’) of dimension n if |(¥, m)| = |(¥’, m’)| and if m, = m, on the intersection
of the relative interiors of ¢ and ¢’ for all 0 € ¢, and 0’ € ¢,. A tropical cycle
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(¢, m) whose underlying polyhedral complex is a rational polyhedral fan in the
vector space Np is called a tropical fan.

(iv) Let C = (¥, m) be a tropical cycle of dimension n. Given an integral R-affine
subdivision ¢’ of ¢, there is a unique family of weight functions m’ such that
(¢',m') is a tropical cycle and m |, = m_, holds for all " € €, and o € ¢, such
that 0’ C o. If a tropical cycle C in Np is defined by a weighted integral R-affine
polyhedral complex (¢, m), we call € a polyhedral complex of definition for the
tropical cycle C.

(v) The set of tropical cycles with smooth weights of pure dimension n in Ng
defines an abelian group TZ, (Nr) where the group law is given by the addition of
multiplicity functions on a common refinement of the integral R-affine polyhedral
complexes. We denote by TZ*(Ng) = TZ,_x(Ng) the group of tropical cycles of
codimension k.

Remark 1.2 (reduction from smooth to constant weight functions). In tropical
geometry, one usually considers tropical cycles with integer weights. However
it causes no problems to work instead with tropical cycles with constant but not
necessarily integer weights.

Many properties of these tropical cycles with integer or constant weights extend
even to tropical cycles with smooth weights by the following local argument in
w € |¥|. We replace € by the rational polyhedral fan of local cones in w (see A.6)
and we endow the local cone of o € 4, by the constant weight m, (w). By definition,
these constant weights on the rational cones satisfy the balancing condition. We
illustrate the use of this reduction process in Remark 1.4(ii).

1.3. In tropical geometry, there is a stable tropical intersection product of tropical
cycles with integer weights. The astonishing fact is that this product is well-defined
as a tropical cycle in contrast to algebraic intersection theory or homology, where
an equivalence relation is needed. Constructions of a stable tropical intersection
product of tropical cycles with integer weights have been given by Mikhalkin [2006]
and Allermann and Rau [2010]. In both cases the construction is reduced to the
case of tropical fans. For tropical fans with integer weights, Mikhalkin uses the fan
displacement rule from [Fulton and Sturmfels 1997], whereas Allermann and Rau
use reduction to the diagonal and intersections with tropical Cartier divisors. It is
shown in [Katz 2012, §5; Rau 2009, Theorem 1.5.17] that both definitions agree.
This is based on a result of Fulton and Sturmfels [1997, Theorem 3.1] which shows
that the space of tropical fans, with integer weights and with a given complete
rational polyhedral fan ¥ as a polyhedral complex of definition, is canonically
isomorphic to the Chow cohomology ring of the complete toric variety Y associated
to X. Then the product in Chow cohomology leads to the stable intersection product
of tropical fans with integer weights and the usual properties in Chow cohomology
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lead to corresponding properties in stable tropical intersection theory. By passing
to a smooth rational polyhedral fan subdividing ¥, which means that Yy is smooth,
we may use the usual Chow groups instead of the Chow cohomology groups from
[Fulton 1984, Chapter 17].

Remark 1.4 (stable tropical intersection theory). As an application of the reduction
principle described in Remark 1.2, we get a stable tropical intersection theory for
tropical cycles with smooth weights. The reduction process leads to tropical fans
with constant weight functions. These weights are not necessarily integers, but it is
still possible to apply 1.3 by using Chow cohomology with real coefficients. We
list here the main properties:

(1) There exists a natural bilinear pairing
TZ(Ng) x TZ'(Ng) — TZ!(Np),  (C1.Cp) +> C1-Ca

which is called the stable intersection product for tropical cycles. It is associative and
commutative and respects supports in the sense that we have |C - Co| C |C{|N|C2|.

(i) The concrete construction of the stable intersection product for tropical cycles
C and C; of codimension /1 and I, in Np is based on the fan displacement rule (see
[Fulton and Sturmfels 1997, §4]). We choose a common polyhedral complex of
definition ¢ for C; and C, and write C; = (¥, m;) (i = 1, 2) for suitable families
of weight functions m; = (m; o)yl - Let Z denote the polyhedral subcomplex of
% which is generated by €/172. We choose a generic vector v € Ng for 2, a small
¢ > 0, and equip & with the family of weight functions m = (m),c,1+,, Where
my : T — R is given by

me@)= > [N:Ng+ Nolmig (@) mye (). (1.4.1)
(01,02)€€!1 x 612
T=01N02
o1N(02+ev)#D
We will show that D = (2, m) is a tropical cycle whose construction is independent
of the choice of the generic vector v and a sufficiently small € > 0. We use D as
the definition of the stable intersection product C; - C».
The proof illustrates the reduction to constant weights given in Remark 1.2. For
w € |F)|, let 6, be the rational polyhedral fan of local cones in w of the polyhedra
in ¢. First, we note that o — p := LC,(w) is a bijective map from the set of
polyhedra in ¢ containing w onto %,. Fori = 1,2 and o € %, with w € o, we
endow the local cone p = LC, (w) with the constant weight m; ,(®) := m; ().
Since the weight functions m; , pointwise satisfy the balancing condition, we get a
tropical fan (%, m;(w)) with real weights.
We claim that m,(w) from (1.4.1) is the same as the weight of the stable in-
tersection product (%, mi(w)) - (6,, ma2(w)) in T € ¢!t obtained from Chow
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cohomology as in 1.3. To see this, note that for a generic vector v € Ng, we choose
& > 0 so small that the condition oy N (02 +¢€v) # & is equivalent to p; N (p2+v) £ D
for the corresponding cones p1, p2. Then (1.4.1) agrees with the formula in [Fulton
and Sturmfels 1997, Theorem on p. 336] for the product in Chow cohomology
of proper toric varieties. By definition, the same formula is used for the stable
intersection product of tropical fans with constant weights, proving our local claim.
It is well known in tropical geometry, and follows from the comparison with Chow
cohomology in [Fulton and Sturmfels 1997], that the definition of the stable tropical
intersection product of tropical fans with real weights is independent of the choice
of generic vector v, and hence the definition of D = (2, m) is independent of the
choice of generic vector v € Nk and sufficiently small ¢ > 0.

It is easily seen that the definition of D is compatible with subdivisions and
hence C; - C; is a well-defined tropical cycle. The properties in (i) follow from the
corresponding properties of the stable tropical intersection product of tropical fans
with real weights.

(iii) Let F : Nj; — Np be an integral R-affine map. Let C' = (4", m’) be a weighted
integral R-affine polyhedral complex in N, of pure dimension n. After a suitable
refinement we can assume that

F.¢' :={F(z') | 30’ € €, such that 7’ < ¢’ and F|, is injective} (1.4.2)
is a polyhedral complex in Ng. We equip F,%¢” with the family of weight functions

myiv =R omy@) = ) [Ny Lp(Np)Imp (Flo) ™ @) (143)
o’€%,
F(o)=v
for v in (Fy%"),, where Ly denotes the linear morphism defined by the affine
morphism F. The weighted integral R-affine polyhedral complex

F.C' = (F,¢',m)

in N of pure dimension 7 is called the direct image of C’ under F.

(iv) Let F : Np — Npg be an integral R-affine map. There is a natural push-forward
morphism
F,.:TZ,(Ng) - TZ,(Ng), C'+— F.C’,

which satisfies | F,C’| C F(|C/|). Given a tropical cycle C’ in TZ,(Ng), we write
C' = (¢’, m") for a polyhedral complex of definition ¢” such that F, %" from (1.4.2)
is a polyhedral complex in Ng. One defines the direct image F.C' = (F.%’, m)
as in (iii) and verifies that F,C’ is again a tropical cycle. The formation of F is
functorial in F. For further details see [Allermann and Rau 2010, §7] or [Gubler
2013, 13.16].
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(v) Let F : N — Ng be an integral R-affine map. There is a natural pull-back
F*:TZ!(Ng) — TZ'(Ng), C > F*(C)

which satisfies |F*C| € F~!(|C|). The formation of F* is functorial in F. For a
tropical cycle C in TZ' (Ng), there is a complete polyhedral complex of definition
¢ and we write C = (¥, m). After passing to a subdivision, there is a complete,
integral R-affine polyhedral complex 4" of N, such that for every y’ € ¢, there
isao € ¢ with F(y’) C 0. We choose a generic vector v € Ng and a sufficiently
small ¢ > 0. For y’ € (¢")!, 0 € ¢! with F(y') C o and ¢’ € (¢")° with ' C o',
we define

14
mg,’

o |IN: Lr(N)+ N,] if F(o') meets o + v,
"o otherwise.

These coefficients may depend on the choice of the generic vector v, but the
following smooth weight function m, on y’ € (¢’ )! does not:

my (@) = ml, mg(F(@), (1.4.4)

where (o7, o) ranges over all pairs in (¢")° x €' with y’ C ¢/, F(y') C o and
where ' € y’. By [Fulton and Sturmfels 1997, 4.5-4.7], (¢")=' equipped with
the smooth weight functions m, is a tropical cycle in TZ! (Ng), which we define
as F*(C).

Let p; (resp. p2) be the projection of Ny x N to N, (resp. Ngr) and let I' be
the graph of F in Ny x Nr. Using the stable tropical intersection product from (ii)
and [Fulton and Sturmfels 1997, 4.5-4.7], we deduce

F*(C) = (p1)«(p3(C) - Tp). (1.4.5)
Proposition 1.5. Let F : Ny — N be an integral R-affine map.
(i) For tropical cycles C and D on Ng we have
F*(C-D)=F*(C)-F*(D).
(ii) For tropical cycles C on Ng and C' on Ny we have
F(F*(C)-C')=C - F(C".

Proof. We reduce as in Remark 1.2 to the case where our tropical cycles are tropical
fans with constant weight functions. Since both sides of the claims are linear in the
weights of the tropical fans, we may assume that the weights are integers. In this
situation, the claims were proven by L. Allermann [2012, Theorem 3.3]. U
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Definition 1.6. Let Q2 be an open subset of an integral R-affine polyhedral set
P in Ng. We call ¢ : Q — R piecewise smooth if there is an integral R-affine
polyhedral complex ¢ with support P and smooth functions ¢, : 0 N2 — R for
every o € € such that ¢|, = ¢, on o N Q. In this situation, we call ¢ a polyhedral
complex of definition for the piecewise smooth function ¢. We call ¢ piecewise
linear if each ¢, extends to an integral R-affine function on A,.

Remark 1.7. The balancing condition (1.1.1) for smooth weights shows easily that
a tropical cycle of codimension 0 in Np is the same as a piecewise smooth function
defined on the whole space Np.

Proposition 1.8. Let ¢ be a piecewise smooth function on the open subset <2 of the
integral R-affine polyhedral set P in Ng and let Q2 be any open subset of Ng with
QN P = Q. Then there is a piecewise smooth function on Q2 which restricts to ¢
on 2.

Proof. We first show the claim in the special case when 2 = P is the support of
a rational polyhedral fan ¥ of definition for ¢ and Q = Ngp. After passing to a
subdivision of ¥, we can easily find a complete rational polyhedral fan ¢” in Ng
which contains . After suitable subdivisions of ¢” (and %) we may furthermore
assume that all cones in ¢’ are simplicial. Now we will extend ¢ inductively by
ascending dimension from the cones in % to the cones in %”.

Let o be a cone in ¢’ of dimension m. We are looking for an extension ¢ of
¢ to o. By our inductive procedure, we can assume that ¢ is defined already on
all faces of codimension one of o. After a linear change of coordinates, we may
assume that o is the standard cone R’} in R™. Let us assume that ¢ is given on
the face {x; = 0} of o by the smooth function ¢; (xy, ..., Xi—1, Xij+1, ..., Xp). For
any 1 <i; <--- < iy <m, the restriction of ¢ to the face {x;, =---=x; =0} of
o is given by a smooth function ¢;,...;, depending only on the coordinates x; with
J €1{i1, ..., ix} which agrees with the restrictions of the functions ¢, ..., ¢;, to
this face of codimension k. We consider all these functions ¢;,...;, as functions on o
depending only on the coordinates x;. Then an elementary combinatorial argument
shows that

= ¢i—Y i+ =D D gk (D,
i i<j i <--<ig
is a smooth extension of ¢ to o.

Finally, we prove the claim in general. There is a finite open covering (£2;);es
of € such that Q; = @; N (LC,, (P) + w;) for the local cone LC,,(P) of P at a
suitable w;. Let us choose an open covering (ﬁi)ie ; of € such that ﬁi NP =Q;.
There is a partition of unity (p;)je; on € such that every p; has compact support
in Eéi( ;) for a suitable i(j) € I. We choose v; € C*°(NR) with compact support
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in ﬁ,-( j) such that v; =1 on supp(p;). Then the special case above shows that the
piecewise smooth function v;¢ on P has a piecewise smooth extension ¢~5j to Ng.
Even if J is infinite, we note that only finitely many rational fans of definition
occur and the above construction gives piecewise smooth extensions (;7>j with finitely
many integral R-affine polyhedral complexes of definition. By passing to a common
refinement, we may assume that they are all equal to a complete integral R-affine
polyhedral complex 2. We conclude that ¢ = > jes oj ¢, is a piecewise smooth
extension of ¢ to Q with 2 as a polyhedral complex of definition. ]

Remark 1.9. Let ¥ be a rational polyhedral fan of Ng and let ¢ : [X] — R be
a piecewise linear function with polyhedral complex of definition ¥. Then ¢
is the restriction of a piecewise linear function on Ni with a complete rational
polyhedral fan of definition. The argument is a little different: By toric resolution of
singularities, one can subdivide X until we get a subcomplex of a smooth rational
polyhedral fan ¥’ of Nk (see A.7 for the connection to toric varieties). We may
assume that ¢ (0) = 0. Let A be a primitive lattice vector contained in an edge of
Y’ with A ¢ |Z| and let ¢ (A) € Z. Then there is a unique piecewise linear function
¢’ on Ni with ¢’ = ¢ on |Z| and ¢’ (1) = ¢ (1) for all primitive lattice vectors A as
above.

Similarly to [Esterov 2012; Frangois 2013], we introduce the corner locus of a
piecewise smooth function.

Definition 1.10 (corner locus). Let C = (¢, m) be a tropical cycle with smooth
weights of dimension n. We consider a piecewise smooth function ¢ : |[¢| — R with
polyhedral complex of definition ¥. Given 7 € %,,_; we choose for each o € %,
with 7 < 0 an w, ; € N, as in Definition 1.1(ii). For @ in 7, we define

wr = Z My (W)we ¢ € L.

0EG,
T<0

Note that w, depends on the choice of w. Viewing w, ; and w, as tangential vectors
at w, we denote the corresponding derivatives by

0, 0
¢ = <d¢a, wa,‘[)v and ¢T

0wg, ¢ Wt

= (d¢:, wy),

respectively. It is straightforward to check that the definition of the weight function

meit—> R, m() —(ng(a)) 9% ( )) z’( ) (1.10.1)

0EG, T
<0

does not depend on the choice of the w, . The corner locus ¢ - C of ¢ is by
definition the weighted polyhedral subcomplex ¢” of ¢ generated by 4,—; endowed
with the smooth weight functions m, defined in (1.10.1).
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Remark 1.11. Let ¢ : |¢| — R be a piecewise linear function on a tropical cycle
C = (¥, m) with integral weights. Then the corner locus ¢ - ¢ is a tropical cycle
with integral weights which is the tropical Weil divisor of ¢ on C in the sense of
Allermann and Rau [2010, 6.5].

Esterov [2012, Theorem 2.7] showed that the corner locus of a piecewise polyno-
mial function on a tropical cycle with polynomial weights is again a tropical cycle
of the same kind. We have here a similar result for tropical cycles with smooth
weights:

Proposition 1.12. The corner locus ¢-C of a piecewise smooth function ¢ : |€| — R
on a tropical cycle C = (¢, m) of dimension n is a tropical cycle with smooth weights
of dimension n — 1. The corner locus is defined independently of the choice of the
polyhedral complex € and ¢ - C depends only on the function ¢|c|.

Proof. This follows from Remark 1.11 as explained in Remark 1.2. (]

Proposition 1.13. Let F : N, — Nr be an integral R-affine map. Let ¢ be a
piecewise smooth function on an integral R-affine polyhedral complex € on Ng.
Suppose that C' = (€', m') is a tropical cycle on Ny with smooth weights m’ such
that F(|€'|) C|€|. Then we have the projection formula F,(F*(¢)-C")=¢-F.(C),
where F*(¢) is the piecewise smooth function on |€’| obtained by ¢ o F.

Proof. This follows locally as in [Allermann and Rau 2010, Proposition 4.8] using
Remarks 1.2 and 1.11, and a linearization procedure (see proof of Proposition 1.14).
O

Proposition 1.14. Let C and C' be tropical cycles on Ng with smooth weights. Let
€ be a polyhedral complex of definition for C and ¢ : |€| — Rand ¢ : |€]| - R
piecewise smooth functions. Then we have the associativity law

$-(C-Ch=(p-C)-C’ (1.14.1)
and the commutativity law

¢-(W-CO)=y-(¢-C) (1.14.2)
as identities of tropical cycles on Ng.

Proof. Using Remark 1.11 it is shown in [Allermann and Rau 2010, Lemma 9.7,
Proposition 6.7] that (1.14.1) and (1.14.2) hold for tropical cycles C, C’ with integral
weights and piecewise linear functions ¢, ¥ : || — R with integral slopes. As
both sides of (1.14.1) and (1.14.2) are linear in weights and slopes, both formulas
extend by linearity to tropical cycles with constant weight functions and piecewise
linear functions with arbitrary real slopes.

To reduce to the above situation, we use the procedure described in Remark 1.2.
We may assume that C and C’ are tropical cycles of pure dimension n and n’
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respectively. Let € be an integral R-affine polyhedral complex such that €<, and
%<n are polyhedral complexes of definition for C and C’. We write C = (¢<,, m),
C'=(¢.,,m),and C-C" = (€<, m") withl :=n+n"—r. Given w € || we
denote by %, the rational polyhedral fan of local cones of ¢ in w. There is a
bijective correspondence between the polyhedra o € ¥ with w € o and the cones
0y In %,. Each 0 € ¥ with w € o determines a canonical isomorphism of affine
spaces [, : Ls, = A, with /,(0) = w. We obtain tropical fans with constant
weight functions Cy, = (€, <n, m(w)), C. = (€p,<n’» m'(®)), and (C - C’),, =
(€w,<n. m"(®)). We have C,, - C, = (C - C’), by our construction of the stable
tropical intersection product with smooth weights. There is a unique piecewise
linear function ¢, : |%,| — R such that for all o,, € %, the R-linear function ¢,
on L, determined by ¢,|s, = @0, |0, satisfies

(d¢,)(0) = (1,dp)(0)

in Ly . We write

¢-(C-C) = (Ct—1,m1), o (Co-Cp) = (Co,<1-1, Mw1),
(¢-C)-C'=(Ca-1,m2), (90 Co)-Cp = (Cp,<i-1, M0 2).

The local nature of our definitions yields
m;j o (w) = Mey.i o, 0)

fori =1,2 and all 0 € €<p4+n—r—1 With v € o. Formula (1.14.1) for constant
weight functions and piecewise linear functions with arbitrary real slopes gives
Mgy 1,0,(0) =my2.0,(0). Hence m; = m; and (1.14.1) is proven in general. The
reduction of (1.14.2) to the case of constant weight functions and piecewise linear
functions proceeds in exactly the same way. (I

Corollary 1.15. Let F : N — Ng be an integral R-affine map. We consider a
tropical cycle C = (¢, m) with smooth weights on Ng and a piecewise smooth
Sfunction ¢ : |€| — R. We write F*C = (¢', m’), where F(|¢'|) C |€|. Then ¢
induces a piecewise smooth function F*(¢p) : |€'| — R and we have

F*(¢)- F*(C) = F*(¢-C),
i.e., the formation of the corner locus is compatible with pull-back.

Proof. Using (1.4.5) giving pull-back as a stable intersection with the graph, the
claim follows by applying Proposition 1.13 and (1.14.1) in Proposition 1.14. [

2. The algebra of delta-preforms

In this section we define polyhedral supercurrents on an open subset Q in Ny for
some free Z-module N of finite rank. The polyhedral supercurrents are special
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supercurrents in the sense of Lagerberg. We show that an analogue of Stokes’
theorem holds for polyhedral supercurrents with respect to the polyhedral derivatives
dp and dy. Then we introduce the algebra of §-preforms on €2 which is going to play
a central role in this paper. These §-preforms are special polyhedral supercurrents
defined by tropical cycles and superforms. We show that §-preforms admit products
and pull-back morphisms, satisfy a projection formula and that the polyhedral
derivative of a §-preform coincides with its derivative in the sense of supercurrents.

Throughout this section N and N’ denote free Z-modules of finite rank r and r’.
We write Ng = N ®7z R and N, = N’ ®7 R. We refer to the Appendix for the
notation from convex geometry.

2.1. Given an open subset € in Ng, we denote by AP-4 () the space of superforms
of type (p, q) on Q, by A 9(Q) the space of superforms with compact support
of type (p, q) on €, and by Dk,l(ﬁ) = D" kr=1(Q) the space of supercurrents of
type (k,[) on € in the sense of Lagerberg [2012] (see also [Chambert-Loir and
Ducros 2012; Gubler 2016]). We have seen in the introduction that A := &P pg A1
defines a sheaf of differential bigraded R-algebras with respect to the differentials
d’' and d”. The bigraded sheaf D := @ DP-4 contains A as a bigraded subsheaf
and has canonical differentials d" and d” extendmg those of A.

The sheaf A?'¢ comes with a natural operator J?-¢ : A?*? — A?-? which extends
to J79 : DP9 — D%P. The first one induces an involution J := EBp’q JP4 on
A which is determined by the fact that it is an endomorphism of sheaves of A%C-
algebras and that d’ o J = J od”. The extension of J to supercurrents is determined
by

(J(T), ) = (=D)'(T, J ()
fora € A77P" 74 (?2) and T € DP1 (5). Sections of AP°? (resp. D?°P) which are
invariant under the action of (—1)?J?-P are called symmetric superforms (resp.
symmetric supercurrents). Sections of AP-? (resp. D?-P) which are invariant under

the action of (—1)?T1JP:P are called antisymmetric superforms (resp. antisymmetric
supercurrents).

2.2. Let Q be an open subset of Ng. An integral R-affine polyhedron A of dimen-
sion n in Ny determines a canonical calibration

pa €| N'La| = Or(As) x= A'La

as in [Chambert-Loir and Ducros 2012, (1.3.5)]. Given a superform « € Aﬁ’”(SNZ)

the integral
/ o= / (a, ua)
A N
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was defined in [Chambert-Loir and Ducros 2012, §1.5] (see also [Gubler 2016, §3]).
The polyhedron A determines a continuous functional

Al >R, ar /Aot (2.2.1)

and a symmetric supercurrent 5o € Dn’n(ﬁ).

For  := QN A, we define AZ’q(Q) as the space of superforms on the open
subset N relint(A) of the affine space A given by restriction of elements in
AP4(Q). A partition of unity argument shows that this definition is independent of
the choice of Q.

For a superform « € AZ’q (?2 N A), the supercurrent

A AN € Dy pu—g()
is defined by (o Ada, B) = (Sa,ax AB) forall B € ALTP Q.

Definition 2.3 (polyhedral supercurrents). Let Q be an open subset of Ng. A
supercurrent o € D(Q) is called polyhedral if there exists an integral R-affine
polyhedral complex %" in N and a family (aa)aey Of superforms ap € AA(Q NA)
such that

=) arnda (2.3.1)

Ae€

holds in D(fz). In this case we say that ¢ is a polyhedral complex of definition
for a. The polyhedral derivatives dp(«) and d () of a polyhedral supercurrent
(2.3.1) are the polyhedral supercurrents defined by the formulas

dp(@) =Y d'(@a) A8, dp(@) =) d"(@r) ASa.
ANS4 A4
Remark 2.4. (i) We observe that the family of forms (oa) ace in (2.3.1) is uniquely
determined by o and %. Furthermore the support supp(«) of a polyhedral supercur-
rent « is the union of the supports of the forms aa for all A € 7.

@i1) It is straightforward to check that the definitions of the polyhedral deriva-
tives dp (o) and dp (o) do not depend on the choice of the polyhedral complex of
definition .

(iii) We do not claim that the polyhedral derivatives of a polyhedral supercurrent «
coincide with derivative of a « in the sense of supercurrents. In fact the derivatives
of a polyhedral supercurrent in the sense of supercurrents are in general not even
polyhedral.

Definition 2.5. Let 2 denote an open subset of Ng. Let P C Q be an integral
R-affine polyhedral set in Ng. We choose an integral R-affine polyhedral complex
% in N whose support is P.
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(i) Leta € Do,o(ﬁ) be a polyhedral supercurrent such that supp(e) N P is compact.
After suitable refinements, we may assume that o« admits a polyhedral complex of
definition 2 such that 2 is a subcomplex of ¢. In this situation we write

o= ZaA/\SA (2.5.1)
AeD

as in (2.3.1) and define the integral of o over P as

/ 0= [ an 2:5.2)
P

Ae9 a

(i) Let B € DLO(SAZJ) be a polyhedral supercurrent with supp(8) N P compact.
Proceeding as in (i), we get B = ) s, Ba A 84 for a suitable subcomplex Z of ¢
and we define the integral of 8 over the boundary of P as

= , 253
faPﬁ > | Ba (25.3)

A€o

where the boundary integrals on the right are defined as in [Chambert-Loir and
Ducros 2012, §1.5; Gubler 2016, 2.6]. We define the boundary integral (2.5.3) for
a polyhedral supercurrent 8 € Do,l(F{VZ) with supp(8) N P compact by the same
formula.

Remark 2.6. (i) The definitions in (2.5.2) and (2.5.3) do not depend on the choice
of the polyhedral complex Z.

(i) On the Borel algebra B(P), we get signed measures

pra BP) >R wran =Y [ as
Aeg Y MNA
and

worp :B(P) > R, popp(M)=) /M B

AeP

(iii) We recall from A.5 that relint(P) denotes the set of regular points of a polyhe-
dral set P. Then supp(8) N P C relint(P) implies

f =0 (2.6.1)
oP

as an immediate consequence of the definitions.

Proposition 2.7 (Stokes’ formula for polyhedral supercurrents). Let Q denote an
open subset and P an integral R-affine polyhedral subset in Ng with P C 2. Then

Joho= o ko= 0

we have
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for all polyhedral supercurrents o € D1’0(§~2) and B € Do,l(ﬁ) with supp(a) N P
and supp(B) N P compact.

Proof. We choose a polyhedral complex of definition & for o such that a subcomplex
2 has support P. By linearity it is sufficient to treat the case @ = ap A 5 for a
superform ax € A"~ 1"(QN A) and A € 2,. We get

/ dh(@) = / d'(an) A Sa = / d'(an) = / an = f o,
P P A oA oP

using Stokes’ formula for superforms on polyhedra (see [Chambert-Loir and Ducros
2012, (1.5.7)] or [Gubler 2016, 2.9]). The formula for 8 follows in the same way. [J

Remark 2.8. Let Q be an open subset of Ng. An integral R-affine polyhedral
complex C = (¢, m) with smooth weights of pure dimension n and a superform
o € AP1(Q2) determine a polyhedral supercurrent

aASc= ) (mr-ala) Ads € Dypu—g().
Aeb,

In particular we get the polyhedral supercurrents [a] = Ay, € Dy—p g (?2) and
dc =1Néc € Dy ,(R2).

Definition 2.9 (§-preforms). (i) Let € be an open subset of Ng. A supercurrent
a€D_p,y (fZ) is called a §-preform of type (p, q) if there exist a finite set /, a
family (C;);<; of tropical cycles with smooth weights C; = (%;, m;) of codimension
n; in Ng, and a family («;);<; of superforms «; € Api’qf(ﬁ) such that p; +n; = p
and g; +n; =q for alli € I and

=Y a; A (2.9.1)

iel
holds in D,_, ,_, (€). The support of a §-preform is the support of its underlying
supercurrent.
(i) The §-preforms define a subspace P74 (5) in D,_ p,r_q(ﬁ). We put

PrQ)= @ PR

p+q=n
and P(ﬁ) =D, N P"(SNZ). We denote by Pc(ﬁ) the subspace of P(?Z) given by
the §-preforms with compact support. A é-preform o € PPP(Q2) of type (p, p)

is called symmetric (resp. antisymmetric), if the underlying supercurrent of « is
symmetric (resp. antisymmetric).

(iii) We say that a §-preform « has codimension [, if it admits a presentation (2.9.1)
where all the tropical cycles %; are of pure codimension /. The §-preforms of type
(p+1,q+1) of codimension  define a subspace of DP9+ (Q) which we denote
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by P74 (€). As an immediate consequence of our definitions, we have the direct
sum
= & P
p+q+2=n
Example 2.10. It follows from Remark 1.7 that a §-preform of codimension 0 on
€ is the same as a superform on Q with piecewise smooth coefficients.

Remark 2.11. Let
o= ZO[I' /\SC,. € Pp,q,l(ﬁ)
iel
be a §-preform as in (2.9.1). Let ¥ be a common polyhedral complex of definition
for the tropical cycles (C;);e;. Then the supercurrent « is polyhedral and ¢ is a
polyhedral complex of definition for «. In fact we have C; = (¥, m;) for suitable
families of weight functions m; A on polyhedra A in %,_; and define

an =y mia-(aila) € ARTQNIA.

iel
Then we get
SC, = Z m; A /\3A
A€
and
o= Z oap ASA
AN

In order to compare §-preforms in P79 (Q), presented as in (2.9.1),

Ol=ZOli/\5Ci» 5=Z:3j/\50f’

iel jeJ
we choose a common polyhedral complex of definition ¥ for the finite families
(Ciier and (Dj) jey of tropical cycles and obtain

a=B<<=ap =pa forall Ae% . (2.11.1)

Proposition 2.12. Let Q denote an open subset of Ng. Presenting §-preforms as in
(2.9.1), we can perform the following constructions:

(1) We have a canonical C Oo(ffJZ)-linear map
API(Q) — PPYQ), ar> aAdy,
and a C*°(Nr)-linear isomorphism

TZ!(Ng) = P*%'(Ng), Cr 1ASc.
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(i) There are well-defined C °°(§~2)—bilinear products
A PPN Q) @g PP(Q) — prEpatdiHl (),
(Za,» /\5(;1.) A (Z B; /\(SDJ.) = Y (@ AB)ASCD,.
iel jel (i, j)elxJ
(iii) An integral R-affine map F : N — Ng induces a natural pull-back
F*: PPORQ) — PPOX@), D aiAde > Y (Fray) Adpe,
iel iel
for any open subset Q' of F~1(Q).
(iv) The pull-back morphism F* in (iii) satisfies

F*(aAB)=(F'a) A (F*B)
foralla, B € P(EZ).

Proof. The proof of (i) is straightforward. For (ii), we have to show that the
definition

aABi= D (@ AB)) NS, (2.12.1)

(i, )elxJ
is independent of the presentations
=) oAb, € PPINQ). B=) BjAdp € PPI(Q)
iel jeJ
given as in (2.9.1). We choose a common polyhedral complex of definition ¥ for

all tropical cycles C; and D;. Using Remark 2.11, we represent the §-preforms as
polyhedral supercurrents

a=Y as NS, B= Y B Abor. (2.12.2)
oe%! o'egV
We choose a generic vector v and ¢ > 0 as in 1.4(ii). From (2.12.1) and (1.4.1), we
deduce
aAB= D" D [N:Ns+NoltoAPBy Abe, (2.12.3)

regl+l o0’

where o, o’ ranges over all pairs in ! x ¢/ with e No’ =1 and 6 N (0’ +£v) # .
Then (ii) follows from (2.12.3) and from the uniqueness of the representations in
(2.12.2). Bilinearity is obvious.

Similarly we show (iii). Given a §-preform « as above, we have to prove that

F*(@) =Y (F*o;) Adpec, (2.12.4)

iel
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is independent of the representation of « in (2.12.2). There is a complete, integral R-
affine polyhedral complex ¢” of Nj, and a complete, common polyhedral complex
of definition ¢ for all tropical cycles C; satisfying the following compatibility
property: for every o’ € ¢, there is a 0 € ¢ with F(0’) C o. Using the coefficients
mgf’ , from Remark 1.4(v), we deduce from (2.12.4) and (1.4.4) that

Fray= > Y ml, FagAby, (2.12.5)

y/e(cbﬁ/)/ O'/,O'

where o, o ranges over all pairs in (¢”)° x ¢! with y' C o', F(y') C o. Then (iii)
follows from (2.12.5) and uniqueness of the representation (2.12.2).
Note that (iv) is a direct consequence of our definitions. U

Remark 2.13. Let P be an integral R-affine polyhedral subset in Ng of dimension .
Let C = (¢, m) be a tropical cycle with |C| = P or |[¢| = P and o € P.(Np).
Observe that [, « is in general different from | Np @ A\ Oc as the latter integral takes
the multiplicities of C into account.

Proposition 2.14 (projection formula). Let F : Ny — Ng be an integral R-affine
map and C' a tropical cycle of dimension n on Ny. Let P be an integral R-affine
polyhedral subset and Q an open subset of Ng with P C Q. Leta € P(?Z) be a §-
preform such that supp(F*(a)/\(Sc/)ﬂF_l (P) is compact. Then supp(aASF,(c)NP
is compact. If a € P”’”(ﬁ), then

/ O[/\ap*(c/) Z/ F*(Ol)/\ac/. (2.14.1)
P F~1(P)
Ifa € PP 1(S), then
/ Ol/\(SF*(C/) = / F*(Ol)/\CSC/. (2.14.2)
oP AF-1(P)

Proof. We consider first the case where o € P”’”(EZ). We may assume without loss
of generality that @ € PP-P/(R2), where n = p +1. We write

o= Z a; N,
iel
for suitable «; € AI”P(Q) and C; € TZ'(Ng) as in (2.9.1). We get
aNSp )= Z o ASE,(rrci.crys FH(a) Ader = Z F*(a;) ASpsc;.cr
iel iel
by the projection formula, Proposition 1.5(1ii). We choose common polyhedral

complexes of definition ¢” in Ny for C' and F*C; for all i € I and ¢ in N for
F,C’" and C; for all i € I. We may assume that F,(%¢”) is a subcomplex of €. After
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further refinements we can find polyhedral subcomplexes 2’ of " with support
F~1(P) and 2 of € with support P. Then F, 2’ is a subcomplex of & and we write

Y i ASp ey = Y o A, (2.14.3)
iel 0EG)
D FH @) ASprcicr= Y ot Adg. (2.14.4)
iel o'e?),

Consider o € ¢),. Given o' € ‘51/, with F (o) = o there is a unique form &, € A, (o)
such that F*(@y') = ay in Ay (0”). From (1.4.3), (2.14.3) and (2.14.4) we get

> [Ng : Lp(N)] -G (2.14.5)
O‘/G(to(/,/)
F(o')=0
and ayr =0forall o’ € %; with dim F(¢”) < p. If o € Z,,, which means o C P, then
only the o’ € 9;, contribute to the sumin (2.14.5). Since o’ € 9;, is equivalentto o’ C
F~1(P), we deduce from (2.14.5) and compactness of supp(F*(a) AS¢c/)NF~1(P)
that supp(a A 8, (c)) N P is compact. The above formulas show that

/OtAcsF(C)—Z/aa—Z Z [No [LF(N/)]/%

0E€D) o€y o'e%),
F(o)=0o

and hence the transformation formula of integration theory (see [Chambert-Loir
and Ducros 2012, (1.5.8); Gubler 2016, Proposition 3.10]) gives

/0[/\51:(@/)— Z Z /ag = Z / (0% —/ F*(Ol)/\5c/.

1
o€y o'e%), =7 (P)
F(o")=0

This proves (2.14.1). Formula (2.14.2) is proved in exactly the same way using the
transformation formula for boundary integrals in [Chambert-Loir and Ducros 2012,
(1.5.8)]. ]

2.15. Given a tropical cycle C = (¢, m) with constant weight functions, it follows
from Stokes’ theorem that the supercurrent 8¢ is closed under d’ and d” [Gubler
2016, Proposition 3.8]. The following proposition shows that this is no longer true
for tropical cycles with smooth weights.

Proposition 2.16. Let C = (¢, m) be a tropical cycle with smooth weights of pure
dimension n in Ng. Then we have

d/8c =d'mn Sz, d”SC =d'mn Sy
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in D.(NR), where the polyhedral supercurrent d'm A 8 is defined by

(dmnrse.a)=Y" [ dmgnra

oet, " °
and the supercurrent d"m A 8¢ is defined analogously.

Proof. This is a direct consequence of Stokes’ formula for superforms on polyhedra
[Chambert-Loir and Ducros 2012, lemme (1.5.7)], [Gubler 2016, 2.9] and the
balancing condition (1.1.1). U

Remark 2.17. It follows from Proposition 2.16 that the subspace P'(Ng) of D" (NR)
of §-preforms is not closed under the differentials d’ and d” in the sense of super-
currents. We will address this problem again in 4.6.

Proposition 2.18. Let Q denote an open subset of Ng. Then we have

d'(B)=dp(B), d"(B)=dp(B)
for all §-preforms B € P(S).

Proof. 1t is sufficient to treat the case § = o A §¢ for a superform o € AP-¢ (S~2) and
a tropical cycle C = (¥, m) of pure dimension n on Ng. We have

B=) (mg-al)Ad,.
oEG,
From Proposition 2.16 we get
d'B=dansc+(=DMandmnse="> (my-dals+dms Aals) Ay
A
Then Leibniz’s rule shows
dB="Y dms alo) AS; =dp(p)
0EG,

which proves the first equality. The second claim is proved similarly. U

3. Supercurrents and delta-preforms on tropical cycles

In this section, we introduce supercurrents and §-preforms on a given tropical cycle
C = (¢, m) of pure dimension n with constant weight functions. Similarly to
complex manifolds, such tropical cycles have no boundary as d'§¢ = d"8¢c = 0.
In the applications, C will be the tropical variety of a closed subvariety of a
multiplicative torus. We build upon the results in Section 2. We will obtain the
formulas of Stokes and Green. The main result is the tropical Poincaré—Lelong
equation which will be used in Section 9 for the first Chern §-current of a metrized
line bundle.
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3.1. The space Ap 1(Q) of (p, q)- superforms on an open subset 2 in %] is defined
as follows. We choose an open subset € of Ng such that @ = QN |¢|. Elements
in ALY (Q) are represented by elements in AP4 (€) where two such elements are
identified if they induce the same element in Ag’q (2N A) (see 2.2) for all maximal
polyhedra A in €. A partition of unity argument shows that this definition is
independent of the choice of . Observe furthermore that A2 (Q) depends only
on the support |€| of €. We will often omit the polyhedral complex ¢ from our
notation and write simply A”-7(€2) instead of Af;’q (2) when % or at least %] is
clear from the context. The spaces AP-9(S2) define a sheaf on |¢’|. Hence the
support of a superform in A”9(2) is defined as a closed subset of 2. We denote
by AZ?(Q) the space of superforms on £ with compact support.

Definition 3.2. We define the space of supercurrents D(’/ 4(2) of type (p, g) on
an open subset 2 in |%| as follows. An element in D% (Q) is glven by a linear
form T € Homp(AZ" q(Q) R) such that we can find an open set Q of Ng and a
supercurrent 7' € D,,,q(Q) such that @ = QN [%] and T (y]a) = T'(n) for all
n € AP?(Q). Asin 3.1 we often omit % from the notation and write D, ,(S2)
instead of D;‘iq(ﬁ). We also use the grading DP-9(Q2) := D,,—p, ,—4(S2).

Remark 3.3. In the situation of Definition 3.2 we fix an open subset Q of Ng with
Q=Qn |€|. It follows from a partition of unity argument that in the definition of

D, 4(£2) we may use this 2. We may identify D ».4($2) with a subspace of D, ,(£2)
using the canonical map T +> T’. Indeed, this map is well defined and injective
since T (n]q) = T'(n) holds for all n € A? 9($2). Furthermore the differentials d’
and d” on D(ﬁ) induce well-defined differentials d’ and d” on D(S2).

A polyhedral supercurrent o’ on Qisin D(Q) if and only if supp(«’) is contained
in 2. The corresponding element « in D(2) is called a polyhedral supercurrent
on Q. Using Definition 2.3, the polyhedral derivatives dpo and dpo are again
polyhedral supercurrents on 2. Definition 2.5 yields integrals [, « = [, o’ and
boundary integrals ./BP o = fap o’ of polyhedral supercurrents « in Dy(2) and
D1 (2), respectively, over an integral R-affine polyhedral subset P of €2, provided
that supp(«) N P is compact.

Definition 3.4. Let 2 be an open subset of |¢| and consider an open subset Q
of Ng with Q = QN |#¢’|. For any §-preform & € P() on Q, the supercurrent
a Adc on Q lies in the subspace D(2) of D(SNZ) We will denote the corresponding
element in D(€2) by alg A supercurrent o € D(R2) is called a 3-pref0rm on Q if
there is an open subset Q of Nr with Q = QN |%| and a @ P(Q) witha =a Adc.
The space of §-preforms on €2 is denoted by P (£2) and the subspace of compactly
supported §-preforms is denoted by P.(€2). Note that these spaces depend also on
the weights m of the tropical cycle C = (¢, m) and not only on the open subset €2
of |7].
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Remark 3.5. (i) A partition of unity argument again shows that P (£2) is the image
of the natural morphism

P(Q)— D(R), ar> dlg:i=aAdc

for any open subset Q of Nr with Q = Qn |€|. We give P(£2) the unique structure as
a bigraded algebra such that the surjective map P(Q)— P(Q)isa homomorphism
of bigraded algebras. Similarly, we define the grading by codimension on P ().
For §-preforms &« = & A §¢ and o’ = &’ A 8¢ on £, their product is given by the
formula

and =ana Adc.

(i) By Remarks 2.11 and 3.3, @ = @ A 8¢ € P(R2) is a polyhedral supercurrent
on 2. After possibly passing to a subdivision of ¥, we have

a=) arAdae D),
Ae?
with ap € AA (2N A). It follows from Proposition 2.18 that
dpa =d'a and dja=d"a, (3.5.1)
where we use the polyhedral derivative introduced in Definition 2.3 on the left-hand

sides, and the derivative of currents in D(£2) on the right-hand sides.

(iii)) Now we assume that « € P™"(€2) and that P is an integral R-affine polyhedral
subset of €2 such that supp(«) N P is compact. By passing again to a subdivision,
we may assume that ¢ has a subcomplex 2 with |2| = P. Using the definition of
the integral of polyhedral supercurrents on €2 in Remark 3.3 and a decomposition

of o as above, (2.5.2) gives
o = oA .
=2/,

Ae2

A similar formula holds for the boundary integral fa pa fora e P1(Q) or
a e P Q).

Proposition 3.6 (Stokes’ formula for §-preforms). Let P be an integral R-affine
polyhedral subset of the open subset Q of |€|. Then we have

Jote=foe Joo=fe

for all §-preforms a € P" V" (Q) and B € P*""1(Q) with supp() N P and
supp(B) N P compact.

Proof. This follows from Proposition 2.7 and (3.5.1). U
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The following result will be important in the construction of §-forms on algebraic
varieties.

Lemma 3.7. Let Q be an open subset of |¢|. Given d'-closed (resp. d"-closed)
8-preforms y and vy’ on Q, their product y A y' is again d'-closed (resp. d"-closed).

Proof. Consider an open subset € of N with Q = QN|%| and d’-closed §-preforms
y and y’ on 2. We may assume that y (resp. y’) is of codimension [ (resp. ) and
that y has degree k + 21 (resp. k' 4 21). We choose §-preforms y =Y. o; A S¢,
and y’ := Zj oz]’. A 8CJ/_ for superforms a; € A*(Q), a]’. € A¥(Q) and tropical cycles
Ci = (%,m;),C j’ = (¥, m/j) of codimension [, !’ with smooth weight functions
such that y =y Ad¢ and y’ = ' A 8¢. We have to show that the supercurrent

Yy AY =7 AP Adc € D(Q)

is d’-closed. After suitable refinements we may assume that the polyhedral com-
plexes ¢, %j/ and ¢ are all subcomplexes of a complete integral R-affine polyhedral
complex Z in Ng. We choose generic vectors v, w € Ng in order to compute stable
tropical intersection products as in Remark 1.4 for tropical cycles with polyhedral
complex of definition 2. We have CJ’. -C=(D<p—r, m}’). For p € 2,_y and w € p,
we have
m},(w) = Z Cora My (@) MiA
p=0'NA

for small & > 0, where (o, A) ranges over (7% D, and co'p =[N : Nyo + Na] if
o' N (A +ev) # & and ¢, o = 0 otherwise. In the same way we write

C; -CJ/» -C=D<p-i-r, m:’]/)
For t € 9,_;_y and w € T, we have
mjj (@)=Y copmic(@)m], ()
T=0Np

for small & > 0, where (o, p) ranges over 2! x Z,_y and ¢,, =[N : N, + N,] if
o N(p+ew) # @ and ¢, =0 otherwise. Combining the last two formulas, we get

mij @)= Y Cooamio(@) m (@) ma (3.7.1)

t=0No’'NA

!
where (o, 0/, A) ranges over 9" x 9" x 9, and
Coo’'A = Co,0'NA * Co’A- (3.7.2)

We observe that by associativity and commutativity C; - (C j’ -C)=C // -(C; - O).
This implies

Coo'A = Co’ .0NA " CoA- (373)
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Now we use dp(y Adc) =d'y =0in D(). For every p € Z,_;, we get
Y ) coad(migmae) =0 (3.7.4)
i p=ocNA
on N p. Similarly, we use dp(y' Ad¢c) =d'y’ = 0. For every p' € Z,_y, this
gives

Y coadmmaa) =0 (3.1.5)

j p'=0'NA

on N p’. We have to show that

dy ny)=d G AP ASc) =) d(a; Aatj A 3c,.ci.c) (3.7.6)
ij
vanishes in D(S2). Since d’ agrees with d}, on §-preforms, we deduce

ijt

d'(; Netf Adc,.cr.c) = > d'(mj o Aet)) NS (3.7.7)
T

By (3.7.1) and Leibniz’s rule, we can split this into the sum of

Z Z Coo'AMA d' (Migoti) A m}a,aj’- A8; (3.7.8)
T t=0No’'NA
and

DY D cooamamiga; Ad(my0)) A S (3.7.9)
T t=0No’'NA
Note that here and in the following, we use our standing assumption that the weight
mp of C is constant. From (3.7.3) and (3.7.4) we get

!/ !/ !/
E E E Coo'ama d (misa;) A M O

ij T t=0No’'NA
- Z Z Z cg/p( Z chAmA d/(migai)> /\ml;-a,ozj’- =0.
J T Tt=0'Np p=0NA i
In the same way we get
Z Z Z Coo' AMA Mo Ol /\d/(m;.a/ozj/-) =0
ij T t=0No’NA
from (3.7.2) and (3.7.5). These two equations and (3.7.6)—(3.7.9) prove the vanishing

of d'(y Ay'). In the same way, one derives d”(y A y") =0 from the vanishing of
d"(y) and d"(y"). O

Corollary 3.8. Let Q be an open subset of |€|. We consider B =nAy € P*X(Q) and
B =n Ay’ € PK(Q) for superforms n,n' € A(Q) and §-preforms y,y’ € P(S).
Ifdy =dy' =0, thend' B is again a 8-preform with

dB=dnny and dBAB)Y=dBAB +(-DBArdB.
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Ifd"y =d"y' =0, then d’B is again a §-preform with
d"B=dnrny and d"BAB)Y=d"BAB +(—DFBAd'B.
Proof. Given a superform n € A?(2) and a supercurrent 7 € D(S2), we have
dmMAT)=dnAT +(=1)’nAd'T. (3.8.1)

This implies the first formula and hence d’ 8 is a preform. Combined with Lemma 3.7,
we deduce the second formula as well. Similarly, we prove the corresponding claims
for d”. O

Proposition 3.9 (Green’s formula for §-preforms). Let 2 be an open subset of | €|
and let P be an integral R-affine polyhedral subset of Q2. We consider symmetric
8-preforms B; € PP-Pi(Q) fori =1, 2 with p1+ p» =n—1 such that 8; = n; \y; for
superforms n; € A() and §-preforms y; € P(Q) withd'y =d'y'=d"y =d"y'=0.
Then we have

/ (Bind'd"By—pand'd"Br) = /(; (BiAd"Br—Band"Br),
P P

if we assume furthermore that supp(B81) Nsupp(B2) N P is compact.

Proof. As in [Chambert-Loir and Ducros 2012, lemme (1.3.8)], the formula is
obtained as a direct consequence of Proposition 3.6 and the Leibniz formula in
Corollary 3.8. (I

Definition 3.10. Let P be an integral R-affine polyhedral subset in Nr. A piecewise
smooth superform a on an open subset Q2 of P is given by an integral R-affine
polyhedral complex & with support P and smooth superforms ap € Ap(2NA)
for every A € 2 such that ap restricts to o, for every closed face p of A. In this
case we call Z a polyhedral complex of definition for «. The support of a piecewise
smooth superform « as above is the union of the supports of the forms s for all A
in 2. We identify two superforms «, ' on  if they have the same support and
if apn = a, on AN A’NQ for all polyhedra A, A’ of the underlying polyhedral
complexes 2, 7'.

Remark 3.11 (properties of piecewise smooth superforms). Let 2 denote an open
subset of an integral R-affine polyhedral subset P in Ng.

(i) The space of piecewise smooth superforms on 2 is denoted by PS(2). It
comes with a natural bigrading and has a natural wedge product. We conclude
that PS'(2) is a bigraded R-algebra which contains A>'(€2) as a subalgebra. We
denote by PS_"(€2) the subspace of PS™'(£2) given by piecewise smooth superforms
with compact support.
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(i) Let N’ be also a free abelian group of finite rank and let F : N — N be an
integral R-affine map. Suppose that ©’ is an open subset of an integral R-affine
polyhedral subset Q in Nu/;e with F(Q) C P and F() C Q. For a piecewise
smooth superform « on €2, there is an integral R-affine polyhedral complex 2’
with |2’| = Q and a polyhedral complex of definition 2 for « such that for every
A € 7', there is a A € 2 with F(A') C A. Then we define a piecewise smooth
superform F*(«) = o’ on Q" with &’ as a polyhedral complex of definition by
setting oy, 1= F*(ap) € Ax (' N A') for every A’ € Z'. In this way, we get a
well-defined graded R-algebra homomorphism

F*:PS™(Q) — PS™(Q)).

In particular, we can restrict @ to an open subset of an integral R-affine polyhedral
subset of P.

(iii) Let @ € PS”9(2) be given by an integral R-affine polyhedral complex 2
and smooth superforms ap € AP*9(2N A) for every A € 2. Then the superforms
d'ap € A§+1’Q(Q N A), with A ranging over 2, define an element in PSP+19(Q)
which we denote by dpar. Similarly, we define dja € PS” 4+1(Q). One verifies
immediately that PS™" (W) is a differential graded R-algebra. with respect to the
differentials

dp : PSP4(Q) — PSPTL(Q),  df : PSP (Q) — PSPITI(Q). (3.11.1)

(iv) The elements of PSO’O(Q) are the piecewise smooth functions on the open
subset €2 of P from Definition 1.6.

3.12. Now we apply the above to an open subset €2 of the polyhedral set P := |€|
for the given tropical cycle C = (¥, m) with constant weight functions. A piecewise
smooth superform « as above defines a polyhedral supercurrent

and the derivatives in (3.11.1) coincide — as suggested by the notation — with the
polyhedral derivatives introduced in Definition 2.3. Note that these differentials of
piecewise smooth superforms are not compatible with the corresponding differentials
of the associated supercurrents. We define the d’-residue of a by

Resy (o) :=d'[a] — [dpa].
Similarly, we define residues with respect to the differential operators d” and d'd”.

3.13. Given o € PS(€2) and a polyhedral supercurrent 8 on the open subset 2
of |%|, there is natural bilinear product o A 8 which is defined as a polyhedral
supercurrent on €2 as follows. After passing to a subdivision of ¥, we may assume
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that ¢ is a polyhedral complex of definition for @ and 8. Then ¥ is a polyhedral
complex of definition for o A B and for every A € € we set

(@A B)A:=0apn ABa € AA(R2 A A),

where o, 8 are given on Q by aa, Ba € AA(RQ2AA). Fora € PSk(Q), the Leibniz-
type formula
dp(@ A B) =dpa A B+ (—DFa AdpB (3.13.1)

is a direct consequence of our definitions. An analogous formula holds for dj.

There is no obvious product on the space of polyhedral currents which extends
the given products on the subspaces P(€2) and PS(€2). The next remark shows that
such a product exists for a canonical subspace PSP(£2) of the space of polyhedral
currents.

Remark 3.14. The linear subspace PSP(2) of D(£2), generated by currents of the
form o A B with o € PS(€2) and with 8 € P(£2), will play a role later. Note that
PSP(£2) has a unique structure as a bigraded differential R-algebra with respect d,
and dy extending the corresponding structures on PS(£2) and P (£2). To see that the
wedge product is well defined, we can use the same arguments as for P(£2). The
crucial point is that for a piecewise smooth form « as in 3.12 and T < A € %, the
restriction of o to 7 is . This allows us to use the arguments in Proposition 2.12
which show that A is well defined on PSP(£2).

If F: Ny — Npg is an integral R-affine map and if Q' is an open subset of
the preimage of the open subset  of Ng, then we have a unique pull-back F* :
PSP($2) — PSP(£Y) which extends the pull-back maps on piecewise smooth forms
and on §-preforms and which is compatible with the bigrading and the wedge
product. Again, the argument is the same as in the proof of Proposition 2.12.
Moreover, it is clear that the projection formulas in Proposition 2.14 hold more
generally for o € PSP(Q).

3.15. Recall that C = (¥, m) is a tropical cycle on Nr of pure dimension n and
with constant weight functions. Let ¢ be a piecewise smooth function on |¢’|. We
have seen in Proposition 1.12 that the corner locus ¢ - C is again a tropical cycle. It
induces a polyhedral supercurrent éy.c € D,—1 ,—1(|%¢|) on |€|. By Proposition 1.8,
there is a piecewise smooth function é on Ng extending ¢. We have

5¢-C = 5(5-N|R Ad¢c

and hence §4.c is a §-preform in PLI(%)). By Remark 3.5, we obtain a §-preform
8p.c AP € PPeIHL(|%)) for any B € PP91(|7)).

The following tropical Poincaré—Lelong formula and its Corollary 3.19 compute
the d’d”-residue of ¢.
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Theorem 3.16. We consider a 8-preform w € PP4!(|€|) such that d'w =0 = d"w.
Let n € A"~ P~I=Ln=a=1=1(1¢|) be a superform such that B = n A w has compact
support. Then we have

¢d/d”,8—/ dpdpd N B = 8s.c N B, (3.16.1)
%] %] ||
where we use the integral of polyhedral supercurrents on |€| defined in Remark 3.3.

Proof. We may assume after suitable refinements that % is also a polyhedral complex
of definition for ¢ and w. From (3.13.1) and (3.5.1), we get

dp(pd'B) +dp(dpp AB) = ¢ d"d'B+dpdp A =dpdpp NS —pd'd".

Let P denote the polyhedral set |%’|. Stokes’ formula for polyhedral supercurrents,
Proposition 2.7, yields

/(dl;dgqmﬂ—(pd/d”ﬁ) :/ ¢Ad/,3+f dyp A B. (3.16.2)
P P P

We write
w= Z w; A,
iel
for tropical cycles C; = (¥<,—;, m;) with suitable smooth weight functions m; and
superforms w;. Then we have

pAd B = / dAd'nAw; N,
/aP Z P ¢

iel

=Z Z / MigPo d'n A w;.
do

iel 0€%,—

For each o € 6;,_; and each face T € 4,,_;_1 we choose an element w, ; asin (1.1.1).
We observe that the elements w; » used in [Gubler 2016, 2.8] to define the boundary
integrals f 9o Satisfy w; o = —wq ;. The definition of the boundary integral uses the
contraction ( -, wr ¢ ){,—7y of the involved superform of type (n — [, n —[) given by
inserting w; , for the (n —[)-th variable and leads to

/3P¢/\d/ﬁ=—2 >y [(mia¢ad/nAwiawa,r){n—l}-

icl T€6y_i_1 0€C,1 T
T<0

Given i € [ and T € 6,1, the balancing condition (1.1.1) for C; gives us the
vector field

Wi = E MigWg 7 T — L;.

0EC-1
T<0
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We observe that ¢, |; = ¢, for all T < o yielding
/ prdp=—3 % f«pfd’nw,,w,an =0
iel t€6,-1

as a superform contracted with a vector field with values in L; restricts to zero on t.
Using this in (3.16.2), we obtain

opdd'B— dpdpp A B = —/ dpd A B. (3.16.3)
] i 01|
Our claim is then a consequence of the following lemma. (Il

Lemma 3.17. Let ¢ be a piecewise smooth function on |€|. For any §-preform
B e PC”_I’”_1 (|€|) with compact support, we have

/ d{>/¢Aﬁ=—/ 8¢.c N B, f d}éqb/\ﬁzf Spc AB.  (3.17.1)
2% 1% 011 i

Proof. We prove only the first formula. The second formula follows by applying
the first one to J*(8) and using the symmetry of the supercurrent of integration.
We use the notation introduced in the proof of Theorem 3.16. We may assume that
p € pr=I=ln=I=Ll(|%|) and that

ﬂZZm/\SCi

iel

for tropical cycles C; = (6<,—;, m;) with suitable smooth weight functions m; and
superforms 7; € A" /=== 1(|<5|) Since B is a §-preform on C, we may assume
that there is a tropical cycle C; of codimension [ in Ng such that C; = C;.C for
every i € I. Recall that /9w, ; denotes the partial derivative along the tangential
vector w, . An exercise in linear algebra gives

0
(d"Ps ANiy 0o ) 2n—21-1} = 80()% AN +d" o N (Ni, Wg.7) 2n—21—-2)
o, T

foralli € I, 0 € ¢,_; and all faces t of o of codimension one. Furthermore one
sees easily that

/Td”(»br A (Mi, Wic)an—21-2) = 36?; ni.
Let ¢ - C; = (€<p—i—1, m;) denote the corner locus of ¢ on C; introduced in

Definition 1.10. Using the last two formulas and the definition of the weight
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functions m;, of the corner locus in (1.10.1), we get

Z /(mia d" o ANy 0o 7 ) 2n—21-1

T
= Z /(m,g—/\ +d" P A <m, Z miawa,r> )
Wo. 7 {(2n—21-2}

0EC—1
<0

O’E?fn 1 UE%nfl
<0 <0
0 0
= Z f mlU (ba ni — a:)sr Ani)
et Wo, T it
<0
¢y 3¢ )
= m; — T )\ Ap:
/;( Z " Ywyr  Owir i
UECKM*I ’

<0

=/mir77i
T

foralli € I and T € %,_;—. For the polyhedral set P :=|%|, we have

/Bd{,’qﬁA,B >N / mig d" ¢ A

iel 0€%,
"
_Z Z Z fMiod ¢a/\nivwﬁyf>{2n—2l—1}
iel T€6_1—10€%,;
<0
:—Z Z /mzrfh
iel t€6—1—1
== % f,mrssc.
iel

We get 84.¢c; = 8,.¢,.c = 8¢, A 8¢.c from Proposition 1.14. Hence

Z/n,/\&ﬁc, /(Zni/\(ga)/\(%c:/;)&p.c/\ﬁ

iel iel

yields our claim. O

Remark 3.18. In the situation of Lemma 3.17 we consider a é-preform g €
P"~Ln=1(1%]) on C. However we do no longer assume that 8 has compact sup-
port. Instead we make the weaker assumption that the polyhedral supercurrents
dpp A B € Dio(I€)) (resp. dpp A B € Do,1(1€]) and Sy.c A B € Do,o(I%]) have
compact support. Then the first (resp. second) formula in (3.17.1) still hold for B.
In order to prove this, one chooses a function f € AS(I% |) which is equal to 1 on
the above compact supports and applies Lemma 3.17 to f- 8.
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Corollary 3.19. Let C = (¢, m) be a tropical cycle with constant weight functions
of pure dimension n on Ng and ¢ : |¢| — R a piecewise smooth function with
corner locus ¢ - C. Then we have

d'd"[¢] — [dpdp Pl = 84.c (3.19.1)
in DY, (%))
Proof. Both sides of (3.19.1) have support in |%’|. Hence it suffices to show that
(d'd"[¢] — [dpdip]) (@) = b5.c (@)
holds for all @ € Aﬁ_l’”_l (|¥¢’]), and this is a special case of Theorem 3.16. [l

Corollary 3.20. Let ¢ : |¢| — R a piecewise linear function on C. Then we have

d'd"[¢] = 8¢.c (3.20.1)
in DY_, ,_(Ng).
Proof. This follows from Corollary 3.19. ]

4. Delta-forms on algebraic varieties

Let X be an algebraic variety over K of dimension n and X*" the associated
Berkovich space.

We introduce the algebra B(W) of §-forms on an open subset W of X*". We
use tropicalizations as in [Chambert-Loir and Ducros 2012] and [Gubler 2016] to
pull-back algebras of §-preforms to X*". After a suitable sheafification process we
obtain the sheaves of algebras B and P of §-forms and generalized §-forms. We
show that B is a sheaf of bigraded differential R-algebras with respect to natural
differentials d" and d”.

4.1. Consider a tropical chart (V, ¢y) on X as in [Gubler 2016, 4.15]. It consists
of a very affine Zariski open U in X. Recall that U is called very affine if U has a
closed immersion into a multiplicative torus. Then there is a canonical torus Ty
with cocharacter group

Ny =Homz(0(U)* /K™, Z),

and a canonical closed embedding ¢y : U — Ty, unique up to translation (see
[Gubler 2016, 4.12, 4.13] for details). We get a tropicalization map

W?/" trop
tropy : U™ — Tj" — Ny

associated with ¢y. The second ingredient of a tropical chart is an open subset
V C U for which there is an open subset Q2 of Ny g with V = trop{,l(Q).
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The set trop,; (U*") is the support of a canonical tropical cycle Trop(U) =
(Trop(U), my) with integral weights. It is the tropical variety associated to the
closed subvariety U of Ty equipped with its canonical tropical weights (see [Gubler
2013, 83, §13]). Note that V = tropal(Q) for the open subset 2 := Qn Trop(U)
of Trop(U).

Definition 4.2. Let f : X’ — X be a morphism of algebraic varieties over K. We
say that charts (V, ¢y) and (V', ¢y/) of X and X’ respectively are compatible with
respect to f, if we have f(U') C U and f*™(V') C V.

4.3. Let f: X’ — X be a morphism of algebraic varieties over K. Given compatible
charts (V, ¢y) and (V', py/) of X and X', we obtain a commutative diagram

trop

V/e—— (U)H)™ AN Ty — Ny R

J/fanlv/ lfanluz/m lw lF

YU trop
Ve u™ Ty Ny.r

where ¢ : Ty — Ty is the canonical affine homomorphism of tori induced by
0*(U) - ¢*(U’) and F : Ny»g — Ny is the induced canonical integral I'-
affine map. These maps are unique up to translation, but this ambiguity will never
play a role. If Q is the open subset of Trop(U’) with tropl_/,1 (Q') = V/, then
Q' < F~Y(Q) NTrop(U").

We define deg(f) = [K(X') : K(X)] if f is dominant and the extension of
function fields is finite. Otherwise we set deg(f) = 0. Let Y be the schematic
image of f and f': X’ — Y the induced morphism. Then a formula of Sturmfels
and Tevelev [2008] which was generalized by Baker, Payne and Rabinoft [2016,
Section 7] to the present setting gives

F, Trop(U'") = deg(f") - Trop(f (U")) 43.0)
as an equality of tropical cycles (see [Gubler 2013, Theorem 13.17]).

Definition 4.4. Let us consider a tropical chart (V, ¢y) of X. As above, we consider
the open subset 2 := trop;, (V) of Trop(U). We choose an open subset Q of
Ny r with Q = QN Trop(U) and a §-preform o € PP 4($2). For any morphism
f: X' — X of varieties over K and a tropical chart (V’, ¢y) of X’ compatible with
(V, (pU) we define Q' := trop;,(V'). We choose an open subset QY of F~ 1(§J2)
with &' N Trop(U’) = Q'. By Proposition 2.12, we have F*(&@) € P? 9(Q). We
denote by N”4(V, ¢y) the subspace given by elements & € P4 (Q) such that
we have F*(@)|qg =0 € PP-1(Q') for all compatible pairs of charts as above (see
Definition 3.4 for the definition of the restriction). We define

PPV, gy) := PP9(Q)/NPU(V, gp).
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A partition of unity argument shows that this definition is independent of the choice
of . We call an element in PP-P(V, @y) symmetric (resp. antisymmetric) if it can
be represented by a symmetric (resp. antisymmetric) §-preform in PP'P(Q). We
define

PPNV, gy) i= PPYQ) [ (PPI@ N NPV, gu))

using the §-preforms on € of codimension ! from Definition 2.9.

Remark 4.5. (i) The A-product descends to the space

P(V.pu):= @ PP4(V.u)
p.q=0

and we get a bigraded anticommutative R-algebra which contains A (€2) as a bigraded
subalgebra.

(ii) If (V’, gys) and (V, ¢y) are compatible charts with respectto f : X' — X as
in Definition 4.2, then we get a canonical bigraded homomorphism

[ P(V,ou) > P(V', pu1)

of bigraded R-algebras which is defined for « € P?4(V, ¢y) as follows: By
definition, « is represented by some & € PP4(Q). Let Q = tropy (V') and
choose an open subset Q of F~1(Q) with Q' =Q'N Trop(U’). Then we define
F*(a) € PP9(V', @ur) as the class of F*(&) € PP4(Q). If X = X’ and f =id,
then (V’, gy) is a tropical subchart of (V, ¢y) and we write |y for the pull-back
ofx € PPI(V, @p).

Note that the definition of f*(«) does not depend on the choice of the represen-
tative o.

However, the elements of P?4(V, ¢y) do not only depend on the restriction

alg i=élg =@ A dtopw) € PP4(R) € DP(Q) 4.5.1)

to 2 as Example 4.22 below shows that it might happen that two different elements
o, B e PPI(V, gp) satisfy a|qg = Blg € PP9(R2). The purpose of our definition
of P(V, ¢y) is to have a pull-back as above at hand. Here we use the fact that we
always have a pull-back from tropical cycles on Ny g to tropical cycles on Ny g,
but there is a pull-back available from tropical cycles on Trop(U) to tropical cycles
on Trop(U’) only if these tropical varieties are smooth (see [Frangois and Rau
2013]). To have a pull-back available, we consider all morphisms f : X’ — X of
varieties over K in the definition of N7*9(V, ¢r) and not only open immersions.

4.6. As mentioned already in Remark 2.17, we have the problem that the differential
operators d’ and d” are not defined on the algebra P(V, ¢y ). For a in PP9(V, ¢y )
and every compatible tropical chart (V’, ¢y+) with respectto f : X' — X, we use the
above notation. We get a §-preform f*(a)|q = F*(@)|q € PP9(2'). Recall that
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f*(a)|q is a supercurrent on . We differentiate it in the sense of supercurrents
to get d'[ f*(a)|or] € D(2'), but it need not be a §-preform on . In the following
construction, we pass to a convenient subalgebra of P(V, ¢y) which is invariant
under d’ and d”.

As an initial step, we consider the elements w of P?9(V, ¢y) and PP 4LV, @y),
respectively, satisfying the closedness condition

d'[f*(@)|a]=d"[f*(w)|a]=0e D) (4.6.1)

for every tropical chart (V', ¢y) which is compatible with (V, ¢y) with respect
to f: X’ — X. These elements form subspaces Z”4(V, ¢y) of PP4(V, ¢y) and
zraly, ¢py) of PPV, op), respectively, and we define

Z(V,o0) = P 27V, o) = P 27V, 9v)

P.9>0 p.q,1>0
as usual.

Proposition 4.7. Using the notation above, Z(V, ¢y ) is a bigraded R-subalgebra
of P(V, gu).

Proof. The only nontrivial point is that Z(V, ¢y ) is closed under the A-product.
This is a direct consequence of Lemma 3.7 applied to §-preforms on the tropical
cycle Trop(U’) for any tropical chart (V', ¢yr) compatible with (V, ¢p). (]

Example 4.8. Every tropical cycle C = (¥, m) on Ny r with constant weight
functions induces an element in Z(V, ¢y ). Indeed, if (V’, ¢y) is a tropical chart on
X' compatible with (V, ¢y) as above, then F*(8¢)|q is given by the restriction of
8F+(C)-Trop(U) 1O Q. Since F*(C)-Trop(U’) is a tropical cycle with constant weight
functions, the associated current is d’- and d”-closed [Gubler 2016, Proposition 3.8].

Definition 4.9. Let AZ(V, ¢y ) be the subalgebra of P(V, ¢y) generated by A(R2)
and Z(V, py). An element 8 € AZ(V, ¢y) has the form

B=) ainw; (4.9.1)
iel

for a finite set / with all ; € A(R2) and w; € Z(V, ¢y). We define

dp:=> d@)rw, d'B:=Y d) ro.

iel iel

It follows from the closedness condition (4.6.1) that d’8 and d” B are well-defined
elements in AZ(V, ¢y). By definition, we have

Z(V,u) ={a € AZ(V, ¢y) | d'(¢) = d"(a) = 0}.

Anelementin AZ(V, ¢y ) is called symmetric (resp. antisymmetric) if it is symmetric
(resp. antisymmetric) in P(V, ¢y ).
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The following result shows that AZ(V, ¢y ) is a good analogue of the algebra of
complex differential forms.

Proposition 4.10. The space AZ(V, @y) is a bigraded differential R-algebra with
respect to the differentials d’ and d’'.

Proof. This follows easily from Leibniz’s rule 3.8(ii) and Proposition 4.7. ]

Proposition 4.11. Let f : X' — X be a morphism of varieties over K. Let (V, @)
and (V', y) be tropical charts of X and X' respectively which are compatible
with respect to f. Then the pull-back homomorphism f*: P(V, oy) — P(V’, py’)
maps Z(V,y) to Z(V', oy') and AZ(V, py) to AZ(V', y).

Proof. This follows directly from the definitions. We leave the details to the reader.
O

Proposition 4.12. Let (V, ¢y) be a tropical chart of X and Q2 := tropy (V). Let
(2))ie1 be a finite open covering of 2. Fori € I, let V; := tropal(Qi) and let
o € P(Vi,pu). Foralli, j € I, we assume that Oli|v,-mvj = Olj|v,-mv_,~- Then there is
a unique o € P(V, oy) with aly, = a; for everyi € I. If a; € AZ(V;, py) for every
i€l thena € AZ(V, gy).

Proof. 1t is a straightforward consequence of our definitions that « is unique. In
order to construct ¢ we choose for each i € I an open subset 51’ in Ny r such that
ﬁi NTrop(U) = Q; and a §-preform &; € P(fzi) which represents «;. Let (¢;);cr
be a smooth partition of unity on Q= Ul- el ﬁ,- with respect to the covering (§~2,~)iE 7.
Observe that we may choose the same index set / as we do not require that the ¢;
have compact support. Then by our assumptions & :=) ,_; ¢i@; € P () induces
the desired element « in P(V, ¢y). If

o = Z,Bij Nwjj € AZ(V;, py)
JEl;

as in (4.9.1), we choose representatives B,-j € A(S~2,~) of Bij € A(;) and @;; in
P(Q2;) of w;j € Z(V, ¢y). Then we may choose &; as Zjel,- ¢iBij N @;j and

a= Z¢i&i = Z Z¢i,3ij A @i
iel iel jel;
shows o € AZ(V, ¢y ), using the finiteness of 1. U

Recall that the tropical charts (V, ¢y) of X form a basis for X?" [Gubler 2016,
Proposition 4.16]. Hence we can use the algebras P(V, ¢y) and AZ(V, ¢y) to
define sheaves on X" as follows:
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Definition 4.13. For a fixed open subset W in X", the set of all tropical charts
(V,py) on X with W C V is ordered with respect to compatibility and forms a
directed set. Then we get presheaves

W lim P(V, gy), W lim AZ(V, gy) (4.13.1)

of real vector spaces on X", where the limit is taken over this directed set with
respect to the pull-back maps considered in Proposition 4.11. The associated sheaves
P and B on X?" are by definition the sheaf of generalized §-forms and the subsheaf
of §-forms. On an open subset W of X" the space of §-forms

B(W) = @ BPU(W) = @ BP4L (W)

P,9>0 P,q,1>0

and the space of generalized 3-forms

PW)y= @ pPrew)= @ Pr*'(W)

P,9>0 p.q,1>0

carry natural gradings by the (p, ¢)-type of the underlying currents and the codi-
mension of the underlying tropical cycles (as defined in Definitions 2.9 and 4.4).
The wedge product on the spaces AZ(V, ¢y ) (resp. P(V, ¢y)) induces a product
on B(W) (resp. P(W)). Moreover, the differential operators d’, d” on AZ(V, ¢y)
induce differential operators d’, d” on B(W). The symmetric and antisymmetric ele-
ments in P(V, ¢y) define subsheaves of (generalized) symmetric and antisymmetric
8-forms in BP-? and P?-? for all p,q > 0.

4.14. We conclude that a §-form 8 of bidegree (p, ¢) on an open subset W of X"
is given by a covering (V;);e; of W by tropical charts (V;, ¢y,) of X" and elements
Bi € AZP4(V;, @y,) such that

Bilvinv, = Bilvin;
holds for all i, j € I. If B’ is another §-form of bidegree (p, g) on W given by
,8;. € AZ”"I(VJ.’, gon/) with respect to the tropical charts (Vj', Pu )jes covering W,
then B and B’ define the same §-forms if and only if

Bilviav: = Bjlviav
holds for all i € I and j € J. A similar description holds for generalized §-forms.

Proposition 4.15. (i) The sheaves P and B are sheaves of bigraded anticommu-
tative R-algebras.

(i) We have natural monomorphisms of sheaves of bigraded R-algebras A — B
and B — P.
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(iii) The differentials d',d” : B — B turn (B,d’,d") into a sheaf of bigraded
differential R-algebras.

Proof. Only the injectivity of the natural morphism A — B does not follow directly
from what we have shown before. The injectivity of A — B can be checked on
the presheaves (4.13.1). For each tropical chart (V, ¢y) of X the natural map from
A(V)to AZ(V, ¢p) is injective as the associated map A(Q2) — AZ(V, py) — D(2)
for = tropy; (V) is injective. This directly yields our claim. O

4.16. Let f : X’ — X be a morphism of varieties over K. For an open subset W of
X2 and an open subset W’ of f~!(W), we have a canonical pull-back morphism
f*: P(W) — P(W’) which respects products and the bigrading. Furthermore
it induces a homomorphism f*: B(W) — B(W’) of bigraded R-algebras which
commutes with the differentials d’ and d” on B. They are induced by the pull-back
f*:P(V,py) — P(V', ¢y) for compatible charts (V’, ¢y/) on W and (V, ¢y)
on W given in Proposition 4.11.

Lemma 4.17. Let (V, ¢y) be a tropical chart on X. Let (V;);c; be an open covering
of 'V by tropical charts (V;, ¢y,) on X which are compatible with (V, ¢y ). There
are canonical integral I'-affine morphisms F; : Ny, g — Ny r such that trop;, =
Fjotrop,,. We choose open subsets Qin Ny r and ﬁi in Ffl(ﬁ) such that V =
trop;l(ﬁ) and V; = tropz,l(ﬁi)for alli el. Letay € P(ﬁ) be a §-preform. Then
ay A 8trop(uy vanishes in D(Q) if F¥(ay) A Strop(u;) vanishes in D(Q,-)far every
iel.

Proof. We write @y = _ jes @ NS¢ for suitable superforms o; € A(S2) and tropical
cycles C;. We have F;, Trop(U;) = Trop(U) by (4.3.1). The projection formula
(Proposition 1.5) gives

Fi(F7Cj - Trop(U;)) = C; - Trop(U).
By the same arguments as in the proof of Proposition 2.14, the vanishing of

F@u) Adtropwy = Y, F(0j) ASE*¢, Trop(un)
jeJ
in D(ﬁi) for all i € [ yields that
ay A STrop() = Z o A BF,. (FrC;-Trop(Uy)
jeJ
vanishes in D(?Z). O

Proposition 4.18. Given a tropical chart (V, ¢y) on X, we have by construction
natural algebra homomorphisms

tropy; : PPU(V, @y) — PP9(V), tropy : AZP9(V, gy) — BPI(V)
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forall p,q > 0. These maps are injective.

Proof. We extend the argument in [Chambert-Loir and Ducros 2012, lemme (3.2.2)].
It suffices to show that the first map is injective. Let tropj,(ay) vanish for some
ay € P(V, ¢y). We obtain an open covering (V;);c; of V by tropical charts (V;, ¢y,)
compatible with (V, (pU) such that ay/|y, =0 in P(V,, py,) foralli e 1. Let ay
be induced by ay € P(SZ) for some open subset Qe Nygr with V = tropU (Q).
We have to show that @y € N(V, ¢y). Let f : X’ — X be a morphism of varieties
and (V’, gy) a tropical chart on X’ which is compatible with (V, ¢r). We obtain a
canonical integral I™-affine morphism F : Ny’ g — Ny g such that trop;, = F otrop;,.
We choose an open subset Q' in F~1(S) such that V' = trop;l(fi’). We have to
show that F*(&y) A d1rop(yr) Vanishes in D(Y).

For every i € I we choose an open covering (V, %4 )Jejl of (fa“)_l(V) NV’ by
tropical charts (V’ ouy, ) on X’ which are compatlble with (V', ¢y7) and (V;, ¢p,).
Foralli e/ and j € J we obtain a commutative diagram

(Ui/j)an C (U/)an

Tlu l flo |

Ul_an ( U an

NU.RE Ny R

of canonical maps. We choose an open subset Q’ in (F’ )~ (Q )n (F,,) 1(9 )
such that V/ trop,, (Q’ ). We have (F/ )*F*(aU) A STmp(U/) =0in D(Q/ ) by
the commutatwlty of the above diagram and the fact that ay |y, =0 in P(V,, oy;)-
Now Lemma 4.17 applied to F*(&y) on (V/, (pUr) and the covering (V ),] of V/
yields the vanishing of F*(ay) A S1rop(ury in D(Q ). O

4.19. Let W be an open subset of X*". By construction, the algebra A~ (W) of
differential forms on W is a bigraded subalgebra of the algebra B> (W) of é-forms.
In general, AP*9(W) is a proper subspace of B”'9(W). The situation in degree zero
is quite different as we may identify §-forms of degree O with functions. We will
show that

A" (w) = BO(w). (4.19.1)

Clearly, this is a local statement and so we may consider a tropical chart (V, ¢p)
on W. It is enough to show

A%0(Q) = AZ>(V, o) (4.19.2)
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for the open subset €2 := tropy; (V') of Trop(U). Let Q be any open subset of Ny g.
Since pull-back of functions is always well defined, we may identify the elements of
P%0(V, ¢y) with some continuous functions on € and a partition of unity argument
together with Example 2.10 shows

POV, o) = {¢la | ¢ € P*O(Q)} = (dla | ¢ € PS*O(Q)). (4.19.3)

To prove (4.19.2), it is enough to show that the elements of Z(V, ¢y ) are precisely
the locally constant functions on 2. By (4.19.3), we have to show that ¢|q is
locally constant for any ¢ € PSO’O(EZ) with ¢|q € Z(V, ¢y). This means that ¢ is a
continuous function on €2 with an integral R-affine complete polyhedral complex &
on Npg such that ¢|gna is smooth for every A € ¥. By refinement, we may assume
that a subcomplex 2 of ¥ has support equal to Trop(U). Then the closedness
condition (4.6.1) yields that [¢|q] is d’- and d”-closed. We conclude that ¢|gna
is constant on every A € 9. By continuity, we deduce that ¢ | is locally constant
proving the claim.

4.20. Let (V, ¢y) be a tropical chart on X and Q = trop, (V).

(i) If Qg is an open subset of €2, then V, := tropal(Qo) is an open subset of V
and (Vp, gy ) is a tropical chart of X. We say that ayy € P(V, ¢p) vanishes on the
open subset 2 if we have ay|y, =01in P(Vp, ¢y) (see Remark 4.5). We define
supp(ay ), the support of oy € P(V, ¢u), as

{a) € Q| ay does not vanish on any open neighbourhood 2y of w in SZ},

which is a closed subset of €.

(i1) A (generalized) -form « on an open subset W of X?" has a well defined support
as a section of the sheaf B7-7 (resp. PP-7). We denote by B/*? (resp. by P/*?) the
subsheaves of forms with compact support.

(ii1) Observe that compact support always implies proper support in the sense of
[Chambert-Loir and Ducros 2012, (4.2.1)] as our assumptions imply that we have
oW = & for each open subset W of X?" (using that X*" is closed, meaning that it
has no boundary, see [Berkovich 1990, Theorem 3.4.1]).

Proposition 4.21. Let (V, y) be a tropical chart on X. Suppose that a generalized
d-form o € P(V) is given by ay € P(V, oy). Then oy is uniquely determined and
we have tropy, (supp(«)) = supp(ay ). Furthermore o has compact support if and
only if ay has compact support.

Proof. This uniqueness follows from Proposition 4.18. The second statement
follows from Proposition 4.18 by the same arguments as in [Chambert-Loir and
Ducros 2012, corollaire (3.2.3)]. The last statement is a direct consequence of the
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continuity and properness of the tropicalization map trop;; (see [Baker et al. 2016,
Remark in 2.3]). (]

Example 4.22. We construct a tropical chart (V, ¢y) and a nonzero §-form « €
AZ(V, py) \ {0} with a|g = 0 for Q := trop; (V). This example announced
in Remark 4.5 justifies the functorial definition of (generalized) delta-forms in
Definition 4.4.

We work over the ground field K = C, for some prime number p # 2, 3 and
consider the affine curve X in A%( defined by the affine equation

f(x,y) =xy+ px® + py’.

We consider the very affine open subset U = X \ ({x = 1} U {y = 1}). The only
singularity of the rational cubic X is the origin O = (0, 0), which is an ordinary
double point. The normalization of X may be seen as an open subset of [P 11( and can
be obtained as the blowup of X in (0, 0), as in [Hartshorne 1977, Example 1.4.9.1].
This description leads to a surjective morphism

2

.l - “ N
¢: P\ {81,862, 8} > X, ur (x—p(1+u3)’y—p(1+u3)>

for a suitable affine coordinate u on IP}<, where & are the roots of u> + 1 = 0.
It is clear that all & have absolute value 1 and we may choose £ = —1. Note
that o~ '({x = 1}) = {p1, p2, p3} for the roots p; of pu® +u + p =0 in K and
e X\ {y=1) = {,01_1, ,02_1, ,03_1}. Moreover, we have ¢~ (0) = {0, co}.

The method of the Newton polygon [Neukirch 1999, Proposition 11.6.3] shows
that pu’ +u+p = 0 has one root p; of absolute value |p|, and two roots p, p3 of
absolute value |p|~2. We put

(hos M, oy hg) = (€1, €2, E3, 01, 02, 03, 07 4 P51 3 )
and get
W= ' (U) =P \{(Ai:1)]i=0,...,8)}.
The abelian group O(W)* /K™ is free of rank eight with generators b; = Z_T)Y,

i=1,...,8. Wededuce from [Liu 2002, Proposition 7.5.15] that
OW)* ={f eO0W)*| f(0) = f(c0)}.

We conclude that My := O(U)* /K * is a free abelian group of rank seven.

In the following, we would like to describe the canonical tropicalization Trop(U)
in the euclidean space R’ given by choosing a basis in My. This is rather com-
plicated and so we compute the tropicalization trop,_; ,_;(U) in R? using the
tropicalization map

trop, 1 ,_1: U™ —R%, g+ (=logl(x — D)(@)]. —log|(y — D(@)]).
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Figure 1. Minimal skeleton S(W) and Trop,_; 1 (U ).

This will be not enough for our purpose, but we will use the minimal skeleton
S(W) of W for the computation and as S(W) also covers Trop(U), we get a very
good picture of the latter. This method to compute tropicalizations is due to [Baker
et al. 2013; 2016] and we will refer to these papers for details of the following
construction. Skeleta are discussed in [Baker et al. 2013] and we refer to [Baker et al.
2013, Corollary 4.23] for existence and uniqueness of the minimal skeleton S(W)
of the smooth curve W. We recall that the skeleton S(W) has a canonical retraction
T: (I]J’}()an — S(W) and hence S(W) is a compact subset of (I]j’}()a“. Similarly as
in the examples in [Baker et al. 2016, Section 2], we describe the minimal skeleton
S(W) and the tropicalization Trop,_; ,_(U) := trop,_; ,_;(U*") in Figure 1.
Using [Gubler et al. 2016, Section 5], there is a map F : S(W) — Tropx_lﬂy_l(U)
with F ot =trop,_; ,_ o™ such that F maps each segment (resp. leaf) of S(W)
by an integral Q-affine map onto a segment (resp. leaf) of Trop,_; ,_;(U). One
computes easily that these affine maps are all integral Q-affine isomorphisms. The
polyhedral set Trop, _; ,_;(U) carries a natural structure of a tropical cycle [Gubler
2013, Theorem 13.11]. All weights are one if not indicated otherwise in Figure 1.
Forr >0, let¢, € ([P’}{)a“ be the supremum norm on the closed ball {|u| <r}, where
u denotes our distinguished affine coordinate on [P’,](.
Let

ﬁ::{(x,y)eR2|x>—%, y>—%}
and Q := QN Trop,_; ,_1(U). Let H: Nyr — R? be the canonical affine map
with Ny the dual of My. Moreover, we have a canonical surjective map G from

I Thanks to Christian Vilsmeier for drawing the figure.
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the minimal skeleton S(W) onto the canonical tropicalization Trop(U) which is
affine on every segment and every leaf of the minimal skeleton and such that
tropy o ¢*" = G o T for the canonical retraction t onto the skeleton S(W) (see
[Gubler et al. 2016, Section 5]). Using our description of O(U)*, we deduce that

G(gjp|-1) = Got(00) =tropy op™(00) and G(gp|) = Got(0) =tropy o™ (0)

are equal as the right-hand sides are given in terms of units on U.

Using the fact that F = H o G, we conclude that the fibre of the surjective map
H: Trop(U ) — trop,_; - 1(U) over (0, 0) is one single point and that H maps
Q' =H" l(Q) N Trop(U) homeomorphically and isometrically with respect to
latt1ce length onto ©2. We express this fact by saying that Q" is unimodular to 2.
This is all we need in the following.

Now we consider the tropical chart (V, ¢y) around the ordinary double pomt
0=1(0,0) of U, where V := trop, (Q) We consider the unique function qb on
R? which is linear on each quadrant with ¢(l, 0) =1, qb(O, 1) = —1 and which
is zero in the third quadrant. Let ¢ be the restriction of ¢ to Q. Let ¢/ := ¢ o H
as a real function on . It follows from the tropical Poincaré—Lelong formula in
Theorem 0.1 that d’d”[¢] is the supercurrent on 2 given by 8¢-Trop,_, ,_,(U)» Where
¢ - Trop,_; ,_;(U) is the corner locus of ¢. Similarly, d'd"[@'] = 8¢ Tropwy- It is
clear that ¢-Trop,._; y—1 (U) is zero on 2\ {(0, 0)} as ¢ is linear there. By definition,
the multiplicity of ¢ - Trop,_; ,_;(U) in (0, 0) is the sum of the four outgoing
slopes, which is zero as well. We conclude that the corner locus ¢ - Trop,_; ,_(U)
is zero. Since we have shown that €’ is unimodular to 2, we conclude that the
corner locus ¢ - Trop(U) is zero on Q' as well.

We note that the corner locus ¢’ - Ny g of the function ¢ :=¢oH on Nu.r
induces a §-preform 8y, . on Ny g which represents a §-form « on the tropi-
cal chart (V, py). We havé o € AZ" 1(V ou) C PV, ou). It follows from
Proposition 1.14 that

Ol|Q = 8¢~5’-NU,R A\ 8Tr0p(U) = 6¢’-Trop(U) =0. (4.22.1)

Now let us consider the open ball B := {|u| < |p|%} in IP}(. It is clear that V" :=
B\ {p1} is mapped by F to Q2 N {x = 0}. The coordinate w :=u — p; on U" :=
[P’}( \ {p1, o0} induces an isomorphism ¢y~ : U” — G,,. Note that (V”, ¢y») is
a tropical chart. Indeed, we have V" = tropa,l,(Q”) and trop» (V") = Q" for
Q= (%, oo) The tropical charts (V”, ¢y») and (V, ¢y) are compatible with
respect to the morphism ¢ and hence there is a canonical affine map £ : R — Ny g
with trop;; o ¢*" = E o trop,,. We have

@ = E* (6., o = ey g 1
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It is clear that ¢” := E*(¢) is a piecewise linear function on € which is identically
Zero on (%, 1] and which has slope 1 on [1, c0). It follows that ¢*(«)|q” = 81.
We conclude that @ € AZM!(V, @y) is an example with ¢|g = 0, but a # 0 as

¢* ()] #0.

5. Integration of delta-forms

We keep the notation and the hypotheses from the previous section. Our goal is to
introduce integration of generalized §-forms of top degree with compact support.
We proceed as in [Gubler 2016, 5.13]. A crucial ingredient in our definition of
the integral is Lemma 5.5 which shows that the support of a generalized -form
of high degree is always concentrated in points of high local dimensions. This
allows us to compute the integral with a single chart of integration. We obtain a
well defined integral for generalized 5-forms which satisfies a projection formula
and the theorem of Stokes.

5.1. Let (V, gy) be a tropical chart of X. As before we write V = trop;, (Q) for
some open subset Q of Ny rand Q2 = Qn Trop(U). Recall n := dim(X).

(i) An element oy in P(V, @y) is represented by a §-preform oy in P(Q) and
determines a §-preform

ayle = ay Adopw) € P(2) € D(R2)
on 2 as in (4.5.1) which does neither depend on the choice of &y nor on the choice
of €. Often, it is convenient to use the notation ay |Trop) for ay|lq.

(i1) Given oy in P™"(V, ¢y) and an integral R-affine polyhedral subset P of Q
such that P Nsupp(ay|gq) is compact, we define

/WU 1=/ ay A STrop(U)
P P

where the right-hand side is defined as in Remark 3.5. As usual, we extend the
integral by O to the ¢y of other bidegrees.

(iii) If oy in P™"(V, @y) and if the support of oy |q is compact, then we can
consider ay|q as a §-preform on Trop(U) with compact support and we write

faU ::f ayla,
Q [Trop(U)|

(iv) Given oy in P~ (V, @y) or P""~1(V, ¢yy) and an integral R-affine polyhe-
dral subset P of 2 such that P Nsupp(ay|q) is compact, we define

f ay 2=/ Ay A STrop(U)
P P

again using Remark 3.5.
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where the right-hand side is defined in Remark 3.5. We extend the boundary integral
by 0 to the oy of other bidegrees.

5.2. In the next result, we look at functoriality of the above integrals with respect to
amorphism f : X’ — X of algebraic varieties over K. Let (V, ¢y) be a tropical chart
of X. Let U’ be a very affine open subset of X’ with f(U’) C U. Recall that there is a
canonical integral I™-affine morphism F : Ny» g — Ny g such that trop;; = F otrop;,.
Letting V' := (f*)~1(V) N (U")™, we deduce easily that (V', ¢y) is a tropical
chart of X’ which is compatible with the tropical chart (V, ¢y). Let P be an integral
R-affine polyhedral subset of €2 :=trop;, (V) and let Q := F~1(P) NTrop(U"). We
consider oy € P(V, ¢y) and its pull-back f*(ay) € P(V', py’) (see Remark 4.5).
In the following, we will use the degree of a morphism as introduced in 4.3.

Proposition 5.3. Under the hypothesis of 5.2 and with n := dim(X), we assume ad-
ditionally that Q Nsupp(f™*(ay)|Tropw)) is compact. Then the following properties
hold:

(i) The set P Nsupp(aty ITrop(u)) s compact.
(i) If ay is of bidegree (n, n), then

deg(f)- / ay = f (). (5.3.1)
P 0
(ii1) If ay is of bidegree (n — 1, n) or (n,n — 1), then
deg(f) / ay =/ A CTE (5.3.2)
aP a0

Proof. We choose an open subset Q of Ny r with Q = Qn Trop(U). We write
V' = tropal(??’) for some open subset &' of Np. Replacing Q' by & NF (D),
we may assume that € is contained in F~1(2). We write Q' = Q' N Trop(U").
If ay € P(V, ¢y) is represented by some element &y € P(?Z), then f*(ay) is
represented by the element F*(&y) in P(EZ’). We obtain from (4.3.1) and (2.14.1)
that P N supp(ay ITrop(v)) is compact. This proves (i).

If ay € P""(V, @y), then we obtain

deg(f) / &U AN 6Trop(U) = / F*&U AN 8Trop(U/) (533)
P F-1(P)

if we combine (4.3.1) with the projection formula (2.14.1). By definition, (5.3.1) is
a direct consequence of (5.3.3). Equation (5.3.2) is derived in the same way from
(4.3.1) and (2.14.2) O

Let W denote an open subset of X?". Note that a generalized §-form on W is
locally given by elements of P(V, ¢y ) for tropical charts (V, ¢y). The following
corollary will be crucial for the definition of the integral of generalized §-forms.
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Corollary 5.4. We consider very affine open subsets U' C U in X. Let a =
trop;; (eey) for some ay € P(U™, ). Then there is a unique ayr € P((U)*™, yr)
with o|ynm = tropy, (ay’). If a is of bidegree (n, n) and has compact support in

(UH*, then we have
/ oy =/ ay’.
[Trop(U))| [Trop(U")|

Proof. Let F : Ny' r — Ny r be the canonical affine map with trop,; = F o trop;
on (U")*. Then «|y = is given by ay := F*(ay) € P((U)™, ¢yr). This proves
existence, and uniqueness follows from Proposition 4.18. To prove the last claim,
we use (5.3.1) for f =id, P = |Trop(U)| and Q = |Trop(U")|. O

In the following result, we need the local invariant d(x) for x € X*" [Gubler
2016, 4.2]. This invariant was introduced in [Berkovich 1990, Chapter 9] and was
extensively studied in [Ducros 2012]. We note that d(x) < m if x belongs to a
Zariski closed subset of dimension m [Berkovich 1990, Proposition 9.1.3].

Lemma 5.5. Let W be an open subset of X*" and let o« € PP1(W). Ifx e W
satisfies d(x) < max(p, q), then x & supp(«).

Proof. The proof relies on a result of Ducros [2012, théoreme 3.4] which says
roughly that in a sufficiently small analytic neighbourhood of x, the dimension of
the tropical variety is bounded by d(x). The details are as follows. We choose a
tropical chart (V, ¢y) around x such that « is induced by a §-preform Zie ;i N,
on Ny r. By linearity, we may assume that « is induced by a; A ¢, for a superform
a in AP*4' (Ny g) and a tropical cycle C; of codimension ¢:=p—p' =g —¢q' >0
in Ny r. By definition of a tropical chart, there is an open subset Q of Nyr
such that V = tropal(ﬁ). By the mentioned result of Ducros (see also [Gubler
2016, Proposition 4.14]), there is a compact neighbourhood V, of x in V such that
tropy (Vy) is a polyhedral subset of Ny g with

dim(trop; (Vy)) < d(x) < max(p, q). (5.5.1)

We will show that a|y, =0. Let f: X’ — X be a morphism of algebraic varieties
over K and (V’, gy/) a tropical chart of X’ with f2 (V') C V,. By definition, we
have V' = tropa,1 () for the open subset Q" := trop;; (V') of Trop(U’). In this
situation, we get a commutative diagram

Ve Uy 2 Ty —— Nyig

lfﬁnhﬂ lfﬂnhy’)aﬂ l lF (552)

Ve vn 21, Nur
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as before. To prove the claim, it is enough to show that
[ (@)|e = F*(a1) Adr+(cplar =0,

or equivalently
F*(a1) Aécr=0€ D(R) (5.5.3)

for the tropical cycle C’ := F*(Cy) - Trop(U’) of codimension ¢ in Trop(U’). We
note that Q' = tropy, (V') € F~!(trop, (Vy)). Let A’ be a maximal polyhedron
from C” with A’NQ’" # @. Then F(A'N Q') C tropy (Vy) and hence

F*(a)|ane = (Flane)* (@1 Fannuwop, (vi))- (5.5.4)
We will show below that
codim(F (A" N, tropy (Vi) = c. (5.5.5)

Then (5.5.3) follows from (5.5.4) by using (5.5.5) and (5.5.1). This proves x ¢
supp(w).

It remains to prove (5.5.5). By definition of the stable tropical intersection
product in Remark 1.4(ii), there are maximal polyhedra A and A’ of Trop(U")
and F*(C)), respectively, such that A" = Aj N A}|. Moreover, Npyr and Ny, g
intersect transversely in Ny r which means that

Nayr+Na g =Ny g (5.5.6)

Similarly, the definition of pull-back of tropical cycles in Remark 1.4(v) shows
that there is a maximal polyhedron A of C; with F(A') € A and such that

Na,.r+Lr(Ny r) = Ny . (5.5.7)

It follows from (5.5.6) and (5.5.7) that Lp(N AE):R) intersects Na, g transversely
in Ny r. Since the codimension is decreasing under a surjective linear map, we
easily get

Le(Narr) =Lr(Nayr N Najw) = Lr(Nag ) D Nay Rk
and hence
codim(F (A" N, F(A;N Q")) = codim(Lr (N r), L F(Nay ) =c
by transversality. Using F () C trop (Vy), this proves (5.5.5). O

Corollary 5.6. Let W be an open subset of X™ and let U be an open subset of X.
Ifa € PP9(W) with dim(X \ U) < max(p, q), then supp(e) C W N U™,

Proof. If x € W\ U?®", then the assumptions yield d(x) < dim(X \ U) < max(p, q)
and hence the claim follows from Lemma 5.5. U
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Proposition 5.7. Let a € PP-4(X™) with compact support in the open subset W
of X™".

(a) There is a nonempty tropical chart (V, py) with supp(a) NU™ CV CU"NW
and ay € PP4(U™, py) such that o = tropy; (ay) on U™,

(b) Given U, the element oy in (a) is unique.
(¢) If a is a 5-form, then we may choose ay € AZP1(U™, ¢p).

(d) If max(p, q) = dim(X), then any nonempty very affine open subset U of X
with a|ya = tropy; (ay) for some ay € PP4(U™, gy) satisfies automatically
supp(a) € U?™. Moreover, ay has always compact support in Trop(U).

Explicitly, if supp(a) is covered by nonempty tropical charts (V;, oy, )i=1,..s in W

and if a is given on V; by o; € PP9(V;, @u,), then any nonempty very affine open
subset U of U1N---NUsand V= (Vi U---UV)NU™ fitin (a).

Proof. Since the support of « is a compact subset of W, it is covered by tropical
charts (V;, u,)i=1,.....
i=1,...,s,there is a relatively compact open subset 2} of €2; with corresponding
open subset V/ := tropail(Q;) of V; such that supp(a) € V] U---UV/. Let us
consider a nonempty very affine open subset U of U; N ---N Uy of X and the open
subsets s s
vi=urnlJv/ cv:=u"n v
i=1 i=1

of WNU. We have to show that V and U satisfy (a). Let F; : Nyr = Ny, Rr
be the canonical integral [™-affine map induced by the inclusion U C U; (see 4.3).
Then the open subsets

S A

Q' :=Trop(U) N U F7H(Q) € Q:=Trop(U) N U Fh )
i=1 i=1
of Trop(U) satisfy V = tropa1 (Q)and V' = tropa1 (2) which means that (V', ¢y)
and (V, gy) are compatible tropical charts of X contained in W. Note that the
tropical chart (V; NU®", ¢y) is compatible with (V;, ¢y,) and hence « is given on
(VinU™, gy) by ) = a;|y,ny= € P(Vi NU™, ¢y). Using that Q! is relatively
compact in ;, we deduce that the closure S of €’ in Trop(U) is contained in .
We set V" := tropgl(Trop(U) \ §) leading to the tropical chart (V”, ¢y). Since
o has compact support in W, we may view « as an element of P?9(X*"). By
construction, we have supp(«) N U C V’. Using that V" and V" are disjoint, we
deduce that « is given on the tropical chart (V”, ¢y) by 0 € P74(V”, oy). We note
that the tropical charts (V; NU®, ¢y)i=1...s and (V', ¢y) cover U and hence we
may apply the glueing from Proposition 4.12 to get the desired oy € PP 4(U™", ¢y)
from (a).
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Uniqueness in (b) follows from Proposition 4.18. If « € BY*? (X?"), then we may
choose o; € AZP-9(V;, ¢y,) and hence we get (c).

If max(p, g) =dim(X), then (d) follows from Corollary 5.6 and Proposition 4.21.

O

Definition 5.8. Let W be an open subset of X" and let « € P"(W), where
n:=dim(X). We may view « as a generalized §-form on X*" with compact support
contained in W. A nonempty very affine open subset U of X is called a very affine
chart of integration for a if a|ya = tropy, (ey) for some oy € P"" (U™, ¢y). By
Proposition 5.7, a chart of integration exists, and oy is unique and has compact
support in Trop(U). We define the integral of o over W by

/ o sz ay,
w Trop(U)|

where the right-hand side is defined in 5.1. As usual, we extend the integral by O to
generalized §-forms of other bidegrees.

Proposition 5.9. Let W be an open subset of X*" and o € P! (W) as above.

(1) If supp(a) is covered by finitely many nonempty tropical charts (V;, oy,) such
that o is given on any V; by a; € P""(V;, gy,), then U := (), U; is a very
affine chart of integration for «.

(ii) The definition of the integral |, w @ given in Definition 5.8 does not depend on
the choice of the very affine chart of integration for a.

(iii) The integral defines a linear map fW : PP (W) — R.
(v) If f : X' — X is a proper morphism of degree deg(f) then the projection

formula
deg(f)/ o =/ ffa (5.9.1)
w (fem=t(w)

holds for all @ € P (W).

Proof. The explicit description of U in Proposition 5.7 proves (i). We show (ii).
Let U be a very affine chart of integration for «. Then every nonempty very affine
open subset U’ of U is a very affine chart of integration and it is enough to show
that U’ leads to the same integral. By uniqueness in Proposition 5.7, the pull-back
of ay with respect to the canonical affine map F : Ny» g — Ny g is equal to oy
and the claim follows from Corollary 5.4.

Claim (iii) is a direct consequence of our definitions. To prove (iv), we may
assume that dim(X’) = dim(X) = n. We choose a very affine chart of integration U
for o and a nonempty very affine open subset U’ of X’ with f(U’) C U. Note that
f*(a) is given on (U")* by f*(ay) € P""(U’, py) constructed in Remark 4.5.
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Since f" is proper as well, the support of f*(«) is compact. We conclude that U’
is a very affine chart of integration for f*(«) and

/ fra= / F*@).
(famy-L(W) [Trop(U”)|

The projection formula in (iv) is now a direct consequence of (5.3.1). O
In our setting, we have the following version of the theorem of Stokes.

Theorem 5.10. For o € Bcz”_l(X) we have

fd/a:f d"a =0.

Proof. By Proposition 5.7, there is a nonempty very affine open subset U of X
such that supp(e) C U and oy € AZ?"_1 (U™, @y) such that a|yw = tropj; (ay).
Then U is a chart of integration for d'a and d”« using d’ay and d”ay on the
tropical side for integration. The claim follows from Stokes’ formula for §-preforms
on Trop(U) (see Proposition 3.6) by observing that boundary integrals [, 3[Trop(U)|
vanish as Trop(U) satisfies the balancing condition. (Il

6. Delta-currents

In this section, we define §-currents on an open subset W of X" for an n-dimensional
algebraic variety X over K. We proceed analogously to the case of manifolds in
differential geometry, endowing some specific subspaces of the space B.(W) of §-
forms with compact support in W with the structure of a locally convex topological
vector space. Then we define a §-current as a linear functional on B.(W) with
continuous restrictions to all these subspaces.

6.1. Let (V, ¢p) be a tropical chart of X with V C W and let 2 := trop,, (V) be as
usual. We recall from Definition 4.9 that an element 8 € AZ(V, ¢y) has the form

B=) ajrw;e PV, py) (6.1.1)
jeJ
for a finite set J, o; € A(2) and w; € Z(V, ¢p).

Now we fix the family w; := (w;) je;s and define AZ(V, ¢y, w;) as the subspace
of AZ(V, ¢y) given by all elements § with a decomposition (6.1.1) for suitable
aj € A(S2). For every s € N and every compact subset C of €2, we have the usual
seminorms pc s on A(2) measuring uniform convergence on C of the derivatives
of the coefficients of the superforms up to order s (see for example [Dieudonné
1972, (17.3.1)]). We get seminorms pc s, on AZ(V, ¢y, wy) by defining

DPC.s.0;(B) = inf{{;lg;i pc.s(a;) ‘ B= Z;aj ANwj, aj € A(Q)}-
je
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Letting s € N and the compact subset C of W vary, we get a structure of a locally
convex topological vector space on AZ(V, gy, wy).

6.2. A §-form B on W is given by a covering (Vi, ¢y, )ie; of W by tropical charts
and by B; € AZ(V;, ¢y,) such that 8|y, = trop?][ (B;) forevery i € I. Using 6.1, we
have a finite tuple wy, of elements in AZ(V;, ¢y,) such that ; € AZ(V;, gy, wy,)
for every i € I. Now we fix the covering by tropical charts and all ;, and we
define B(W; V;, ¢u,, wy, i € I) to be the subspace of B(W) given by the elements
B such that 8|y, = trop’{]i (B;) for some B; € AZ(V;, ¢y,, wy,) and for every i € 1.
We endow B(W; V;, ¢u,, wy, i € I) with the coarsest structure of a locally convex
topological vector space such that the canonical linear maps

BW; Vi, ou,wy, 11 €l)— AZ(V;, py,, w,)

are continuous for every i € /. An element 8 € B(W; V;, oy, wy, :i € I) given as
above is mapped to §;, which is well defined by Proposition 4.18.

For a compact subset C of W, let Bc(W; V;, pu,, wy, 1 i € I) be the subspace
of B(W; Vi, py,, wy, : i € I) given by the §-forms with compact support in C. We
endow it with the induced structure of a locally convex topological vector space.

Definition 6.3. A §-current on W is a real linear functional 7 on B.(W) such that
the restriction of T to Bc(W; Vi, ¢y, wy, 1 i € I) is continuous for every compact
subset C of W, for every covering (V;, ¢y,)icr of W by tropical charts and for every
finite tuple wj, of elements in Z(V;, ¢y,). We denote the space of §-currents on W
by E(W). A §-current is called symmetric (resp. antisymmetric) if it vanishes on
the subspace of antisymmetric (resp. symmetric) §-forms in B.(W).

6.4. Let W be an open subset of X*. Using that B.(W) = @, , BlI(W) is
bigraded, we get E(W) = EBM E, (W) as a bigraded R-vector space, where a
d-current in E, (W) acts trivially on every B (W) with (p, q) # (r,s). We
set EP9(W) := E,_p n—q(W). The definition of §-currents in 6.3 is local and
hence E.. is a sheaf of bigraded real vector spaces on X?". This follows from
standard arguments using partition of unity if W is paracompact, and follows in
general from the fact that every compact subset C of W has a paracompact open
neighbourhood in W by [Chambert-Loir and Ducros 2012, lemme (2.1.6)]. The
argument is similar to that in [Chambert-Loir and Ducros 2012, lemme (4.2.5)] and
we leave the details to the reader.
There is a product

BP9(W) x EP"9 (W) — EPYPatd (W), (0, T) > a AT (6.4.1)

such that
(@AT, B) = (—1)PTOP+T (g A B)
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for each B € B' PP 14 (W),

Proposition 6.5. Let U be a Zariski open subset of X and let W be an open subset
of X*. If codim(X \ U, X) > min(p, q), then EP4(WNU*) = EP9(W).

Proof. Corollary 5.6 shows that every §-form on W of bidegree (n — p, n — g) has
support in W N U?". We conclude that every §-current T in EP4(W NU) is a
linear functional on B; ”""~%(W). It remains to prove that the restriction of T to
B " TI(W; Vi, u,, wy, 10 € 1) is continuous for every compact subset C of W,
for every covering (V;, ¢u,)ic; of W by tropical charts and for every finite tuple
wy, of elements in Z(V;, ¢y,).

We consider the set S of x € W for which there is i € I and a compact neigh-
bourhood V, of x in W N V; with

dim(tropUi (Vy)) <max(n—p,n—q). (6.5.1)

Note that tropy, (Vy) is a polyhedral subset of Ny r by [Ducros 2012, théoreme 3.2].
Obviously, S is an open subset of W. It follows from the proof of Lemma 5.5 that
S is disjoint from the support of any §-form in B"~P""9(W; V;, ¢y,, wy, 11 € I).
We conclude that

B W, Vi puy g, i€ 1) = B P UW: Visgu oy i € ) (65.2)

for the compact subset D := C \ S of C. By the proof of Lemma 5.5 again, every
x € X\ U satisfies

d(x) <dim(X\U) <max(n—p,n—gq)

and has a compact neighbourhood V, contained in some V; and satisfying (6.5.1).
This proves D € W N U?. Using (6.5.2) and T € EP9(W NU*), we get the
continuity of the restriction of T to By """~ (W; Vi, gu,, wy, :i € I). O

Proposition 6.6. A generalized 6-form n € PP4(W) determines a 5-current [n] €
EP9(W) such that

<[n],ﬂ>=f 1A B
w

for each B € B, """1(W).
Proof. We have to show that the restriction of [1] to every subspace
B P"THWL Vi, guy, wy i €1)

as in Definition 6.3 is continuous. By passing to a refinement of the covering by
tropical charts, we may assume that 5 is given on V; by n; € P?4(V;, ¢y,) for
every i € I. Since C is compact, there is a finite subset Iy of I such that _J, clo Vi
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covers C. By Proposition 5.9(i), we may use U := ("), Io

of integration for any y € B:"(W; Vi, gy, wy, 11 € I).
Similarly to the proof of Proposition 6.5, we consider the set S of x € W for

which there is an i € I and a compact neighbourhood V, of x in W N V; with

U; as a very affine chart

dim(tropy;, (Vy)) < n. (6.6.1)

It follows again from the proof of Lemma 5.5 that the open subset S of W is disjoint
from the support of n A B € P™" (W) forany g € B" P""9(W; V;, py,, wy, :i € 1)
and that the compact set D := C \ § is contained in W N U".

By definition, § € Bg_p’n_q(W; Vi,ou,,wy, 1 i € 1) is given on V; by B; =
Zje],- a;j A wij with a;; € A(£2;) and w;; € Z(V;, gu;), where Q; := tropUi(V,-).
Fori € Iy, let F; : Ny g — Ny, r be the canonical affine map with tropy;, = Fjotrop,
on U™ and let Q) := Fi_l(Qi) N Trop(U) = tropy, (V; N U*"). The definition of
fW n A B uses that n A 8 is given on U?" by a unique yy € P"" (U™, py) (see
Definition 5.8). Moreover, Proposition 5.7 shows that y;; has compact support in
Uies, $2; and that yy is characterized by the restrictions

yulvinum = Z ni Atij Awijly,ny= € P""(Vi, @u,)
Jjedi
for every i € Iy. Recall that D is a compact subset of W N U?" with supp(y) € D.
By Proposition 4.21, tropy; (D) is a compact set of Trop(U) containing the support
of yy. Then there is an integral R-affine polyhedral subset P of Trop(U) with
tropy (D) € P and hence we have

(n). B) = / WAB = vy = f vo. 66.2)
(Trop(U)| P

We use now that P is independent of the choice of 8 € BZ’"(W; Vi,ou,, wj, i €1).
If all the «;; are small with respect to the supremum-norm (of the coefficients),
then a partition of unity argument on Trop(U) shows that (6.6.2) is small, proving
the desired continuity. U

Remark 6.7. The maps P?9(W) — EP9(W) induce a map of sheaves P?7 —
EP4 o+ [«] which fits into a commutative diagram

AP4C BP4C pra
[[-]D l[% 6.7.1)
DPd « EPA

There is an induced map PP9(W) — DP9(W). For g € PP-4(W), we denote the
associated current in D?9(W) by [B]p.
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There is no a priori reason that the canonical map from §-forms to currents or
d-currents is injective. However, we have the following functorial criterion:

Proposition 6.8. Let W be an open subset of X* and let o, B € PP9(W). Then
a=Bifandonlyif [ f*(@)p=[f*(B)1p € DP9 (W) for all morphisms f:X'— X
from algebraic varieties X' over K and for all open subsets W' of (X')*™ with
fWHcw.

Proof. If « = B, then all pull-backs and also their associated currents are the
same. Conversely, we assume that the associated currents of all pull-backs are the
same for « and 8. There is an open covering (V;);c; of X*" by tropical charts
(Vi, gu,) such that o, B are given on V; by «;, B; € PP4(V;, ¢y,). Let f : X' — X
be a morphism of varieties over K and let (V’, ¢y) be a tropical chart of X’
which is compatible with (V;, ¢y,). Let Q" denote the open subset trop;; (V') of
Trop(U’). It follows from our definitions that o; = ; in P(V;, ¢y,) if we show
fHa)le = f*(Bi)la € DP1(Q) for all morphisms f and all charts (V', ¢y)
compatible with (V;, ¢y,). By assumption, we have [f*(@)]lp = [f*(B)]p in
DP-9(V’). We conclude that f*(a;)|o = f*(Bi) | € PP9() € DP9(Q) and
geta; = B; € P(V;, ¢y,) proving the claim. O

6.9. Asusual, we define the linear differential operators d’ : EP4(W) — EPTL4(W)
and d’ : EP4 — EP4TY(W) by
(d'T, )= (=D UT. d'g), (d"T.p):=(=DITTUT d"p).

Note that d” and d” induce continuous linear maps on the locally convex topological
vector spaces introduced in 6.2 and hence it is easy to check that d’ and d” are
well-defined on §-currents. Moreover, the natural maps from Remark 6.7 fit into
commutative diagrams

[-] [-]

BP4 " Er4 BP4 " Er4
ld/ ld/ Jd// ldﬁ (691)
BPt+La L) EPtLa BPa+l1 L) EP-a+]

of sheaves. As usual, we define d :=d’ +d” also on E.

6.10. If f : X’ — X is a proper morphism of algebraic varieties, then we get a
push-forward f, : E,s(f~'(W)) — E, (W) as follows: For T' € E, ;(f~'(W)),
the push-forward is the §-current on W given by

(fo(T), B) == (T, f*(B))

for B € B*(W). It is easy to see that pull-back of §-forms induces continuous
linear maps between appropriate locally convex topological vector spaces defined
in 6.2 and hence the proper push-forward of §-currents is well defined.
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Example 6.11. In Definition 5.8, we introduced [ xa B for B € P (X™"). Setting
(8x, B) := [yum B, we get the S-current 8y = [1] € E®O(X™). We call it the §-
current of integration along X. Using linearity in the components and 6.10, we get
a 8-current of integration 8§, for every algebraic cycle Z on X.

Proposition 6.12. Let [ : X' — X be a proper morphism of algebraic varieties
and let Z' be a p-dimensional algebraic cycle on X'. Then we have the equality
f*5zf = (Sf*z/ in Ep,p(Xan).

Proof. This is a direct consequence of the projection formula (5.9.1). U

Proposition 6.13. Let W be an open subset of X*". We equip the space C.(W) of
continuous functions f : W — R with compact support with the supremum norm
| - |w and its subspace AS(W) of smooth functions with compact support with the
induced norm. Then for each a € P!""" (W) the map

A%W) = R, fr—>/f-oz
w

is continuous and extends in a unique way to a continuous map C.(W) — R.

Proof. We may assume that « is of codimension /. We observe that the Stone—
Weierstrall theorem [Chambert-Loir and Ducros 2012, proposition (3.3.5)] implies
that A(C)(W) is a dense subspace of C.(W). Consider f € Ag(W) and o € P (W).
Our claims are obvious once we have obtained a bound C,, such that the inequality

Jore

holds. We are going to prove this inequality in four steps.

< Cu-Iflw (6.13.1)

First step: The definition of the bound C,. We fix a very affine chart of integration
U for o which means that there is ay € P (U™, ¢y ) with trop}, (oy) = a and we
set N := Ny. Then ay is represented by a é-preform ay € P" (Nr) of the form

Gu=) asAd, (6.13.2)
(o2

as a polyhedral supercurrent, where o ranges over ¢ for a complete integral R-
affine polyhedral complex ¢ of N and where «, € A?*""*’(cr). The definition
of the bound C, will depend on the choice of U and of the lift &y, but not on
the choice of ¥. The restriction a,; of o, to an (n — [)-dimensional face t of o
is an element of A?~""~!(7). As this is a superform of top-degree, we have a
well-defined compactly supported superform |o,.| of degree (n — [, n —I) with
continuous coefficient on t. This single coefficient is independent of the choice of
an integral base of L; and it is given by the absolute value of the coefficient of «.
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After passing to a refinement, we may assume that Trop(U) is given by the tropical
cycle (6¢<n, m). Then we define

Z [N:Nx+N, ]mA/|ag,| (6.13.3)

(A,0)

where (A, o) ranges over all elements of %, x ¢! such that Ly + L, = Ng and
such that 7 := ANo is (n —[)-dimensional. Here, the integral of a superform of
top-degree with continuous coefficient is defined as in [Chambert-Loir and Ducros
2012, (1.2.2), (1.4.1)].

Second step: A first estimate for the integral By definition of a smooth function,
there is a covering of W by tropical charts ( » QU /) jes such that f v/ = tropU, (qb )
for smooth functions ¢ on the open subsets Q/ = tropU/(V ) of Trop(U ). Any
given compact subset C of W containing the support of o will be covered by
(V) je, for a finite subset Jo of J. By Proposition 5.9, U":= U N[, U/ isa
very affine chart of integration for o and for fa. Let N':= Ny and let F : N}, —> Nr
be the canonical integral R-affine map. Since the restriction map &(U)* — &(U’)*
is injective, it follows that F' is surjective. After refining ¢, there is a complete
integral R-affine polyhedral complex ¢” on N, such that Trop(U’) = (¢, m’) and
such that A := F(A') € ¢ for every A" € ¢". -

For V':=J,c;, Vi N (U")™, note that by Corollary 5.6, (V', gy) is a tropical
chart of W containing C N (U’)*" and the support of «. The pull-backs of the
functions ¢ with respect to the canonical affine maps F; : Ny — NU/ r glue to a
well- deﬁned smooth function fr on Q' :=trop;,(V’). By deﬁnltlon we have

/ fa= / fur F*(@u) | Tropu)- (6.13.4)
w [Trop(U")|
Using that F' is surjective, we deduce from (6.13.2) and (2.12.5) that

F*@) = Y IN :Lp(N') + No1- Frag ASy,
o_/
where o’ ranges over all elements of (4”)! such that o := F(c”) is of codimension
in N. We choose a generic vector v’ € NJ,. It follows from (2.12.3) that

F*@)topwn = »_ Y [N": Ny + NLIIN : Lp(N') + Ny lma Fratg A 8o,
v (A,0')

where 7’ ranges over ¢, _, and (A’, 0’) ranges over all pairs in %, x (¢” ) such
that 7’ = A’ N o’ and such that A’ N (o’ 4+ ev’) # @ for all sufficiently small & > 0.
Additionally, we assume that o := F(¢”) is of codimension / in Ny as above. For
degree reasons, we may restrict the sum to those t” with 7 := F(t”) of dimension n—I.
Note that this is equivalent to restricting our attention to those A’ with A := F(A’)
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of dimension n. Since « has support in V’, the restriction of F*a, to ¢’ has support
in Q' No’. By (6.13.4), we have

/ fa=> > [N/:N’A,+N(;/][N:[LF(N/)—I—NU]mAr/ fu Fray.
W T (Ao v

We deduce the following bound:

for

<iflwd > [N’:N/,+N(’,,][N:[LF(N’)—i-Ng]mA//|F*am|. (6.13.5)
(Ao v

The transformation formula shows
/ |F*aar| =[N;: H—F(N;/)]/ ||
T/ T

and hence the sum in (6.13.5) is equal to

> [N,:[LF(N;,)][N’:N’A,+N;,][N:[LF(N’)+N0]mA//|ozm|. (6.13.6)
v (A,o') T

Third step: The following basic lattice index identity holds:
[N :Lp(N)IIN": Ny + NN : Lp(N') + No ]
=[N : Nao+ N][Na : Lp(Na)]. (6.13.7)

In the basic lattice index identity (6.13.7), (A’, o) is a pair in € x (¢”)! such that
A N (o' + ev') # @ for ¢ > 0 sufficiently small and such that o := F(c”) is of
codimension / in N. We have also used A := F(A'), v/ := A’No¢’ and 7 := F (7).
Since F is a surjective integral R-affine map, all lattice indices in the claim of
the third step are finite. Setting P’ := N, and Q := N,, the basic lattice identity
(6.13.7) follows from the projection formula for lattices in Lemma 6.14 below.

Fourth step: The desired inequality (6.13.1) holds. To prove (6.13.1), we note that
v:= F (V) is a generic vector for . We have T = ANo and AN (0 +€v) # 2.
The basic lattice index identity (6.13.7) yields that the sum in (6.13.6) is equal to

o [N:NA—l—NU][NA:[Lp(N/A/)]mA//laml. (6.13.8)
o (A0)) T

The Sturmfels—Tevelev multiplicity formula (4.3.1) gives

Y [N Lp(Np)Imar = ma,
A/



A tropical approach to nonarchimedean Arakelov geometry 139

where A’ ranges over all elements of 4, mapping onto a given A € 4. Using this,
one can show that (6.13.8) is equal to

YN IN: NA+NU]mA/|am|, (6.13.9)
T (Ao) t

where the sum is over all pairs (A, o) € €, x €' such that A N (o + ev) # @ and
T =ANo. Now (6.13.1) follows from (6.13.3)-(6.13.9). ]

The basic lattice index identity (6.13.7) is a special case of the following pro-
Jection formula for lattices. Note that it is stronger than the projection formula for
tropical cycles in Proposition 1.5. The latter would not give the required bound in
the fourth step above.

Lemma 6.14. Let F : N' — N be a homomorphism of free abelian groups of finite
rank and let P' € N’, Q € N be subgroups. We assume that tk(F(N')) =rk(N) =
tk(F (P’) + Q). Then we have the equality

[F(P)rNQ: F(P'NF Y (Q)IIN': P+ F'(Q)IIN : F(N') + Q]
=[N: F(P/)R NN+ Q][F(P/)R NN : F(P’)], (6.14.1)

where all involved lattice indices are finite.
Proof. The assumptions show easily that all lattice indices are finite. Using
F(P'NF™H(Q)=F(P)NQ
and the isomorphism theorem A/(AN B) = (A + B)/B for abelian groups, we get
(F(P"YrNQ)/F(P'NF~'(Q)) = (F(P)rNQ+ F(P)/F(P).
Similarly, F(P )N Q + F(P') = F(P)rN(F(P') + Q) yields
(F(P)rNN)/(F(PYrNQ+ F(P)) = (F(PYrNN+ Q)/(F(P)+ Q).

Multiplying (6.14.1) by [F (P )rNN+Q : F(P’)+ Q], the above two isomorphisms
show that the claim is equivalent to

[N': P'+ F'(QIIN : F(N')+ Q] =[N : F(P") + Q]. (6.14.2)
Using F(P)+ QN F(N')=(F(P')+ Q)N F(N'), we have
N'/(P'+F~1 (@) Z F(N)/(F(P)+ QNF(N) = (F(N)+ Q)/(F(P)+ Q)
and hence (6.14.2) holds. This proves the claim. U

We recall that on a locally compact Hausdorff space Y, the Riesz representation
theorem gives a bijective correspondence between positive (resp. signed) Radon
measures on Y and positive (resp. bounded) linear functionals on the space of
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continuous real functions with compact support on Y, endowed with the supremum
norm.

Corollary 6.15. Let W be an open subset of X*". For each o € P"" (W) there is a
unique signed Radon measure uy, on W such that

/f-a:/fdua (6.15.1)
w w

for all smooth functions f on W with compact support.

Proof. This is a consequence of Proposition 6.13 and Riesz’s representation theorem.
O

Proposition 6.16. Ler W be an open subset of X*" and let f be a continuous
function on W. Then the map

[f1: B (W) = R, ou—>/fdua
w

is a 8-current in E-O(W).

Proof. The integral is well defined by Corollary 6.15 using that supp(«) is com-
pact. Obviously, [ f] is a linear map. We have to show that the restriction of
[f] to any subspace BZ’"(W; Vi.ou,,wy, : i € I) as in 6.2 is continuous. For
i €1, let Q; :=tropy, (Vi). For every x € C, there is an i(x) € I with x € V().
We choose a polytopal neighbourhood P;(x) of tropy,  (x) in Ny, such that
Py N Trop(Uj(x)) € i) and we denote the interior of Py by Q;(). There
is a finite set ¥ of X such that the open sets trop&il(x)(Qi(x)), x €Y, cover the
compact set C. By Proposition 5.9, U := ﬂxey Ui, works as a very affine
chart of integration for every o € BZ"(W; Vi, ¢y, wy, = i € I). Then we have
ay € AZY" (U, py) with trop}; (ay) = a. By the Sturmfels—Tevelev multiplicity
formula (4.3.1) and by degree reasons, one can show that oy has support in the
compact subset
Cu=J U 2w NFi)(Prwy)
xeY Ajy)

of Trop(U), where A;(y) ranges over all n-dimensional faces of Trop(U) such that
Ay N Fl.?xl)(P,-(x)) is mapped onto an n-dimensional face of Trop(U;(y)) by the
canonical affine map Fj(y) : Ny.g = Ny, r. Using the supremum seminorm | f'|¢

on C, we get
| e
w

To see this, we note first that supp(uq) € C. There is a smooth function g on
W with 0 < g <1, with g = 1 on C and with compact support in a sufficiently
small neighbourhood of C [Chambert-Loir and Ducros 2012, corollaire (3.3.4)].

<Cu-|flc. (6.16.1)
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Then (6.16.1) follows from applying (6.13.1) to compactly supported smooth
approximations of fg using the Stone—Weierstrall theorem in [Chambert-Loir and
Ducros 2012, corollaire (3.3.4)].

Now we deduce the claim from the definition of the bound C, in (6.13.3): We
seti :=i(x) for x € Y and we may assume that «|y, is given by

Z o A\ wij

JEJi
for a;; € A(£2;) with coefficients of small supremum seminorm p P mep(Ui)’o(a,- ).
Noting that the w;; are fixed, this yields that every o,; in (6.13.3) has small
coefficient. Using that only the compact subset Cyy N T matters for integration, we
deduce that C, is small and hence (6.16.1) shows that [ f] is continuous. O

7. The Poincaré-Lelong formula and first Chern delta-currents

The Poincaré—Lelong formula in complex analysis is of fundamental importance
for Arakelov theory. Chambert-Loir and Ducros [2012, §4.6] have shown that the
Poincaré-Lelong formula holds as an identity between currents on Berkovich spaces
while Theorem 7.2 below enhances the Poincaré-Lelong formula as an equality of
d-currents. We use the Poincaré—Lelong formula to define the first Chern §-current
of a continuously metrized line bundle.

7.1. Let X be a variety over K of dimension n and let f € K(X) \ {0}. In
Example 6.11, we introduced the §-current of integration dx leading to the definition
of the §-current §, for any cycle Z on X. Using that for the Weil divisor cyc( f)
of f, we get a §-current Scyc(r) on X",

On the other hand, the complement U of the support of the principal Cartier
divisor div( f) is an open dense subset of X. By Proposition 6.5, we get the §-current
[log| f[1 € E“*(U™) = E®O(X™).

Theorem 7.2. For a nonzero rational function f on X, the Poincaré—Lelong equa-
tion

chc(f) = d/d”[loglfl]
holds in EL1(X™).

Proof. The proof is similar to that in [Chambert-Loir and Ducros 2012, §4.6],
but it is more on the tropical side as we do not have integrals of §-forms over
analytic subdomains at hand. We will first do some reduction steps and then we will
introduce some notation which allows us to use results from [Chambert-Loir and
Ducros 2012]. The claim is local on X" and so we may assume that X = Spec(A)
and f € A. The latter induces a morphism f : X — Al. We may assume that the
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morphism is not constant as otherwise all terms are 0. Since A is a domain, the
property S; of Serre is satisfied.

Let us recall some results from [Chambert-Loir and Ducros 2012] before we
start the actual proof. Let W be an affinoid subdomain of X*" and let g : W — T"
be an analytic map for T = G),. Following [Chambert-Loir and Ducros 2012], we
call such a map to a torus an analytic moment map. We obtain a continuous map

Quop :=tropo g : W — R".

We get an analytic map 4 1= (f, g) : W — (A)® x T2, We denote the fibre of W
over t € (A1)* by W, with respect to the restriction of f to W. If I is an interval
in (0, 0c0), then W; := |f|_1(1) N W. We observe that W; and W; carry natural
structures of analytic spaces of dimension n — 1 and n respectively. It follows from
general results of Ducros [2012, théoreme 3.2] that the sets gop(W;) and hyop(Wr)
are integral R-affine polyhedral sets of dimension less or equal to n — 1 and n
respectively. These polyhedral sets can be equipped with natural integral weights.
A construction of these so called tropical weights can be found in [Gubler 2016, §7]
or in [Chambert-Loir and Ducros 2012, §3.5] in the language of calibrations. We
observe that the tropical weights take the multiplicities of irreducible components
into account. The k-skeleton of a polyhedral set P of dimension at most k is by
definition the union of all k-dimensional polyhedra contained in P. By [Chambert-
Loir and Ducros 2012, proposition (4.6.6)], there exist a real number r > 0 and an
integral R-affine polyhedral complex ¥ in R" of pure dimension n — 1 with integer
weights m such that all polyhedra in & are polytopes with the following properties:

(a) For every ¢ in the closed ball in (A")2" with centre 0 and radius r, the (n — 1)-
skeleton of gyop(W;) endowed with the canonical tropical weights is equal to
(¢, m).

(b) For every closed interval I C (0, r], the n-skeleton of iy, (W) endowed with
the canonical analytic tropical weights is equal to (—log(/), 1) x (¢, m) as a
product of weighted polyhedral complexes.

In fact, Chambert-Loir and Ducros formulated this crucial result in terms of canoni-
cal calibrations instead of analytic tropical weights. We refer to [Gubler 2016, §7]
for the definition and translation of these equivalent notions. The analytic space
Wy coincides with the closed analytic subspace of W determined by the effective
Cartier divisor div(f|w). Using (a) for r = 0, we see that (¢, m) is equal to the
(n — 1)-skeleton of gyop(div(f|w)) as a weighted polyhedral complex.

Having recalled these preliminary results, we proceed with the proof. Since
the §-currents 8¢yc( ) and d’d”[log| f|] are symmetric, it is enough to check the
Poincaré—Lelong equation by evaluating at a symmetric o € Bf_l’”_l (X?). The
d-form « is given by tropical charts (V;, ¢y,)ic; covering X" and symmetric
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o € AZ" Iy, ¢y;). Since o has compact support, there are finitely many i
such that the corresponding V;’s cover supp(«). In the following, we restrict our
attention to these finitely many i’s and we number them by i =1, ..., m.

Let us consider the very affine open subset U := U; N ---N U, \ supp(div(f))
of X. Let G; : Nyr — Ny, r (resp. F : Ny r — R) be the canonical affine map
compatible with trop;, and tropy, (resp. —log|f|). Let x be the coordinate on R
and let H; := (F, G;) : Nyr = R x Ny, .

For every x € supp(«), thereis ani € {1, ..., m} such that x € V;. We choose an
integral I"-affine polytope A; of maximal dimension in Ny, g containing tropy;, (x) in
its interior. We may assume that A;NTrop(U;) C tropy,, (V;). Then W; ::tropal_1 (A)
is an affinoid subdomain of X?" with x € Int(W;). Renumbering the covering and
using again compactness of supp(x), we may assume that i does not depend
on x, which means that the interiors of the affinoid subdomains Wy, ..., W,, cover
supp(e). Note that W := | J/_; W; is a compact analytic subdomain of X*".

For every nonempty subset E of {1, ..., m}, the set Wg := "),z W; is affinoid
(using that X*" is separated). Note that Ug := "),z U; is very affine and we set
Vi :=(;cg Vi- We choose r > 0 sufficiently small such that (a) and (b) above
hold for every W and moment map g := ¢, . Note that the union of the integral
[™-affine polyhedral sets

tropy, (W; N U™) = Trop(U) ﬂG;l(Ai) @i=1,...,m) (7.2.1)

is equal to trop,, (W NU*"). For every subset E of {1, ..., m}, we have a integral
[-affine polyhedral set

tropy (We N U*™) = Trop(U) N[ G (A1) = () tropy (Wi NU™).  (7.2.2)
ieE iek

For V := |, V; N U™, it follows from Corollary 5.6 that (V, @) 1s a tropi-
cal chart containing the support of d”«. The §-form « is represented on V by
a € Az b=ty ¢y, 1.e., a = tropj,(a,) on V. In fact, we have seen in
Proposition 5.7 that o, extends by O to an element of AZ"-bn=lan, @), but the
support of this extension is not necessarily compact. We conclude that U is a very
affine chart of integration for log| /| d'd”« and that

(d'd"log| f11, o) = —/ F*(xo)d'd" oy . (7.2.3)
tropy (V)
The minus sign comes from the tropical coordinates tropy, (F*(xo)) = —log| f|

as remarked above. Corollary 5.6 shows that the support of d”« does not meet
£~1(0). Since the support of d”« is compact, there is a positive s < r such that
| f(x)| > s for every x € supp(d”a). We consider the analytic subdomain of W,
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W(s) :={x e W||f(x)| > s}, and the affinoid subdomains of W; and W,
Wi(s) :={x e Wi [ [f(x)[=s} and Wg(s):={x € Wg||f(x)|=s}

It follows from (7.2.1) and (7.2.2) that their tropicalizations are integral R-affine
polyhedral sets such that the union of all

tropy (W; (s) NU™™) = Trop(U) N Gi—1 (A) N F~1((—o0, —logs]) (7.2.4)
fori =1, ..., mis equal to trop; (W (s) N U*") and such that
tropy (We(s) N U™™) = Trop(U) N ﬂ Gl._1 (AN F~1((—o00, —logs]). (7.2.5)
iekE
In the following, we use integrals and boundary integrals of §-preforms over integral
R-affine polyhedral sets as introduced in Definition 2.5, Remark 3.5 and 5.1. By the

choice of s, we have supp(d”a) € W(s) N U*". We conclude that supp(d”e,,)
tropy (W (s) NU?") and hence

/ F*(xo)d'd" oy, =/ F*(xo)d'd" oy, . (7.2.6)
tropy; (V) tropy (W (s)NUn)

By Green’s formula (see Proposition 3.9) and using d’'d” F*(xy) = 0, the integrals
in (7.2.6) are equal to

/ (F*(x0)d"oyy — d"(F*(x0)) A ey). (7.2.7)
a(tropy (W (s)NU))

By construction and (7.2.1), we have
supp(ey;) C relint(tropy, (W NU™M)).

By the choice of s, it follows that supp(d”«,,) < relint(trop,, (W (s) N U")). Ap-
plying Remark 2.6(iii) to the integral R-affine polyhedral set trop,, (W (s) NU®"), it
follows that

/ F*(x0)d"oy; = 0. (7.2.8)
a(tropy (W (s)NU"))
Combining (7.2.3) and (7.2.6)—(7.2.8) with (7.3.1) below, we get

(d'd"llog| f 1, &) = (Seye(s)» @), (7.2.9)
proving the claim. O

Lemma 7.3. In the situation of the proof of Theorem 7.2 above, we have

/ d"(F*(x0)) Ay = (Seye(f)» @) (7.3.1)
d(tropy (W (s)NUM))
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Proof. For integers ¢ > 1, there are ¢y € C*°(R) with 0 < ¢y < 1, ¢¢(t) = 1
for t < —log(s) — 1/€ and ¢¢(t) = O for t+ > —log(s) — 1/(2¢). By construc-
tion, supp (¢¢(F*(x0))d"(F*(xo)) A a, is contained in the relative interior of
tropy; (W (s) N U*") and hence

/ @e(F*(x0)) d"(F*(x0)) Aoty =0 (7.3.2)
d(tropy (W (s)NU"))

as above. Setting ¥y := 1 — ¢y, it follows from (7.3.2) that the left-hand side in
(7.3.1) is equal to

/ Ye(F*(x0)) d"(F*(x0)) Ay (7.3.3)
(tropy (W (5)NU™)

Now we use the additivity of measures from Remark 2.6(ii). The decomposition

(7.2.4) of the polyhedral set trop;; (W (s) N U*") and Equation (7.2.5) show that

(7.3.3) is equal to
m

Y=y

j=l1 |E|=j

/ Ye(F*(x0)) d"(F*(xo)) Ay (7.3.4)
d(tropy (Wg (s)NUM))

We fix i € E. Let Gg : Ny r — Ny, r and Gg; : Ny, R — Ny, r be the canonical
affine maps which are compatible with the given moment maps. Let us consider
the closed embedding

hE = (f,gE):(f7§0UE):UE\diV(f)QGm XTUE

inducing the tropical variety hE’tmp(UE \ div(f)), which we view as a tropical
cycle on R x Ny, r. The affine maps Hg := (F, Gg) : Nyr — R x Ny, r (resp.
Hg; :=1dr XGEg,; : R x Ny, g = R x Ny, r) are compatible with the moment
maps ¢, and hy (resp. h; and h;). The Sturmfels—Tevelev multiplicity formula
shows that

hE,trop(UE \le(f)) = (HE)*(TYOP(U)) (7.3.5)

(see [Gubler 2016, Proposition 4.11] for the required generalization of (4.3.1)). For
ap =aly, € AZ (v, ¢y, )» we have aly, = trop”[,E (o) and the definition
of a; does not depend on the choice of i € E. In the following, the weighted
integral R-affine polyhedral complex Xg(s) :=h E’tmp(WE (s)) in R x Ny, r plays
a crucial role. Note that we have

S E(8) = hg yop(Ue \ div(f)) N ﬂ Hp i ((—o0, —log s] x A;). (7.3.6)

iek
Let Pr : R x Ny, g — Ny, r denote the canonical projection. By definition, the
elemenL ay of Azl (NVE’ ¢y,) s represented by a §-preform a on an open
subset Q2 of Ny, g with Qg N Trop(Ug) = tropy, (Ve). Recall from (4.5.1), that
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aylg = @y A dtop(v) denotes the §-preform on 2 := Trop; (V) induced by ;.
Using «; = G (ay), we get

aylg = Grlap)lg = GE(@g) A dtropw) = Hi P (@) A STropu)-

We consider the coordinate xp on R also as a function on R x Ny, g. Using
tropy (W(s) NU*") = HEI(EE(S)) N Trop(U) and (7.3.5), the projection formula
(2.14.2) shows that

/ Ye(F*(x0)) d"(F* (x0)) Ay
(tropy (Wi ()NU™))

= Hp (Yo (x0)d" x0) A Hg Pi(Gg) A STrop(v)
a(tropy (Wg (s)NUaM))

= / Ve(xo) d"xo A Pp(@g) Adn, . wpndivipy-  (7.3.7)
(ZEe(s)

By construction of the functions ¢, we have

Jim Ve (x0) d"xo A PE(8g) A, . Ug\div(y))
=00 Jo(Se(s) |

= / PE (&E) A\ ShE.trop(UE\diV(f)) . (7.3.8)
Zg (s)N{xo=—log|s|}

By (7.3.6) and [Gubler 2016, §7], the analytic tropical weights on the n-skeleton of
the tropicalization X g (s) of the affinoid domain Wg(s) are the same as the tropical
weights induced by hE,trop(UE \div(f)). Using that s <r and [ :=[s, r], it follows
from (a) and (b) that the n-skeletons of X (1) :={w e X (s) | xo(w) € —log(l)} and
—log(1) x tropy, (div(f) N WE) are equal even as a product of weighted polyhedral
complexes if we endow —log(/) with weight 1. Note that these tropicalizations
can differ from the n-skeletons only inside the relative boundary. As we have some
flexibility in the choice of the polyhedra A; and in the choice of s, we may assume
that X (1) = —log(I) x tropy, (div(f) N Wg) and that this is of pure dimension n.
We conclude that (7.3.8) is equal to

/ . (7.3.9)
tropy,. (div(/)NWgNUE™)

Using (7.3.3)—(7.3.9), it follows that the left-hand side of (7.3.1) is equal to

i(—l)f“ >
j=1

/ aE-
|E|=j ¥ TPy (diV(/HNWENUE")

Let Y be an irreducible component of div(f) and let

Ey ={ief{l,...,m}|UNY # o}
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Then we use the very affine open subset Ug, to compute the following integrals
over Y by performing the above steps backwards:

fﬁenﬂ*E:
j=1

|El=j

/ ap = / oAy, =/ a, (7.3.10)
tropy,. (YNW,NU topy, (YAWNU, ) Y Y

where we have used in the last step that W covers supp(«). Using linearity in the irre-
ducible components Y (see [Gubler 2013, Remark 13.12]), we get Equation (7.3.1).
O

Remark 7.4. Let f denote a regular function on the affine variety X. The proof of
Lemma 7.3 given above shows that Equation (7.3.1) holds more generally for any
generalized §-forms « on X" with compact support. If we permute the roles of d’
and d”, we obtain by the same argument that

—f d'F*(x0) Aoy = (Beye(f)» @) (7.4.1)
3(tropy (W (s)NU))

holds for all generalized §-forms & € P?~!1"~1(X®). An elegant way to deduce
(7.4.1) is to apply (7.3.1) for J*(«) and to use the symmetry of the §-current of
integration.

7.5. Let ¢ denote an invertible analytic function on some open subset W of X",
Given x € W there exists by [Gubler 2016, Proposition 7.2] an open subset U of X,
an algebraic moment map f : U — G, and an open neighbourhood V of x in
U N W such that —log|¢| and —log| f| agree on V. It follows that the function
—log|g| belongs to A°(W) and we get

d'd"[~loglp|] = —[d'd" loglg|] =0 (7.5.1)

from (6.9.1) and the trivial case of the Poincaré—Lelong formula where f is invert-
ible.

7.6. Let L be a line bundle on X and let W be an open subset of X*". We fix
an open covering (U;);c; of X, a family (s;);c; of nowhere vanishing sections
s; € I'(U;, L), and the 1-cocycle (h;;) with values in ﬁ; determined by s; = h;js;.
Recall that a continuous metric || -|| on L over W is given by a family (p;);c; of
continuous functions p; : U™ N'W — R such that p; = |h;j|p; on (U; NU;)*" NW
for all i, j € I. An analytic section s € I'(V, L") on some open subset V of W
determines as follows a continuous function ||s|| : V — R. We write s = f;s; for
some analytic function f; on VNU® and define [|s]| =] fi|- p; on VNU". Observe
that we have p; = [|s;[| on UM N W.

7.7. Let L be aline bundle on X endowed with a continuous metric || - || over the open
subset W of X?". Then we define the first Chern current associated to the metrized
line bundle (L|w, |- |) as the 8-current [c;(L|w, ||-])] € EX1(W) given locally
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on WN U™ by d'd"[—10g||s|mnw I for any trivialization U of L with nowhere
vanishing section s € I'(U, L). Here, we have used that a continuous function
defines a §-current as explained in Proposition 6.16. Since d’d"[—log|¢|] = 0 for
an invertible analytic function ¢, the §-current [c1(L|w, ||-||)] is well-defined on
W and we may even use analytic trivializations in the definition. Obviously, the
formation of the first Chern current is compatible with tensor products of metrized
line bundles as usual.

If the metric is smooth then [c; (L, ||-||)] is the current associated to the first
Chern form ¢y (L|w, ||-||) defined in [Chambert-Loir and Ducros 2012]. In general,
the notion ¢ (L|w, ||-||) has no meaning as a form and we use brackets to emphasize
that [ci(L|w, ||-]])]1is a 8-current. In Section 9, we will introduce metrics for which
c1(Llw, ||-1]) has a meaning as a §-form.

Corollary 7.8. Let L be a line bundle on X endowed with a continuous metric || - ||
over the open subset W of X*". For every nontrivial meromorphic section s of L
with associated Weil divisor Y , the equality

[e1(Llw, I-ID] = d'd"[~log|slw ] + 8vIw
holds in EMY(W).

Proof. This can be checked locally on a trivialization U of L with a nowhere
vanishing s;; € I'(U, L). Then there is a rational function f on X with s = fsy
and hence

|+ d'd"[—log| flwnym|]-

Using the definition of c¢;(L|wnya, ||-||) for the first summand and Theorem 7.2
for the second summand, we get the claim. U

d’d”[—log||5|wmuan ] = dld"[_log”SmW”Ua"

8. Piecewise smooth and formal metrics on line bundles

In this section, X is an algebraic variety over K. In the following, we consider an
open subset W of X?".

We first introduce piecewise smooth functions and piecewise linear functions
on W. This leads to corresponding notions for metrics on line bundles. We prove
that a piecewise linear metric is the same as a formal metric. We show that canonical
metrics in various situations are piecewise smooth.

In Definition 1.6, we have defined piecewise smooth functions on an open subset
of an integral R-affine polyhedral set. Using tropicalizations and viewing tropical
varieties as polyhedral sets, we will define piecewise smooth functions on W as
follows:

Definition 8.1. A function f : W — R is called piecewise smooth if for every
x € W there is a tropical chart (V, ¢;;) such that V is an open neighbourhood of
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x in W and such that there is a piecewise smooth function ¢ on trop; (V) with
f=¢otrop, on V.

In a similar way, we will define a piecewise linear function on W. We recall
from Definition 1.6 that we have defined piecewise linear functions on integral
R-affine polyhedral complexes. As we are working with a variety over a valued
field, we will take the value group I" into account and in the definition of piecewise
linear functions we will additionally require that the underlying polyhedral complex
and the restriction of the functions are both integral I'-affine. Note however that
in Definition 8.1, the underlying polyhedral complex for ¢ is only assumed to be
integral R-affine.

Definition 8.2. A function f : W — R is called piecewise linear if for every x € W
there is a tropical chart (V, ¢;,) such that V' is an open neighbourhood of x in W
and a real function ¢ on trop;, (V) with f = ¢ otrop;; on V. We require that there
is an integral I'-affine polyhedral complex X in Ny g with trop, (V) € |X| such
that ¢ is the restriction of a function on |X| with integral I™-affine restrictions to all
faces of X.

8.3. The space of piecewise smooth functions on W is an R-subalgebra of the
R-algebra of continuous functions on W. It contains all smooth functions on W.
The space of piecewise linear functions on W is closed under forming max and
min. Moreover, it is a subgroup of the space of piecewise smooth functions on W
with respect to addition. If ¢ : X’ — X is a morphism and W' is an open subset of
(™)~ (W), then for every piecewise smooth (resp. piecewise linear) function f
on W, the restriction of f o¢ to W' is a piecewise smooth (resp. piecewise linear)
function on W'.

In the following result, we need the G-topology on W. It is a Grothendieck
topology build up from analytic subdomains of W and it is closely related to the
Grothendieck topology of the underlying rigid analytic space ([Berkovich 1993,

§1.3, §1.6)).

Proposition 8.4. Let f : W — R be a continuous function. Then f is piecewise
smooth (resp. piecewise linear) if and only if there is a G-covering (W;)ic; by
analytic (resp. strict analytic) subdomains W; of W and analytic moment maps
@i : Wi — (T;)*" to tori T; := Spec(K[M;]) such that f = ¢; o ¢; ywop on W; for a
smooth (resp. integral I'-affine) function ¢; : N; g — R, where N; := Hom(M;, Z)
as usual.

Proof. First, we assume that f is piecewise smooth (resp. piecewise linear). For any
x € W, there is a tropical chart (V, ¢;) in W containing x such that f = ¢ o trop,
on V for a piecewise smooth (resp. integral I'-affine function) ¢ on the open subset
Q:=tropy (V) of Trop(U). There are finitely many integral R-affine (resp. I-affine)
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polytopes A; in Ny g containing tropy, (x) such that _J; A; is a neighbourhood of
tropy (x) in €2 and such that ¢|o, = ¢i|a, for a smooth (resp. integral I™-affine)
function ¢; : Ny g — R. Note that the affinoid (resp. strictly affinoid) subdomains
Wi(x) = tropal (A;) of W contain x and cover a neighbourhood of x. Letting x
vary over W, we get a G-covering of W with the desired properties.

To prove the converse, we assume that f is given on a G-covering (W;);c; of
W by smooth (resp. integral I'-affine) functions ¢; : N; g — R with respect to
analytic moment maps ¢; : W; — (T;)*". Piecewise smoothness (resp. piecewise
linearity) is a local condition and so we have to check that f is piecewise smooth in
a neighbourhood of x € X?". There is a finite Iy I such that the sets (W;);¢y, cover
a sufficiently small strict affinoid neighbourhood W’ of x in W. By shrinking W, we
may assume that x € W; for every i € Iy. In the following, we restrict our attention
to elements i € Iy. The definition of an analytic (resp. of a strict analytic) domain
shows that we may assume that all Wlf := W; N W' are affinoid (resp. strict affinoid)
subdomains of W. Any analytic function on a neighbourhood of x in W/ can be
approximated uniformly on a sufficiently small neighbourhood of x by rational
functions on X. By shrinking W again, this shows that we may assume that ¢; |y,
is induced by the restriction of an algebraic moment map golf :U; — T, for a dense
open subset U; of X with W/ C (U;)* (see [Gubler 2016, Proposition 7.2] for a
similar argument). Similarly, we may assume that there are affinoid coordinates
(xij)jes; On Wl./ which extend to rational functions on X. Clearly, we may assume
that |x;;(x)] = 1 for i € Iy and j € J;. There is a tropical chart (V, ¢;;) with
xeVCW,UC ﬂie[o U; and such that all the functions x;; are in ﬁ(li)x. We
may assume that trop;; (x) = 0 and hence there is an open neighbourhood €2 of 0 in
Nygr with V = tropa1 (ﬁ). By [Gubler 2016, 4.12, Proposition 4.16], (plf|U is the
composition of an affine homomorphism ; : Ty — T; with ¢;,. By shrinking V
and using the Bieri—Groves theorem [Gubler 2013, Theorem 3.3], we may assume
that there are finitely many rational cones (A ) ;cs in Ny g such that

trop, (V)=Qn| JA;. (8.4.1)
jeJ
For every i € Iy and every j € J;, there is a linear form u;; € My with —log|x;;| =
u;j o tropy on U, The definition of affinoid coordinates yields
W/ N U™ = tropy,' (0;) (8.4.2)
for

o, :={we Nu R | uij(a)) > Fij Vje Ji}

and suitable r;; € R. Note that o; is an integral R-affine polyhedron. In the piecewise
linear case, we may choose always r;; =0 and hence o; is a rational cone. Using that
the sets W/ N U™ cover V and equations (8.4.1), (8.4.2), we get the decomposition
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(ociNA;N ﬁ)ielo’jej of tropy (V). Ono; NA; N 2, we choose the smooth (resp.
integral I™-affine) function ¢; i=¢ioYi. Using (8.4.2), we see that these functions
paste to a continuous piecewise smooth (resp. continuous piecewise linear) function
¢’ on trop;; (V) with ¢’ otrop;; = f on V. This proves easily that f is piecewise
smooth (resp. piecewise linear) on W. (Il

Definition 8.5. Let L be a line bundle on X and let W be an open subset of X", A
metric ||- || on L|w is called piecewise smooth (resp. piecewise linear) if for every
x € W, there is a tropical chart (V, ¢;;) with x € V. C W and a nowhere vanishing
section s € I'(U, L) such that —log||s|, || is piecewise smooth (resp. piecewise
linear) on V.

8.6. Since —log| f| is smooth for an invertible regular function f and even the
pull-back of a linear function with respect to a suitable tropicalization, the last
definition does neither depend on the choice of the trivialization s nor on the choice
of the tropical chart (V, ¢;;). Moreover, we may also use analytic trivializations in
the definition. By Proposition 8.4, the definition of a piecewise linear metric agrees
with the definition of PL-metrics in [Chambert-Loir and Ducros 2012, §6.2].

Note that every piecewise linear metric is piecewise smooth. It follows from
8.3 that every piecewise smooth metric is continuous, that the tensor product of
piecewise linear (resp. piecewise smooth) metrics is again a piecewise linear (resp.
piecewise smooth) metric and that the dual metric of a piecewise linear (resp.
piecewise smooth) metric is piecewise linear (resp. piecewise smooth). Moreover,
the pull-back of a piecewise linear (resp. piecewise smooth) metric on L|yw with
respect to a morphism ¢ : X’ — X is a piecewise linear (resp. piecewise smooth)
metric on ¢*(L) |y for any open subset W’ of e~ (W).

8.7. Recall that K° is the valuation ring of the given nonarchimedean absolute
value | | on K. Raynaud introduced an admissible formal scheme over K° as
a formal scheme 2" over the valuation ring K° which is locally isomorphic to
Spf(A) for a flat K°-algebra A of topologically finite type over K° (see [Bosch and
Liitkebohmert 1993, §1] for details). For simplicity, we require additionally that
Z has a locally finite atlas of admissible affine formal schemes over K°. Then 2
has a generic fibre .Z; (resp. a special fibre Z;) which is a paracompact strictly
analytic Berkovich space over K (resp. an algebraic scheme over the residue field K )
locally isomorphic to .# (<) (resp. Spec(A ®x- K)) for the strict affinoid algebra
o ;= A Qgo K (see [Berkovich 1993, §1.6] for the equivalence to rigid analytic
spaces over K with an affinoid covering of finite type).

A formal K°-model of X is an admissible formal scheme 2" over K° with an
isomorphism .27 = X", For a line bundle L on X, we define a formal K°-model
of L as a line bundle . on a formal K°-model 2" of X with an isomorphism
£ = L™ over 2, = X For simplicity, we usually identify ., with L*".
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8.8. Let L be a line bundle on X. A formal metric on L is a metric || - || & associ-
ated to a formal K°-model . of L in the following way: If . admits a formal
trivialization over % and if s € I'(%, .¥) corresponds under this trivialization to
the function y € Oy (%), then ||s(x)|| = |y (x)| for all x € %;,. This definition is
independent of the choice of the trivialization and shows immediately that formal
metrics are continuous. The tensor product and the pull-back of formal metrics are
again formal metrics.

Proposition 8.9. Every line bundle L on X has a formal K°-model and hence a
formal metric.

Proof. This follows as in [Gubler 1998, Proposition 7.6] based on the theorem of
Raynaud that every paracompact analytic space has a formal K °-model (see [Bosch
2014, Theorem 8.4.3]). The argument for paracompact strictly K-analytic spaces
was first given in [Chambert-Loir and Ducros 2012, proposition (6.2.13)]. O

Proposition 8.10. Let ||-|| be a formal metric on the line bundle L on X. Then
there is an admissible formal K°-model Z of X with reduced special fibre Z;
and a K°-model £ of L on 2 such that ||-|| = || ||.#. Moreover, the invertible
sheaf associated to £ is always canonically isomorphic to the sheaf on Z given by
{sel'(L, %) | lIs(s)Il <1Vx € %,} on a formal open subset % of Z .

Proof. This follows as in [Gubler 1998, Lemma 7.4 and Proposition 7.5]. U

Proposition 8.11. Let || - || be a metric on the line bundle L on X. Then the following
properties are equivalent:

(@) |-l is a formal metric;
(b) |||l is a piecewise linear metric;

(c) there is a G-covering (W;)icr of X* by strict analytic subdomains W; of X"
and trivializations s; € T'(W;, L*™) with ||s; (x)|| = 1 forall x € W;, i € I.

Proof. 1f we use again Raynaud’s theorem to generalize to paracompact X",
the equivalence of (a) and (c) is proved as in [Gubler 1998, Lemma 7.4 and
Proposition 7.5]. The implication (a) = (c) can also be found in [Chambert-Loir
and Ducros 2012, exemple (6.2.10)]. It remains to see the equivalence of (b) and (c).
Suppose that (b) holds. Then there is a locally finite covering of X by trivializations
U; of L such that —log||s;|| is piecewise linear on (U;)*" for every i € I. By
Proposition 8.4, there is a G-covering W;; of (U;)™" and analytic moment maps
@ij : Wij — (T;))™" such that —logl||s; || = ¢;j 0 ¢ij wop On W;; for an integral I-affine
function ¢;; on N;; g. The definition of integral I'-affine functions shows that there
is an invertible analytic function y;; on W;; such that ||s;|| = |y;;| on W;;. Using
the trivialization yij_.lsi on W;;, we get (b) = (c). The converse is an immediate
application of Proposition 8.4. U
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8.12. If X is proper over K, then an algebraic K °-model of X is an integral scheme
X which is of finite type, flat and proper over K° and with a fixed isomorphism
between the generic fibre 27, and X. We use the isomorphism to identify X, and X.
An algebraic K°-model of L is a line bundle £ on an algebraic K°-model X of
X together with a fixed isomorphism between £, and L. We define an algebraic
metric on L as in 8.8 by using an algebraic K °-model £ of L.

Proposition 8.13. On a line bundle on a proper variety over K, a metric is alge-
braic if and only if it is formal.

Proof. Passing to the formal completion along the special fibre, it is clear that every
algebraic metric is a formal metric. Using [Gubler 2003, Proposition 10.5], the
converse is true if X is projective. The same argument shows that the converse
is also true for proper X if the formal GAGA theorem in [EGAIII; 1961, Theo-
rem 5.1.4] holds over K° and if X has an algebraic K°-model. In [EGAIII; 1961,
Theorem 5.1.4], the base has to be noetherian and hence it applies only for discrete
valuation rings. The required generalization is now given in [Fujiwara and Kato
2014, Theorem 1.10.1.2]. The existence of an algebraic K °-model follows from
Nagata’s compactification theorem. This was proved by Nagata in the noetherian
case and proved by Conrad in general (based on notes of Deligne, see [Temkin
2011] for another proof and references). O

Corollary 8.14. Let L be a line bundle on a proper variety over K. Then L has an
algebraic metric.

Proof. This follows from Proposition 8.9 and Proposition 8.13. O
We will show now that many important metrics are piecewise smooth.

Example 8.15. Let L be a line bundle on the abelian variety A over K. Choosing
a rigidification of L at 0 € A and assuming L symmetric (resp. odd), the theorem of
the cube allows one to identify [m]*(L) with Lem’ (resp. L®™). There is a unique
continuous metric |- [lcan on L™ with [m]*[|-|[can = |- ||g'ffz (resp. [m]*[| - |lcan =
Il ||g’r’f) forall m € Z. In general, L®? is the tensor product of a symmetric and an odd
line bundle, unique up to 2-torsion in Pic(A), and hence we get a canonical metric
I lcan on L which is unique up to multiples from |K *| if we vary rigidifications.
We claim that || - ||can is locally on X" the tensor product of a smooth metric and a
piecewise linear metric. In particular, we deduce that || - ||can 1S @ piecewise smooth
metric.

To prove the claim, we use the Raynaud extension of A to describe the canonical
metric on L (see [Gubler 2010, §4] for details). The Raynaud extension is an exact

sequence
l->T" s EL gm0 (8.15.1)
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of commutative analytic groups, where T = Spec(K[M]) is a multiplicative torus
of rank r and B is an abelian variety of good reduction. Moreover, there is a lattice
P in E with E/P = A*. More precisely P is a discrete subgroup of E(K) which is
mapped by a canonical map, val : E — Np, isomorphically onto a complete lattice
A of Ni, where N is the dual of M. The map val is locally over B a tropicalization.
Note that the Raynaud extension is algebraizable, but the quotient homomorphism
p: E — A™ is only defined in the analytic category.

Let % be the abelian scheme over K ° with generic fibre B. By [loc. cit.] there
exists a line bundle . on % such that ¢*((v¢))*") = p*(L*"). Here, and in the
following, we use rigidified line bundles to identify isomorphic line bundles. Then
q* |- |l s is a formal metric on p*(L*"). On p*(L?*"), we have a canonical P-action
o over the canonical action of P on E by translation. By [loc. cit.] there is a
l-cocycle Z in Z(P, (R*)F) such that

(@™ llay W)y = Zy ()" (gFlwll)x (8.15.2)

forally € P, x € E and w € (p*L*"),.. The cocycle Z depends only on the map val,
which means that there is a unique function z, : Ng — R with

z(val(x)) = —log(Z,(x)) (y € P, x € E, A=val(y)).

Moreover, there is a canonical symmetric bilinear form b : A x A — Z associated
to L such that

2.(@) =2,0)+b(w, 1) (@€ Np, Ae€A).
The cocycle condition

Zyy(x)=Z,(yx)Zy(x) (p,y €P, x€E)
shows that
a4 (0) = 20(0) + 2, (0) +b(A, ) (A, n € A),

which means that A — z,(0) is a quadratic function on A. There is a unique
extension to a quadratic function gg : Ng — R. We define a metric || - || on p*(L*")
by |||l := e~ 9V g*|| .|| . Using (8.15.2) and that g is a quadratic function with
associated bilinear form b, it follows easily that || -|| descends to the canonical
metric on L. We conclude from the descent with respect to the local isomorphism p
that the canonical metric on L is locally on A?" the tensor product of a smooth
metric with a piecewise linear metric. This proves the claim.

Example 8.16. Let L be a line bundle on a proper smooth algebraic variety over
K which is algebraically equivalent to zero. Let A denote the Albanese variety of
X (see [Grothendieck 1966, théoréme 2.1, corollaire 3.2]). We fix some x € X (K)
and obtain a universal morphism ¢ : X — A from X to the abelian variety A with
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¥ (x) = 0. Furthermore L is in a canonical way the pull-back of an odd line bundle
on A along . It follows that L carries a canonical metric || ||can, Unique up to
multiples from |K*|. By [Gubler 2010, Example 3.7], there is an integer N > 1
such that || - ||§;Y is an algebraic metric and hence piecewise linear. We conclude
that || - ||can 1S @ piecewise smooth metric.

Example 8.17. Let L be a line bundle on a complete toric variety X over K.
Similarly as in the case of abelian varieties and using rigidifications, we have
[m]*(L) = L®™ and there is a unique metric || - [|can On L With [m]*|| - [|can = || - [|E
for all integers m € Z (see [Maillot 2000, Section 3]). There is a canonical algebraic
K°-model 2" of K° and a canonical algebraic K°-model .# by using the same
rational polyhedral fan and the same piecewise linear function. Since || - ||can = || - || &,

the canonical metric on L is algebraic and hence a piecewise linear metric.

8.18. Finally, we consider the case where our variety X is defined over a ground
field F which is equipped with the trivial valuation. If L is a line bundle on X,
then we choose an algebraically closed extension field K endowed with a nontrivial
complete absolute value extending the trivial absolute value of F. Then F C K°
and the line bundle L ®  K° on X ®F K° is a canonical algebraic K°-model of the
line bundle Lx on Xg. We conclude that L has a canonical metric | - ||can-

The metric || ||can has the following intrinsic description. Let U = Spec(A) be
an affine open subset of X which is a trivialization of L given by the nowhere
vanishing section s € I'(U, L). We consider the formal affinoid subdomain U° :=
{xeU™||f(x)|<1Vf e A}of X*. Note that U° is the set of points in U?*" with
reduction contained in U (see [Gubler 2013, §4] for more details). It follows that
ls(x)]lcan = 1 for all x € U°. Since X is proper, such trivializations U° cover X*"
leading to a description of || - ||can Which is independent of K.

For simplicity, we have considered only varieties in this paper. We may also
consider continuous metrics on L*" for a line bundle over a separated scheme X of
finite type over the ground field F. For such schemes X, the intrinsic description
above shows in particular that we still have a canonical metric || ||can On L in the
case of a trivially valued F.

9. Piecewise smooth forms and delta-metrics

We consider again an algebraic variety X over K of dimension n. In this section,
we first study piecewise smooth forms on an open subset W of X?". This leads
to a decomposition of the first Chern current of a piecewise smoothly metrized
line bundle (L|w, ||-]|) into the sum of a piecewise smooth form and a residual
current. We show that the residual current is induced by a generalized §-form. If the
first Chern current of (L|w, | -||) is induced by a é-form on W, then ||-|| is called
a §-metric and the é-form is called the first Chern §-form. We show that many
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important metrics are §-metrics. In the following sections, we will use §-metrics
for our approach to nonarchimedean Arakelov theory.

9.1. In Definition 3.10, we defined the space PS(£2) of piecewise smooth superforms
on an open subset §2 of a polyhedral subset. If (V, ¢;,) is a tropical chart, then we
apply this definition for the open subset 2 := trop;; (V) of Trop(U). If a € PS(€2)
and (V’, gy) is a tropical chart with V' C V and U’ C U, then we define «|y-
as the piecewise smooth form on Q' := trop;,(V’) given by pull-back of o with
respect to the canonical affine map Nyg — Ny g.

Definition 9.2. A piecewise smooth form on an open subset W of X*" may be
defined in a similar way as a differential form in A(W): A piecewise smooth
form o is given by an open covering (V;, ¢y, )ie; of W by tropical charts and
piecewise smooth superforms «; on €2; := tropy, (Vi) such that «;[v,ny, = &j|viny;
for all i, j € I. A superform «’ given by the covering (Vj’ , <pU]_/) jes and piecewise
smooth superforms o on ', := tropU]g(Vj’ ) will be identified with « if and only if

J
ai|v,«mv/ = ozj’.lvimv/ for every i € I and every j € J.

9.3. We denote the space of piecewise smooth forms on W by PS(W). It comes
with a bigrading and is canonically equipped with a A-product. We conclude easily
that PS> (W) is a bigraded A~ (W)-algebra on X?". It is clear that PS%O(W) is the
space of piecewise smooth functions on W. It coincides with the space P**(W) of
generalized §-preforms of degree zero. The equality

pPS®0(w) = POO(w) (9.3.1)

is in fact a direct consequence of (4.19.3).

If ¢ : X’ — X is a morphism of algebraic varieties over K, then the pull-back of
piecewise smooth superforms from Definition 3.10 carries over to define a pull-back
f*:PSP9(W) — PSP4(W') for any open subset W’ of (X')* with f(W’') C W.
In the special case of X = X', f =id and W’ an open subset of W, we denote the
pull-back by «|y and call it the restriction of o« to W'.

9.4. In (3.11.1), we introduced differentials of piecewise smooth forms on open
subsets of polyhedral sets. If « € PS”*9(W) is given as in Definition 9.2, then the
polyhedral differential dpor € PSPT14 (W) is locally defined by dpe; € PSP ().
Similarly, we define dyo € PS” 4+1(W). Then PS™ (W) is a differential graded
R-algebra with respect to the polyhedral differentials df, and dj.

9.5. The bigraded differential R-algebras PS(W) of piecewise smooth forms and
P(W) of generalized §-forms are not directly comparable except that they both
contain A(W) as a bigraded differential R-subalgebra. We construct a bigraded
differential R-algebra PSP(W) containing both spaces as follows.



A tropical approach to nonarchimedean Arakelov geometry 157

Recall from Remark 3.14 that we have obtained a bigraded differential R-algebra
PSP($2) with respect to dy,, dj for any open subset Q of Ng. We repeat now the
construction of generalized §-forms in Section 4 building upon the spaces PSP(Q)
instead of P(ﬁ). This leads first to spaces PSP(V, ¢,,) for tropical charts (V, ¢,,)
of X and then to the desired space PSP(W). Note that PSP(W) is a differential
bigraded R-algebra with respect to the polyhedral differential operators dj, and
dp which extends the corresponding structure on the subalgebra P(W). To see
that PS(W) is a graded subalgebra of PSP(W), we use the obvious generalization
of Proposition 1.8 from piecewise smooth functions to piecewise smooth forms.
Obviously, PSP(W) is generated by the subalgebras PS(W) and P(W). Moreover,
the polyhedral differentials dj, and dj agree with the corresponding differential
operators on PS(W).

All properties of generalized §-forms from Section 4 and Section 5 extend
immediately to the sheaves PSP. Hence we have an integral [, w o forany o €
PSPI"(W). As a special case, we obtain such an integral for a piecewise smooth
form with compact support on W. As in 6.4, this leads to a §-current [o] € EP9(W)
for any o € PSP”'9(W). In particular, this applies to a piecewise smooth «.

Remark 9.6. Note that the polyhedral differential djo of a piecewise smooth
form «, or more generally of any o € PSP(W), is not compatible with the corre-
sponding differential of the associated §-current. We define the d’-residue by

Resy (o) :=d'[a] — [dpa].
Similarly, we define residues with respect to d” and d'd".

9.7. Now we consider a line bundle L on X endowed with a piecewise smooth

metric ||-|| over the open subset W of X?'. We are going to obtain a canon-
ical decomposition of the Chern current [c{(L|w, |- )] € EM1(X*™) (see 7.7)
into a piecewise smooth part c¢i(Llw, ||-|)ps € PS"'(W) and a residual part

[er(Llw, |- D]res € EH(W).

Let (U, s) be a trivialization of L, i.e., U is an open subset of X and s is
a nowhere vanishing section in I'(U, L). Then —log||s| is a piecewise smooth
function on U* N W and hence —dpdy logl|s|yanw| € PShl (U™ N w). Note
that this piecewise smooth form is independent of the choice of s by the same
argument as in 7.7 and hence we obtain a globally defined element of PS™! (W)
which we denote by ci(L|w, ||-[)ps- Recall from 9.5 that we denote the as-
sociated §-current on W by [ci(L|w, ||-|)ps]. The same argument shows that
the residues Resy g7 (—loglls|yanw|) paste together to give a global §-current
[er(Llw, [I-D]res € E"1(W) and we have

[er(Llw, I-IDT = [er(Llw, - Dps] 4 [er (Llw s 11+ 1D Tres- 9.7.1)
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Proposition 9.8. Let ||-|| be a piecewise smooth metric on L|yw. Then there is a
unique B € PLY (W) with

[0*(B)] = [c1(@* (L) lwr, @*[| - N ]res € EV1 (W)

for every morphism ¢ : X' — X from any algebraic variety X' over K and for
every open subset W' of ¢\ (W). The generalized §-form B has codimension 1 (see
Definition 4.13) and will be denoted by ci(L|w, || - |)res-

Proof. Note that uniqueness follows from Proposition 6.8. By definition of a
piecewise smooth metric, there is an open covering (V;);c; of W by tropical
charts (V;, gy,), nowhere vanishing sections s; € I'(V;, L") and piecewise smooth
functions ¢; on €; := trop, (V;) with —log||s;|| = ¢; o tropy, on V;. Passing to a
refinement of the open covering, we may assume that ¢; is defined on Trop(U;).
By Proposition 1.8, there is a piecewise smooth function ¢; on Ny, R restricting
to ¢;. By Proposition 1.12, the corner locus C; := (;3,' -Ny, r of (ZS,' is a tropical cycle
of codimension 1.

The §-preform ¢, represents an element B; € P(V;, ¢y,) of codimension 1 (see
Definition 4.4). We have seen in Remark 4.5 that there is a pull-back f*(8;) €
PLY V!, @y) for every morphism f : X’ — X of algebraic varieties over K
and every tropical chart (V', ¢y+) of X' compatible with (V;, ¢y,). For the open
subset Q' := trop,; (V') of Trop(U’), we have f*(8;)|ler € P1(Q) € DM1(Q))
(see (4.5.1)). Let F : Ny g — Ny, g be the canonical affine map with trop;, =
F otropy on (U")*". By Proposition 1.14 and Corollary 1.15, F*(C;) - Trop(U’) is
the corner locus of ¢’ :=¢; o F ITrop(u7y and hence we get

F*B)lar = F*(8¢;) A Stropw) = 8¢ Tropwry € P1(R).
Together with the tropical Poincaré—Lelong formula (Corollary 3.19), we get

F*Ble + [dpdpd'1 =d'd"[¢'] € D1 (). 9.8.1)

It follows from (9.8.1) that f*(B;)|q is independent of all choices. This yields
that B;|v.nv; = Bjlviny, for all i, j € I. We get a well-defined generalized §-form
B € P11 (W) of codimension 1 given by g; € P11 (V;, @u,) on V; forevery i € 1.

It remains to check that [¢*(B8)] = [c1(¢™ (L) |w’, ™|l - ) ]res for every morphism
@ : X’ — X and every open subset W’ of ¢! (W). This has to be tested on o €
B"~!"=1(W’). The claim is local and a partition of unity argument in a paracompact
open neighbourhood of supp(a) shows that we may assume supp(a) € ¢~ (V;) for
somei €.

There are finitely many tropical charts (V Qur 1) jes within W' which cover
supp(a) such that « is given on every V by o € AZ" Lin— 1(V’ Pu; ). We choose
a nonempty very affine open subset U’ of X’ contained in every U  and in o~ N (U).
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By Proposition 5.9, U’ is a very affine chart of integration for both ¢*(8) A «
and d'd"«. By construction, V' := Ujej Vj/ N~ (V) N (U™ and ¢y form
a tropical chart in W’. By Proposition 5.7, « is given on Q' := trop;;, (V') by
ay € AZ" 11V @), In the following, we will use only the 8-preform o’ €
P~ Ln=1(Q’) induced by ayr. For the tropical cycle C’ := Trop(U’) and the
canonical affine map F : Ny g — Ny, R, it follows as above that ¢*(8) is given on
V' by the element in P! (V’, ¢y) represented by S(pioF)-Nyr g € PYY(Ny ). For
¢’ := @i o F|1rop(u’), We have seen that

©* (Bl = BgroF)-ny o)l = 8¢.cc € PP1(Q).
Note that supp(e) € | jel Vj/ N~ (V;). We deduce from the generalizations of
Corollary 5.6 and Proposition 4.21 to PSP-forms (see 9.5) that the currents dp¢’ Acr’,
dpd' Ao/, d'd"a’, o' ASg.cr have compact support in . We write C' = (¢, m')
for an integral I-affine polyhedral complex 4" and a family of integral weights m’.
To prove [c1(@*(L)lw, @Il - D lres = [¢™(B)], we have to show that
¢/ A d/d//a/ — /

Sy.cr na + / dpdid' Ao’ (9.8.2)
'] ']

%"
holds. If @’ has compact support in €', then this follows from the tropical Poincaré—
Lelong formula (9.8.1). In general, we still can deduce from the proof of the tropical
Poincaré-Lelong formula in Theorem 3.16 the formula (3.16.3) which here reads as

¢’ Ad'd" /=—/ dg¢/Aa’+/

dpdid/ Ao
3’| 1e"]

%]
as we have used only that d’a’ and djj¢’ A &’ have compact support. Now (9.8.2)
follows from Lemma 3.17 and Remark 3.18 using additionally that o’ A 84.c/ has
compact support. ]

Definition 9.9. A metric ||-|| on L|w is called a §-metric if for every x € W, there
are a tropical chart (V, ¢;;) such that x € V. C W and a piecewise smooth function
¢ on Trop(U) satisfying the following properties:

(i) There is a nowhere vanishing section s of L over U such that ¢ o tropy =
—log||s|| on V.

(i1) There is a superform y on Ny r of bidegree (1, 1) with piecewise smooth
coefficients such that dj,dp¢ and y ITrop(u) agree on the open subset trop, (V)
of Trop(U).

Remark 9.10. Condition (i) just means that the metric is piecewise smooth. Note
that a superform on Ny r with piecewise smooth coefficients is the same as a
d-preform on Ny g of codimension O (see Example 2.10). Using 9.7, we deduce
easily that (ii) is equivalent to the condition that [c¢1(L|w, || |)ps] is the §-current
associated to a generalized §-form on W (of codimension 0).



160 Walter Gubler and Klaus Kiinnemann

Proposition 9.11. Let ||-|| be a piecewise smooth metric on L|w. Then ||-| is a
8-metric if and only if there is a B € BY1(W) with

[0*(B)] = [c1(@* (L) lwr, @*II- D] € EMN (W)

for every morphism ¢ : X' — X from any algebraic variety X' over K and for every
open subset W' of 9~ (W).

Proof. Suppose that || -|| is a §-metric. By Remark 9.10, there is y € P1!(W) of
codimension 0 such that [c{(L|w, |- [)ps] = [¥]. Since y is of codimension 0, we
may handle y as a piecewise smooth form and hence we get

[* (] =[e*(c1(Llw. |- Dp)] = [e1(@* (L) lwr, @*[|- Dps] € VN (W).

Proposition 9.8 yields that 8 := ¢ (L, || - ||)res + ¥ € P! (W) and that

[e*(B)) =lc1(@*(L)lwr, "Il Dres] + [0 ()] = [e1(@* (L) lwr, *11- D] € EM (W)

as claimed. It remains to show that 8 € BM1(W). Let (V, @) be a tropical chart in
W and let ¢ be a piecewise smooth function on Trop(U) as in Definition 9.9 such
that 8|y is given by By € PV, ¢)- For every tropical chart (U, py) of an
algebraic variety X’ over K compatible with (V, ¢,,) with respect to the morphism
f X' — X and for Q" := tropy,(V’), the last display yields

[f*B)al=dd"[¢po Fle D" (Q), 9.11.1)

where F' : Ny»g — Ny g is the canonical affine map. Since this supercurrent is
d’-closed and d”-closed on ', we conclude that § is given on V by an element of
Z(V, ¢,). This shows B € BL1(W).

To prove the converse, we use that [c;(L|w, ||-]])] = [B] for some 8 € PRI (W).
By Proposition 9.8, the §-current associated to 8 — ¢1(L|w, || ||)res € PLY (W) is
[ci(Llw, |I-1Dps]- By Remark 9.10, || -|| is a §-metric. O

Definition 9.12. Let |- || be a §-metric on L|y. By Proposition 6.8, the §-form g
in Proposition 9.11 is unique. We call it the first Chern §-form of (L|w, ||-1|) and
we denote it by ¢ (L|w, |- ).

9.13. We summarize the above constructions and definitions. A metric ||-]| on L|w
is a §-metric if and only if every x € W is contained in a tropical chart (V, ¢;,) in
W with a piecewise smooth function ¢ on Ny g and a nowhere vanishing section s
of L over U such that

~loglls|| = ¢ o tropy,
on V and such that
dpdp (@ lirop, (v)) =¥ ltropy (V)
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for a superform y on Ng of bidegree (1, 1) with piecewise smooth coefficients.
Then the restriction of ¢1(L|w, || |Dres to V is represented by the §-preform 4., 5
on Nyr, ci(Llw, ||I-1Dpslv is given by y and ci(L|w, ||-[)|v is represented by the
d-preform y +84.n, , On Ny r. A piecewise linear metric is a §-metric as we can
choose ¢ integral I-affine (use Remark 1.9) and y = 0.

9.14. By construction, the §-current associated to ¢ (L|w, || -||) is equal to the first
Chern current [c;(L|w, ||-]|)] defined in 7.7 which explains the notation used there.
It is an immediate consequence of (9.11.1) that the first Chern §-form ¢y (L|w, |- )
is d’-closed and d”-closed.

To be a §-metric is a local property and respects isometry. The tensor product of
d-metrics is again a §-metric and the dual metric of a §-metric is also a §-metric. If

a positive tensor power of a metric ||- || on L|w is a §-metric, then ||- || is a §-metric.
It is easy to see that the first Chern é-form c;(L|w, | -||) is additive in terms of
isometry classes (L|w, ||-||) for §-metrics || -||.

Proposition 9.15. Ler ¢ : X' — X be a morphism of algebraic varieties and let L

be a line bundle on X endowed with a §-metric || -|| over the open subset W of X*".
Then ¢*|| - || is a §-metric on ¢*(L)|w' and we have

c1(@*(W)lw o™ 111D = ¢ er(Llw, |- e B (W) (9.15.1)
for any open subset W' of 9”1 (W).
Proof. This follows from 8.6 and Proposition 9.11. ]

Remark 9.16. Smooth metrics and piecewise linear metrics are §-metrics, which
is clear from the definitions. It follows from Proposition 8.11 that every formal
metric is a §-metric. In particular, every algebraic metric on a line bundle of a
proper variety is a §-metric.

Example 9.17. All the canonical metrics in Examples 8.15, 8.16 and 8.17 are
d-metrics. Indeed, a positive tensor power of such a metric is locally the tensor
product of a formal metric with a smooth metric and hence the claim follows from
Remark 9.16.

10. Monge—-Ampeére measures

We have seen in the previous section that formal metrics are §-metrics giving
rise to a first Chern §-form. The formalism of §-forms allows us to define the
Monge—-Ampere measure as a wedge product of first Chern §-forms. We recall that
Chambert-Loir has introduced discrete measures for formally metrized line bundles
on a proper variety which are important for nonarchimedean equidistribution. The
main result of this section shows that the Monge—Ampere measure is equal to the
Chambert-Loir measure.
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In this section X is a proper algebraic variety over K of dimension n.

10.1. Let Ly, ..., L, be line bundles on X endowed with §-metrics. Then the
wedge product c (L)) A -+ Aci(Ly) of the first Chern §-forms is a 8-form of
bidegree (n, n). By Corollary 6.15, the §-current associated to a §-form on X"
of type (n, n) extends to a bounded linear functional on the space of continuous
functions and defines a signed Radon measure on X?". The Monge-Ampere measure
is the signed measure associated to c; (L) A---Aci(Ly); it is denoted by

MA(ci(L1), ..., c1(Ly)).

Proposition 10.2. If ¢ : X' — X is a morphism of n-dimensional proper varieties
over K, then the following projection formula holds:

@« MA(c1(@*Ly), ..., c1(¢*Ly)) = deg(p) MA(c1(L1), . . ., c1(Ly)).

Proof. The Stone—Weierstrafl theorem [Chambert-Loir and Ducros 2012, proposi-
tion (3.3.5)] implies that A°(X?") is a dense subspace of C(X®"). For functions in
A%(X®) the desired equality follows from Proposition 9.15 and from the projection
formula for §-forms (5.9.1). This yields our claim. O

Proposition 10.3. If X is a proper variety of dimension n, then the total mass of
MA(ci (L1, 1115 - s c1(Lns |1+ 10)) is equal to deg;,

Proof. This follows as in [Chambert-Loir and Ducros 2012, proposition (6.4.3)].
They handled there only the case of smooth metrics, but our formalism of §-forms
allows us to obtain this result more generally for §-metrics. U

We recall the crucial properties of Chambert-Loir’s measures. They were intro-
duced in a slightly different setting by Chambert-Loir [2006].

Proposition 10.4. There is a unique way to associate to any n-dimensional proper
variety X over K and to any family of formally metrized line bundles L1, ..., L, on
X a signed Radon measure u =y, i on X™ such that the following properties
hold:

(a) The measure p is multilinear and symmetric in Li,...,L,.

®) If ¢ : Y — X is a morphism of n-dimensional proper varieties over K, then
the following projection formula holds:

Pty por) = deROr, p,:

(c) If Z is a formal K°-model of X with reduced special fibre Z; and if the metric
ofljj is induced by a formal K°-model £; of Lj on X for every j =1,...,n,
then
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where Y ranges over the irreducible components of Z; and 8¢, is the Dirac
measure in the unique point £y of X*" which reduces to the generic point of Y
(see [Berkovich 1990, Proposition 2.4.4]).

(d) The total mass is given by pu(X*") = deg,

Proof. For existence, we refer to [Gubler 2007, §3]. Uniqueness follows from (c)
alone as the existence of a simultaneous formal K°-model with reduced special
fibre is a consequence of [Gubler 1998, Proposition 7.5]. (Il

Theorem 10.5. For formally metrized line bundles L, . . ., L, on the proper variety
X of dimension n, the Monge—Ampére measure MA(ci(Ly), ..., c1(L,)) agrees
with the Chambert-Loir measure | Dol

This theorem was first proven by Chambert-Loir and Ducros [2012, §6.9] for
their Monge—Ampere measures defined by a tricky approximation process with
smooth metrics. Their argument uses Zariski—-Riemann spaces, while we use here a
more tropical approach related to our §-forms.

10.6. In Lemma 10.8, we will consider a closed subvariety % of a torus T =
Spec(K°[M]) over K°. We will use the following notation: N is the dual of the
free abelian group M of finite rank. Let U be the generic fibre of % and let %; be
the special fibre.

The tropicalization trop : (Tx)*" — N (resp. trop : T:" — Ng) with respect to
the valuation v on K (resp. the trivial valuation on K) leads to the tropical variety
Trop(U) (resp. Trop(%)).

The local cone LCy(Trop(U)) at O is defined as the cone in Ng which agrees
with Trop(U) in a neighbourhood of 0. We endow it with the weights induced by
the canonical tropical weights on Trop(U).

10.7. For the proof of Theorem 10.5, we need a preparatory result. Let L be a
line bundle on the proper variety X over K. We consider an algebraic K°-model
(Z, %) of (X, L). Then we get an algebraic metric |- || » on L. We have seen in
8.18 that the restriction .%; of £ to the special fibre £ has a canonical metric || - || can.
Note that the first metric is continuous on the Berkovich space X*" with respect
to the given valuation v while || - ||can iS continuous on the Berkovich space 2"
with respect to the trivial valuation on the residue field K. Since 2" is assumed to
be proper, we have a reduction map 7 : X*" — Z;. For x € X*", w(x) is a scheme
theoretic point of Z5. Using the trivial valuation on the residue field of 7 (x), we
will view 7 (x) as a point of 2 *".

In the next lemma, we will show that || - ||can 1S piecewise linear in an neighbour-
hood of 7 (x) in Z*". This means that using a trivialization and a tropicalization,
the canonical metric is induced by a piecewise linear function on the tropical variety.
It will be crucial in the proof of Theorem 10.5 that we can use tropically the same
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piecewise linear function to describe the formal metric || - || & in a neighbourhood
of x in X*, We now make this precise:

Lemma 10.8. Under the setup given in 10.7, we fix an element x € X*" and an
open neighbourhood Vv of w(x) in 2. Then there is an open neighbourhood % of
w(x) in ¥ and a closed embedding % — T into a torus T = Spec(K°[M]) with
the following properties (using the notation from 10.6):

(a) We have 0 = trop(x) and the weighted local cone in 0 satisfies
LCo(Trop(U)) = Trop(%).
(b) There is an open neighbourhood Q of 0in Ng with
LCo(Trop(U)) N Q= Trop(U) N Q.

(c) There exist a complete rational polyhedral fan ¥ on Ny and a continuous
function ¢ : Ng — R which is piecewise linear with respect to X (i.e., for every
o € X, thereisu, € M with = uy, on o).

(d) % is a trivialization of £ with respect to a nowhere vanishing section s €
L%, 2).

(e) We have —log||s|.¢ = ¢ otrop on a neighbourhood of x in X*".
(f) We have —log||s|lcan = ¢ o trop on a neighbourhood of (x) in Z".

If m(x) is the generic point of an irreducible component of %y, then there is a % as
above with (a)—(d) and the following stronger properties:

(€'Y We have —log||s|.> = ¢ o trop on trop_l(fl) cyu™,
(f") The identity —10g||s||can = ¢ o trop holds on %"

Proof. Let (%)ic; be a finite affine open covering of 2" such that . is trivial
over any %;. The generic (resp. special) fibre of %; is denoted by U; (resp. %.s).
For every i € I, we choose a nowhere vanishing section s; € I'(%;, Z). Let
I(x):={iel|n(x)€ %y} Fori € I(x), let (x;;)jey, be a finite set of generators
of the K°-algebra &'(%;). Replacing x;; by 1+x;; if necessary, we may assume that
these generators are invertible in 7 (x). For i € I, we have an affinoid subdomain

U = (z € UM [ |a(@)| < 1 Ya € 0(%)) = (z € U™ | 7(2) € )

of X Using the trivial valuation on K, we similarly get an affinoid subdomain
U =z € % | la(x)| < 1Va € O(%.5)} of 2. We consider 7 (x) as a point
of Z*" by using the trivial absolute value on the residue field of 77 (x) and hence
wehave I(x)={iel|n(x) € %l.:’s}.

It is easy to see that v (x) has a very affine open neighbourhood % in 2" such
that 7 is contained in %; for every i € I (x). Very affine means that there is a closed
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embedding ¢ : Z < T into a torus T = Spec(K°[M]). By shrinking % and by
adding new invertible functions to ¢, we obtain the following properties:

(i) For every i, k € I (x), the invertible meromorphic function s; /s; on 7% is the
restriction of a character y“i#* associated to some u;; € M.

(ii) For every i € I(x) and every j € J;, the generator x;; is invertible on % and
equal to the restriction of a character x"“i/ associated to some u; ;EM.

Note that we have 0 = trop(m(x)) € Trop(%;) since we use the trivial valuation
on the residue field of m(x). It follows from m(x) € % that trop(x) = 0. By
definition, %; is the initial degeneration of U at 0 and hence (a) follows from
[Gubler 2013, Propositions 10.15, 13.7]. By definition of the local cone, we find an
open neighbourhood € of 0 in Ng with (b).

By construction, . is trivial over %7 and we choose s := s; for a fixed k € I (x)
in (d). Fori € I (x), we define the rational cone o; :={w € Ng | (w, ul’.j) >0VjelJ;}
in Nr. Then (ii) yields

U5, N U™ = trop™ ' (07) N U™ (10.8.1)

By the Bieri—Groves theorem, Trop(%;) is the support of a rational polyhedral
fan in Nk (see [Gubler 2013, Remark 3.4]). We conclude that there is a complete
rational polyhedral fan ¥ on Ny and a rational polyhedral subfan X, with

1=l = | o1 NTrop(#)
il (x)
such that every cone o € X, is contained in o; for some i € I(x). Note that
lIsillcan = 1 on %, and hence (i) shows that

—log||s{lcan = —log|sk/si| = i o trop (10.8.2)

on %5 N« 2". By (10.8.1), there is a continuous function ¢ : | X,| — R with ¢ = uy;
on every o. Using Remark 1.9 and passing to a refinement of X, we easily extend
¢ to a continuous function on Ny satisfying (c). Since 2 is proper over K, the sets
02/&, i € I, form an open covering of Z*". It follows from (10.8.1) and (10.8.2)
that (f) holds in the neighbourhood
we=ai\ \J %
iel\I(x)
of w(x) in Z".
Again (ii) shows
UzNU™ =trop™ ' (0;) NU™ (10.8.3)

for every i € I(x). Note that ||s;|| » = 1 on U? and hence (i) shows that

—log|ls|l.¢ = —log|sk/si| = uri o trop (10.8.4)
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on U?NU™. Since X is proper, the sets U7, i € I, form a compact covering of X*".
It follows from (a), (b), (10.8.3) and (10.8.4) that (e) holds in the neighbourhood
trop~ 1 (2) \ Uienio Us of x in X*. This proves (e).

We assume now that 7 (x) is the generic point of an irreducible component Y
of Z;. Then we may assume that %, C Y. Leti € [ with %, ;NY # &. Since
we use the trivial valuation on the residue field of m(x), we deduce easily that
m(x) € 42/;’& By construction, we get W = %", proving (f"). It remains to show (¢’).
Leti € I\ I(x). By construction, we have % ; N Y = @. For y € U N U,
we have 7 (y) € % s and hence 7 (y) ¢ Y. In particular, we have y &€ U°. Using
trop~ 1 (0) N U™ = U°, we see that trop(U? NU) is a closed subset of Trop(U)
not containing 0. By shrinking Q, we may assume that Qisa neighbourhood of 0
which is disjoint from trop(U; N U™") for every i € I \ I(x). Then the above proof

of (e) shows that (¢’) holds. O
Proof of Theorem 10.5. Let uMA := MA(ci(L1), ..., c1(Ly)). For simplicity, we
assume that L = L; = --- = L, and that all metrics are induced by the same

K°-model . on 2". The general case follows either by the same arguments or
by multilinearity. It is more convenient for us to work algebraically and so we
use Proposition 8.13 to assume that 2" and .# are algebraic K°-models. There is
a generically finite surjective morphism 2~ — 2~ from a proper flat variety 2"/
over K° with reduced special fibre. This is a consequence of de Jong’s pluristable
alteration theorem which works over any Henselian valuation ring (see [Berkovich
1999, Lemma 9.2]). Since both sides of the claim satisfy the projection formula,
we may prove the claim for 2. This shows that we may assume that 2 is an
algebraic K°-model of X with reduced special fibre.

We will analyse M4 in a neighbourhood of x € X, Let 7 (x) € 2; be the
reduction of x. We choose a very affine open neighbourhood % of 7 (x) in 2" as
in Lemma 10.8. We will use the closed embedding %2 — T into the torus T and
the notation from there.

It follows from a theorem of Ducros [2012, théoreme 3.4] that x has a compact
analytic neighbourhood V such that the germ of trop(V) in trop(x) (considering
polytopal neighbourhoods) agrees with the germ of trop(W) in trop(x) for every
compact analytic neighbourhood W C V of x. Using that trop(x) = 0, we deduce
from [Ducros 2012, théoréme 3.4 item 1)] that the dimension of the germ is equal
to the transcendence degree of K (7 (x)) over K.

We first assume that 77 (x) is not the generic point of an irreducible component
of Z5. Then the transcendence degree of K (7w (x)) over K is less than n = dim(X).
Using the theorem of Ducros, there is a compact analytic neighbourhood V of x
in X*" such that trop(V) has dimension < n and such that Lemma 10.8(e) holds
on V. We choose a tropical chart (V’, ¢y/) in x which is contained in V and
with U’ contained in the generic fibre U of %. We describe c1(L)|y using the
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function ¢ constructed in Lemma 10.8 and the canonical affine map F : Ny' r = Ng.
Using that ¢ is piecewise linear, it follows from 9.13 that ci(D)|y = tropy, (B)
for B € AZ"'(V', gu') represented by the 8-preform 8p+(g).n,, , on Ny/g. By
our construction of products and Corollary 1.15, uM4 is given on V' by """
AZM"(V', gy) represented by the §-preform

Br @) Ny o) =8F(0) (10.8.5)

on Ny g, where C is the n-codimensional tropical cycle of Nk obtained by the
n-fold self-intersection of the tropical divisor ¢ - Ng. Since V' C V, we have
F (tropy (V")) C trop(V) and hence dim(F (trop;;,(V'))) < n. It follows from the
definition of the pull-back and the local nature of stable tropical intersection that
dF+(c)Trop(u’y does not meet the open subset trop (V') of Trop(U’). A similar
argument applies to any tropical chart compatible with (V’, ¢y) and hence (10.8.5)
yields " = 0. We conclude that the support of M4 does not meet V'.

Now we assume that 7 (x) is the generic point of an irreducible component Y
of Z;. Then x is the unique point of X" with reduction 7 (x) (see [Berkovich 1990,
Proposition 2.4.4]) and we write x = £y. We may assume that the very affine open
neighbourhood % of 7 (x) in 2" from Lemma 10.8 has special fibre %; disjoint
from all other irreducible components Y’ of 2. We conclude that 7 (§y/) & %, and
hence trop(£y') # 0 = trop(x). We may choose the neighbourhood Q of 0 in Ng
disjoint from all points trop(&y-). We will use in the following that Lemma 10.8(¢’)
holds on the open subset V := trop_1 (5) of X*". Since no &y’ is contained in V,
the nongeneric case above shows that the restriction of M4 to V is supported in &y.

Now we choose a very affine open subset U’ contained in the generic fibre U of
% with x € (U")*™. Let F : Ny,g — N be the canonical affine map. Then

V' :=trop, (F~' () = U)™nV.

is an open neighbourhood of x in X*" and (V’, ¢y) is a tropical chart. Similarly to
the above, uM# is given on V' by B\ € AZ"" (V', gy) represented by the §-preform
in (10.8.5). Since uMA|y is supported in the single point x = &y, we conclude that
the 0-dimensional tropical cycle F*(C) - Trop(U’) has only one point @’ contained
in the open subset trop,, (V') of Trop(U’). In fact, we have o’ = trop;, (x) with
multiplicity £MA(V’). The tropical projection formula in Proposition 1.5 and the
Sturmfels—Tevelev multiplicity formula [Gubler 2013, Theorem 13.17] give the
identity

F.(F*(C)-Trop(U")) = C - Trop(U)

of tropical cycles on Ng. Using that trop;, (V') = F! (trop(V)) N'Trop(U”), we de-
duce that uMA (V") is equal to the multiplicity of 0 = trop(x) = F (') in C-Trop(U).
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By Lemma 10.8, we conclude that ™A (V’) is equal to the tropical intersection
number of C with LCy(Trop(U)) = Trop(%;).

We recall that C is the n-fold self-intersection of the tropical divisor ¢ - Ng and
we note that these objects are weighted tropical fans. Now we use Lemma 10.8(f").
This shows that %; is a very affine chart of integration for c; (Z|y, || ||lcan)”, Where
this §-form is represented by the pull-back of §¢ with respect to the canonical affine
map Ng, r — Nr. Note that we may perform a base change to omit the trivial
valuation which was excluded for simplicity in our paper. The tropical projection
formula and the Sturmfels—Tevelev multiplicity formula show

[ 1y " = degC - Tropcas)

as above. By Proposition 10.3, the left-hand side is equal to deg .,(Y). We have seen
above that the right-hand side equals M2 (V). This proves that M4 |y is a point
measure concentrated in x = &y with total mass deg . (Y). By Proposition 10.4(c),
the Chambert-Loir measure up, - is equal to uMA, O

.....

11. Green currents

In this section X is an algebraic variety over K of dimension n. We introduce Green
currents for cycles on X. We define the product g, * g, for a divisor ¥ and a cycle
Z on X which intersect properly. This operation has the expected properties.

Definition 11.1. Let Z be a cycle of X of codimension p and let g be any §-current
in EP~1P=1(X) Then we define

w(Z,8):= d/d”g+3z e EPP(X™).

If there is a §-form Wy, € BPP(X*™) with w(Z, g) = [a)z’g], then we call g a
Green current for the cycle Z. We will use often the notation g, for such a current
and then we set w(g,) :=w(Z, g,) and w, := 7., for simplicity.

11.2. Let (L, ||-]|) be a line bundle on X endowed with a §-metric and let Z be a
cycle of codimension p in X with any current g, € E p=lp=1(X3") We assume
that s is a meromorphic section of L with Cartier divisor D intersecting Z properly.
By the Poincaré-Lelong equation in Corollary 7.8 and by the definition of the first
Chern §-form in Definition 9.12, g, := [—log||s||] is a Green current for the Weil
divisor Y associated to D with w, =c (L, ||-]).

If Z is a prime cycle of codimension p, then we define g, A8, € EP-P(X"") as the
push-forward of [—log||s|||z] with respect to the inclusion iz : Z — X. In general,
we proceed by linearity in the prime components of Z to define g, A8, € EPP(X*").
This leads to the definition of the x-product

gy *x 8y =8y NS, +wy Ng, € EPP(X™M).
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Lemma 11.3. Under the hypothesis above and if Z is prime, then we have the
identity

d'd"[-loglls|l| ;] = [wy|,]1—8p., (11.3.1)
of 8-currents on Z*".

Proof. This follows immediately from the Poincaré-Lelong equation for s|, (see
Corollary 7.8). We use here c¢i(L|z, ||-1) = c1(L, ||- )|z, which follows from
Proposition 9.15. U

Proposition 11.4. Under the hypothesis in 11.2, we have

w(D-Z,gy*xg;) =wy Aw(g,).
If g, is a Green current for Z, then gy * g, is a Green current for D - Z.

Proof. Using Lemma 11.3 and linearity in the prime components of Z, we get
d'd"[—log|s|| A8l =wy A8, —8p., (11.4.1)

and hence 9.14 and Proposition 4.15(iii) give

w(D-Z,gy%xg,)=dd"[—log|ls|| AS, ] +d'd"(wy Agy)+8p., =wy Aw(gy,),

proving the claim. O

Proposition 11.5. Fori=1, 2, let L; be a line bundle on X with a §-metric || - ||; and
nonzero meromorphic section s;. We assume that the associated Cartier divisors D
and Dy intersect properly. Let 1, := —logl||s;|l; and let gy, = [ny.] be the induced
Green current for the Weil divisor Y; of D;. Then we have the identity

8y, * 8y, — 8y, *8y, = d/[d[/)/nyl Ayl +d//[77yl /\df)nyz]
of §-currents on X*".

Note that the piecewise smooth forms dp Ny, A1y, and 1y, A d{,nyz of degree 1
are defined on the analytification of a Zariski open and dense subset of X. By 9.5
and Proposition 6.5, they define §-currents on X",

Proof. The claim can be checked locally on X. Hence we may assume that X is
affine and L; = L, = Oy. Fori = 1, 2, we may view s; as a rational function f;
and we have

Ny, = —log| fil —log||1]l;.

The usual partition of unity argument shows that it is enough to test the claim by
evaluating at @ € B"~!1"~1(W) for a small open neighbourhood W of a given point
x in X", There are finitely many tropical charts {(V}, (pUj)} j=1,...m in W covering
supp(«) such that @ = trop}k]]_ (aj) on V; for some element a; € Azr—1ln=l Vi, ou;)-
We will use a Zariski dense very affine open subset U of Uy N ---N U, which will
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serve as a very affine chart of integration for various forms. Now we consider the
restriction of the canonical affine map F; : Ny r — Ny, g to Trop(U). Let 2 in
Trop(U) denote the union of the preimages of the open subsets €2 := tropy;, (V) in
Trop(U;) and put V = tropa1 (£2). By Proposition 4.12 there exists a unique element
ap € Az n=ly, @) such that «|,, = tropj; (o) and such that «;; coincides
for all j on the preimage of €2; with the pull-back of «;. Note that €2 is an open
subset of Trop(U) and (V, ¢,) is a tropical chart for V := tropgl(Q). Then a; has
not necessarily compact support, but we can extend o;; by zero to an element in
Az bn=lgan, @) using that supp(a) N U™ is a closed subset of V. By abuse of
notation, this extension will also be denoted by «,. Then we have a = tropj; (o)
on U?*". By shrinking W and using an appropriate U, we may assume that

—log||1]l; = ¢; o tropy,

on V for a piecewise smooth function ¢, on Trop(U) and i = 1, 2. Since we deal
with §-metrics, we may assume that there is a piecewise smooth extension ¢; of
¢; to Ny r and a superform y; on Ny g of bidegree (1, 1) such that the first Chern
§-form w,, is represented on V' by the §-preform y; + 65 Nyg OD Ny r and such
that y, restricts to dpdp ¢, on Q (see 9.13). We have

ny, = —logl| fil —log||1|l; = —log| fi| + ¢; o tropy,

on V. Using bilinearity of * and of A, we may either assume that n, is equal to
—log]|1]|; or equal to —log| f;|. Hence we have to consider the following four cases:

Case 1: sy =5, = 1. In this case, the divisors Y1, ¥> are zero and 1, = —log||1]|;
fori =1, 2 are piecewise smooth functions on X*". Then we have

(8y, * &y,> &) = (Wy, A gy,, A) = (&y,, Wy, NX). (11.5.1)

Recall that 8y, is the current associated to Ny, By 9.3, we have PSO’O(W) = POO(W)
and hence 7y « € PL’?_I’”—1 (W). We may view it as a generalized -form on X"
given on U™ by ¢,a;, € P~ 1771 (U™, ¢,)). Since the first Chern §-form wy, 1s
represented on V by 8431-NU,R +y1 € PYY(Ny ), we get

(ng * 8y, o) = / (8¢1~Tr0p(U) + d}’)dl’g’qbl) A ¢20[U. (11.5.2)
[Trop(U)]

Here, we have used that U is a very affine chart of integration for w, A ny o €
P"(X*). Recall from 9.13 that the generalized 6-forms c¢j(Ly, ||-|l1)res and
ci1(Ly, |I-ll1)ps are represented on V by 8¢31~NU.R and y; in PI’I(NU,R). We con-
clude that U is a very affine chart of integration for c; (L1, || ||1)res A Ny, o and
ct(Ly, - l1)ps A Ny,o in P"(X®") and hence (11.5.2) yields

<gY| *gYZsa> :/

8¢1~Tr0p(U) A ¢2aU —l—f df,df,/¢1 A ¢2aU. (11.5.3)
|Trop(U)|

[Trop(U)|
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Since « has compact support in W and supp(«x) N U™ C V, it follows from
Proposition 4.21 and Corollary 5.6 that the integrands in (11.5.3) have compact
support in Q. The generalization of Corollary 5.6 to PSP-forms given in 9.5 shows
that —dp log||1]|1 A o has compact support contained in U*". Again, we conclude
that dy¢, A a; has compact support contained in 2. Now Leibniz’s rule and the
theorem of Stokes (Proposition 2.7) for dj, show

f dpdp ) A oy = / dpdy A hray +f dpy A dp(py0y)
[Trop(U)| 9| Trop(U)| [Trop(U)|

=/ dpo, /\¢2aU+/ dpd) Ndpp, Ay,
9| Trop(U)| [Trop(U)|

+ / did, Adyd'ay.  (11.5.4)
[Trop(U)|

Recall that ¢, is a §-preform on Trop(U) and hence Remark 3.18 gives

f 8, Trop(U) A B2ty + f Ay, A oy =0. (11.5.5)
[Trop(U)| 9| Trop(U)|

Using (11.5.4) and (11.5.5) in (11.5.3), we get

<gY1 *gY27a> :/

dp, Ad{>¢2/\aU+/ dpp, A ppd'ay;. (11.5.6)
[Trop(U)|

[Trop(U)|
A similar computation where we replace (11.5.4) by an application of Stokes’
theorem with respect to dj shows

(ng*gYI’a> :/

dlgd)] A dl/)d)z A aU - / d)] dl/:)d)z AN dNO‘U' (1157)
[Trop(U)|

[Trop(U)|
Using that U is a very affine chart of integration for dj Ny, Ay, Ad'a e PSP (X™)
and for ny Adpny, Ad"oy; € PSPL" (X™), this proves the claim in the first case.

Case 2: sy = 1 and ||1|| = 1. In this case Y is zero and Ny, = —log| f>]. The
following computation is similar to the one in the proof of the Poincaré—Lelong
formula (see Theorem 7.2) and we will use the same terminology as there. We have

8y, * 8y, = 0 as dy, =0 and wy, = c1(Ox, ||-1l2) = 0. It remains to show that
a)Yl VAN gY2 = _gYI AN 8Y2 +d/[dl/)/nyl AN nYQ] +d”[nY1 /\d{)nYZ]. (11.5.8)

It is enough to check the claim locally and by linearity, we may assume that f5 is
a regular function on X. By the first case, we may assume that f, is nonconstant.
We choose a very affine open subset U, the open subset €2 of Trop(U) and ¢, as
above. We may assume that supp(div(f>)) NU = @& and hence —log| f>| is induced
by an integral I'-affine function ¢, on Trop(U). We use the very affine open U to
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compute the term (a)Y1 A 8y, a). Similarly to (11.5.1) and (11.5.2), we deduce

(le /\ng,Ol) :/

8, Trop(U) N P20y +/ dpdpdy A @y0y;. (11.5.9)
[Trop(U)|

[Trop(U))|

The same computation as in (11.5.4)—(11.5.6) yields

(wy, A8y, @) =/

d$¢1A¢%¢2AaU—F/Q dpp, Ap,d'ay,. (11.5.10)
[Trop(U)|

[Trop(U)|

As in the first case, we have
/ a’[/,/qbl /\<p2d/ozU = (d/[dgnyl Ayl a). (11.5.11)
[Trop(U)|

Similarly to the proof of the Poincaré—Lelong formula, we may assume that the
support of « is covered by the interiors of the affinoid subdomains W := tropaj1 (A))
of the tropical chart V; for j =1,...,m. Weset W := U'}’:l W;. We choose s > 0
sufficiently small with ¢, < —log|s| on the compact set supp(dp¢, A a;). Since
W covers supp(«), the analytic subdomain W(s) :={x € W | | f2(x)| > s} of W
contains supp(dp¢, A ) and hence we have

/ dpdy A dppy Ny = dpdy Ndpp, Ay (11.5.12)
[Trop(U)|

/tropU(W(s)ﬂUa“)
By the theorem of Stokes (Proposition 2.7), this is equal to

%%%A%+/ ¢1dppy Nd . (11.5.13)

/E;tropU(W(s)ﬂUa“) tropy (W (s)NU")

By Corollary 5.6, the support of d”« is contained in U*". We may assume that the
compact set supp(d”«) is contained in W (s). Using that U is a very affine chart of
integration for 1y, Adpny, Ad"a, we get

/ ¢1dppy Nd"ay = (d" [y, Adpny,], ). (11.5.14)
tropy (W (s)NU*M)

Now we apply Remark 7.4 with f; instead of f and the generalized §-form ny, Ao
instead of « and observe that ¢, corresponds to F*(xp) in Remark 7.4. Then
Equation (7.4.1) yields

f ¢1d1/>‘ﬂ2/\0‘U=—(8y1/\5Y2,06) (11.5.15)
atropy (W (s)NUM)

as W covers supp(e). Using (11.5.11)—(11.5.15) in (11.5.10), we get (11.5.8)
proving the claim in the second case.

Case 3: ||1]|; =1 and s, = 1. The formula proved in the second case yields

8y, *8y, — 8y, *8y, = d/[d]/:'/ny2 Ay, ] +d//[7)y2 /\dﬁny,]
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The (1, 1)-current on the left-hand side is clearly symmetric. Hence the right-hand
side is symmetric as well and equals

_aw[d}/ﬂ?)/2 Anyl— d'[nY2 A d{:’nyl]
This proves our claim in the third case.

Case 4: ||1||; =1 and ||1|| = 1. In this case Ny, = —log| f1| and Ny, = —log| f>|.
We have to show that

gy, N8y, — 8y, A8y, =d'[dpny, Any,1+d"[ny, Adpny,].

Again, we may assume that f; and f, are regular functions on X. By the pre-
vious cases, we may assume that these functions are nonconstant. We use the
same notation as above. Here, we choose the very affine open subset U disjoint
from supp(div(f1)) U supp(div(f2)). Then ¢,, ¢, are integral I™-affine functions
on Trop(U) inducing —log| fi|, —log | f2| on U?*". Going the computation in the
second case backwards, we see that

(gy, Ny, ) = —/ dppy Nd'py Aoy + (d [y, Adpny,], ). (11.5.16)
[Trop(U)
Note here that dy¢, A dpe, Aoy, has compact support in 2. Indeed, it follows from
Corollary 5.6, that d, log| fi| A dp, log| f2| A« is a well-defined §-form on X*" with
compact support in U*" (using that the divisors intersect properly) and hence we
get compactness in 2 from Proposition 4.21. Interchanging the role of Y1, Y, and
also of d’, d" and d}, dy in (11.5.16), we get the fourth claim. This proves the
proposition. U

In the following, we denote the support of a cycle Z (resp. of a Cartier divisor D)
on X by |Z] (resp. | D).

Corollary 11.6. Let Z be a cycle of X of codimension p and let g, be any §-current
in EP~1P=1(X). Fori =1, 2, let L; be a line bundle on X with a 8-metric ||-||; and
nonzero meromorphic section s;. Let D; denote the Cartier divisor on X defined
by s;. We assume that |D1| N |Z| and | D>| N | Z| both have codimension > 1 in |Z|,
and that |D1| | D| N |Z] has codimension > 2 in |Z|. Let ny := —logl||s;|l; and
let 8y = [n Y[] be the induced Green current for the Weil divisor Y; of D;. Then we
have

8y, * (8y, *&z) — &y, * (&y, * 8z) € d'(EPPTHX™) +d"(EPTLP (X™).

Proof. This follows immediately from Proposition 11.5 applied to the analytifica-
tions of the prime components of Z. U
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12. Local heights of varieties

In this section, we study the local height of a proper variety X of dimension n over
K with respect to metrized line bundles endowed with §-metrics. If the metrics are
formal, then we show that these analytically defined local heights agree with the
ones based on divisorial intersection theory on formal models in [Gubler 1998].
In particular, they coincide with the local heights used in Arakelov theory over
number fields.

12.1. Fori =0, ..., n, let L; be a line bundle on X endowed with a §-metric
|I-]l; and a nonzero meromorphic section s;. For the associated Cartier divisor
D; := div(s;), we consider the metrized Cartier divisor bi = (D, |- 1l:), 1.e., a
Cartier divisor D; and a metric ||-||; on the associated line bundle O (D;). Recall
from 11.2 that we obtain the Green current 8y, = [—log||s;||;] for the Weil divisor
Y; associated to D;.

We assume that the Cartier divisors Dy, ..., D, intersect properly. Then we
define the local height of X with respect to Dy, ..., D, by

Ay, 5, (X) 1= 8y, x-- -k gy (1).

12.2. If Z is a cycle on X of dimension ¢ and bo, e ﬁ, are §-metrized Cartier
divisors on X with |Dyl, ..., |Dy|, | Z]| intersecting properly, then 12.1 induces a
local height A bo....5 %) by linearity in the prime components of Z.

.....

Remark 12.3. The problem with this definition is that it is not functorial as the
pull-back of a Cartier divisor is not always well defined as a Cartier divisor. This
problem is resolved by using pseudodivisors instead of Cartier divisors (see [Fulton
1984, Chapter 2]). We follow [Gubler 2003] and define a §-metrized pseudodivisor
as a triple (L, Z,s), where L = (L, ||-]|) is a line bundle on X equipped with a
d-metric, Z is a closed subset of X, and s is a nowhere vanishing section of L
over X \ Z. Using the same arguments as in [Gubler 2003], we get a local height
A Do.... [)t(Z ) for §-metrized pseudodivisors which is well defined under the weaker
condition |Dg|N---N|D;|N|Z| =D

Itis stra1ghtforward to show that the local height is linear in Z and multilinear in
Do, .. Dt It follows from Corollary 11.6 along the arguments in [Gubler 2003]

that the local height is symmetric in Dy, ..., D;.
The next result shows that the induction formula holds for local heights.
Proposition 12.4. Let Dy, ..., D, be 8-metrized pseudodivisors on X with

|DolN---N[Dy| =&



A tropical approach to nonarchimedean Arakelov geometry 175

.....

.....

where we assume that D,, is a Cartier divisor with associated Weil divisor Y, and
canonical meromorphic section s, of O(D,,).

Proof. The argument is the same as for [Gubler 2003, Proposition 3.5]. O

Proposition 12.5. Let ¢ : X’ — X be a morphism of proper varieties over K and
let Dy, ..., D, be §-metrized pseudodivisors on X with |Do|N---N|D, | = <. Then
the functoriality

.....

holds.

Proof. The proof relies on the induction formula in Proposition 12.4 and the
projection formula for integrals (5.9.1). We refer to [Gubler 2003] for the analogous
arguments in the archimedean case. ]

Proposition 12.6 (metric change formula). Suppose that the local height A(X) with
respect to the §-metrized pseudodivisors ﬁo, el 15” is well defined. Let \'(X) be
the local height of X obtained by replacing the metric || -|o on O(Dy) by another
§-metric |- ||. Then p :=1log(||-1Io/ll- llo) is a piecewise smooth function on X*"
and we have

MX) =2 (X) = / p-ci(O(D)) A=+ Ne1(O(Dy)).

Proof. This follows from linearity and symmetry of the local height in Do and D,
and from the induction formula in Proposition 12.4. ]

Remark 12.7. Now suppose that Dy, ..., D, are formally metrized pseudodivisors
on X with |Dg| N ---N|D,| = &. Then the intersection theory of divisors on
admissible formal K°-models given in [Gubler 1998] induces also a local height of
X (see [Gubler 2003]). It also satisfies an induction formula involving Chambert-
Loir’s measures (see [Gubler 2003, Remark 9.5]). Since the Chambert-Loir measure
agrees with the Monge—Ampere measure (see Theorem 10.5), we deduce from the
induction formula in Proposition 12.4 that the local height based on intersection
theory of divisors agrees with A5 5 (X) from Remark 12.3. In particular, this
proves Theorem 0.4 stated in the introduction.

Appendix: Convex geometry

In this appendix, we gather the notions from convex geometry on a finite dimensional
real vector space W coming with an integral structure. This means that we consider
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a free abelian group N of rank r with W = Ng := N ®z R. Let M := Hom(N, Z)
be the dual abelian group and let V := Hom(M, R) = Mg be the dual vector space
of W. The natural duality between V and W is denoted by (u, w). Let I be a fixed
subgroup of R. In the applications, it is usually the value group of a nonarchimedean
absolute value.

A.1. Let N’ be another free abelian group of finite rank and let F : Ng — N, be an
affine map. Then F is called integral I'-affine if F =Lp+w withw e N'®z " € N
and with the associated linear map [z induced by a homomorphism N — N'.

A.2. A polyhedron A in W is defined as the intersection of finitely many half spaces
{we W | {(u;, w)>c;} withu; € V and ¢; € R. If we may choose all u; € M and
all ¢; € I, then we say that A is an integral I"-affine polyhedron. A face of A is
either A itself or the intersection of A with the boundary of a closed half-space
containing A. We write T X A for a face t of A and we write T < A if additionally
T # A. The relative interior of A is defined by

relint(A) := A\ U T.
T<A
Note that every polyhedron is convex. A polytope is a bounded polyhedron.

A polyhedron A in W generates an affine space Aa of the same dimension.
Recall that an affine space in W is a translate of a linear subspace and A, is the
intersection of all affine spaces in W which contain A. We denote the underlying
vector space by La. If A is integral ['-affine, then the integral structure of A, is
given by the complete lattice Np := N NLa in La.

A.3. A polyhedral complex € in W is a finite set of polyhedra such that

(a) A € ¥ = all closed faces of A are in ¢
(b) A, 0 € ¥ = ANo is either empty or a closed face of A and o.

The polyhedral complex ¥ is called integral I'-affine if every A € € is integral
["-affine. The support of € is defined as

€= A.

Ae¥

We say that a polyhedral complex ¥ is complete if |€| = W. A subdivision of ¢
is a polyhedral complex 2 with |2| = |¢| and with every A € & contained in a
polyhedron of ¥. This has to be distinguished from a subcomplex of ¢ which is a
polyhedral complex 2 with ¥ C ¥.

A.4. Given a polyhedral complex ¢ in Nr, we denote by %, the subset of n-
dimensional polyhedra in € and by ¢’ = %,_; the subset of polyhedra in ¢ of
codimension / in Ng. We say that a polyhedral complex ¥ is of pure dimension n



A tropical approach to nonarchimedean Arakelov geometry 177

(resp. of pure codimension [) if all polyhedra in ¥ which are maximal with respect
to < lie in &, (resp. ¢*). Given a polyhedral complex ¢ of pure dimension n and
m < n, we denote by %<, the polyhedral subcomplex of ¢ of pure dimension m
given by all o € € with dimo < m. We set ¢zl = G<r—1 if r —1 < n. Recall here
that r is the rank of N.

Definition A.5. (i) A polyhedral set P in Nk (of pure dimension n) is a finite
union of polyhedra (of pure dimension n). Equivalently, there exists a polyhedral
complex 2 (of pure dimension n) whose support is P. The polyhedral set is called
integral I'-affine if the above polyhedra can be chosen integral I™-affine.

(ii) Let P be a polyhedral set in Ng. A point x € P is called regular if there exists
a polyhedron A C P such that relint(A) is an open neighbourhood of x in P. We
denote by relint(P) the set of regular points of the polyhedral set P.

A.6. A cone o in W is characterized by R>(-0 = o. A cone which is a polyhedron
is called a polyhedral cone. An integral R-affine polyhedral cone is simply called a
rational polyhedral cone. A polyhedral cone is called strictly convex if it does not
contain a line. The local cone LC,,(S) of S C W at w € W is defined by

LC,(S) :={w' € W|w+][0, &)w’ C S for some ¢ > 0}.

A.7. A polyhedral complex X consisting of strictly convex rational polyhedral cones
is called a rational polyhedral fan. The theory of toric varieties (see [Kempf et al.
1973; Oda 1988; Fulton 1993; Cox et al. 2011]) gives a bijective correspondence
¥ — Y5 between rational polyhedral fans on Ng and normal toric varieties over
any field K with open dense torus Spec(K[M]) (up to equivariant isomorphisms
restricting to the identity on the torus). Then X is complete if and only if Yy is a
proper variety over K.

A simplicial cone in Np is generated by a part of a basis. A simplicial fan is a fan
formed by simplicial cones. A smooth fan in Ny is a rational polyhedral fan ¥ such
that every cone o € X is generated by a part of a basis of N. In particular, a smooth
fan is a simplicial fan. A polyhedral fan X is smooth if and only if Y5 is a smooth
variety [Cox et al. 2011, Chapter 1, Theorem 3.12; Fulton 1993, 2.1 Proposition].
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Existence of compatible systems of
lisse sheaves on arithmetic schemes

Koji Shimizu

Deligne conjectured that a single £-adic lisse sheaf on a normal variety over a
finite field can be embedded into a compatible system of ¢’-adic lisse sheaves with
various £'. Drinfeld used Lafforgue’s result as an input and proved this conjecture
when the variety is smooth. We consider an analogous existence problem for a
regular flat scheme over Z and prove some cases using Lafforgue’s result and the
work of Barnet-Lamb, Gee, Geraghty, and Taylor.

1. Introduction

Deligne [1980] conjectured that all the Q,-sheaves on a variety over a finite field
are mixed. A standard argument reduces this conjecture to the following one.

Conjecture 1.1 (Deligne). Let p and £ be distinct primes. Let X be a connected
normal scheme of finite type over [, and € an irreducible lisse Q;-sheaf whose
determinant has finite order. Then the following properties hold:

(1) € is pure of weight 0.

(ii) There exists a number field E C Qy such that the polynomial det(1—Frob, t,€5)
has coefficients in E for every x € | X|.

(iii) The roots of det(1 — Frob, t, €;) are A-adic units for any nonarchimedean
place A of E prime to p.

(iv) For a sufficiently large E and for every nonarchimedean place A of E prime to
D, there exists an E,-sheaf €, compatible with €, that is, det(1 —Frob, t, €5) =
det(1 — Frob, t, €, z) for every x € | X|.

Here | X| denotes the set of closed points of X and X is a geometric point above x.

The conjecture for curves is proved by L. Lafforgue [2002]. He also deals with
parts (i) and (iii) in general by reducing them to the case of curves (see also [Deligne
2012]). Deligne [2012] proves part (ii), and Drinfeld [2012] proves part (iv) for
smooth varieties. They both use Lafforgue’s results.

MSC2010: primary 11G35; secondary 11F80.
Keywords: arithmetic geometry, lisse sheaves, compatible system.
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We can consider similar questions for arbitrary schemes of finite type over Z[£~'].
This paper focuses on part (iv), namely the problem of embedding a single lisse
Q;-sheaf into a compatible system of lisse sheaves. We have the following folklore
conjecture in this direction.

Conjecture 1.2. Let £ be a rational prime. Let X be an irreducible regular scheme
that is flat and of finite type over Z[£~']. Let E be a finite extension of Q and
A a prime of E above £. Let € be an irreducible lisse E)-sheaf on X and p the
corresponding representation of wi(X). Assume the following conditions:

(i) The polynomial det(1 — Frob, t, €3) has coefficients in E for every x € | X|.
(i) € is de Rham at ¢ (see below for the definition).

Then for each rational prime £’ and each prime A" of E above {' there exists a lisse
E-sheaf on X[€'~'] which is compatible with €l xpe-1y-

The conjecture when dim X =1 is usually rephrased in terms of Galois repre-
sentations of a number field (see Conjecture 1.3 of [Taylor 2002], for example).

When dim X > 1, a lisse sheaf € is called de Rham at £ if for every closed point
y € X ® Qy, the representation i ;‘ p of Gal (ITy) / k(y)) is de Rham, where i, is the
morphism Spec k(y) — X. Ruochuan Liu and Xinwen Zhu [2017] have shown that
this is equivalent to the condition that the lisse E)-sheaf €|xgq, on X ® Q is a
de Rham sheaf in the sense of relative p-adic Hodge theory.

Now we discuss our main results. They concern Conjecture 1.2 for schemes over
the ring of integers of a totally real or CM field.

Theorem 1.3. Let ¢ be a rational prime and K a totally real field which is unrami-
fied at €. Let X be an irreducible smooth Ok [£~']-scheme such that

o the generic fiber is geometrically irreducible,
o Xx(R) # & for every real place K — R, and
o X extends to an irreducible smooth Ok -scheme with nonempty fiber over each

place of K above {.

Let E be a finite extension of Q and A a prime of E above £. Let € be a lisse
E,-sheaf on X and p the corresponding representation of wi(X). Suppose that €
satisfies the following assumptions:

(i) The polynomial det(1 — Frob, t, €x) has coefficients in E for every x € | X|.

(i1) For every totally real field L which is unramified at £ and every morphism
a: Spec L — X, the E;-representation o* p of Gal(L/L) is crystalline at each
prime v of L above £, and for each t: L — E, it has distinct T-Hodge—Tate
numbers in the range [0, £ — 2].
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(iii) p can be equipped with a symplectic (resp. orthogonal) structure with multi-
plier p: w(X) — E;* such that [t|x,(x,) admits a factorization

[l xg) s T1(Xk) = Gal(K/K) 25 EX

with a totally odd (resp. totally even) character ug (see below for the defini-
tions).

(iv) The residual representation p|y, x|z, is absolutely irreducible. Here §y is a
primitive £-th root of unity and X[{¢] = X ®e, Ok [Le].

(v) £>2(ranké€ +1).

Then for each rational prime £' and each prime A of E above {' there exists a lisse
E;s-sheaf on X[€'~'] which is compatible with Elxe-1-

For an E;-representation p: m1(X) — GL(V),), a symplectic (resp. orthogonal)
structure with multiplier is a pair ({-, -}, 1) consisting of a symplectic (resp. orthogo-
nal) pairing (-,-): V, xV, — E; and a continuous homomorphism . : 71(X) — E AX
satisfying (o (g)v, p(g)v') = u(g)(v, V') for any g € 71 (X) and v, v' € V,,.

We show a similar theorem without assuming that K is unramified at £ using
the potential diagonalizability assumption. See Theorem 4.1 for this statement and
Theorem 4.2 for the corresponding statement when K is CM.

The proof of Theorem 1.3 uses Lafforgue’s work and the work of Barnet-Lamb,
Gee, Geraghty, and Taylor [Barnet-Lamb et al. 2014, Theorem C]. The latter work
concerns Galois representations of a totally real field, and it can be regarded as a
special case of Conjecture 1.2 when dim X = 1. We remark that their theorem has
several assumptions on Galois representations since they use potential automorphy.
Hence Theorem 1.3 needs assumptions (ii)—(v) on lisse sheaves.

The main part of this paper is devoted to constructing a compatible system of
lisse sheaves on a scheme from those on curves. Our method is modeled after
Drinfeld’s [2012] result, which we explain now.

For a given lisse sheaf on a scheme, one can obtain a lisse sheaf on each curve
on the scheme by restriction. Conversely, Drinfeld [2012, Theorem 2.5] proves that
a collection of lisse sheaves on curves on a regular scheme defines a lisse sheaf
on the scheme if it satisfies some compatibility and tameness conditions. See also
a remark after Theorem 1.4. This method originates from the work of Wiesend
[2006] on higher dimensional class field theory [Kerz and Schmidt 2009].

Drinfeld uses this method to reduce part (iv) of Conjecture 1.1 for smooth varieties
to the case when dim X = 1, where he can use Lafforgue’s result. Similarly, one
can use his result to reduce Conjecture 1.2 to the case when dim X = 1.

However, Drinfeld’s result cannot be used to reduce Theorem 1.3 to the results
of Lafforgue and Barnet-Lamb, Gee, Geraghty, and Taylor since his theorem needs
a lisse sheaf on every curve on the scheme as an input. On the other hand, the
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results of [Lafforgue 2002] and [Barnet-Lamb et al. 2014] only provide compatible
systems of lisse sheaves on special types of curves on the scheme: curves over
finite fields and rotally real curves, that is, open subschemes of the spectrum of
the ring of integers of a totally real field. Thus the goal of this paper is to deduce
Theorem 1.3 using the existence of compatible systems of lisse sheaves on these
types of curves.

We now explain our method. Fix a prime ¢ and a finite extension E; of Q,. Fix a
positive integer ». On a normal scheme X of finite type over Spec Z[£~'], each lisse
E)-sheaf € of rank r defines a polynomial-valued map fe¢: |X| — E,[¢] of degree r
given by fe () =det(1 —Frob, ¢, €;). Here we say that a polynomial-valued map
is of degree r if its values are polynomials of degree r. Moreover, f¢ determines €
up to semisimplifications by the Chebotarev density theorem. Conversely, we can
ask whether a polynomial-valued map f: |X| — E,[¢] of degree r arises from a
lisse sheaf of rank r on X in this way.

Let K be a totally real field. Let X be an irreducible smooth Ok -scheme which
has geometrically irreducible generic fiber and satisfies X (R) # & for every real
place K — R. In this situation, we show the following theorem.

Theorem 1.4. A polynomial-valued map f of degree r on | X| arises from a lisse
sheaf on X if and only if it satisfies the following conditions:

(1) The restriction of f to each totally real curve arises from a lisse sheaf.

(i1) The restriction of f to each separated smooth curve over a finite field arises
from a lisse sheaf.

We prove a similar theorem when K is CM (Theorem 3.14).

Drinfeld’s theorem involves a similar equivalence, which holds for arbitrary
regular schemes of finite type, although his condition (i) is required to hold for
arbitrary regular curves and there is an additional tameness assumption in his
condition (ii).!

If K and X satisfy the assumptions in Theorem 1.3, then we prove a variant of
Theorem 1.4, where we require condition (i) to hold only for totally real curves
which are unramified over £ (Remark 3.13). This variant, combined with the results
by Lafforgue and Barnet-Lamb, Gee, Geraghty, and Taylor, implies Theorem 1.3.

One of the main ingredients for the proof of these types of theorems is an
approximation theorem: one needs to find a curve passing through given points in
given tangent directions and satisfying a technical condition coming from a given
étale covering. To prove this Drinfeld uses the Hilbert irreducibility theorem. In
our case, we need to further require that such a curve be totally real or CM. For
this we use a theorem of Moret-Bailly.

IWe do not need tameness assumption in condition (ii) in Theorem 1.4. This was pointed out by
Drinfeld.
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We briefly mention a topic related to Conjecture 1.2. As conjectures on Galois
representations suggest, the following stronger statement should hold.

Conjecture 1.5. (With notation as in Conjecture 1.2). Condition (ii) implies condi-
tion (i) after replacing E by a bigger number field inside E,.

This is an analogue of Conjecture 1.1(ii) and (iii). Even if we assume the
conjectures for curves, that is, Galois representations of a number field, no method
is known to prove Conjecture 1.5 in full generality. However in [Shimizu 2015]
we show the conjecture for smooth schemes assuming conjectures on Galois rep-
resentations of a number field and the Generalized Riemann Hypothesis. Note
that Deligne’s [2012] proof of Conjecture 1.1(iii) uses the Riemann Hypothesis for
varieties over finite fields, or more precisely, the purity theorem of [Deligne 1980].

We now explain the organization of this paper. In Section 2, we review the
theorem of Moret-Bailly and prove an approximation theorem for “schemes with
enough totally real curves.” We show a similar theorem in the CM case. In Section 3,
we prove Theorem 1.4 and its variants using the approximation theorems. Most
arguments in Section 3 originate from [Drinfeld 2012]. Finally, we prove the main
theorems in Section 4.

Notation. For a number field E and a place A of E, we denote by E; a fixed
algebraic closure of Ej.

For a scheme X, we denote by | X| the set of closed points of X. We equip finite
subsets of | X| with the reduced scheme structure. We denote the residue field of a
point x of X by k(x). An étale covering over X means a scheme which is finite
and étale over X.

For a number field K and an Ogx-scheme X, Xx denotes the generic fiber
of X regarded as a K-scheme. In particular, for a K-algebra R, Xk (R) means
Homg (Spec R, Xk ), not Homz (Spec R, Xk ). We also write X(R) instead of Xg(R).

For simplicity, we omit base points of fundamental groups and we often change
base points implicitly in the paper.

2. Existence of totally real and CM curves via the theorem of Moret-Bailly
Theorem 2.1 [Moret-Bailly 1989]. Let K be a number field. We consider a quadru-
ple (Xk, Z, {My}yes, {SQ}vex) consisting of

(1) a geometrically irreducible, smooth and separated K-scheme Xk,

(ii) a finite set X of places of K ,
(iii) a finite Galois extension M, of K, for every v € ¥, and

(iv) a nonempty Gal(M,/K,)-stable open subset Q, of Xk (M) with respect to the
M,-topology.
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Then there exist a finite extension L of K and an L-rational point x € Xk (L)
satisfying the following two conditions:

o Foreveryv € 3, L is My-split, that is, L@y M, = MF: K],
o The images of x in Xx (M,) induced from embeddings L — M, lie in 2,.

Remark 2.2. Our formulation is slightly different from that of Moret-Bailly, but
Theorem 2.1 is a simple consequence of [Moret-Bailly 1989, théoreme 1.3]: We
can always find an integral model f: X — B of Xx — Spec K over a sufficiently
small open subscheme B of Spec Ok such that (X — B, X, {My}yes, {Qu}ves)
is an incomplete Skolem datum (see [Moret-Bailly 1989, définition 1.2]). Then
Theorem 2.1 follows from théoreme 1.3 of [Moret-Bailly 1989] applied to this
incomplete Skolem datum.

Since the set ¥ can contain infinite places, the above theorem implies the
existence of totally real or CM valued points.

Lemma 2.3. (i) Let K be a totally real field and Xg a geometrically irreducible
smooth K-scheme such that Xk (R) # O for every real place K — R. For any
dense open subscheme Uk of Xk, there exists a totally real extension L of K
such that Ug (L) # @.

(1) Let F be a CM field and Zf a geometrically irreducible smooth F-scheme.
For any dense open subscheme Vg of ZF, there exists a CM extension L of F
such that Vi (L) # &.

Proof. In either setting, we may assume that the scheme is separated over the base
field by replacing it by an open dense subscheme.

(i) For every real place v: K — R, let U, = Ux N (Xk Qk.» R)(R). It follows
from the assumptions and the implicit function theorem that U, is a nonempty open
subset of (Xx ®k ., R)(R) with respect to real topology.

We apply the theorem of Moret-Bailly to the datum (Xg, {v}, {R},, {Uy}y) to
find a finite extension L of K and a point x € Xx (L) such that L ® g R = RILK]
and the images of x induced from real embeddings L < R above v lie in U,. Then
L is totally real and x € Uk (L). Hence Ux (L) # @.

(ii) Let F* be the maximal totally real subfield of F. Define Zj{+ (resp. V;Cr)
to be the Weil restriction Resp/r+ Zp (resp. Resp/p+ V). Denote the nontrivial
element of Gal(F/F ) by c and Zr Q.. F by ¢*Z. Then we have Z;E+ Qp+ F =
Zp X c*ZF, and this scheme is geometrically irreducible over F. Thus Z;ﬁr isa
geometrically irreducible smooth F*-scheme, and V;l is dense and open in Z }L+.
Moreover, for every real place F™ < R, we can extend it to a complex place
F — C and get F @+ R = C. Hence we have Z;ﬁr (R) = Zp(C) # &. Therefore

we can apply (i) to the triple (F, Z;ﬁ, V;Cr) and find a totally real extension L™ of
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F* such that Vp (LT @p+ F) = VI;'Zr (L™) # @. Since LT @+ F is a CM extension
of F, this completes the proof. (I

This lemma leads to the following definitions.

Definition 2.4. A totally real curve is an open subscheme of the spectrum of the
ring of integers of a totally real field. A CM curve is an open subscheme of the
spectrum of the ring of integers of a CM field.

Definition 2.5. Let K be a totally real field and X an irreducible regular Ok -scheme.
We say that X is an Og-scheme with enough totally real curves if X is flat and of
finite type over Ox with geometrically irreducible generic fiber and Xk (R) # & for
every real place K — R.

Now we introduce some notation and state our approximation theorems.

Definition 2.6. Let g: X — Y be a morphism of schemes. For x € X, consider the
tangent space T X = Homyy)(m, /mi, k(x)) at x, where m, denotes the maximal
ideal of the local ring at x. This contains Ty (X (x)), where X¢(r) = X ®y k(g(x)).
A one-dimensional subspace ! of 7, X is said to be horizontal (with respect to g)
if [ does not lie in the subspace T (X (x))-

Definition 2.7. Let X be a connected scheme and Y a generically étale X-scheme.
A point x € X(L) with some field L is said to be inert in Y — X if for each
irreducible component Y, of Y, (Spec L) X x Y, is nonempty and connected.

Theorem 2.8. Let K be a totally real field and X an irreducible smooth separated
Og -scheme with enough totally real curves. Consider the following data:

(1) aflat Og-scheme Y which is generically étale over X
(ii) a finite subset S C |X| such that S — Spec Ok is injective;
(iii) a one-dimensional subspace l; of Ty X for every s € S.

Then there exist a totally real curve C with fraction field L, a morphism ¢ : C — X
and a section o : S — C of ¢ over S such that ¢(Spec L) is inertin Y — X and
Im(T5\C — T5 X) = for every s € S.

Proof. We will use the theorem of Moret-Bailly to find the desired curve. Note that
we can replace Y by any dominant étale Y -scheme.

Let v denote the structure morphism X — Spec Og. Take an open subscheme
U C X such that v(U) Nv(S) = & and the morphism Y xx U — U is finite and
étale. Replacing each connected component of ¥ xx U by its Galois closure, we
may assume that each connected component of ¥ xx U is Galois over U. Write
Y xx U =[],-;,- Wi as the disjoint union of connected components and denote by
G; the Galoisigrioup of the covering W; — U. Let H,y, ..., H;,, be all the proper
subgroups of G;.
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We will choose a quadruple of the form

(X {vij}i; U{v($)}ses Uvoo,itis {Ku, } U{MF U{RY, {Vij} ULV} U {Vio i}).

First we choose v;; and V;; (1 <i <k, 1< j <r;) which control the inertness
property.

Claim. There exist a finite set {v;;}; ; of finite places of K and a nonempty open
subset V;; of X(Ky,;) with respect to the K,,;-topology for each (i, j) such that:

(1) For any finite extension L of K and any L-rational point x € X(L), x is inert
inY — X if L is Ky;-split and if all the images of x under the induced maps
X(L) — X(Ky,;) lie in V;j.

(ii) The v;; are different from any element of v(S) regarded as a finite place of K.

Proof of Claim. Foreachi =1,...,kand j =1,...,r;, let TTH;; denote the
induced morphism W;/H;; — X and let M;; be the algebraic closure of K in
the field of rational functions of W;/H,;. Then we have a canonical factorization
Wi/ H;; — Spec Oy, — Spec Ok .

If M;; = K, then the generic fiber (W;/H;;) is geometrically integral over K.
It follows from Proposition 3.5.2 of [Serre 2008] that there are infinitely many finite
places vy of K such that U(K,,) \7a,; (Wi/Hij(Ky,)) is a nonempty open subset
of U(Ky,). Thus choose such a finite place v;; and put

‘/lj = U(Kvij) \nHjj(Wi/Hij(KU,‘j))'

Next consider the case where M;; # K. The Lang—Weil theorem and the
Chebotarev density theorem show that there are infinitely many finite places vy
of K such that U(K,,) # @ and vy does not split completely in M;;, that is,
M;;®@k Ky, Z K,EOMU:K] (see [Serre 2008, Propositions 3.5.1 and 3.6.1], for example).
In this case, choose such a finite place v;; and put

‘/l] = U(KU;_/)'

It is easy to see that we can choose v;; satisfying condition (ii). We now show
that these v;; and V;; satisfy condition (i). Take L and x € X(L) as in condition (i).
By Lemma 2.9 below, it suffices to prove that x ¢ wy,;(W;/H;;(L)) for any H;;.

When M;; = K, this is obvious because the images of x under the maps X (L) —
X(Ky;) lie in V;j = U(Ky;) \ wp,; (Wi /H;j(Ky,;)). When M;; # K, we know that
M;; ®k Ky, 1s not Ky, -split. Since L is assumed to be Kvl.j—split, M;; cannot be
embedded into L. On the other hand, we have a canonical factorization W;/H;; —
Spec @Mij' Therefore W;/H;;(L) = &. Thus x is inert in ¥ — X in both cases. [J

Next we choose a finite Galois extension M, of K, (s) and a Gal(M, /K s))-stable
nonempty open subset Vs of X(My) with respect to the M;-topology to make a
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totally real curve pass through s in the tangent direction /;. Here K, (5) denotes the
completion of K with respect to the finite place v(s) of K. Let éX,s denote the
completed local ring of X at s € S. Since @X,S is regular, we can find a regular
one-dimensional closed subscheme Spec Ry C Spec 0 x.s Which is tangent to /; and
satisfies Ry ®g, K # & (see [Drinfeld 2012, Lemma A.6]).

It follows from the construction that R; is a complete discrete valuation ring which
is finite and flat over Ok, , and has residue field k(s). Let M; be the fraction field
of R;. For each s € S we first choose M, and a local homomorphism Ox ; — Oyy,.
There are two cases.

If [; is horizontal, then Ry is unramified over Ok, and hence M; is Galois
over K. Put M := M in this case. Then we have a natural local homomorphism
Ox s — ©X,s — Oy, .

If /; is not horizontal, then R, is ramified over O,,. Let K|,
unramified extension of K, ) in M| and M, the Galois closure of M| over K.
Then both K ;(S) and M, have the same resAidue field k(s).

We construct a local homomorphism Oy ; — Oy, in this setting. Since X is
smooth over Ok, the ring éx, s 1S isomorphic to the ring of formal power series
GK{@) [#1, ..., t,] for some m and we identify these rings.

Let u; € Oy denote the image of #; under the homomorphism

be the maximal

Ok 1, - oo tn]l = Ox s = Ry = Oy

Let 7 (resp. @) be a uniformizer of Oy (resp. Oyy,) and consider -adic expansion
u; = Z?o:o aijnf. Since @X,S — Oy, is a local homomorphism, we have a;o =0
for each i.

Consider the differential of Spec Oy = Spec Ry — Spec § x.s at the closed point.
The tangent vector 3/d7 is sent to Y ;- a;19/9t; under this map, and the latter
spans the tangent line /.

Define a local homomorphism 0 x.s — Oy, by sending #; to 23021 a;jjw’. Then
the image of the differential of the corresponding morphism Spec Oy, — X at the
closed point is /; by the same computation as above.

In either case, we have chosen M and a homomorphism Ox ; — Oj,. Let
§ € X(Oyy,) be the point induced by the homomorphism. Note that X (0, ) is an open
subset of X (M,) by separatedness. Let oc: X(Opy,) = X (O, /mﬁ,,r) be the reduction
map, where my,, denotes the maximal ideal of Oy, . Define V! = o 1(a(8)), which
is a nonempty open subset of X (M), and put

vi=Jov),

where o runs over all the elements of Gal(M, /K (s)). Since Gal(M; /K, s)) acts con-
tinuously on X (M), Vi is a nonempty Gal(M; /K, s))-stable open subset of X (Mj).
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Finally, let vy 1, - . . , Uso,n b€ the real places of K and put
Veo,i = X(R)
for eachi =1, ..., n. This is nonempty by our assumption.

It follows from the theorem of Moret-Bailly (Theorem 2.1) that there exist a
finite extension L of K and an L-rational point x € X (L) satisfying the following
properties:

(1) L&k K vij is Kvl.j—split and x goes into V;; under any embedding L — Ky,;.
(i) L ®k My is M,-split and x goes into V; under any embedding L — M.
(iii) L is totally real.

We can spread out the L-rational point x : Spec L — X to a morphism¢: C — X,
where C is a totally real curve with fraction field L. By property (ii), we can choose
C and ¢ so that all the points of Spec Oz above v(S) C Spec Ok are contained in C.
The claim on page 188 shows that x is inert in ¥ — X. Thus it remains to prove that
there exists a section o of ¢ over S such that Im(7,,)C — T, X) =, forevery s € S.

It follows from property (ii) and the definition of V; that there exists an embedding
L — M; such that the image of x under the associated map X (L) — X(M,) lies
in V. Let s’ € Spec O, be the closed point corresponding to this embedding. Then
we have s’ € C, k(s') = k(s), and Im(Tyy C — Ty X) = [;. Hence we can define a
desired section of ¢ over S. ([

Lemma 2.9. Let L be a field, U a locally noetherian connected scheme and
w: W — U a Galois covering with Galois group G. For any subgroup H C G, let
g denote the induced morphism W/H — U. An L-valued point of X is inert in
if and only if it lies in U(L) \ UHgG mg(W/H(L)).

Proof. Let x denote the L-valued point. Choose a point of W above x and fix
a geometric point above it. This also defines a geometric point above x and we
have a homomorphism 7{(x) — G, where m;(x) is the absolute Galois group
of L. Let Hy denote the image of this homomorphism. Then x is inert in 7
if and only if the homomorphism is surjective, that is, Hy = G. On the other
hand, for a subgroup H C G, the point x lies in 7y (W/H (L)) if and only if
Spec L <,y W/H — Spec L has a section, which is equivalent to the condition that
some conjugate of H contains Hy. The lemma follows from these two observations.

O

For our applications, we need a stronger variant of the theorem.

Corollary 2.10. Let K be a totally real field and X an irreducible smooth separated
Ok -scheme with enough totally real curves. Let U be a nonempty open subscheme
of X. Suppose that we are given the following data:
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(1) a flat Ox-scheme Y which is generically étale over X

(i) a closed normal subgroup H C 1 (U) such that w\(U)/H contains an open
pro-£ subgroup;

(iii) a finite subset S C |X| such that S — Spec Ok is injective;
(iv) a one-dimensional subspace l; of T; X for every s € S.

Then there exist a totally real curve C with fraction field L, a morphism ¢ : C — X
with o' (U) # @ and a section o : S — C of ¢ over S such that

e o(Spec L) isinertinY — X,

o T ((,0_1 (U)) - m1(U)/H is surjective, and

o Im(75()C — T5X) = for every s € S.
Proof. As is shown in the proof of Proposition 2.17 of [Drinfeld 2012], we can
find an open normal subgroup Gy C 71 (U)/H satisfying the following property:
Every closed subgroup G C 71 (U)/H such that the map G — (m1(U)/H)/Gy is
surjective equals 71 (U)/H.

Let Y’ be the Galois covering of U corresponding to Gy. Then we can apply
Theorem 2.8 to (YUY, S, (Iy)ses) and get the desired triple (C, ¢, o). [l

We have a similar approximation theorem in the CM case. The proof uses the
Weil restriction and is essentially similar to the totally real case, although one has
to check that the conditions are preserved under the Weil restriction.

Theorem 2.11. Let F be a CM field and Z an irreducible smooth separated Of-
scheme with geometrically irreducible generic fiber. Let U be a nonempty open
subscheme of Z. Suppose that we are given the following data:

(i) a flat Op-scheme W which is generically étale over Z;

(1) a closed normal subgroup H C m1(U) such that 7\ (U)/H contains an open
pro-£ subgroup;

(iii) a finite subset S C |Z| such that S — Spec O+ is injective;
(iv) a one-dimensional subspace I of T;Z for every s € S.

Then there exist a CM curve C with fraction field L, a morphism ¢ : C — Z with
¢ '(U) # @ and a section o : S — C of ¢ over S such that

e ¢(Spec L) is inertin W — Z,
o T ((p*I(U)) — w1 (U)/H is surjective, and
o Im(75)C — T;Z) = for every s € S.

Proof. Let F be the maximally totally real subfield of F. Let w (resp. v) denote
the structure morphism Z — Spec O (resp. Z — Spec Op+). As in the proof of



192 Koji Shimizu

Corollary 2.10, we may omit the datum (ii) by replacing W by another flat, generi-
cally étale Z-scheme and prove the first and third properties of the triple (C, ¢, o).

Define Z* to be the Weil restriction Resc, /o, Z. Then we have Z* ®q¢,, O =
Z x o, c*Z, where ¢ denotes the nontrivial element of Gal(F/F™) and ¢*Z denotes
Z ®g,.c OF. It follows from the assumptions that Z™ is an irreducible smooth O+~
scheme with enough totally real curves. We will apply the theorem of Moret-Bailly
to Z* with appropriate data.

We may assume that each connected component of W is a Galois cover over
its image in Z by replacing W if necessary. Put ¥ = W x¢, ¢*W and regard it
as an Op+-scheme. Then Y — Z x¢, ¢*Z — Z* is flat and generically étale, and
therefore satisfies the same assumptions as ¥ — X in Theorem 2.8 and the second
paragraph of its proof. Hence, as in the claim on page 188, there exist a finite set

Pl S Sl Bl

for each (i, j) satisfying the following properties:

(i) For any finite extension L+ of F' and any L™ -rational point z* € Z*(L™),
zVisinertin ¥ — Z1if LT is F;;_—split and if z* lands in V;; under any
embedding LT < F. '

(ii) The v;; are different from any element of v(S).

Next take any s € §. We will choose a finite Galois extension M, of F, ) and a
Gal(M;/ FUJZS))—stable nonempty subset of Z*(M;) with respect to the M-topology.
Here we regard w(s) (resp. v(s)) as a finite place of F (resp. F*). Then M, is
Galois over ths) since w(s) lies above v(s) and [Fy) : F:Es)] is either 1 or 2.

As in the proof of Theorem 2.8, we can find a finite Galois extension M of Fy, )
with residue field k(s) and a homomorphism Oz ; — Oy, such that the image of
the differential of the corresponding morphism Spec 07, — Z at the closed point
is I;. Denote by § € Z(0y,) C Z(Mjy) the point corresponding to this morphism.

Leta: Z(Oy,) — Z(Op, /m?ws) be the reduction map, where m,,, denotes the
maximal ideal of Oy,. Define V| = a a(5)), which is a nonempty open sub-
set of Z(Mjy), and put V" = |, 0(V,), where o runs over all the elements of
Gal(Ms/Fw(s))-

Denote by ¢ a natural embedding F' < F,;) < M. We have Hompg+ (F, M) =
{t, toc} and the F*-homomorphism (¢, toc): F — M x M induces an isomorphism
M, ®p+ F = My x M, which sends a ® b to (at(b), at(c(b))). Hence we get
identifications

ZT(My) = Z(M; @+ F) = Z(M) x ¢*Z(M,).

Here Z(M;) denotes Homg, (Spec My, Z) by regarding Spec M as an F-scheme
via ¢.
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Define
Vs = VSH X C*VSN C Z(Ms) X C*Z(Ms) = Z+(Ms)-

This is a nonempty open subset of Z*(M;). Since V" is Gal(Mj/ Fyy(s))-stable and
Gal(F/F*) = {id, c}, V; is Gal(M,/F,,,)-stable.
Let voo.1, - - - » Voo,n e the real places of F™. Then for each 1 <i < n put

Veo,i = ZT(R) = Z(0)

via an isomorphism F ® p+ R = C. This is a nonempty open set.
We apply Theorem 2.1 to the quadruple

(ZEs {wijhij U {v()lses U{voo,ilis {F,LY UM U{R), {Vij} ULV} U (Vi)

and find a totally real finite extension L™ of F* and an L*-rational point zt €
Z7T(L™) satisfying the following properties:

(i) ztisinertin Y — Z7.
(ii) L™ is My-split and z* goes into V via any embedding L™ < M;.

Let L be the CM field L™ ®+ F and z € Z(L) be the L-rational point corre-
sponding to zt € ZT(L™). Then the morphism z is equal to the composite

pryo(z" ®p+ F): Spec L — Z* Qq,, O = Z x¢, ¢*Z — Z.

We can spread out z: Spec L — Z to a morphism ¢ : C — Z for some CM curve
C with fraction field L. We may assume that C contains all the points of Spec Of,
above w(S) C Spec Or. It follows from property (ii) and the definition of V that
¢ has a section o over S such that Im(7; ,)C — T;X) =, for every s € S.

It remains to prove that z = @(Spec L) is inert in W — Z. Without loss of
generality, we may assume that Wr is connected, and thus it suffices to show that
Spec L x;z W = Spec L X, z, Wr is connected. Define the schemes P and Q
such that the squares in the following diagram are Cartesian:

P 0 Spec L ——— Spec L™

l | [eor |2

WF XF C*WF — WF XF C*ZF E— ZF XF C*ZF e Z;_,_
l lPrZF
Wg ——— Zr

Since Wg xp ¢*Wp = Yp+, we have P = Spec L™ X+ 7+, Yp+. As O =
. F
Spec L x; z, Wr, we need to show that Q is connected.
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Note that Wr xr ¢*ZF is connected; this follows from the fact that ¢*ZF is
geometrically connected over F' and W is connected. Now take any connected
component T of Y+ = Wg Xp c¢*Wg. Since W xp ¢*Wrp — Wg Xp c¢*ZF is an
étale covering with connected base, T surjects onto Wy xp c¢*Zp. At the same
time, the subscheme Spec L™ x_ z+. T C P is connected because zt is inert in
Y — Z*. Since the connected scheme Spec LT x4 ZE, T surjects onto Q, the
latter is also connected. U

Remark 2.12. In Theorem 2.8, Corollary 2.10, and Theorem 2.11, we assume that
the scheme in question is smooth and separated. If S = &, then we can replace these
two assumptions by regularity. In fact, if S = &, we can replace the scheme by an
open subscheme, and thus reduce to the separated case. Moreover, the regularity
implies that the generic fiber of the scheme is smooth. So we can apply the theorem
of Moret-Bailly to our scheme. Note that the smoothness assumption was used only
when S # @ and [; is not horizontal for some s € S.

3. Proofs of Theorem 1.4 and its variants

In this section, we prove Theorem 1.4 and its variants following [Drinfeld 2012].
First we set up our notation. Fix a prime £ and a finite extension E, of Q,. Let O
be the ring of integers of E, and m its maximal ideal.

Fix a positive integer r. For a normal scheme X of finite type over Spec Z[£~'],
LSEA (X ) denotes the set of equivalence classes of lisse Ej-sheaves on X of rank r,
and LS *(X) denotes the set of maps from the set of closed points of X to the set
of polynomials of the form 1 4 ¢jt + --- + ¢t with ¢; € O and ¢, € 0*. Here
we say that two lisse E)-sheaves on X are equivalent if they have isomorphic
semisimplifications. Since the coefficient field E) is fixed throughout this section,
we simply write LS, (X) or LSr (X).

For an element f € L\S,(X), we denote by fy () or f(x)(¢) the value of f at
x € X; this is a polynomial in ¢. By the Chebotarev density theorem, we can regard
LS, (X) as a subset of LS (X) by attaching to each equivalence class its Frobenius
characteristic polynomlals For another scheme Y and a morphism «: ¥ — X, we
have a canonical map o* LS (X)— LS (Y) whose restriction to LS, (X) coincides
with the pullback map of sheaves LS, (X) — LS, (Y). We also denote a*(f) by f|y.

Let C be a separated smooth curve over a finite field and C the smooth com-
pactification of C. We define LS™™°(C) to be the subset of LS, (C) consisting of
equivalence classes of lisse E,-sheaves on C which are tamely ramified at each
point of C \ C. This condition does not depend on the choice of a lisse sheaf
in the equivalence class. Let ¢ be a morphism C — X and f € L\S, (X). When
©*(f) € LS,(C) (resp. ¢*(f) € LS®™(C)), we simply say that f arises from a
lisse sheaf (resp. a tame lisse sheaf) over the curve C.
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To show Theorem 2.5 of [Drinfeld 2012], which is a prototype of Theorem 1.4,
Drinfeld considers a subset LS, (X) of I:S,(X ) which contains LS, (X) and is
characterized by a group-theoretic property. He then proves the following three
statements for f € I’Er (X), which imply Theorem 2.5 of [Drinfeld 2012].

o If the map f satisfies two conditions® similar to those in Theorem 1.4, then
flu € LS’,(U ) for some dense open subscheme U C X.

o If U is regular, then LS, (U) = LS, (U). In particular, the restriction f|y €
LS/r(U ) arises from a lisse sheaf.

o If f|y arises from a lisse sheaf, then so does f under the assumptions that X
is regular and that f|c arises from a lisse sheaf for every regular curve C.

Following Drinfeld, we will introduce the group-theoretic notion of “having
a kernel” and prove similar statements: Propositions 3.4, 3.10, and 3.11. Then
Theorem 1.4 and its variants will be deduced from them at the end of the section.

Definition 3.1. Let X be a scheme of finite type over Z[¢ N and f € L\ér (X). For
a nonzero ideal I C O, the map f is said to be trivial modulo I if it has the value
congruent to (1 —#)" modulo [ at every closed point of X.

When X is connected, the map f is said to have a kernel if there exists a closed
normal subgroup H C 71 (X) satisfying the following conditions:

(1) m1(X)/H contains an open pro-£ subgroup.

(i1) For every n € N, there exists an open subgroup H, C m;(X) containing H
such that the pullback of f to X, is trivial modulo m”. Here X, denotes the
covering of X corresponding to H,.

When X is disconnected, the map f is said to have a kernel if the restriction of f
to each connected component of X has a kernel.

Remark 3.2. If f arises from a lisse sheaf on X, it has a kernel. To see this, we
may assume that X is connected. Then the kernel of the E,-representation of 71 (X)
corresponding to the lisse sheaf satisfies the conditions.

Remark 3.3. The set LS (X) defined by Drinfeld [2012, Definition 2.11] consists
of the maps f which have a kernel and arise from a lisse sheaf over every regular
curve.

Proposition 3.4. Let K be a totally real field. Let X be an irreducible regular
Ok [£~']-scheme with enough totally real curves and f € LS,(X). Assume that

(1) f arises from a lisse sheaf over every totally real curve, and

20ne needs a tameness assumption in the second condition (it is identical to condition (ii) of
Proposition 3.4).
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(ii) there exists a dominant étale morphism X' — X such that the pullback f|x
arises from a tame lisse sheaf over every separated smooth curve over a finite
field.

Then there exists a dense open subscheme U C X such that f|y has a kernel.

We will first show two lemmas and then prove Proposition 3.4 by induction on
the dimension of X. For this we use elementary fibrations, which we recall now.

Definition 3.5. A morphism of schemes 77 : X — S is called an elementary fibration
if there exist an S-scheme 7 : X — S and a factorization X — X &> § of 7 such
that

(i) the morphism X — X is an open immersion and X is fiberwise dense in
7: X — S,

(ii) 7 is a smooth and projective morphism whose geometric fibers are nonempty
irreducible curves, and

(iii) the reduced closed subscheme X \ X is finite and étale over S.

The next lemma, which is due to Drinfeld and Wiesend, is a key to our induction
argument in the proof of Proposition 3.4.

Lemma 3.6. Let X be a scheme of finite type over Z[£ '] and f € LS, (X). Suppose
that X admits an elementary fibration X — S with a section o : S — X. Assume
that

(i) f arises from a tame lisse sheaf over every fiber of X — S, and

(ii) there exists a dense open subscheme V C S such that o*(f)|y has a kernel.
Then there exists a dense open subscheme U C X such that f|y has a kernel.

Proof. This is shown in the latter part of the proof of Lemma 3.1 of [Drinfeld 2012].
For the reader’s convenience, we summarize the proof below.

We may assume that X is connected and normal, and that V = S. Foreveryn e N,
consider the functor which attaches to an S-scheme S’ the set of isomorphism classes
of GL,(0/m")-torsors on X xg S’ tamely ramified along (X \ X) xg S’ relative to S’
with trivialization over the section S’ <> X xgS’. Then this functor is representable
by an étale scheme 7}, of finite type over S and the morphism 7, — T}, is finite
for each n. By shrinking S, we may assume that the morphism 7;, — § is finite for
each n. We will prove that f has a kernel in this situation.

Since o *( f) has a kernel by assumption (ii), there exist connected étale coverings
S, of S such that

e the pullback of o*(f) to S, is trivial modulo m”, and
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« for some (or any) geometric point s of S, the quotient of the group (S, 5) by
the intersection of the kernels of its actions on the fibers (S,);, where n runs
in N, contains an open pro-£ subgroup.

Let ¥, be the universal tame GL, (0/m")-torsor over X xgs T,,. Define the X-
scheme Y, to be the Weil restriction Resy,7,/x ¥, and let X,, denote Y, xg S,.
We thus have a diagram whose squares are Cartesian

Xp — X x5S —— Sn

| |7

Y, X S

and regard X, as an étale covering of X. Here the morphism S, — X is the
composite of S, — S and the sectiono: § — X.
It suffices to prove the following two assertions:

(a) The pullback of f to X, is trivial modulo m”.

(b) For some (or any) geometric point x of X, the quotient of the group 7| (X, x)
by the intersection of the kernels of its actions on the fibers (X,)z, where n
runs in N, contains an open pro-£ subgroup.

In fact, if we take a Galois covering X, of X splitting the (possibly disconnected)
covering X, the corresponding subgroup H, := 7 (X,,x) C m1(X, x) and the
intersection H := (), H, satisfy the conditions for the map f to have a kernel.

First we prove assertion (a). Take an arbitrary closed point x € X,,. Lets € S
denote the image of x and choose a geometric point § above s € S. By assumption (i),
the restriction f |y, arises from a lisse E;-sheaf of rank r. Let & be a locally constant
constructible sheaf of free (0/m™)-modules of rank r obtaining from the above lisse
sheaf modulo m”.

Consider the X;-scheme (Y,,);. The scheme (X xg T,,);5 is the disjoint union
of copies of X3, and (%,); is a disjoint union of the GL, (0/m")-torsors, each of
which lies above a copy of X; in (X xg 7;)5. Since the Weil restriction and the
base change commute, (Y,,); is the fiber product of the tame GL, (0/m™)-torsors
over X;. Hence &|(y,); is constant, and so is &|x, ;.

Now let s” € S, be the image of x. By the choice of S,,, we have

(@ (DI, (sH@®) =1 —1)" mod m”".
Since we have shown that &|(x,). is constant, it follows that
flx, ®)@®=0—-1" mod m".

Finally, we prove assertion (b). Let n be the generic point of S. Choose a
geometric point ) above 1 € § and let x denote the geometric point above o (n)
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induced from 7. Let H be the intersection of the kernels of actions of 7y (X, x) on
the fibers (X,)x, where n runs in N. We need to show that 71 (X, x)/H contains
an open pro-£ subgroup.

Using the fact that the tame fundamental group 7;*™(Xj, x) is topologically
finitely generated, one can prove that the quotient of the group 71 (X, x) by the
intersection Hy of the kernels of its actions on the fibers (¥,);z, n € N contains
an open pro-£ subgroup (see the last part of the proof of Lemma 3.1 in [Drinfeld
2012)).

Let H g be the intersection of the kernels of actions of (S, 1) on the fibers
(Sn)7, where n runs in N, and let Hg be the inverse image of H _; with respect to the
homomorphism 71 (X, x) — 71(S, ). By the choice of §,, the group (S, ﬁ)/Hg
contains an open pro-£ subgroup. Since we have a surjection

m(X, x)/(Hy N Hs) — mi(X, x)/H

and an injection
mi (X, X)/(Hy N Hg) — mi(X, X)/Hy x 71 (S, i)/ Hg,
the group 71 (X, x)/H also contains an open pro-£ subgroup. (]

To use the above lemma, we show that there exists a chain of split fibrations
ending with a totally real curve.

Definition 3.7. A sequence of schemes X,, - X,,_; — --- — X is called a chain
of split fibrations if the morphism X;; — X; is an elementary fibration which
admits a section X; — X;y| foreachi=1,...,n—1.

Lemma 3.8. Let K be a totally real field and X an n-dimensional irreducible
regular Ok -scheme with enough totally real curves. Then there exist an étale X-
scheme X, a totally real curve X and a chain of split fibrations X,, — --- — X7.

Proof. We prove the lemma by induction on n = dim X. When dim X = 1, the
lemma holds by assumption. Thus we assume dim X > 2.

By induction on dim X, it suffices to prove that after replacing K by a totally
real field extension and X by a nonempty étale X-scheme, there exist an irreducible
regular Og-scheme S with enough totally real curves and an elementary fibration
X — § with a section § — X.

It follows from Lemma 2.3(i) that there exists a totally real extension L of K
such that Xg (L) # &. Replacing K by L and X by a nonempty open subscheme
of X ®¢, Op that is étale over X, we may further assume that the generic fiber
Xk — Spec K has a section x: Spec K — Xg. We also denote the image of x in
X K by X.

If dim X = 2, then X is a smooth and geometrically connected curve over K.
Take the smooth compactification Xx of Xk over K. Then the structure morphism
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Xk — Spec K has the factorization Xg C Xx — Spec K and thus it is an elementary
fibration with a section x. After shrinking X, we can spread it out into an elementary
fibration X — § over an open subscheme S of Spec Og such that it admits a section
S — X.

Now assume dim X > 3. We apply Artin’s theorem on elementary fibration
[SGA 45 1973, Exposé XI, proposition 3.3] to the pair (Xg, x), and by shrinking X if
necessary we get an elementary fibration 7 : Xx — Sk over K with a geometrically
irreducible smooth K-scheme Sx. Note that this theorem holds if the base field is
perfect and infinite.

Since Xk is smooth over Sk, there exist an open neighborhood Vxk of x in Xk and
an étale morphism «: Vg — A_lg such that 7|y, : Vg — Sk admits a factorization

VK ﬂ) Agk — SK.

Take a section 7: Sx — Al of the projection such that «(x) lies in t(Sk).

Consider the Connected Component Sk of Sgx. AL Vk that contains the K-
rational point (;r (x), x). This is étale over S x and satlsﬁes Sk (K) # @. Moreover,
Sy is geometrically integral over K since it is a connected regular K-scheme
containing a K-rational point.

We replace Sk by S and Xk by Xk x5, S%. By this replacement, the elementary
fibration 7 : Xx — Sk admits a section and Sx (K) # &. After shrinking X, we
can spread it out into an elementary fibration X — S with a section S — X,
where § is an irreducible regular scheme which is flat and of finite type over Ok
with geometrically irreducible generic fiber and contains a K-rational point. The
existence of a K-rational point implies that S has enough totally real curves. [J

Proof of Proposition 3.4. First note that if o™ ( f)|y~ has a kernel for a nonempty étale
X-scheme o: X” — X and a dense open subscheme U” C X", then so does f'|q ).

Let n denote the dimension of X. Replacing X by the image of X' — X, we
may assume that X’ — X is surjective.

Take a chain of split fibrations X,, - X,_; — --- — X with a totally real
curve X; as in Lemma 3.8. We regard X; as an X-scheme via X,, — X and
the sections X; — X, ;. Put X/1 = X’ xx X;. This is a nonempty scheme. For
i=2,...,nweput X; =X; xx, X| via the morphism X; — X,_; — --- — X|.
Then X;, — X, | — --- — X| is a chain of split fibrations.

Since f|x, liesin LS, (X1) by assumption (i), we have f|x’, =(fx,) |x/1 eLS, (X’l).
Then we get the result for (X}, f| x;) by Lemma 3.6. Repeating this argument
for the chain of split fibrations X, — --- — X} we get the result for (X, f|x/).
Applying the remark at the beginning to the morphism X/, — X, we get the result
for (X, f). [l
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For the later use, we prove variants of Lemma 3.8. The proof given below is
similar to that of Lemma 3.8, but instead of Lemma 2.3 we will use Corollary 2.10
and Theorem 2.11.

Lemma 3.9. (i) (With notation as in Lemma 3.8). Suppose that we are given a
connected étale covering Y — X. Then there exist an étale X-scheme X, a
totally real curve X1, and a chain of split fibrations X,, — - -- — X such that
X1 xXx Y is connected. Here X| — X is the composite of sections X1 — X;
and X,, — X.

(i1) Let F be a CM field and Z an n-dimensional irreducible regular Or-scheme
with geometrically irreducible generic fiber. Let Y — Z be a connected étale
covering. Then there exist an étale Z-scheme Z,, a CM curve Z,, and a chain
of split fibrations Z, — --- — Zy such that Zy xz Y is connected. Here
Z — Z is the composite of sections Z;y| — Z; and Z, — Z.

Proof. First we prove (i) by induction on » = dim X. Since the claim is obvious
when dim X = 1, we assume dim X > 2.

By induction on dim X, it suffices to prove that after replacing K by a totally
real field extension, X by a nonempty étale X-scheme, and the covering ¥ — X by
its pullback, there exist an irreducible regular Og -scheme S with enough totally real
curves and an elementary fibration X — § with a section § — X such that S xx Y
is connected. The construction of such an S will be the same as that of Lemma 3.8.

It follows from Corollary 2.10 and Remark 2.12 that there exist a totally real
extension L of K and an L-rational point x € X(L) such that Spec L X, x Y is
connected. Note that ¥ ®g, Oz, is connected because

Y Qo O — X Q¢ Or
is an étale covering with connected base and
Spec L X, (x@q, 61) (Y @0, O) =Spec L X, x Y

is connected. Thus replacing K by L, X by a nonempty open subscheme of X ®¢, Or,
that is étale over X, and Y by its pullback, we may further assume that the generic
fiber Xy — Spec K has a section x: Spec K — Xk such that Spec K x, x Y is
connected. We also denote the image of x in Xk by x.

If dim X = 2, the morphism Xx — Spec K is an elementary fibration with a
section x. After shrinking X, we can spread it out into an elementary fibration
X — S over an open subscheme S of Spec Ok such that it admits a section S — X.
By construction, S xx Y is connected.

Now assume dim X > 3. We apply Artin’s theorem on elementary fibration to
the pair (Xk, x), and by shrinking X if necessary we get an elementary fibration
m: Xg — Sk over K with a geometrically irreducible smooth K-scheme Sk.
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By smoothness, there exist an open neighborhood Vg of x in Xg and an étale
morphism «: Vg — A}q such that |y, : Vk — Sk admits a factorization

Vk = A} — Sk.

Take a section 7: Sx — A; of the projection such that «(x) lies in T(Sk).
Consider the connected component S/ of Sgx, AL Vk that contains the K-
rational point (7 (x), x). As was shown in Lemma 3. 8 S is étale over S and
geometrically integral over K, and S (K) # @.
The section 7 defines the morphism Sy — Xg x5, S} — Xg. The composite
of this morphism and ((x), x): Spec K — S} coincides with x: Spec K — Xk.
Since S% xx ¥ — S is an étale covering with connected base and

Spec K X(ﬂ(x)’x)’g}( (Sk Xx Y) = Spec K Xx,X Y

is connected, it follows that S;< Xx Y 1s connected.

We replace Sk by Sk, Xk by Xk Xxs, Sy and Yk by Yg x5, Si. By this
replacement, the elementary fibration 7 : Xx — Sk admits a section such that
Sk (K) # @ and Sk xx, Yk is connected. As is discussed in the last paragraph
of the proof of Lemma 3.8, after shrinking X, we can spread out Xy — Sk and
Yx — Sk into an elementary fibration X — S with a section S — X and a covering
Y — X, where S is an irreducible regular Ox-scheme with enough totally real
curves. Since S Xy Y is connected by construction, this S works.

For part (ii), it is easy to verify that the same argument works if we apply
Theorem 2.11 instead of Corollary 2.10. (Il

Next we show that if f has a kernel and arises from a lisse sheaf over every
totally real curve then it actually arises from a lisse sheaf.

Proposition 3.10. Ler K be a totally real field and X an irreducible smooth sepa-
rated Ok [£~']-scheme with enough totally real curves. Suppose that f € LS, (X)
satisfies the following conditions:

(1) f arises from a lisse sheaf over every totally real curve.

(i1) f has a kernel.
Then f € LS, (X).

Proof. We follow Section 4 of [Drinfeld 2012]. Since f has a kernel, we take a
closed subgroup H of 7 (X) as in the definition of having a kernel. In particular,
m1(X)/H contains an open pro-£ subgroup.

By Corollary 2.10, there exists a totally real curve C with a morphism¢: C — X
such that ¢, : 71 (C) — m(X)/H is surjective. By assumption (i), for any such pair
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(C, @), the pullback ¢*(f) arises from a semisimple representation p: 71(C) —
GL, (E,). Define

Hq := Ker((p*: 7 (C) —> ﬂl(X)/H).

Then condition (ii) in the definition of having a kernel (Definition 3.1), together
with the Chebotarev density theorem, shows that Ker p contains Hc¢. See [Drinfeld
2012, Lemma 4.1] for details. Thus we regard p, as a representation

pc: mi(X) = m(X)/H — GL,(E})

of 71 (X). Note that p¢|,,  gives the original representation of 71 (C).
We will show that the lisse sheaf on X corresponding to this representation
gives f. For this, we need to show that

det(1 — tp. (Froby)) = f (1)

for all closed points x € X. We know that this equality holds for each closed point
x € ¢(C) such that ¢~!(x) contains a point whose residue field is equal to k(x).

Take any closed point x € X. We will first construct a curve C’ passing through x
and some finitely many points on C specified below. We will then construct a lisse
sheaf on C” whose Frobenius polynomial at x is f,(#), and prove that the lisse sheaf
on C’ extends over X and the corresponding representation of 7;(X) coincides
with p..

We use a lemma by Faltings; define Tj to be the set of closed points of C which
have the same image in Spec Ox as that of x. By the theorem of Hermite, the
Chebotarev density theorem, and the Brauer—Nesbitt theorem, there exists a finite
set T C |C|\ Ty satisfying the following properties:

(i) T — Spec Ok is injective.

(i1) For any semisimple representations p1, p2: 71 (C) — GL,(E)), the equality
tr o1 (Froby) = tr p»(Frob,) for all y € T implies p; = p;.

See [Faltings 1983, Satz 5] or [Deligne 1985, théoréme 3.1] for details.

By Corollary 2.10 applied to S = ¢(T) U {x}, there exists a totally real curve
C’ with a morphism ¢': C’ — X such that the map ¢,: 7(C") — 71 (X)/H
is surjective and for each y € ¢(T) U {x} there exists a point in ¢'~!(y) whose
residue field is equal to k(y). As discussed before, this pair (C’, ¢) also defines a
semisimple representation

pc: m(X) = m(X)/H — GL,(E))

such that det(1 — zoc/(Froby)) = f,(z) for each y € ¢(T) U {x}. Note that the
surjectivity of ¢, implies that pc|r,(c) 1S semisimple.



Existence of compatible systems of lisse sheaves on arithmetic schemes 203

It follows from property (ii) of T" that pc|, ) and pc’l,, ) are isomorphic as
representations of 771 (C). Since the map ¢, : 7, (C) — m1(X)/H is surjective, we
have p- = pc’ as representations of 771 (X)/H and thus they are also isomorphic as
representations of 71 (X). In particular, we have

det(1 — tp. (Froby)) = det(1 — tpc (Froby)) = fi(2).
Hence f comes from the lisse sheaf on X corresponding to o. (]

We now prove the last proposition of our three key ingredients for Theorem 1.4.
This concerns extendability of a lisse sheaf on a dense open subset to the whole
scheme. In the proof we use the Zariski—Nagata purity theorem; thus the regularity
assumption for X is crucial. We further need to assume that X is smooth as we use
Corollary 2.10 to find a totally real curve passing through a given point in a given
tangent direction.

Proposition 3.11. Let K be a totally real field and X an irreducible smooth sepa-
rated Ok [£~']-scheme with enough totally real curves. Suppose that f € LS, (X)
satisfies the following conditions:

(1) f arises from a lisse sheaf over every totally real curve.
(i) There exists a dense open subscheme U C X such that f|y € LS, (U).
Then f € LS, (X).

Proof. We follow Section 5.2 of [Drinfeld 2012]. Let €y be the semisimple lisse
E,-sheaf on U corresponding to f|y. First we show that €y extends to a lisse
E;-sheaf on X.

Suppose the contrary. Since X is regular, the Zariski—-Nagata purity theorem
implies that there exists an irreducible divisor D of X contained in X \ U such
that €y is ramified along D. Then by a specialization argument [Drinfeld 2012,
Corollary 5.2], we can find a closed point x € X \ U and a one-dimensional subspace
I C T, X satisfying the following property:

(x) Consider a triple (C, ¢, ¢) consisting of a regular curve C, a closed point
¢ € C, and a morphism ¢: C — X such that ¢(c) = x, ¢~ '(U) # @, and
Im(7.C — T X Qj(x) k(c)) = Qk(x) k(c). For any such triple, the pullback
of €y to ¢~ (U) is ramified at c.

Let H be the kernel of the representation p,; : 71(U) — GL,(E}) corresponding
to €y. The group 7 (U)/H = Im p,; contains an open pro-£ subgroup because
Im p;; is a compact open subgroup of GL, (E;). Therefore by Corollary 2.10 we
can find a totally real curve C, a closed point ¢ € C, and a morphism ¢: C — X
such that

e ¢(c) =x and k(c) = k(x),
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e o N (U) # @ and ¢, m1(p~ ' (U)) — m1(U)/H is surjective, and
o Im(7T.C - T, X) =1.

Since ¢, : Ty ((,0_1 (U)) — m(U)/H is surjective, the pullback of €y to (p_l )
is semisimple. Thus this lisse Ej-sheaf has no ramification at ¢ by assumption (i),
which contradicts property (x). Hence €y extends to a lisse E;-sheaf € on X.

Let f’ be the element of LS, (X) corresponding to €. We know f|y = f'|u.
Take any closed point x € X. It suffices to show that f(x) = f’(x). We can find a
totally real curve C’, a closed point ¢ € C’, and a morphism ¢’: C’ — X such that
@' (c") =x, k(c¢") = k(x), and ¢'~'(U) # @. Then

(p/*(f)l(p”l([]) = (f|U)|(p’*1(U) = (f/|U)|¢;’*1(U) = (p/*(f/)l(p”l((])'

Since ¢'~!(U) # @, the homomorphism 71 (¢'~!(U)) — 71(C’) is surjective and
thus o™ (f) = ™ (f"). In particular, f(x) =" (f)(c) =™ (f)() = f'(x). O
Proof of Theorem 1.4. First note that a polynomial-valued map f of degree r in the
theorem lies in I:gr (X). One direction of the equivalence is obvious, and thus it
suffices to prove that if f satisfies conditions (i) and (ii), then f lies in LS, (X).

First assume that X is separated. Let k; be the residue field of E; and N be the
cardinality of GL,(k;). Put X' := X ®7 ZIN~']. Then X’ — X is a dominant étale
morphism and satisfies the following property:

The pullback f|xs arises from a tame lisse sheaf over every separated
smooth curve over a finite field.

Thus by Proposition 3.4, there exists an open dense subscheme U of X such that
flu has a kernel. Therefore f|y lies in LS, (U) by Proposition 3.10 and we have
f € LS, (X) by Proposition 3.11.

In the general case, we consider a covering X = J; U; by open separated
subschemes. Then we can apply the above discussion to each f|y, and obtain a
lisse Ej-sheaf €; on U; that represents f|y,. Since U; is normal, we can replace é;
by its semisimplification and assume that each é; is semisimple.

Put U = ("), U;. This is nonempty, and the restrictions €;|y are isomorphic to
each other. Thus {§;}; glues to a lisse E-sheaf on X and this sheaf represents f. [J

We end this section with variants of Theorem 1.4. Condition (i) in Theorem 3.12
or Remark 3.13 is weaker than that of Theorem 1.4 since they concern only totally
real curves with additional properties. This weaker condition is essential to use the
result of [Barnet-Lamb et al. 2014] in the proof of our main theorems in the next
section. Theorem 3.14 is a variant in the CM case.

Theorem 3.12. Let K be a totally real field. Let X be an irreducible smooth
Ok [£~"1-scheme with enough totally real curves. An element f € LS, (X) belongs
to LS, (X) if and only if it satisfies the following conditions:
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(1) There exists a connected étale covering Y — X such that f arises from a
lisse sheaf over every totally real curve C with the property that C xx Y is
connected.

(ii) The restriction of f to each separated smooth curve over a finite field arises
from a lisse sheaf.

Proof. Recall that Theorem 1.4 is deduced from Propositions 3.4, 3.10, and 3.11 and
that these propositions have the same condition (i) that f arises from a lisse sheaf
over every totally real curve. Consider the variant statements of Propositions 3.4,
3.10, and 3.11 where we replace condition (i) by

(i") f arises from a lisse sheaf over every totally real curve C such that C xx Y is
connected.

It suffices to prove that these variants also hold; then the theorem is deduced from
them in the same way as Theorem 1.4.

The variant of Proposition 3.4 is proved in the same way as Proposition 3.4 if
one uses Lemma 3.9(i) instead of Lemma 3.8. For the variants of Propositions 3.10
and 3.11, the same proof works; observe that whenever one uses Corollary 2.10 in
the proof to find a totally real curve C, one can impose the additional condition that
C xx Y is connected by adding the covering ¥ — X to the input of Corollary 2.10.

O

Remark 3.13. We need another variant of Theorem 1.4 to prove Theorem 1.3:
With the notation as in Theorem 3.12, suppose further that
e K is unramified at £, and
» X extends to an irreducible smooth Ok -scheme X’ with nonempty fiber over
each place of K above £.
Then condition (i) in Theorem 3.12 can be replaced by
(i") There exists a connected étale covering ¥ — X such that f arises from a lisse
sheaf over every totally real curve C with the properties that
e C xx Y is connected and that

o the fraction field of C is unramified at £.

This statement is proved in the same way as Theorem 3.12; it suffices to prove
variants of Propositions 3.4, 3.10, and 3.11 where condition (i) in these propositions
is replaced by the following condition:

The map f arises from a lisse sheaf over every totally real curve C such that
C xx Y is connected and the fraction field of C is unramified at £.
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For the proof of the variant of Proposition 3.4, we also need to consider the
variant of Lemma 3.9(i) where we further require that the fraction field of X, is
unramified at £.

We now explain how to prove the variants of Lemma 3.9(i) and Propositions 3.4,
3.10, and 3.11. By the additional condition on X, for each place v of K above ¢,
there exist a finite unramified extension L of K, and a morphism Spec O, — X'.
We denote the image of the closed point of Spec Or by s,. Since L is unramified
over K,, we can find a horizontal one-dimensional subspace [, of T, X" with respect
to X’ — Spec Ok .

If we add {s,},¢ and [, to the input when we use Corollary 2.10, the fraction
field of the resulting totally real curve is unramified over K at each v, hence
unramified at £. Thus we can prove the variant of Lemma 3.9(i) in the same way
as Lemma 3.9(i), and the arguments given in Theorem 3.12 work for the current
variants of Propositions 3.4, 3.10, and 3.11. Hence the statement of this remark
follows.

Theorem 3.14. Let F be a CM field. Let Z be an irreducible smooth Op [¢—11-
scheme with geometrically irreducible generic fiber. An element f € LS,(Z)
belongs to LS, (Z) if and only if it satisfies the following conditions:

(1) There exists a connected étale covering Y — Z such that f arises from a lisse
sheaf over every CM curve C with the property that C X z Y is connected.

(i1) The restriction of f to each separated smooth curve over a finite field arises
from a lisse sheaf.

Proof. We can prove variants of Propositions 3.4, 3.10, and 3.11 for the CM case
using Theorem 2.11 and Lemma 3.9(ii). Then the theorem is deduced from them in
the same way as Theorems 1.4 and 3.12. (]

4. Proofs of the main theorems

In this section, we prove theorems on the existence of the compatible system of a
lisse sheaf. Theorem 4.1 concerns the totally real case and Theorem 4.2 concerns the
CM case. Theorem 1.3 in the introduction is proved after Theorem 4.1. Following
the discussion in [Drinfeld 2012, Section 2.3], we deduce these main theorems from
Theorems 3.12, 3.14, and theorems in [Lafforgue 2002; Barnet-Lamb et al. 2014].

As we mentioned in the introduction, some of the assumptions in the main
theorems come from the potential diagonalizability condition, which is introduced
in [Barnet-Lamb et al. 2014, Section 1.4]. We first review this notion; see [loc. cit.]
for details.

Let L be a finite extension of Qy. Let E; be a finite extension of Q,. We say that
an E;-representation p of Gal(L/L) is potentially diagonalizable if it is potentially
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crystalline and there is a finite extension L’ of L such that p|g, ./ lies on the
same irreducible component of the universal crystalline lifting ring of the residual
representation p|g,z,.- With fixed Hodge—Tate numbers as a sum of characters
lifting 5|Gal(Z/L/)-

There are two important examples of this notion (see [Barnet-Lamb et al. 2014,
Lemma 1.4.3]): Ordinary representations are potentially diagonalizable. When L is
unramified over Q, a crystalline representation is potentially diagonalizable if for
each 7: L — E, the t-Hodge—Tate numbers lie in the range [a., a; + ¢ — 2] for
some integer a-.

We first prove our main theorem for the totally real case.

Theorem 4.1. Let £ be a rational prime. Let K be a totally real field and X an
irreducible smooth Ok [£~']-scheme with enough totally real curves. Let E be a
finite extension of Q and \ a prime of E above £. Let € be a lisse E,-sheaf on
X and p the corresponding representation of w1(X). Suppose that € satisfies the
following assumptions:

(1) The polynomial det(1 — Frob, t, €;) has coefficients in E for every x € | X|.

(ii) For every totally real field L and every morphism a: Spec L — X, the E,-
representation o* p of Gal(L/L) is potentially diagonalizable at each prime v
of L above € and for each T: L < E; it has distinct T-Hodge—Tate numbers.

(iii) p can be equipped with a symplectic (resp. orthogonal) structure with multi-
plier 2 (X)) — E, such that p|x,(x,) admits a factorization

(il xy - T1(Xg) — Gal(K/K) 25 EX

with a totally odd (resp. totally even) character .
(iv) The residual representation p|x, (x|¢,)) is absolutely irreducible.

(v) £ >2(rank€ + 1).

Then for each rational prime €' and each prime )" of E above U’ there exists a lisse
E-sheaf on X[€'~'] which is compatible with Elxpe1)-

Proof. Replacing X by X[¢/~'], we may assume that ¢’ is invertible in Ox. Let r be
the rank of €. Take an arbitrary extension M of E,/ of degree r!. By assumption (i),
we regard the map f: x — det(1 — Frob, ¢, €;) as an element of IE, (X) via the
embedding E — E, — M.

We will apply Theorem 3.12 to f € Ijéiw (X). Here we use the prime ¢’ and the
field M (we used £ and E; in Section 3).

First we show that the map f satisfies condition (i) in Theorem 3.12. Let Y be
the connected étale covering ¥ — X[¢,] that corresponds to Ker oz, x[¢,).- We
regard Y as a connected étale covering over X via ¥ — X[¢{] — X. We will prove
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that this ¥ — X satisfies condition (i). Take any totally real curve ¢ : C — X such
that C xx Y is connected.

To show that ¢*( f) arises from a lisse M-sheaf on C, it suffices to prove that
there exists a lisse E;/-sheaf on C which is compatible with ¢*&; this follows
from [Drinfeld 2012, Lemma 2.7]. Namely, let ,o’c : 11(C) = GL,(E;/) denote the
semisimplification of the corresponding E; -representation. Since

det(1 — 1pg-(Froby)) = fi(t) € Ey[1]

for every closed point x € C, the character of p[. is defined over E;/ by the
Chebotarev density theorem. It follows from [M : Ej,/] = r! that the Brauer
obstruction of ,o’c in the Brauer group Br(E)’) vanishes in Br(M) and ,o’c can
be defined over M. This means ¢*(f) € LSf/I ©).

We will construct a lisse E-sheaf on C which is compatible with ¢*€. For this
we will apply Theorem C from [Barnet-Lamb et al. 2014] to the E;-representation
@j p of Gal(L/L), where L denotes the fraction field of C and ¢; : Spec L — X
denotes ¢|spec 1

We need to see that the Galois representation ¢; p satisfies the assumptions in
Theorem C. By assumptions (ii) and (v) it remains to check that

(a) ¢y p can be equipped with a symplectic (resp. orthogonal) structure with totally
odd (resp. totally even) multiplier, and

(b) the residual representation (¢} ,6)|Gal( L/L() is absolutely irreducible.

Assumption (a) follows from assumption (iii). To see (b), recall that C xx Y is
connected. Hence C xx X[¢¢] is connected with fraction field L (&), and C xx Y —
C xx X[¢¢] is a connected étale covering. It follows from the definition of Y
that Im((pzﬁ)|Gal([/L(Q)) coincides with Im p|, (x[¢,), and thus (§0z/3)|Gal(Z/L(g))
is absolutely irreducible by assumption (iv).

Hence by [Barnet-Lamb et al. 2014, Theorem C] we obtain an E ) -representation
of Gal(L/L). The proof of the theorem, which uses potential automorphy and
Brauer’s theorem, shows that this representation is unramified at each closed point
of C, and thus it gives rise to a lisse E;/-sheaf on C which is compatible with ¢*€.
Hence f satisfies condition (i) in Theorem 3.12.

Next we show that f satisfies condition (ii) in Theorem 3.12. Let C be a separated
smooth curve over [, for some prime p and denote the structure morphism C —
SpecF, by . Let ¢: C — X be a morphism. Note that p is different from £ and ¢'.

We write the semisimplification of ¢*¢€ as €D, %l@r" , where €; are distinct irre-
ducible lisse E,-sheaves on C. Then there exist an irreducible lisse E,-sheaf F;
on C and a lisse E;-sheaf ¢; of rank 1 on Spec [, such that &; has determinant of
finite order and €; = ¥; ® a™¥; (see [Deligne 1980, Section 1.3] or [Deligne 2012,
Section 0.4], for example).
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By théorem VII.6 of [Lafforgue 2002], for each closed point x € C, the roots of
det(1 — Frob, t, %; 3) are algebraic numbers that are A’-adic units. Moreover, there
exists an irreducible lisse E;/-sheaf % on C which is compatible with ;.

We will show that there exists a lisse E,/-sheaf 9. on Spec[F, which is com-
patible with %;. Note that the lisse E;-sheaf %; is determined by the value of the
corresponding character of Gal(F »/Fp) at the geometric Frobenius. Denote this
value by B; € E . It suffices to prove that f; is an algebraic number that is a
A/-adic unit. Since the roots of det(1 — Frob, ¢, €z) and det(1 — Frob, ¢, %, ;) are
all algebraic numbers, so is §;.

We prove that B; is a A’-adic unit. To see this, take a closed point x of C. Then
by Corollary 2.10 we can find a totally real curve C’ and a morphism ¢’': C" — X
such that ¢ (x) € ¢'(C") and C’ xx Y is connected. As discussed before, Theorem C
of [Barnet-Lamb et al. 2014] implies that there exists a lisse E;/-sheaf on C’ whose
Frobenius characteristic polynomial map is ¢"*(f). Thus for each closed point y € C’
the roots of ¢™*(f)(y) are algebraic numbers that are A’-adic units. Considering a
point y € ¢'~!(¢(x)), we conclude that some power of f; is a A’-adic unit and thus so
is B;. Hence there exists a lisse E,/-sheaf ‘§: on Spec [, which is compatible with ;.

The Frobenius characteristic polynomial map associated with the semisimple
lisse E, -sheaf D, (F, ® a*6))®" is *(f). As discussed before, this sheaf can be
defined over M. Thus f satisfies condition (ii) in Theorem 3.12.

Therefore by Theorem 3.12 there exists a lisse M-sheaf on X which is compatible
with €. O

Proof of Theorem 1.3. All the discussions in the proof of Theorem 4.1 also work in
this setting by using Remark 3.13 instead of Theorem 3.12. (Il

We also have a theorem for the CM case.

Theorem 4.2. Let £ be a rational prime, E a finite extension of Q, and A a prime of
E above L. Let F be a CM field with &y € F and Z an irreducible smooth Of [¢—11-
scheme with geometrically irreducible generic fiber. Let € be a lisse E,-sheaf on
X and p the corresponding representation of wi(Z). Suppose that € satisfies the
following assumptions:

(1) The polynomial det(1 — Frob, t, €;) has coefficients in E for every x € | X|.
(i) For any CM field L with {; ¢ L and any morphism «: Spec L — Z, the
E;-representation o* p of Gal(L /L) satisfies the following two conditions:

(a) a*p is potentially diagonalizable at each prime v of L above £ and for
each t: L — E, it has distinct T-Hodge—Tate numbers.

(b) a*p is totally odd and polarizable (in the sense of [Barnet-Lamb et al.
2014, Section 2.1]).

(iii) The residual representation p|z,(z(z,) IS absolutely irreducible.
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(iv) £ > 2(rank €+ 1).

Then for each rational prime £’ and each prime A" of E above €' there exists a lisse
E;-sheaf on Z[€'~1] which is compatible with € lzre—13-

Proof. In the same way as Theorem 4.1, the theorem is deduced from Theorem 3.14,
Theorem 5.5.1 of [Barnet-Lamb et al. 2014], théorem VII.6 of [Lafforgue 2002],
and the following remark: If ¥ — Z[{,] denotes the connected étale covering
defined by Ker oy, (z[¢,) and C is a CM curve with a morphism to Z such that
C xz Y is connected, then C xz Z[¢¢] = C ®q, Or (¢) is connected. In particular,
the fraction field of C does not contain ;. O
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Logarithmic good reduction,
monodromy and the rational volume

Arne Smeets

Let R be a strictly local ring complete for a discrete valuation, with fraction field
K and residue field of characteristic p > 0. Let X be a smooth, proper variety
over K. Nicaise conjectured that the rational volume of X is equal to the trace
of the tame monodromy operator on £-adic cohomology if X is cohomologically
tame. He proved this equality if X is a curve. We study his conjecture from the
point of view of logarithmic geometry, and prove it for a class of varieties in any
dimension: those having logarithmic good reduction.
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1. Introduction

Let R be a strictly local ring complete for a discrete valuation, with fraction field K.
Assume that the residue field k of R is algebraically closed, of characteristic p > 0.
Fix a prime number ¢ # p. Let K* be a separable closure of K, and let K’ be the
tame closure of K inside K*. Let P = Gal(K*/K") be the wild inertia group.

Let ¢ be a topological generator of the tame inertia group I’ = Gal(K'/K),
which is procyclic; we refer to ¢ as the tame monodromy operator.

Let X be a proper, smooth K-variety. One cannot simply “count” the number
of rational points on X, but one can use other measures for the number of rational
points on X. One such measure, the rational volume, can be constructed using a
so-called weak Néron model of X, of which we recall the definition.
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Keywords: étale cohomology, logarithmic geometry, monodromy, nearby cycles, rational points.
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Definition 1.1. A weak Néron model for X is a smooth, separated R-scheme of
finite type X, endowed with an isomorphism X x g K = X, such that the natural
map X(R) — X(K) = X (K) is a bijection.

Such a model always exists: one can simply take the smooth locus of a Néron
smoothening of any proper R-model of X; see [Bosch et al. 1990, Theorem 3.1.3].

Definition 1.2. The rational volume s(X) of X is the £-adic Euler characteristic of
the special fibre of a weak Néron model for X.

That the integer s(X) does not depend on the choice of a weak Néron model
is a deep result; the only known proof for this fact uses the theory of motivic
integration. For more details, we refer to the foundational paper of Loeser and
Sebag [2003], and subsequent work by Nicaise and Sebag [2007], Nicaise [2011]
and Esnault and Nicaise [2011, §3] on the motivic Serre invariant. This is the class
in K§ (Varg) /(L — 1) of the special fibre of a weak Néron model; here K§ (Vary)
denotes a “modified” Grothendieck ring of varieties over k (see [Esnault and
Nicaise 2011, §2] for the precise definition), and L is the class of A,i in this
ring. The motivic Serre invariant is already independent of the choice of such a
model (see, e.g., [Esnault and Nicaise 2011, Theorem 3.6]), and hence so is its
realization s(X).

One has s(X) =01if X (K) = &, since then X (viewed as an R-scheme) is a weak
Néron model for itself. Nicaise [2011, §6] asked whether the rational volume has a
cohomological interpretation similar to the Grothendieck—Lefschetz formula: if the
variety X is cohomologically tame, i.e., if the wild inertia subgroup P acts trivially
on the étale cohomology groups H' (X x g K*, Q;), and if moreover X (K') # @,
do we have the equality

S(X) =Y (=)' Tr(p | H'(X xx K', Q) ? (1)

i>0

The left-hand side of this formula is defined from the special fibre of an integral
model of X, whereas the right-hand side (which is a priori an element of ()
involves only the generic fibre. In a groundbreaking paper, Nicaise and Sebag
[2007] proved a formula of this type for nonarchimedean analytic spaces; their
formula is an arithmetic analogue of the one obtained by Denef and Loeser [2002].

Subsequently, Nicaise proved the equality (1) in equal characteristic zero [Nicaise
2011, §6]. However, the situation becomes much more subtle if the residual
characteristic is positive: Nicaise [2011, §7] proved the equality (1) if X is a curve,
and Halle and Nicaise [2016, Chapter 8] handled the case of a semiabelian variety.

In this paper, we study the conjectural formula (1) in the framework of logarithmic
geometry in order to prove it for a large class of varieties in any dimension, those
with log good reduction. Our main result can be stated as follows.
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Theorem 1.3. Let X be a proper, smooth K-variety. Assume that there exists a flat,
proper R-model X of X such that X" is log smooth over RY. Then (1) holds, i.e.,

S(X) =) (=1 Tr(p | H'(X xx K', Q).

i>0

Here the log scheme X' stands for the model X equipped with the natural log
structure, i.e., the divisorial log structure induced by the special fibre X;, and R'
is the “log ring” given by the inclusion R \ {0} < R. We want to stress that the
underlying scheme X may very well be singular, even if X' is log smooth.

By work of Nakayama [1998, Corollary 0.1.1], varieties with log good reduction
are automatically cohomologically tame, i.e., they satisfy the major hypothesis
in Nicaise’s conjecture. Nicaise also assumed the existence of a K'-point in the
statement of his conjecture, but we will not need this assumption: our method works
for all varieties with log good reduction, with or without a K’-point. Nevertheless,
it would be interesting to know whether the log good reduction hypothesis implies
the existence of a K’-point in general, and as far as we know, this question is open.

Conversely, it is known in some cases that the cohomological tameness as-
sumption implies the existence of a proper, log smooth model. Indeed, if X is a
cohomologically tame curve of genus at least 2, then X has log good reduction, by
work of T. Saito [1987; 2004] and Stix [2005, Theorem 1.2]. Hence we recover
Nicaise’s [2011, §7] results for curves. Moreover, in their recent preprint, A.
Bellardini and the author [2015] managed to prove the existence of a proper log
smooth model for any cohomologically tame abelian variety. Hence our Theorem 1.3
also implies the result of Halle and Nicaise [2016, Chapter 8] on the validity of the
trace formula (1) for abelian varieties.

Our proof is very much inspired by the strategy used by Nicaise and Sebag [2007]
and Nicaise [2011]; however, the technicalities become much more complicated,
and a new idea will be needed to finish the proof. Let X be a model of X over
R such that the log scheme X is log regular in the sense of Kato [1994]. One
can associate with X7 its fan F(X), which is a finite monoidal space. There
exists a morphism of monoidal spaces 7 : (X, /\/lg() — F(X) which we call the
characteristic morphism; here M is the sheaf of monoids defining the log structure
on X7, and Mg( = Mx/Oy. With each x € F(X), one then associates the locally
closed subset 7~!(x) = U(x) of X. These sets give the so-called logarithmic
stratification (U (x))xer(x) of X.

Inspired by the computations on strict normal crossings models in [Nicaise and
Sebag 2007; Nicaise 2013], we give explicit formulae for both the trace of the tame
monodromy operator and the rational volume in terms of the logarithmic stratifica-
tion. The trace of the monodromy operator can be computed using the logarithmic
description of the sheaves of tame nearby cycles, first given by Nakayama [1998]
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in the log smooth case and later generalized by Vidal [2004]. We obtain

DD Te(@! |H (X xg KL Q)= Y s(x) x(U W), )
i~0 xeFx)®
s(x)'|d
where F(X)(" denotes the set of height 1 points in the fan F(X), s(x) € N is
an integer which can be read off from the log structure and s(x)’ denotes the
biggest prime-to-p divisor of s(x). The rational volume can be computed using the
formalism of log blow-ups developed by Kato [1994, §10] (see also Niziot’s work
[2006]). This gives
s(X)= Y x(U). 3)

xeF(x)M
s(x)=1

Using the equalities (2) and (3), one finds
YD) Trp | H(X xg K Q) —s(X) = > x(UE). ()

i20 xeF(x)M
s()=p", rzl

The result then follows from the fact that each term y (U (x)) in the right-hand
side of the equality (4) vanishes. In fact, we prove the more general result that
whenever x € F(X)" is a point for which p divides s(x), then x (U (x)) =0. This is
perhaps the principal novelty of this paper. It is only at this point that the logarithmic
smoothness assumption needs to be invoked; the previous steps only require the
(significantly weaker) assumption that there exists a log regular model. The key
observation involves the sheaves of logarithmic 1-forms on the relevant strata.

The paper is organized as follows. For the convenience of the reader, we recall a
few important notions from logarithmic geometry in Section 2. In Section 3, we
prove some technical results on sheaves of tame nearby cycles in the logarithmic
setting; we use these to compute the tame monodromy zeta function and to prove the
equality (2). In Section 4, we use resolution of toric singularities a la Kato—Niziot
to prove the formula (3). In Section 5, we obtain the crucial new ingredient needed
to finish the proof.

2. Preliminaries on logarithmic geometry

For basic definitions and properties of monoids and logarithmic schemes, we refer
to Kato’s foundational text [1989] and to the detailed treatments given by Ogus
[2016] and Gabber and Ramero [2013, Chapter 9]. In this section, we briefly recall
a few notions which play an important role in this paper.

Notation. We denote a log scheme by (X, My), where X is the underlying scheme
and M is the sheaf of monoids defining the log structure on X, endowed with a
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morphism of sheaves ax : Mx — Ox. One can define log structures both on Zariski
sites and étale sites; to keep things simple, we work with Zariski log structures
throughout, since these are sufficient for our purposes.

Given a monoid P, we write P* for the associated sharp monoid P/P*, P& for
the group envelope of P and P for the saturation of P in PP,

Divisorial log structures. Let X be a locally Noetherian scheme and let D <— X
be a divisor on X. Let j : U — X be the corresponding open immersion, where
U =X\ D. Then

MX = OX ﬂj*(’)ﬁ —> OX

defines a log structure on X, the divisorial log structure induced by D.

A special case of this construction is the following. Let S be a trait, i.e.,
S = Spec R where R is a discrete valuation ring. Let w be a uniformizer. Then
R\ {0} = R defines a log structure on R, the standard log structure, which is
exactly the divisorial log structure induced by the divisor given by & = 0. We denote
the corresponding log scheme by S'. If X is a flat R-scheme, then the special fibre
X, is a divisor; we denote by X' the log scheme obtained by equipping X with
the divisorial log structure induced by X;. This yields a well-defined morphism
X" — ST of log schemes. (Sometimes we simply write R instead of S.)

Fibre products. Fibre products in the category Log®™ of fs log schemes will be
denoted by x'. If § = Spec R is a trait and ¥ € R a uniformizer, we define for
d € 7 the scheme S(d) = Spec R[T1/(T¢—m). Then uy : N — %N gives a chart
for the morphism S(d)" — S'. Given any log scheme X over ST, define

X@)"=Xx"x% s@". (5)

Recall that fibre products in Log®™ do not commute with the forgetful functor from
Log'™ to the category of schemes. A simple example illustrating this phenomenon is
the following: the underlying scheme of S(d)" x%, S(d)" is S(d) x Spec Z2[2/dZ],
which is (geometrically) a disjoint union of d copies of S(d); on the other hand,
the fibre product of schemes S(d) x5 S(d) is not normal.

Log regularity and log smoothness. Kato [1994, §2] introduced the notion of log
regularity. We recall its definition for the convenience of the reader.

Definition 2.1. Let (X, Mx) be an fs log scheme. Given any point x of X, let
I(x, M) be the ideal of Oy , generated by M;x = My \Ox . Let Cx  be
the closed subscheme of Spec Oy . defined by 7 (x, Mx). Then (X, My) is log
regular at x if Cx , is regular (as a scheme) and

dim Oy x = dim Cy_, + rankz (M} )#.
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A log regular scheme is a log scheme which is everywhere log regular. Whenever
we say (or assume) that a log scheme is log regular, this implies that the log structure
is fs.

Let us also recall the notion of a log smooth morphism of log schemes. Develop-
ing this notion was in some sense the main motivation for the theory of logarithmic
geometry; it allows one to treat certain singular objects as if they were smooth.

Definition 2.2. Let f : (X, Myx) — (Y, My) be a morphism of fs log schemes.
Then f is log smooth (resp. log étale) if étale locally on X and Y, there exists a chart
for f, given by maps Py — Ox, Qy — Oy and u : Q — P, such that the kernel and
the torsion part of the cokernel (resp. the kernel and cokernel) of ufP : Q&P — PeP
are finite groups of order invertible on X, and the map X — Y Xspec 710 Spec Z[ P]
is classically smooth (at the level of the underlying schemes).

Recall that a log smooth log scheme over a log regular scheme is again log
regular, and that log regular schemes are normal and Cohen—Macaulay.

The logarithmic stratification. The characteristic sheaf of a log scheme (X, My)
is the quotient My =M x/O%. With a log regular scheme, one can associate a
finite monoidal space, the fan F(X), as follows: as a set,

F(X)={xeX|I(x, Mx) =my},

where m, denotes the maximal ideal in Oy . Endow the set F (X) with the topology
induced by the topology on X and with the inverse image of the sheaf Mg( This
is a fan, as proved by Kato [1994, Proposition 10.1]. If X is quasicompact, then
F(X) is easily seen to be a finite monoidal space.

Given a log scheme (X, M), one often considers the rank stratification of X,
constructed starting from the characteristic sheaf: write

Xi={xeX: rankz(/\/lgf’x)gp >1i}.

The sets X; \ X;_; are locally closed and give the rank stratification of X. In
this paper, we use a finer stratification obtained from the fan of a log regular
scheme (X, My). Kato [1994, §10.2] defines the characteristic morphism: let
(X, ./\/l%() — F(X) map a point x € X to the point 7(x) of F(X) € X which
corresponds to the prime ideal / (x, Myx) of Ox .. This is an open morphism of
monoidal spaces. Given x € F(X), let U(x) := 7 ~!(x). This is a locally closed
subset of X. This gives the logarithmic stratification (U (x))xcrx) of X.

When endowed with the reduced scheme structure, each stratum is irreducible
and regular [Gabber and Ramero 2013, Corollary 9.5.52(iii)]. For each x € F(X),
we denote by U (x) the Zariski closure of the stratum U (x) inside X, again equipped
with the reduced scheme structure. The height h(x) of a point x in F(X) is defined
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as the dimension of the monoid Mp(x) .. The set of points of F'(X) of height
equal to i is denoted by F(X)“). We have the equality of locally closed, reduced
subschemes

Xi\Ximi= || U@.

XeF(X)®

3. Nearby cycles and the monodromy zeta function

The main goal of this section is to calculate the tame monodromy zeta function
of a smooth, proper K-variety X, starting from a proper R-model X’ such that X'
is log regular. To do so, we use the “logarithmic” description of the sheaves of
tame nearby cycles, first given by Nakayama [1998] and later generalized by Vidal
[2004]; along the way, we prove some technical results on nearby cycles.

Let us first introduce some easy terminology.

Definition 3.1. A morphism of log schemes f : (X, Mx) — (Y, My) is vertical
if for every x € X, the induced homomorphism My, ) — Mx . is vertical; this
means that the image of My r() is not contained in any proper face of My ,.

A log scheme (X', My) is vertical over R if and only if X = X x g K is precisely
the locus of triviality of the log structure. In particular, if X is a flat R-scheme,
then X' is vertical over RT. We then simply say that “the log structure is vertical”.

Definition 3.2. Let (X', M) be a vertical log scheme over R" which is log regular.
Let x € F(X)" be a height 1 point in the fan of X. Let N — P be a chart for the
log structure around x, where P is an fs monoid. Then x corresponds to a height 1
prime ideal p in P. Now N — P induces a homomorphism

N— P/(P\p) =N,

which is multiplication by a positive integer s(x). We call this integer the saturation
index of x € F(X)(1. The saturation index of (X', M_y) over R is the least common
multiple of the integers s(x) for x € F(X ),

Let us now recall the definition of the sheaves of nearby cycles. Let S = Spec R,
let n be its generic point and let s be its closed point. Let n’ be a tame closure
of 1 and let S’ be the normalization of S inside n’. Let A be Z/nZ, where n is
an integer prime to p, or one of Z, and ;. Let X' be a scheme over S and write
X = &,,. Consider the Cartesian squares

P VR A

|

Ky St n’
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Given F in DT (X, A), the derived category corresponding to bounded-below
complexes of sheaves of A-modules on X, the corresponding complex of tame
nearby cycles is

RY%(F) = (") R(j)u(Flxr) € DT(X;, A).

Now let X be any smooth, proper variety over K and assume that there exists
a proper, flat model X of X over R such that X is log regular. We analyze the
behaviour of the complex Ry (A) on the logarithmic strata defined previously.
We start with the following local computation of the trace of the tame monodromy
operator ¢.

Lemma 3.3. With the above notation and assumptions, fix a point x € F(X). Take
z € U(x) and let 7 be any geometric point lying over z. Then

sx)  ifxe F(X)Y and s(x) | d,

Tr(p? | Ry (A)z) = { 0 e

Here s(x)' denotes the biggest prime-to-p divisor of s(x).

Proof. Nakayama [1998, Theorem 3.5] gave a “logarithmic” description of the
complex of nearby cycles in the case of log good reduction. This result was
generalized by Vidal [2004, §1.4]; recall that the complex of nearby cycles is
automatically tame in the case of log good reduction [Nakayama 1998, Theorem 3.2].
Their result is the following. Let C be the locally constant sheaf of finitely generated
abelian groups on X given by

C = coker( f*(M%)EP LN (ijs)gp) modulo torsion.
For every integer g > 1, there is a natural, Galois equivariant isomorphism
ROYH (M) @ N (Cla, ® A(—1)) —> RIYH(A) (0)

since the log structure is vertical. The stalk of Rowfv(A) at a classical geometric
point z lying over s is noncanonically isomorphic to A[E:], where E: is the cokernel
of the induced morphisrr/l\ of logarithmic inertia groups I;Og — I;Og ; this morphism
is nothing but Hom(o;, Z'(1)), with « as above.

If h(x) =1, then C; = 0 and therefore
Tr(p? | RYy(A)z) = Tr(p? | ROy (A):).
Since, moreover,
R4 (A)z = A[Ez],

where R
E: = coker(Hom(az, Z'(1))



Logarithmic good reduction, monodromy and the rational volume 221

has order s(x)’, and the tame inertia group I’ acts through
I' = 18 s A[I°%] — A[E:],

the trace of ¢? on Rol,bfv (A);z equals s(x) if s(x)’ divides d, and to 0 otherwise.
If h(x) = 2, then
n:=ranky C; =h(x)—1>1.

Hence, (6) yields

Tr(p! | RY5(M)z) =Y (=) Tr(p? | Ry (A)z)

i>0

~S 1y (’Z) Tr(e? | ROV (A)2)
i>0

=0. ]

We continue with a technical lemma on monoids.

Lemma 3.4. Let P be an fs monoid. Let a : N — P be a vertical homomorphism
andletd € 7. Let Q = P ®n %N. The submonoid Q% of QP is generated by Q*,
the d-torsion Q®[d] and I C Q**, the radical of the ideal generated by P\ P*.

Proof. Let e = a(1). Since the homomorphism « is vertical, e is not contained in
any proper face of P. This implies that every nonmaximal face of Q is of the form
F @{0}, where F is a nonmaximal face of P. In particular, we have an isomorphism

P*— 0% :pr (p,0).

Take (p, %) € Q%*, where p € P and m € Z. There exists an N € Z.¢ such that
N(p. %) € Q. Multiplying by d if necessary, we can assume that d | N; hence
m Nm Nm
N(p. ) = (Np.53") = (Np+ e, 0).

and therefore
Nm

Np+ d

e= %(dp—l—me) e P.
Since P is saturated, dp+me € P. Conversely, if dp-+me € P, clearly (p, %) € %",

If dp +me € P\ P*, then d(p, %) = (dp + me, 0) lies in the ideal of Q%"
generated by the image of the maximal ideal of P; hence ( D, %) lies in 1, so we
are done.

Let us therefore assume that dp + me € P*. Then (p, %) € (0™, Let us
consider the image x of x = (p, %) in %/ Q. Itis clear that x € (Q%/Q*)*.
Hence there exists y € Q%" such that x +y = 0 in Q%*/Q*, ie., x +y € Q*.
Since dx € Q and dy € Q, we obtain dx € Q*. Using the isomorphism Q* = P*
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mentioned above, we see that there exists p’ € P* such that d(p, %) =d(p’, 0).

Now (p — p/, %) is clearly d-torsion; hence,
my ’ o m
(p, d)—(p,0)+<p r, d)
is the sum of an element of Q* and an element of Q8P[d], so we are done. O

This leads to the following result.

Proposition 3.5. Assume that X T (as above) is log regular. Fix x € F(X) and let
d € 7~ be prime to p. The reduced inverse image of U (x) in X(d)" is a finite étale
cover of U(x). The degree of this cover divides d and ged ¢ ,.0) s(y), where xW s
the set of generizations of x in F(X)W.

Proof. On an affine neighbourhood of Spec A around x, we have an fs chart for the
morphism X7 — R given by a commutative diagram of the form

||

Similarly, a chart for the log structure on X'(d)" is given by the diagram

l—>n
_—

N —— R(d)

||

Q sat B

where
Q=P@®yiN and B=A®gpr R[O™].

Now U (x) N Spec A is nothing but

Spec A Xspec r[ P SPec(R[P1/(9))y.

where p is the prime ideal of P which corresponds to x. Here (p) denotes the ideal
of R[P] generated by p, and , denotes localization with respect to the multiplicative
subset of R[P]/(p) generated by P \ p. We may and will assume that p is the
maximal ideal of P. Hence we can identify U (x) N Spec A with the spectrum of
A ®z1p1 Z[ P*]. The (reduced) inverse image of U (x) in X (d)" can be described
in a similar way. The fact that this inverse image is étale over U(x) is now an
immediate consequence of Lemma 3.4 (recall that we have chosen d prime to p).
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We now analyze the degree of this étale cover. We can safely assume that PeP is
torsion free. Choose an isomorphism PEP = 7", for some r > 0. Let v be the image
of 1 under the composition N — P — P& — 7" Hence we get an identification

0¥ =(Z" 0 D)/((v, —d)).

Write v = Avg, where A € Z and vy is a primitive vector. The order of the torsion
in Q%P thus divides gcd(d, 1). The statement about the degree of the étale cover
now follows from Lemma 3.4, together with the observation that A divides the
saturation index s(y) for any y € x. Indeed, if p is the height 1 prime ideal
of P corresponding to y, then s(y) can be identified with the image of 1 under
P — P/(P\p) = N. Consider the homomorphisms

N— P <> P® 5 p®/(P\p)P 7.

Since the image of 1 in P#P is divisible by A, so is the integer s(y), since this is
simply the image of 1 in the quotient PeP/(P \ p)&P = Z. u

We can now prove the following result about sheaves of tame nearby cycles,
generalizing the results of [Nicaise 2013, §2.5].

Theorem 3.6. As above, assume that X' is log regular and fix x € F(X). Write
A = Qy for some prime € # p. The sheaves R" . (A) are lisse on U (x) and tamely
ramified along the boundary components of any normal compactification. They
become constant on a finite étale cover of degree dividing ged ¢ ,.0) s(y).

Proof. Let § be a log geometric point lying above s. Write X5 = X; x* 5. We know
by [Illusie 2002, Corollary 8.4] that the tame nearby cycles complex is given by
the formula

Ry'%(A) = RE(Alx),
where ¢ is the composition

& o
ket s et s x

Here ¢ is the canonical map from the Kummer étale site to the classical étale site;
of course @ need not be an isomorphism at the level of the underlying schemes.

Hence, 0
RYL(A) = au(Alx,).

By [Vidal 2004, Proposition 1.3.4.1], « is the composition of a surjective closed
immersion 81 and a finite morphism f,. More precisely, « factors as

PN VRN

Here &5, denotes the log scheme X xfs 5,, which is nothing but the special fi-
bre of X(n)'; the integer n is the biggest prime-to-p divisor of the saturation
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index of X over R. The degree d, = Za(y):x[x(y) 1 k(x)] of B in a point x
equals the cardinality of E; = coker Hom(¢x, 7' (1)), where ¢ is the induced map
FHMHE — (MG,

Let us now fix x € F(X). We know that

RYL (M) = au(Alx,) = (B« (Alx, ),

so the restriction of Row; (A) to U (x) becomes constant on the inverse image of
U (x) in X' (n), which is étale by Proposition 3.5. The statement about the degree is
a consequence of the fact that n is the biggest prime-to-p divisor of lem ¢ ) s(y).

Hence, R"yx(A) becomes constant on the same cover, for any n > 0, since
the sheaf C in the proof of Lemma 3.3 is constant on U (x). It follows that the
sheaves R"y/.(A) are lisse, and tamely ramified along the boundary of any normal
compactification. O

We are now ready to calculate the trace of the tame monodromy operator.

Theorem 3.7. Let X be a proper, flat R-model such that X7 is log regular. Then

Trp?! | H* (X xx KL Q)= Y s)x(U)). @)

xeF(x)®
s(x)|d

for every positive integer d.

Proof. We prove a more general result: if Z is a subscheme of X, then

D DT [HINZ, RYL@0I2) = Y s@)'x(UNZ). (8)
m=0 xeF(x)®
s(x)'|d
In particular, (7) follows from (8) by taking Z = A, and applying the spectral
sequence for nearby cycles, since X’ is assumed to be proper over S. To prove
the equality (8), note that both sides are additive with respect to partitioning Z
into subvarieties; this allows us to assume that Z is contained in U (x), for some
x € F(X). By the spectral sequence for hypercohomology, the left-hand side of (8)
equals
> (PR ! | HE(Z, RIYY (@0)]2)).
p-q=0

We can assume that Z is normal and choose a normal compactification Z¢. We know
(Theorem 3.6) that the sheaves R"y%,(Q¢)|z are lisse on Z, and tamely ramified
along each of the irreducible components of Z°\ Z. Let z € Z and let z be a
geometric point lying over z. Using Nakayama’s description of the action of the
monodromy operator on the stalks R"y%,(Qg): — see the proof of Lemma 3.3 —
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we see that this action has finite order. Hence, we can apply [Nicaise and Sebag
2007, Lemma 5.1], which gives

D (=D Te(e! | HE(Z, RIY5(Q0)2)) = X (Z) - Tr(e? | 1Y (Q0)2).
p=0

Using Lemma 3.3, we see that the only contributions to the left-hand side of the
equality (8) will come from the height 1 points in the fan F(X): we get

Y (=" Tr(? | HI(Z, RYY(@Q0)2) = x(Z) - Y (=17 Tr(e | Rk (Qp)z)

m=>0 q=0
=sx)'x(2)

if the point x € F (X)W satisfies s(x) | d; in all other cases, we get no contribution.
This concludes the proof of the theorem. (I

As a corollary, we get a formula for the tame monodromy zeta function of X:
¢x(t) =det(t-1d — ¢ | H*(X xx K', Qp))
=[] dett 1d—g | H"(X xx K', @)D" 9)
m=>0

The result is an A’Campo type formula [A’Campo 1975, §1], generalizing the results
of [Nicaise 2013, §2.6].

Corollary 3.8. We have
xn= [] @@ —p=xve, (10)

xeFx)®
s(x)'|d
Proof. As in the proof of Theorem 3.7, we can actually prove a more general result:
if Z is any subscheme of X, then the equality

det(t-Id— @ |H}(Z, RY%@pIz) = [] @@ —p=xU@na
xeFx)M
s(x) |d
holds. This formula can easily be deduced from the equality (8) using the fact that,
for every field F of characteristic zero, every finite dimensional F-vector space V
and every endomorphism g of V, we have the classical identity

det(Id—1- g | V)*1 = exp(Z Tr(gd | V)%)

d>0

in F[[t]. (For similar arguments, we refer to [Deligne 1974, Section 1.5; A’Campo
1975, §1].) ]



226 Arne Smeets

4. Log blow-ups and the rational volume

As in the previous section, we assume that we are given a smooth, proper K-variety

X for which there exists a proper, flat R-model X such that X7 is log regular. We

now compute the rational volume of X in terms of the logarithmic stratification.
We start with a simple lemma.

Lemma 4.1. Under the above assumptions, the generic fibre X = X X g K is smooth.
Moreover, the following statements are equivalent:

(A) the scheme X is regular and X is a divisor with strict normal crossings;
(B) for every point x € F(X), we have Mpx) x = MﬁX’x >~ N,
As before, h(x) denotes the height of the point x in the fan F(X).

Proof. The fact that the generic fibre is smooth follows from the verticality of the
log structure. The underlying scheme &’ is regular if and only if for every x € F(X),
the monoid MF(x),, is free and finitely generated by [Gabber and Ramero 2013,
Corollary 9.5.35].

It remains to check the statement about the special fibre. Assume that (B) holds
and fix any x € F'(X). Locally around x, we have a chart given by

0}, SN

N
h [eir—)xi
R

OX,x

where (e;)1<i<n(x) s the standard basis for N" ™) and

h(x)
m=ul]x" inOx, (12)
i=1

for some u € OQ’X and positive integers (1;)1<i<n(x). Since
I(x, Mx)=(x1,...,Xnw)),

and Cx , = Ox /1 (x, My) is a regular local ring by [Kato 1994, Definition 2.1],
we see that X" has strict normal crossings at x by [Liu 2002, Proposition 4.2.15]. [

In the situation of Lemma 4.1, we have
Y= ) sU®. (13)
xeF(X)M

Let Y be a smooth, projective variety over K. If there exists an sncd model ) of Y
as in Lemma 4.1, then the rational volume can be read off from the formula (13)
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following [Nicaise 2013, Proposition 4.2.1]:
s()= > xWG)). (14)

yeFQ)W
s(y)=1
Indeed, ) is a regular and proper model of Y; its smooth locus (over R) is a weak
Néron model for Y. The smooth locus of ) is precisely the open subscheme

| ] vo.

yeFQ)W
s(y)=1

whence equality (14) follows.
We can now state and prove the main result of this section.

Theorem 4.2. Let X be a proper, flat R-scheme such that X" is log regular. Let
X = X xg K be the generic fibre. Then

s(X)= Y xUE). (15)
xeF (X)W
s(x)=1

The idea is simple: we consider a subdivision ¢ : F’ — F(X) of the fan in
the sense of [Kato 1994, Definition 9.6] such that ¢* X' satisfies the equivalent
conditions of Lemma 4.1, and in particular such that the underlying scheme of ¢*X’
is (classically) regular. This is possible by [Kato 1994, §10.4]. We can then compute
the rational volume starting from the modified model ¢* X using the formula (14).
The key technical ingredient needed for this computation is the fact that the log
blow-up Bl : ¢*X — X is a piecewise trivial fibration in tori; this is the content of

the following lemma.

Lemma 4.3. Let X be a flat R-scheme such that X7 is log regular. Consider a
subdivision ¢ : F' — F(X) of its fan. Fix x' € F" and x € X such that ¢(x") = 7 (x),
i.e.,x € U(p(x")) C X. Then we have

U@)NBL! (x) = Gree )0

m, Kk (x)
where Bl(;1 (x) is the fibre of the log blow-up ¢*X — X above x.

Proof. Fix x' € F' and x € X such that x € U (p(x’)). The statement is local on X.
Hence, by shrinking X if necessary, we may assume that F(X) = Spec P and
F’ = F(¢*X) = Spec P’, where P and P’ are sharp fs monoids.

We can also assume that the natural morphism P — ./\/lnX lifts to a homomorphism
of sheaves P — My such that the composition P — My — Ox gives a chart for
the log structure on X. Define Q by

Q = P® x(pyw P';
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this is the submonoid of P& consisting of the elements whose images in (P’)&P
lie inside P’. The obvious map P8P — (P’)&P is surjective; Q does not need to be
sharp, but by [Gabber and Ramero 2013, Lemma 9.6.12] one has Q* = (P’)*. The
log blow-up ¢*X is given by ¢*X = X’ Xspec g ] Spec R[Q]; see the construction
in [Gabber and Ramero 2013, Proposition 9.6.14]. The log structure on ¢*X is
given by the chart Q — Oy x.

Let ¥ : P — Q be the natural injection, let q be the prime ideal of Q corresponding
to x” and let p = v ~!(q) be the prime ideal of P corresponding to ¢ (x’). The stratum
U (p(x")) can then be described as

X Xspec R[P] SPEC(R[P]/(P))p,
and its Zariski closure U (¢(x’)) is simply
X Xspec R[P] SPEC R[P]/(p);

here (p) denotes the ideal of R[ P] generated by the elements of p, and the subscript ,
denotes localization with respect to the multiplicative subset of R[P]/(p) generated
by the image of P \ p. Similarly, the stratum U (x”) is now equal to

@* X Xspec R[] SPeC(R[Q1/(9))q-

We have the pullback diagram

U(x') Up(x")

| |

Spec(R[Q1/(@))q —— Spec(R[P]/(p))p

and hence, taking fibres over x € U (¢(x")), the pullback diagram

U(x)NBI, (x)

|

Spec(k (x)[Q1/(q))q ——— Spec(k (x)[P1/(p));

Spec k (x)

Therefore it now suffices to prove that the fibres of

Spec(k (x)[Q1/(q))q = Spec(k (x)[P1/(P))p

are (split) tori of the required rank. Notice that

k()[Q]/(@) =Ex(x)[Q\4q]
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and hence that

(e (D)[Q1/(@)g =k ()[(Q\ ]

Similarly, we obtain that

(k (D[P (P))p = k (O[(P \ p)*P].

We have a commutative diagram

(k[P ()

(k()[Q1/(@)q

K (O)[(P\ p)=P]

K (xX)[(Q\ q)*P]

in which the vertical maps are the isomorphisms mentioned above, the top horizontal
arrow is the one which induces the map * in the previous diagram and the bottom
horizontal arrow is induced by the injective homomorphism P\ p — Q \ q obtained
by restricting ¢ : P — Q.

Now P\ p and @\ q, being submonoids of fs monoids, are themselves fs; the
quotient (Q \ q)%P/(P \ p)#P is a subgroup of P& /(P \ p)2P, since Q (and thus
0\ q) is a submonoid of P. The latter group is a free abelian group of finite type,
and hence so is its subgroup (Q \ q)8°/(P \ p)8P. This proves that the fibres of x
are split tori; it remains to compute their rank. We have the equalities

h(p(x')) — h(x') = dim Qq — dim P, = rankz(Q%)% — rankz (P])%*
(the last one uses the fact that P and Q are fine). It is now easy to see that

rankz (P{)® = rankz (P \ p)®”,

and
rankz(Q5)® =rankz(Q \ q)%,
so we are done. |

We are now in the position to prove Theorem 4.2.

Proof of Theorem 4.2. Choose a subdivision ¢ : F' — F(X) such that
M Z NG

for every x’ € F'. Let Bl, : ¢*X — X be the log blow-up associated with ¢ —
this is a “resolution of toric singularities a la Kato” [Kato 1994, §10.4]. The log
scheme ¢* X satisfies the equivalent conditions of Lemma 4.1; hence, (14) applies
to ¢*X. Since the Euler characteristic is additive with respect to partitions into
locally closed subsets and the Euler characteristic of a torus is 0, the result follows
from Lemma 4.3. U
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5. Proof of the main theorem

We now finish the proof of Theorem 1.3. From (7) and (15), one immediately
obtains the following expression for the so-called “error term” [Nicaise 2011,
Definition 6.7], generalizing [Nicaise 2011, Theorem 7.3] in the case of curves:

e(X) =Y (=)' Tr(p | H'(X xx K', Q) —s(X)= > x(UX).
i=0 xeF(x)M
s(x)=p", r=1
This formula is valid for any log regular model X', and ¢(X) does not vanish in
general. However, it vanishes if X admits a log smooth model. This is an immediate
consequence of the following result, which is interesting in its own right.

Proposition 5.1. Let X be a proper R-model of X such that X7 is log smooth
over RY. Let x € F(X)"V be such that p divides s(x). Then x (U (x)) =0.

In the case of curves, we know that cohomological tameness implies logarithmic
good reduction, by work of Stix [2005, Theorem 1.2]. Moreover, Saito’s criterion
[1987] for cohomological tameness of curves gives a precise description of the
irreducible components of the special fibre of a log smooth model for which the
multiplicity is divisible by the residual characteristic p. Each such component is
a copy of P!, which intersects exactly two other components, both of which have
multiplicity prime to p. The above result should be seen as a partial generalization
of this description.

Proof. Choose x € F(X) and y € X such that y € U(x). Choose a chart a la
Kato (Definition 2.2) for the log structure around y, i.e., an étale neighbourhood
V = Spec A of y and a homomorphism of monoids N — P such that

commutes, where P is an fs monoid and ufP : N8 — P2P has the property that its
kernel and the torsion part of its cokernel C are finite groups, the order of which is
invertible on R. We can safely assume that P is toric (i.e., P#P is torsion free).

The point x € F(X) corresponds to a prime ideal p € P and U (x) NV, seen as
a reduced, closed subscheme of V, can be described as the fibre product

Vv X Spec R[P] SPeC R[P \P] = SPeCA/(P),

where (p) is the ideal of A generated by {¢(p) | p € p}. Now U (x) becomes a log
scheme for the log structure defined locally by P\ p — A/(p), and this log scheme



Logarithmic good reduction, monodromy and the rational volume 231

is log regular by [Kato 1994, Proposition 7.2]. Since k is perfect, it is even log
smooth over k (equipped with the trivial log structure). The log structure on U (x)
is the one induced by the reduced Weil divisor A supported on the union of the
strata U (x'), where x’ is a (strict) specialization of x in the monoidal space F'(X).
From now on, assume that x € F (X)) and that p divides m = s(x). In the local
ring Oy x, we have m = uf™, where u is a unit and f is a local equation of the
irreducible component U (x) of X;. We study the meromorphic one-form dlog u
on U(x). If 7 = vg™ is another such factorization in Oy ., we have dlog u = dlog v
on U (x) since the residue field k has characteristic p and p divides m. Hence,
dlog u is a well-defined meromorphic 1-form on the irreducible component U (x).
Locally around y, it can be described in terms of the log structure as follows:

C

(P \p)eP pep NEY

ueP

NEP

Leta =u(l1) € P, so ¢(a) =nx and r(a) = m € N. Choose b € P such that
r(b) =1, i.e., ¢(b) is a uniformizer in the discrete valuation ring Oy . We have
c:=mb—a e (P\p)*. Taking u = ¢(c) € (’))X(’x and f = ¢(b), we have m = u f".

The sheaf Q}m(log A) is locally free (by log regularity) and

Q;m(log A)|V =(P \p)gp X OWX)HV‘

Now dlog u (when restricted to U (x)) is a section of Q}m(log A), and under the
above isomorphism, it corresponds to ¢ ® 1. This section does not vanish at any
point of U (x); for that to happen, ¢ would need to be divisible by p in the free
abelian group (of finite type) (P \ p)&P. Hence a = mb — ¢ would be divisible by p.
This means that the cokernel C of u®P has p-torsion, contradicting our assumptions.

The conclusion is that the 1-form dlog u is a nowhere vanishing (holomorphic)
section of the vector bundle Q;ﬁ (log A) on the log regular scheme U (x). Thus
the top Chern class of this vector bundle vanishes. By [Saito 1991, “Lemma 0],
which we state below for the reader’s convenience, this implies the result, since

Ux)=Ux)\A. 0

Lemma 5.2. Let k be an algebraically closed field and let (X, Mx) be a log regular
scheme over k (where k has the trivial log structure). Let U be the locus of triviality
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of the log structure on X. Then

x(U) =degcx, my,
where cx m, is the top Chern class of the vector bundle Q; (log Mx) on X.

To prove this formula, one can use log blow-ups to reduce the statement to the
case of a smooth k-variety equipped with a divisorial log structure, induced by a
strict normal crossings divisor. In that setting, the formula is rather well-known and
can be checked by an explicit computation.
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Finite phylogenetic complexity and
combinatorics of tables

Mateusz Michatek and Emanuele Ventura

In algebraic statistics, Jukes—Cantor and Kimura models are of great importance.
Sturmfels and Sullivant generalized these models by associating to any finite
abelian group G a family of toric varieties X (G, K| ,). We investigate the
generators of their ideals. We show that for any finite abelian group G there
exists a constant ¢, depending only on G, such that the ideals of X (G, K ,) are
generated in degree at most ¢.

1. Introduction

The aim of this article is to prove the finiteness of an intriguing invariant of finite
abelian groups, called phylogenetic complexity. The invariant was introduced in
a seminal paper by Sturmfels and Sullivant [2005], where it appeared in relation
to phylogenetic models. In short, to a Markov process encoded by an abelian
group G on a tree T one associates a toric variety X (G, T'), of particular relevance
in algebraic statistics [Eriksson et al. 2005; Pachter and Sturmfels 2005]. The
setting above is known as a group-based model.

We do not describe the relations to phylogenetics in this paper, referring the
interested reader to [Allman and Rhodes 2003; Casanellas 2012; Donten-Bury and
Michatek 2012; Michatek 2015]. Instead, in precise, purely mathematical language
we present a natural construction of a family of lattice polytopes Pg , associated to
any finite abelian group G — Definition 2.1. These polytopes should be considered
as the simplest combinatorial objects encoding the group action.

Associating to interesting combinatorial objects a polytope and investigating
its properties is nowadays a well-developed and powerful tool on the edge of
combinatorics and toric geometry [Sturmfels 1996; Ohsugi and Hibi 1998; Herzog
and Hibi 2002; Sturmfels and Sullivant 2008]. However, our knowledge of properties
of the polytopes Pg,, associated to such basic objects as finite abelian groups is
still very limited. This may be even more surprising, as for various groups G, these
polytopes relate not only to phylogenetics, but also mathematical physics through

MSC2010: primary 52B20; secondary 14M25, 13P25.
Keywords: Phylogenetics, Toric varieties, Convex polytopes, Applied Algebraic Geometry.
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conformal blocks and moduli spaces [Sturmfels and Xu 2010; Manon 2012; 2013;
Kubjas and Manon 2014].

Phylogenetic complexity governs the degrees of generators of the ideal of the
variety X (G, T'). Using the language of toric geometry, one is interested in the
generators of integral relations among the vertices of Pg ,. For the introduction to
toric geometry we refer the reader to [Fulton 1993; Cox et al. 2011]. The objects
that encode the group action and correspond to vertices of Pg , are called flows.

Definition 1.1 [Buczyniska and Wisniewski 2007; Michatek 2014]. Let G be a
finite abelian group and n € N. A flow is a sequence of n elements of G summing
up to 0 € G, the neutral element of G. The set of flows is equipped with a group
structure via the coordinatewise action. The group of flows & is (noncanonically)
isomorphic to G"~!.

Hence, in our article we study possible relations among n-tuples of elements
of G summing up to 0. Let 7y and 77 be two matrices or fables of the same
size, whose rows are flows. These two tables are compatible if and only if, for
each 1 < i < n, the i-th column of T and the i-th column of 7} are the same
multisets — see Example 2.3. Compatible tables correspond to binomials in the
ideal 1(X (G, K1 ,)), where K , is a star (also called a claw-tree) — the unique
tree with one inner vertex and n leaves.

Definition 1.2 [Sturmfels and Sullivant 2005]. Let T be a tree, let K|, be the
star with n leaves, and let ¢ (G, T') be the maximal degree of a generator in a
minimal generating set of /(X (G, T)). Let ¢ (G, n) = ¢ (G, K ). We define the
phylogenetic complexity of G to be ¢ (G) = sup,n ¢ (G, n).

The main theorem of the present article is the following:
Theorem 3.12. For any finite abelian group G, the phylogenetic complexity is finite.

Let us briefly summarize the state of the art. We maintain the convention that G
is a finite abelian group.

Prior to the present work ¢ (G) was shown in [Sturmfels and Sullivant 2005] to
be 2 for Z; and conjectured to be < |G| for all G and exactly 4 for the biologically
relevant case of Z, x Z, [Conjectures 29 and 30]. It was proved in [Michatek 2017]
to be finite for all Z,, where p is prime, and equal to 3 for Z;.

If one considers the projective scheme X ,(G, T) instead of X (G, T), the analog
of our phylogenetic complexity is < 4 for Z, x Z, (in other words, X ,(Z, x Z>, T)
can be defined by an ideal generated in degree at most 4, for any 7°) and is finite
for all G; both results are proved in [Michatek 2013]. The case of Z3 was solved in
[Donten-Bury 2016] with the answer 3.

Draisma and Eggermont [2015] considered a generalization of group-based
models: the group G of symmetries acts on a finite alphabet that need not coincide
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with G. They showed that the Zariski closure of the model can be set-theoretically
defined by polynomial equations whose degree is bounded by a constant depending
only on G. Our present results can be regarded as stronger, but for a smaller class.
Obtaining finiteness results on an ideal-theoretic level for equivariant models would
be a major achievement, far extending the results of [Draisma and Kuttler 2014].
However, this is beyond any of the methods described in this paper, where we focus
on group-based models.

Casanellas et al. [2015b; 2015a] produced a collection of explicit equations that
describe the phylogenetic variety on a Zariski-open subset of interest, and showed
that the corresponding degree is < |G|. (In [Michalek 2014] that degree had been
shown to be 4 for Z, x Z5.)

Finiteness also plays an increasingly important role in the context of toric vari-
eties; see [Draisma et al. 2015].

Finally, we would like to mention the reduction that we use from the very
beginning, previously obtained by Sturmfels and Sullivant [2005]. Although, in
general, one is interested in arbitrary trees, it is enough to consider claw-trees. This
is due to the construction of toric fiber products [Sullivant 2007].

The structure of the article is as follows. In Section 2 we describe the basic
notation. In particular, we recall how one encodes binomials in I (X (G, K )) as
special pairs of tables with group elements. Section 3 contains the main result. First,
in Section 3A, we present the sketch of the proof, without any technical details and
then the complete proof in Section 3B. We hope that some of the ideas of the paper
can be made effective. In particular, in future work we plan to prove [Sturmfels
and Sullivant 2005, Conjecture 30].

2. Binomials, tables and moves

This section records definitions and notation needed in the rest of the paper.

Let G be a finite abelian group and let n € N. In Definition 1.1, we introduced
the most important algebrocombinatorial objects in our setting: n-tuples of group
elements summing to 0, called flows. From the point of view of toric geometry and
phylogenetics, flows correspond to monomials parametrizing our variety X (G, K )
[Sturmfels and Sullivant 2005; Michatek 2011]. Relations among flows — which
are described by compatible tables — encode the binomials in 7 (X (G, K1 ,)). Itis
a standard approach in toric geometry to represent the parametrizing monomials
by their exponents, as points in a lattice. The polytope, that is the convex hull of
such points, captures the geometry of the parametrized variety. For the sake of
completeness we present the polytopes corresponding to X (G, K1 ).

Definition 2.1 (polytope Pg ). Consider the lattice M = Z!¢! with a basis corre-
sponding to elements of G. Consider M" with the basis e ¢) indexed by pairs
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(i, g) € [n] x G. We define an injective map of sets & — M", by

n
(g]a ce ey gl’l) [ Ze(i,gi)'

i=1
The image of this map defines the vertices of the polytope Pg .

Example 2.2 [Michatek 2017]. For G = (Z,, +) and n = 3, we have four flows:
(0,0,0), (0,1, 1), (1,0, 1), (1,1,0) € Zy x Z x Z5.

Hence, the polytope Pz, 3 has the following four corresponding vertices:

(1,0, 1,0, 1,0),(1,0,0,1,0, 1), (0, 1,1,0,0, 1), (0, 1,0, 1, 1,0) € Z* x 7> x 77,

where (1, 0) € 72 corresponds to 0 € Z, and (0, 1) € 7? corresponds to 1 € Z5.

A more sophisticated example is presented in [Michatek 2011, Example 4.1].
Binomials may be identified with a pair of tables of the same size Ty and 77 of
elements of G, regarded up to row permutation. Each row of such tables has to
be a flow. The identification is as follows. Every binomial is a pair of monomials;
the variables in such monomials correspond to flows, given by a collection of n
elements in G. Every monomial is viewed as a table, whose rows are the variables
appearing in the monomial; the number of rows of the corresponding table is the
degree of the monomial. Consequently, a binomial is identified with the pair of
tables encoding the two monomials respectively.

A binomial belongs to I (X (G, K ,)) if and only if the two tables are compatible,
i.e., for each i the i-th column of 7y and the i-th column of 7; are equal as multisets.

In order to generate a binomial — represented by a pair of tables 7y and 77 — by
binomials of degree at most d we are allowed to select a subset of rows in Ty of
cardinality at most d and replace it with a compatible set of rows, repeating this
procedure until both tables are equal.

Example 2.3 [Michatek 2017]. For G = (Z,, +) and n = 6 consider the following
two compatible tables:

111111 010100
To=1000000 and 7T1=]101000
110000 110011

Note that the red subtable of Tj is compatible with the table

, fo10100
T_|:l()l()ll'
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Hence, we may exchange them obtaining:

~

Ty = 0 )

010100
1 1 11
11T0000

(
(
Note that 7;) and To are compatible. Now, the brown subtable of fo is compatible

with the table
T 101000
1110011}

Finally, we exchange them obtaining 77. Hence we have a sequence of tables
To ~ To ~ Ty. More specifically, we started from a degree three binomial given by
the pair Ty, 77 and we generated it using degree two binomials, called quadratic
moves; see also Example 2.5.

In what follows, quadratic moves, i.e., binomials of degree two will play a crucial
role. First, let us give the precise definition and an illustrative example.

Definition 2.4 (quadratic moves). Let 7' be a table— whose rows are flows — of
elements of G; let r; and r; be two rows of T'. For any subsequence {r;,, ...7;}
of r;, we define two rows s; and s; whose elements are the following:

() six=rixifk#Iy, ..., 1;, otherwise s; x = r;j .
(i) sjx =rjxifk #1y, ..., I, otherwise sj x =7 .

The transformation of r; and r; into s; and s; described above is a quadratic move
if Y 4y Tis = D t—; Ij.1; in other words, if the differences sum to 0 € G. We note
that this condition is equivalent to the fact that s; and s; are flows.

To illustrate the definition of quadratic moves, we consider the following example,
to be compared with Example 2.3.

Example 2.5. Let G =(Z,, +). Let T be the following 2 x 3 table of elements in Z,:
11011
r= [O 110 O:| '
The two rows r; and r; are flows, since their elements sum up to the 0 € Z,. We
exchange the red subsequence of elements in the first row with the blue subsequence

of elements in the second row. The rows s; and s,, corresponding to the chosen
(red) subsequence as in Definition 2.4, are the two rows of the following table:

~ Jo1111
T_[IIOOO]
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This is a quadratic move, since s; and s, are still flows. Hence, the table T
is transformed into the table T by the quadratic move above. Note that qua-
dratic moves preserve, up to permutation, each column of a table. In particular,
T and T are two compatible tables, i.e., their columns are the same as multi-
sets.

3. Finite phylogenetic complexity for abelian groups

The aim of this section is to use the combinatorics of tables to prove finiteness of
the phylogenetic complexity of a group-based model for any finite abelian group G.

3A. Idea of the proof. Before going into technical details, let us present here the
basic ideas of Theorem 3.12.

The general strategy is to prove that the function ¢ (G, n) is eventually constant
for large n. Hence, we start with two compatible d x n tables Ty and 7 for large n
and we want to transform 7y to 77. The main objective is the proof of Lemma 3.11:
One can transform Ty and Ty, independently, using quadratic moves, in such a way
that there exist two columns c;, cj;1 on which both tables exactly agree. Once this
aim is achieved, the induction becomes clear — the precise argument is presented
in the last paragraph of the proof of Theorem 3.12. The most involved part is to
show Lemma 3.11. First, we pass to subtables. For a table T, we denoted by T’
the subtable containing all rows, but only those columns where a given element
g € G is one of the (possibly many) most frequent group elements. This is not
a severe restriction— see Remark 3.6. Such a “reference” element g is crucial
throughout the proof. Note also that, due to compatibility, the indices of columns
of the subtables 7j; and 7 are the same, as the most frequent elements of any i-th
column in 7y and T} coincide. In particular, 7 and 7} are compatible (although
their rows do not have to be flows any more). In the proof, it is shown that it is
easier to move elements that are frequent in a table than those that are rare; the latter
ones are called dots. A precise definition, independent on the choice of Ty or Ty, of
frequent and rare elements is given in Definition 3.2.

Equipped with these definitions, it is enough to prove Lemma 3.10: One can
transform Ty and Ty, independently, using quadratic moves, in such a way that there
exist two columns cj, cj 1 such that any row in Ty or T\ contains at most one dot in
columns c; and cj4. Indeed, once the above statement is proven, as the tables are
considered up to row permutations, we can make all dots in both columns in Ty
exactly equal to corresponding dots in 77. Then Lemma 3.11 follows as the entries
that are not dots can also be adjusted — details are in the proof of the lemma.

Hence, the hard part of the proof of Theorem 3.12 lies in the proof of Lemma 3.10.
Here the ideas are as follows. First, (as we passed from 7 to a subtable T’ where
a given element is one of most frequent in every column) we will be passing to
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Figure 1. The subdivision algorithm.

thinner and thinner subtables. However, due to technical reasons, we must also
allow their horizontal subdivisions, which motivate the following definition.

Definition 3.1 (vertical stripe). Given any table T, we define a vertical stripe to be

¢ a choice of some number of consecutive columns of 7,

« a subdivision of rows into parts in the chosen columns.

Less formally, a vertical stripe is a collection of disjoint subtables in the same
columns, that cover all rows of 7.

Two examples of vertical stripes are presented in Figure 1. One consists of the
whole colored part, where the subdivision into three subtables is given by two thick
white horizontal stripes. The second stripe is the yellow one with the subdivision
into nine subtables.

We would like to find a vertical stripe with (at least) two columns that has at most
one dot in each row. Instead, we consider more general subtables that make vertical
stripes: each subtable has k columns with at most s dots in each row. Further, we
need to control how many distinct elements » of G appear as dots in the subtable.
These subtables do not have to contain all rows, but appear in collections that form
a vertical stripe, i.e., the collection covers all rows.

Figure 1 pictures the subdivision algorithm devised in Lemma 3.11 for 7;j and T7.
We start with a vertical stripe — here represented by the colored part of the table.
It consists of three subtables, divided by two large horizontal white stripes. In
each of the subtables, we fix the same partition of columns into ¢ = 16 vertical and
three horizontal parts (given numbers are just examples). The new, finer horizontal
subdivision is depicted with thin white stripes. In each horizontal part, we discard
at most one of the subtables —these are the red squares. The yellow part drawn
in the center of the picture is a vertical stripe, consisting of subtables that are not
discarded in any of the horizontal parts.

The main point is that, for large k, we may decrease s or r by subdividing each
subtable into #|G| small subtables: columns are divided into # > 0 parts and rows
into |G| parts. In particular, we have ¢ vertical parts, each consisting of |G| small
subtables stacked one under another. After quadratic moves, we may assume that
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each small subtable in almost all of the ¢ vertical parts either has smaller number
of dots in each row (decreasing s) or smaller number of distinct group elements
corresponding to dots (decreasing r). As ¢ is always much greater than the number
of horizontal subdivisions (which is always some power of |G|) we are able to
choose a whole vertical stripe (with much smaller number of columns) such that in
each subtable s or r has been decreased. Further, we are able to do it in parallel in
T, and T — details are in the proof of Lemma 3.10.

We hope this discussion could shed some light on Definition 3.7. We mention
here a technical remark; since we work with vertical stripes, once we focus on one
subtable, we have to make sure we do not change the structure of other subtables.
This feature is reflected in (ii) of Definition 3.7, where we restrict to quadratic
moves that only modify a small part of the table. We are finally able to list the main
steps towards the proof of Lemma 3.10:

(i) Bound the number of dots in each row (Lemma 3.4).

(i1) Prove that we may always subdivide a subtable, as described above, decreasing
s or r (Lemma 3.9).

(iii) Show that the subdivision process can be done in parallel in 7y and T;
(Lemma 3.10).

3B. Proof. We start from the definition of frequent elements in a given table T
with respect to a function F. Let F(G) be a function of the cardinality of the
group G. We assume F(G) > |G|? +3|G].

Definition 3.2 (Fr and dots). The set of F(G)-frequent elements, or frequent
elements, in a given d x n table T is defined by

Fr = {h € G | the number of copies of h in T > F(G) -d}.

Note that if an element is frequent, then there exists a row, where it appears at least
F(G) times. The elements g € G that are not in F7 are called dots e.

The frequent elements have a key role in allowing quadratic moves in the table.
Let us start with three basic — yet useful — lemmas.

Lemma 3.3. Let f, f' be flows. Let I be a subset of indices and suppose |I| > |G|.
There exists a (nonempty) subset I' C I such that a quadratic move of f and f’
on I' can be performed.

Proof. Since we have |G| differences, possibly repeated, of the form f; — f/ for
i € I, we may find a nonempty subset I’, such that ), ., (fi— f)=0eG. O

Lemma 3.4. Let T be a given table of elements of G, then we may assume that
each row in T has at most |G|(F(G) + 1) dots.
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Proof. Note that there exists a row containing at most |G| F (G) dots. Assuming the
contrary, we would have at least (|G|F(G) 4 1)d dots in T. This would imply that
there would be a dot in F7 —a contradiction. Let us consider a row rpax with the
largest number of dots. If r,x contains at most |G |(F (G) + 1) dots, this finishes
the proof. Otherwise, we pick a row rpj, with the smallest number of dots; they
are at most |G| F(G). Now, there exist |G| dots of rp,x in the same columns as
|G| elements of ry;, which are in Fr. Exchanging a subset of them we decrease
the number of rows with the largest number of dots. Repeating the process, we
obtain 7 with all rows containing at most |G|(F (G) + 1) dots. U

Lemma 3.5. Let z € N. For any € > 0, there exists n = n(z) such that in any
(0, 1)-table T of size d x n, whose columns contain at least € - d zeros each, there
exists a row with at least 7 zeros.

Proof. Setting n > z/e we may conclude by double counting zeros column-wise
and row-wise. (I

Remark 3.6. Let T be a d x n table whose entries are elements of G. In each
column ¢; we select the elements that appear a maximal number of times; these
elements are the most frequent elements in c¢;. Among all the columns, we select
those where a reference element g € G appears as one of the most frequent elements.

This is not a severe restriction, as n is very large and we would restrict to a
subtable with at least n/|G| columns, for some g € G. Such a reference element g
will be important throughout the proof.

We now introduce a crucial property S(-) for our inductive proof.

Definition 3.7 (property S(-)). Let s,r,t,k € N, let T be a d x n table whose
entries are elements of G, and Q a d’x k-subtable of T. Moreover, let us assume
that the following hold:

(a) g € G is one of the most frequent elements in every column of 7.

(b) There are at most s dots in every row of Q.

(c) There exists a subset H C G of cardinality r, such that each dot of Q isin H.
We say that the property S(s, r, t, k, T, Q) holds for the pair Q C T if

(i) s=landk >2, or

(i1) s > 1 and we can transform 7 into another table T (transforming Q into Q)
such that we may subdivide the first 7 - |k/¢] columns of é into ¢ consecutive
subtables Q;, each consisting of k =k /t] columns and d’ rows that satisfy:
(1) If r =1 then each Q; except one has the property S(s—1, r, |G|t, k, T, 0.
(2) If r > 1 then for every Q; except one we can subdivide the rows into

|G| parts Q;;, such that for every j either S(s — 1, r, |G|z, k, T, Q;j) or
S(s,r —1,|G|t,k, T, Q;;) holds.
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Further, the transformation may only use quadratic moves that do not change
dots that are in the columns of Q and in rows outside Q (i.e., it cannot move
dots in the same vertical stripe, but outside Q).

Remark 3.8. Condition (a) above is not restrictive, according to Remark 3.6, as
we will be applying the definition to subtables of Ty and 77 for which g is one of
the most frequent elements in each column.

In the next lemma, we show that one can transform and divide Q into smaller
subtables decreasing either s or r, provided k is sufficiently large. This is achieved
with special quadratic moves.

Lemma 3.9. Forevery s, r,t € N, every k sufficiently large, and every pair Q C T
satisfying the assumptions in Definition 3.7, the property S(s,r, t, k, T, Q) holds.

Proof. The proof is by induction on s. For s = 1 the claim is true for k > 2 by
Definition 3.7. Assume that the claim is true for s. We show the statement for s + 1.
If s+ 1 > |G|, let us set k > 7 - k, where k is an integer such that the property
S(s,r, |Glt, 12, -, -) holds for arbitrary pairs of tables and subtables in the last two
arguments which satisfy the assumptions in Definition 3.7. Let us fix an arbitrary pair
of tables Q C T satisfying the assumptions in Definition 3.7 for s 4+ 1 and r. In par-
ticular, each row of Q has at most s+ 1 dots. We fix a partition of Q into equal-sized
subtables Q;, each consisting of |k/7] consecutive columns. If all the Q; contain
only rows with strictly less than s 4 1 dots, we are done. Otherwise, we choose a
subtable Q;, with a maximal number of rows containing s + 1 dots. Every Q; has at
most as many rows with s +1 dots as Q;,. Hence, for any subtable Q; different from
Qi, we can pair each row of Q; with s+1 dots with arow of Q; without any dots (the
latter corresponding to a row of Q;, with s4-1 dots). The structure of T is as follows.

Q[ e
™oll .
Qio Q/ Q\(Qi<JUQj) T\Q

The arrows below describe the pairing between a row with s + 1 dots with a row
without any dots in the subtable Q;.
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For each such pair we use Lemma 3.3, as s + 1 > |G|, to make a quadratic move
reducing the number of dots that a row of Q; may have. Hence, by induction, for
any Q; # Q,, the property S(s,r, |G|t, |[k/t], T, Q;) holds, as k > ¢ - k. Thus
S(s+1,rt,k, T, Q) holds by Definition 3.7.

If s + 1 < |G|, we proceed by induction on r.

If r =1, let us set k > ¢ - k as before. First, suppose there is only one vertical
part Q;, which contains rows with s +1 dots. Since all the other parts Q; have rows
with at most s dots, by induction they satisfy S(s, r, |G|z, |k/t], T, Q;), hence we
may conclude this case. Otherwise, as long as there are two parts Q;, and Qj,
with rows r; and r; respectively with s + 1 dots, we proceed as follows. Let us fix
one dot in r; and one in r;. Let g; and g; be the elements of the rows r; and r; in
the same columns as the chosen dots. If g; = g; we can make a quadratic move
exchanging both chosen dots and the g;. Suppose g; # g;.

Qio Qio Q\ (Qip UQjo) T\Q

As g; is not a dot, there has to exist a row r; of T with more than F(G) copies of g;.
We make a quadratic move between r; and r; not involving the 2s + 2 columns of
dots in Q;, and Qj, in the rows r; and r;. This procedure allows us to put at least
F(G) —3|G]| copies of g; in the row r;, without moving dots in Q — we need to
subtract |G| by Lemma 3.3 and 2|G| > 2(s + 1) to avoid the dots. Now, we can
make the same quadratic move for g; and r;. The result of these moves is in the
table above, where the red bullets e are the chosen dots.

After performing these quadratic moves, if there is a column ¢; containing g;
and g; in rows r; and r;, then we make a quadratic move, exchanging the chosen
dots and the elements of ¢;. Otherwise, applying Lemma 3.5 for € = 1/|G| to
a subtable of T of columns containing g; in the row r;, we may find a row r,
containing at least |G| copies of g, as long as F(G) —3|G| > |G|?. Then we move
some copies of g to the row r; by Lemma 3.3. Analogously for g;, we may move
some copies of g to the row r;. Here are, depicted in red, the copies of g and, in
blue, the quadratic move putting those copies of g in r; and r; respectively.

9 9 9 g1
N
o G G G o g e e e | m
g e Gi G Gi | Ty

g g g g B TR o
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Applying the blue quadratic move above, we obtain a column c; that has g in r;
and g; in r;. In the same way, we obtain a column c; thathas g inr; and g; inr;. Now,
we perform a quadratic move in the subtable below, exchanging the chosen dots:

[ ° 8 & g]

g ° & &l

Thus, we reduce the number of dots in both rows. This concludes the case r = 1.
Assume r > 1. Let us set k > ¢ - k, where k is such that both of the properties

S(s,r,|Glt,k, T, -)and S(s +1,r —1,|G|t, k, T, -) hold. Suppose that there is

only one Q;, such that there exists a row with s + 1 dots corresponding to r distinct

group elements. Then the rows of every other part Q; can be partitioned into at
most |G| parts Q;; such that

(1) all the rows in Q; 1 have at most s dots,

(ii) all the dots in Q;; for I > 1 correspond to at most r — 1 distinct group elements.

We conclude by induction in the case when there is only one part Q;,. We will
reduce every other case to this one. Assume that there are two parts Q;, and O,
such that there exist rows r; and r; with s + 1 dots corresponding to r distinct group
elements. As both rows r; and r; contain dots corresponding to the same r elements
of the group G, we can choose one dot in each row corresponding to the same
element. Now, repeating the procedure described in the case » = 1, we reduce the
number of dots in r; and r;. This concludes the proof. ]

By Lemma 3.9 for any s, r, t we set K (s, r, t) such that for all k > K (s, r, t) the
property S(s, r, t, k, -, -) holds.

Lemma 3.10. Let Ty and T, be tables which are compatible and have at least
|G|K(|G|(F(G) + 1), |G| 3) columns. Then, we may transform them using qua-
dratic moves into tables To and T1 such that the following holds: there exists j such
that no row in To nor in T1 has a dot in both the j-th and the (j+1)-st columns.

Proof. Let us restrict Ty and T to the subtables 7, and 7/ containing all rows and
those columns that have g as the most frequent element. By Lemma 3.4, we may
assume that the upper bound on the number of dots in 7 and 7| in each row is

=|G|(F(G)+ 1). By Remark 3.6 and the assumption on the size of Ty and T,
we can assume that T’ and T/ have at least ko = K (B, |G|, 3) columns. Hence, in
particular, the properties S(B |G|, 3, ko, T(;, T o) and S(B, |G|, 3, ko, T T ) hold.
In the rest of the proof we transform both tables 7 and 7 using quadratlc moves,
at each step passing to a smaller vertical stripe such that each subtable in it satisfies
the property S(s, r, -) with smaller and smaller s or r.

Starting with 7 and 7| we apply the following algorithm, depicted in Figure 1.
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Input of step i: The input of the i-th step of the algorithm is two compatible
tables with corresponding distinguished k; = | k;_;/(3|G|'~")] consecutive columns
forming a vertical stripe. The vertical stripe has at most |G|’ parts (subtables). In
the table 7} the parts are T’ For a given part 7 ; j» let so,i,j be the maximal number
of dots that a row may have Let ro;,; be the number of distinct group elements
corresponding to dots of T’ Properties S(so,;,j, 70,i J 3|G|, ki, T,, Ty ]) hold.
Likewise the parts T’ of T’ satisfy S(s1,ij, r1.i,j, 3|G|', ki, T}, T” ). Moreover,
50,i,j +70,i,j <B+|G|_l andsll]+rllj <B+|G|—i.

Output of step i: The output of the i-th step of the algorithm is the input of the
(i+1)-st step.

Termination: The algorithm stops when all sq ; ;, 51, j = 1.

Procedure for step i: In the i-th step we subdivide the k; columns into 3|G| parts,
subdividing each T} 1nt0 parts T , as in Definition 3.7. Now, the algorithm trans-
forms T/ , using Deﬁnltlon 3.7. Hence we obtain a subdivision of rows of T 0.j.a
into at most |G| parts To/, j.a,p- Hereare the parts of 7] highlighted in blue (the left and
right brackets select horizontal parts and the bottom bracket selects vertical parts):

ST
T

J

Té,j,a,
For each j, for every a except one and for every b the subtable To/, jiab satisfies
either property (1) or (2) below:
S(s0..j = 170> 31GI ™ kivt, T, Ty o) ey

S(So,,',j, r(),l"j — 1, 3|G|l+1, ki—s—l’ TO’ TO,j,a,b)' (2)

As each of the |G|’ horizontal parts in T/ can exclude one TO/ ja and each of the

|G|’ horizontal parts in T{ can exclude one T{ _j.a We may find an index ag such
that the following conditions hold for every j and b:

(1) (1) or (2), with ag in place of a.

@ii) (3) or (4), given by
Sty — L 3G kig T T 0 ) (3
SCsrijorig—L3IGI ki, T T 40 0)- )
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(Less formally, since the number of vertical stripes is much larger than the number
of discarded subtables in each subdivision, we can choose two corresponding
vertical stripes in both of the tables. This is pictured below.) The choice of
the ap-th vertical stripe and the subdivisions To/, Jaob? T1/, Joag,p AT€ the output of
the i-th step of the algorithm and the input of the (i+1)-th step. The algorithm
terminates when we reach s = 1. The procedure terminates in a finite number
of steps as at each step either s or r decreases. Moreover, at every step of the
algorithm, we have collections of subtables satisfying property S(-). This im-
plies that, at the last step, k > 2. Thus the algorithm provides the desired pairs
of columns.

INNNEENENECNEENE INNNEENCEEENEENE

T _T _ T T o [T

0 1= INNNECNENENNENNE] [T O
% (TR TTTTTTITTT]

Lemma 3.11. Let Ty and T| be two compatible tables with n columns, for n suf-
ficiently large. We can transform Ty and T using quadratic moves such that the
following holds: there exists j such that the j-th and (j+1)-st columns in Ty equal
the j-th and (j+1)-st columns in Ty respectively.

Proof. We restrict to subtables 7, and 7| where g is the most frequent element, as
in Remark 3.6. By Lemma 3.10, we may assume that in every row of 7 and T} we
have only one dot in the first two columns. Now, we can permute rows in such a
way that the dots are equal in the corresponding entries. The elements in the rows
which are not dots are not necessarily the same in each row. We show that given
any pair of distinct elements g;, g; € Fry in the first column and in the rows r;, r;
respectively, we can exchange them.

Since g; and g; are in Fry, we can find two rows, say r; and r; respectively, such
that we have at least F(G) copies of g; and g; in ry and r;, respectively — see the
table below. By Lemma 3.3, we can move at least F(G) — |G| — 2 copies of g;
to the row r; and at least F'(G) — |G| — 2 copies of g; to r;; here we subtract two
because we are avoiding the first two columns. If there is a column ¢, containing g;
and g; in its j-th and i-th rows respectively, then we exchange them by a quadratic
move on the column ¢; and the first column. Otherwise, we proceed as follows.
We restrict to a subtable containing columns where the row r; has g; as its entries.
By Lemma 3.5, for ¢ = 1/|G|, in this subtable we may find |G| copies of g in
some row r;. Then we move some copies of g to the row r; applying Lemma 3.3.
Analogously for g;, we may move some copies of g to the row r;. Below are
depicted in red the copies of g and in blue the quadratic moves putting those copies
of g in r; and r; respectively.
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/I
Ty =

gj i 9i 9i i 9i

Now, we perform a quadratic move exchanging g; and g; in a suitable subtable of 7}

[gi 8 g]

8 8 &i

Such moves allow us to adjust all elements in the first two columns that are not
dots. This concludes the proof. (I

Theorem 3.12. For any finite abelian group G, the phylogenetic complexity ¢ (G)
of G is finite.

Proof. Let G be a finite abelian group. Fix N > |G|. Once N is fixed, the
phylogenetic complexity ¢ (G, N) is finite by the Hilbert basis theorem. Assume
n > N. We will show that ¢ (G, n) < ¢ (G, n —1). This implies that they are equal.

Let B be a binomial in I (X (G, K ,)) identified with a compatible pair of d x n
tables Tp and 77, as described in Section 2. By Lemma 3.11, we may assume there
exist two columns ¢; and ¢4 in Ty and their corresponding columns c and ¢} +1
in Ty, for some 1 < j < n, such that, for each row, c; has the same entrles as c
and c;j 1 has the same entries as cJ’. +1- Note that in Lemma 3.11 we use quadratic
moves to transform two given tables T and T; into a pair of tables such that they
satisfy the condition on columns above.

Now, summing coordinatewise the columns < and ¢jy in Tp, and ¢ ; and c] 41
in Tl, we obtain a new pair of tables To and Tl with n — 1 columns. The new
pair To, T1 is identified with a binomial B € I (X (G, K1.,-1)). By definition, this
binomial is generated by binomials of degree at most ¢ (G, n — 1). Hence, we may
transform TO into 7 by exchanging in every step at most ¢ (G, n — 1) rows. Each
of these steps lifts to an exchange among at most ¢(G n— 1) rows in tables T and
T,. After applying all the steps, the resulting tables To and T; still do not have to
be equal. However, they only differ possibly on the columns ¢; and c; ;. Without
loss of generality we may assume j = 1. Thus the tables To and T; are as follows:

aj, bj, e e e ar, br,

~ ~ ai. b e e .. ar, b, -+ oo -
TO_Tl: J2 J2 _ 2 2 ,

aj, bj, - o - ax, b, -



250 Mateusz Michatek and Emanuele Ventura

where columns different from the first two are identical. Suppose there exists / such
that a;, # ay, (and bj, # by,). Then aj, + bj, = ay, + by, since the [-th rows of To
and T are identical except in the first two columns and, moreover, every row is a
flow. On the other hand, there exists s such that ay, = a;, and by, = b; . Thus we
make a quadratic move between a;,, b, and a; , b; . This concludes the proof. []

4. Open questions

In this last section, we collect some well-known open questions regarding group-
based models for the convenience of the reader. We start from the central conjecture
in this context.

Conjecture 4.1 [Sturmfels and Sullivant 2005, Conjecture 29]. For G, any finite
abelian group, ¢ (G) < |G]|.

Taking into account the inductive approach presented in this article, it seems
crucial to first understand the simplest tree K 3.

Conjecture 4.2. For G, any finite abelian group, ¢ (G, 3) < |G]|.

Notice that our main theorem — Theorem 3.12 — can be restated as follows: the
function ¢ (G, -) is eventually constant. The ensuing result would be a desired
strengthening of ours.

Conjecture 4.3 [Michatek 2013, Conjecture 9.3]. ¢ (G, n+ 1) = max(2, ¢ (G, n)).

We are grateful to Seth Sullivant for noticing that this is equivalent to ¢ (G, -)
being constant, apart from the case when G = Z, and n = 3, when the associated
variety is the whole projective space. Conjecture 4.3 also implies the following.

Conjecture 4.4 [Sturmfels and Sullivant 2005, Conjecture 30]. The phylogenetic
complexity of G = 7, x Z; is 4.

Yet another direction would be trying to find combinatorial analogs of A-modules
presented in [Snowden 2013; Sam and Snowden 2016]. We have not pursued this
approach, however we present some similarities. First, in the class of equivariant
models one can apply such techniques to prove finiteness on the set-theoretic level
[Draisma and Eggermont 2015]. Second, one of the properties of equivariant
models —a flattening — is mimicked for group-based models (on the algebra level
though, but not on the level of varieties). This is the addition of two group elements
that turns a flow of length n4-1 to a flow of length n. The latter was a crucial property
that allowed us to obtain the result: generation using the “simple” equations (in
our case, quadratic moves) and induced equations for smaller #. It would be very
desirable to introduce a general setting for polytopes and toric varieties, which
would still allow to obtain finiteness results on the ideal-theoretic level.
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