APPROXIMATION OF ADELIC DIVISORS AND
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ABSTRACT. We study the asymptotic distribution of the Galois orbits of generic
sequences of algebraic points of small height in a projective variety over a number
field. Our main result is a generalization of Yuan’s equidistribution theorem that
applies to heights for which Zhang’s lower bound for the essential minimum is not
necessarily an equality. It extends to all projective varieties a theorem of Burgos Gil,
Philippon, Rivera-Letelier and the second author for toric varieties. It also applies
to sums of canonical heights for an algebraic dynamical system, and in particular it
recovers Kiihne’s semiabelian equidistribution theorem. We also generalize previous
work of Chambert-Loir and Thuillier to obtain new logarithmic equidistribution
results. Finally we extend our main result to the quasi-projective setting recently
introduced by Yuan and Zhang.
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In their seminal work [SUZ97|, Szpiro, Ullmo and Zhang used Arakelov theory
to prove an equidistribution theorem for the Galois orbits of algebraic points of a
projective variety over a number field. Their result applies to generic sequences of
points in an abelian variety with Néron-Tate heights converging to zero, and is at the
heart of the proof of the Bogomolov conjecture for abelian varieties [Ul198, Zha98].
It has been developed in several directions by many authors, culminating with the

celebrated equidistribution theorem of Yuan [Yua08].
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In this paper we generalize Yuan’s theorem to allow more flexibility in the choice of
the height function. In the same spirit we generalize the logarithmic equidistribution
theorem of Chambert-Loir and Thuillier [CT09].

Our results extend to all projective varieties the toric equidistribution theorem of
Burgos Gil, Philippon, Rivera-Letelier and the second author [BPRS19]. Moreover
they strengthen it, showing that this result holds without any semipositivity assump-
tion and with respect to functions admitting logarithmic singularities along some
specific effective divisors. They also apply in the dynamical setting to sums of canon-
ical height functions, giving an equidistribution theorem allowing test functions with
logarithmic singularities along preperiodic hypersurfaces. In particular, this recovers
the semiabelian equidistribution theorem of Kiithne [Kiith22] and strengthens its state-
ment to include convergence with respect to functions with logarithmic singularities
along torsion and boundary hypersurfaces.

We also give a partial converse to our main result, showing that in some situations
the imposed condition on the height function is necessary for the the equidistribution
to occur. This includes the semipositive toric case, thus recovering the reciprocal of
the toric equidistribution theorem from [BPRS19]. Finally we extend our main result
to the setting of adelic line bundles on quasi-projective varieties introduced by Yuan
and Zhang [YZ26].

Background. Arakelov geometry provides a very general and powerful framework to
define and study heights of algebraic points. Classical heights in Diophantine geometry
such as Néron-Tate heights on abelian varieties are special cases of height functions
associated to metrized line bundles in the sense of Zhang [Zha95b].

Let K be a number field with a fixed algebraic closure K. Let X be a projective
variety of dimension d > 1 over K and D an adelic divisor on X. The latter consists
of a Cartier divisor D on X with an adelic family of Green functions, and is a datum
essentially equivalent to that of a metrized line bundle on X. Let hz: X (K) — R be
the associated height function, and denote by (D) and p®s(D) its absolute and
essential minima.

A fundamental inequality of Zhang [Zha95a] asserts that if D is ample and D is
semipositive then

ess (1) (Ed—i_l)
#=D) > 1)

where (D?) and (5d+1) denote the top intersection numbers of D and D, respectively.

For every generic sequence (z¢), in X (K) we have liminf, ,o hy(xe) > p®(D),
and there exist generic sequences for which the equality holds. Following [BPRS19],
we say that (z¢)y is D-small if the heights of these points converge to the smallest
possible value, that is

Jim hs(e) = (D).
For each place v € Mi we denote by X7 the v-adic analytification of X. It is a
Berkovich space over C,, the completion of an algebraic closure of the local field K.
For an algebraic point z € X (K ) we denote by 00(x), the uniform probability measure
on O(z), C X3", the image in X3" of the Galois orbit of .
With this notation, Yuan’s theorem [YuaO8] can be stated as follows.
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Theorem 1 (Yuan). Let D € B;/(X) be a semipositive adelic divisor on X with
ample geometric divisor D, and assume that

B (Ed—i-l)

p= (D) = m- (2)

Then for every v € My and every D-small generic sequence (x4), in X (K) the se-
quence of probability measures (8o(z,),)e on X" converges weakly to c; (D) /(DY).

In other words, this result asserts that if Zhang’s lower bound (1) is an equality
then D has the equidistribution property at every place v € Mg, in the sense that
the Galois orbits of points in D-small generic sequences equidistribute in X" for
every v, and that moreover the wv-adic equidistribution measure is the normalized
v-adic Monge-Ampere measure of D. When X is a curve, this theorem is due to
Autissier [Aut01] and Chambert-Loir [Cha06].

Yuan’s theorem encompasses in a unified way the (Archimedean) theorems of
Szpiro, Ullmo and Zhang for abelian varieties [SUZ97|, of Bilu for canonical heights
on toric varieties [Bil97] and of Chambert-Loir for canonical heights on isotrivial semi-
abelian varieties [Cha00], as well as their non-Archimedean analogues by Chambert-
Loir [Cha06]. The positivity assumptions in Theorem 1 can be weakened, and in
fact Yuan’s proof remains valid when D is big but not necessarily ample. Moreover,
Berman and Boucksom [BB10] and later Chen [Chell] generalized this theorem for
the Archimedean places to the non-semipositive case.

By a result of the first author, the fact that Zhang’s lower bound is an equality
is equivalent to the equality between the essential and the absolute minima [Bal24,
Theorem 6.6]. This is a very restrictive condition that is nevertheless satisfied in the
important case of canonical heights on polarized dynamical systems [Zha95b], which
includes the canonical heights on toric varieties and the Néron-Tate heights on abelian
varieties.

To our knowledge, there is no general result ensuring the equidistribution property
for an adelic divisor on a projective variety over a number field when Zhang’s inequality
is strict. However, there are two remarkable situations where results in this direction
are known.

In [BPRS19], Burgos Gil, Philippon, Rivera-Letelier and the second author achieved
a systematic description of this property in the toric setting. Their result gives a crite-
rion in terms of convex analysis, and shows that there are plenty of toric adelic divisors
for which Zhang’s inequality is strict but that nevertheless satisfy the property. This
provides a wealth of new equidistribution phenomena previously out of reach, as well
as situations where it does not occur.

In [Kiih22], Kithne proved the long standing semiabelian equidistribution conjec-
ture, showing that this property holds for canonical heights on semiabelian varieties.
As shown by Chambert-Loir [Cha00], Theorem 1 does not apply in this case as the
condition (2) can fail when the semiabelian variety is not isotrivial. Kiithne’s theorem
allowed him to give a purely Arakelov-geometric proof of the semiabelian Bogomolov
conjecture, previously established by David and Philippon with other methods [DP00].

Main theorem. The results of [BPRS19] and [Kiih22| raise the following question:
on an arbitrary projective variety, what can be said regarding the equidistribution
property for an adelic divisor when Zhang’s lower bound is strict? More precisely, can
we identify a condition weaker than (2) that guarantees this property for a given adelic



4 BALLAY AND SOMBRA

divisor? Our main contribution is a generalization of Yuan’s theorem that answers
affirmatively this question.

As in [SUZ97, Cha06, Yua08, Chell], the positivity properties of adelic divisors
play a central role in our approach. We work with the more general notion of adelic
R-divisors developed by Moriwaki, as it provides a particularly efficient framework to
study positivity [BMPS16, Mor16]. Adelic R-divisors are better behaved on normal
varieties, and so we assume that X is normal from now on.

Let D be an adelic R-divisor on X. A semipositive approxzimation of D is a pair
(¢, Q) consisting of a normal modification ¢: X’ — X and a semipositive adelic R-
divisor Q on X’ such that the R-divisor Q is big and ¢*D — Q is pseudo-effective. It
is a variant of the notion of admissible decomposition introduced by Chen [Chell].

Given two big R-divisors P, A on X, the inradius of P with respect to A is the
positive real number defined as

r(P; A) =sup{\ € R | P — \A is big}.

This geometric invariant was introduced by Teissier [Tei82] and measures the bigness
of P, see Section 1.2 for more details. Our main result is the following.

Theorem 2. Let D be an_adelic R-dwisor on X with D big. Assume that there exists
a sequence (¢n: Xp — X, Q,,)n of semipositive approximations of D such that

ess(T)\ _ ,,abs()
i KT D) = p (@)
n—00 T(Qn; (;SZD)
Let v € My, and for each n > 1 let vy, ,, be the pushforward to X3 of the normalized
v-adic Monge-Ampére measure 1(Q,,,)"?/(Q%) on X2%,. Then

(i) the sequence (Vy4)n converges weakly to a probability measure v, on X3",

~0. (3)

(ii) for every D-small generic sequence (x¢); in X(K), the sequence of probability
measures (5O(a:e)v)f on X% converges weakly to v,.

Theorem 1 follows immediately from this result applied with the constant sequence
(¢n,Q,) = (Idx, D), n € N. Theorem 2 also implies Chen’s equidistribution theorem
(Corollary 4.12).

We actually prove a stronger result (Theorem 4.8) showing that under the condi-

tion (3) for every D-small generic sequence (z¢)¢ in X (K) and E € ISR/(X )r we have

~d * ess( 1) — *

In particular, both limits exist in R and the second does not depend on the choice of
the sequence (¢, @,,)n. Theorem 2 follows by specializing (4) to the adelic divisors
E over the zero divisor of X associated to continuous real-valued functions on X32".

We also obtain a generalization of Chambert-Loir and Thuillier’s logarithmic equi-
distribution theorem [CT09], showing that in the situation of Theorem 2 the equidistri-
bution property extends to test functions with logarithmic singularities along effective
divisors satisfying a numerical condition (Theorem 5.13 and Corollary 5.15).

Note that it is always possible to construct a sequence (¢, Q,, ), of semipositive ap-
proximations of D with p®"*(Q,,) converging to u®*(D), see for instance Lemma 4.13.
However, for such sequences the condition (3) is not necessarily satisfied since as
already explained, there are situations where the equidistribution property fails.
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Toric varieties. We first apply our results in the toric setting. To this end, let X
be a projective toric variety over K with torus T ~ G% and D a toric adelic R-
divisor on X with big geometric R-divisor D. Let Ap be the d-dimensional polytope
associated to this R-divisor. Following [BPS14], the family of Green functions of
D induces a family of concave functions U5, Ap — R, v € Mg, called local roof
functions, whose weighted sum gives the glob7al roof function

1952 AD — R.

These concave functions convey a lot of information about the height function of D.
For instance, its essential minimum coincides with the maximum of ¥, and if D is
semipositive then its absolute minimum coincides with the minimum of this concave
function. This readily implies that the only toric adelic R-divisors to which Yuan’s
theorem applies are those whose associated global roof function is constant.

The global roof function ¥ is said to be wide if the width of its sup-level sets
remains relatively large as the level approaches its maximum, see Appendix A for
details. When this is the case, there is a unique balanced family of vectors u,, v € Mk,
such that each u, is a sup-gradient of the v-adic roof function 95 . Then for each v
we can associate to u, a probability measure on X" that we denote by Unk's When
v is Archimedean, it is the Haar probability measure on a translate of the compact
torus S, ~ (S1)9 of T2", whereas if v is non-Archimedean it is the Dirac measure at a
translate of the Gauss point of this v-adic analytic torus, see Section 6.2 for precisions.

The following is our main result in this setting.

Theorem 3. Let D be a toric adelic R-divisor on X with D big, and assume that Uy
is wide. Then for every v € My and every D-small generic sequence (x4), in X (K)
the sequence of probability measures (5O(a:e)u)f on X" converges weakly to ng -

We actually show a stronger result (Theorem 6.6): under the assumptions of The-
orem 3, for every D-small generic sequence (z¢), in X(K) and every E € Div(X)g
with F toric we have

Jim bz = Y ny | gp,dng,,

where gz, denotes the v-adic Green function of E. The case when FE is arbitrary can
be reduced to the previous one by linear equivalence (Corollary 6.8).

As an application of our logarithmic equidistribution result we strengthen the pre-
vious to allow test functions with logarithmic singularities along the boundary and
some specific translates of subtori (Theorem 6.12). In the semipositive case we can
combine it with the characterization of the Bogomolov property in [BPRS19, Section
5] to obtain the following consequence (Corollary 6.13).

Theorem 4. Let D be a semipositive toric adelic R-divisor on X with D big and
such that U5 is wide. Let E be an effective divisor on X such that each irreducible
component V of E that is not contained in X \ T satisfies u®3(D|y) = u®s(D). Then
for every v € My and every D-small generic sequence (z)e in X (K) we have

lim godéo(w)v = /X cpdnﬁ’v

l—00 Xgn

for any function p: X2™ — RU{£oo} with at most logarithmic singularities along E.
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We also show that when D is semipositive, the converse of Theorem 3 holds: in
this situation, the condition that 15 is wide is necessary for the equidistribution of
the Galois orbits of points in D-small generic sequences (Theorem 6.9). Together with
Theorem 3, this fully recover the main theorem of [BPRS19]. We refer to Remark 6.11
for a more detailed comparison between our results and those in loc. cit..

Dynamical systems and semiabelian varieties. Yuan’s theorem gives the equidis-
tribution property for the canonical metrized line bundles associated to polarized dy-
namical systems, a result with vast consequences in arithmetic dynamics. In a similar
vein, our result implies this property for adelic R-divisors that are sums of several
canonical adelic R-divisors with different regimes with respect to a dynamical system
that is not necessarily polarized.

Let ¢: X — X be a surjective endomorphism of a normal projective variety over K
of dimension d > 1. Then ¢ is finite and we denote by deg(¢) its degree. For
i=1,...,slet D; € Div(X)g with ¢*D; = ¢;D; for a real number ¢; > 1 and set

D= ZS: b;:an7
i=1

where D; € ]SE(X )r denotes the canonical adelic R-divisor over D;. For simplicity
here we assume that D; is effective for every i and that D is ample, although our
results are valid under slightly weaker positivity assumptions.

Theorem 5. Let v € My and denote by p, the normalized Monge-Ampére measure

of any semipositive adelic R-divisor over D. Then
¢on,an,*

v Mo

deg()"

(ii) for every D-small generic sequence (z4)¢ in X(K) the sequence of probability
measures (60(z,), )¢ on X" converges weakly to vy.

(i) the sequence ( ) converges weakly to a probability measure v, on X3",
n

on,an,*

In this statement we denote by ¢, 1, the pullback of the probability measure pi,
on X" with respect to the n-th iterate of the v-adic analytification of ¢, which is well-
defined because ¢ is finite. Note that a semipositive adelic R-divisor over D always
exists by ampleness.

The probability measure v, in Theorem 5 is called the v-adic equilibrium measure
of ¢ with respect to D, and this result shows that it is well-defined in this context.
If the v-adic Green function of D$*™" is semipositive for every i then this measure
coincides with the normalized v-adic Monge-Ampere measure of D, that is

_ Cl(ﬁv)/\d
T DY)
These results are contained in Theorem 7.4, which also shows the existence and gives
an explicit expression for the limit height limy_, hz(z¢) for any E € ISR/(X )R-
Theorem 5 is a straightforward consequence of Theorem 2. When D is semipositive,
it is obtained by considering the sequence of adelic R-divisors on X defined as
Q,=q "¢"*D, neN,

with ¢ = max; g;. From the dynamical properties of E;an, 1 =1,...,8 one can
check that (Idx, @,,) is a semipositive approximation of D whose absolute minimum
decreases much faster than its inradius as n — oo, and conclude then with Theorem 2.
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As another application of the logarithmic equidistribution theorem, we strengthen
the previous result in the semipositive case to allow test functions with logarithmic
singularities along preperiodic hypersurfaces.

Theorem 6. Assume that DS is semipositive for every i. Let (x4)y be a D-small

generic sequence in X(K) and E an effective divisor on X such that each of its
1rreducible components is preperiodic. Then for every v € My we have

. C1 (bv)/\d
L, [ @ P00 = /X (1)

for any function ¢: X2 — R U {£oo} with at most logarithmic singularities along E.

As a particular case of these results we recover Kiihne’s semiabelian equidistribu-
tion theorem [Kiith22] and extend it to include the computation of the corresponding
limit heights (Theorem 7.10). Furthermore, we can also strengthen it to show the con-
vergence of the Galois orbits of points in generic small sequences with respect to test
functions with logarithmic singularities along torsion hypersurfaces (Theorem 7.14).

Further results and questions. In Theorem 4.16 we give an alternative formulation
of Theorem 2 in terms of the arithmetic positive intersection numbers introduced by
Chen [Chell]. Its statement is more intrinsic in the sense that it does not rely on the
choice of a specific sequence of semipositive approximations.

In [YZ26, Theorem 5.4.3], Yuan and Zhang extended Yuan’s theorem to the set-
ting of adelic line bundles on quasi-projective varieties. In Section 8 we present a
generalization of Theorem 2 in this context that recovers this result.

In the toric setting the condition in Theorem 2 translates into a convex analysis
statement involving the global roof function. We have a similar result on an arbitrary
projective variety in terms of the arithmetic Okounkov bodies introduced and studied
by Boucksom and Chen [BCI11]. Since this is beyond the scope of this text, it will
appear in a subsequent manuscript.

As already explained, the condition in Theorem 2 is optimal in the semipositive
toric case: for a semipositive toric adelic R-divisor the equidistribution property at
every place is equivalent to the existence of a sequence of semipositive approximations
satisfying the condition (3). It is natural to ask whether this remains true in general,
that is if Theorem 2 actually gives a criterion for the equidistribution property (Ques-
tion 4.19). In Proposition 5.17 we give an affirmative answer under an additional
technical condition, which is always satisfied for semipositive toric adelic R-divisors.

Comments on the proof. Our initial motivation was to generalize the toric equidis-
tribution theorem from [BPRS19] to all projective varieties. A major obstacle was that
both the statement and the proof of this result rely heavily on notions and tools that
are specific to toric adelic R-divisors, with no clear extension outside of the toric
setting. A first step was to produce a non-trivial reformulation of the toric equidis-
tribution theorem that we could translate in terms of the arithmetic and geometric
properties of the algebra of global sections of the adelic R-divisor, leading to the
statement of Theorem 2.

The proof of Theorem 2 is based on Szpiro, Ullmo and Zhang’s variational prin-
ciple and Yuan’s arithmetic analogue of Siu’s inequality. Compared with [Yua08],
we do not apply the latter directly to D but rather to the sequence of semipositive
approximations satisfying the condition (3). The main difficulty is that we need to
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keep a very precise control of the error terms that arise in this asymptotic process.
The core of our proof is a new consequence of the arithmetic Siu’s inequality with
an error term involving an inradius (Corollary 5.3). It is based on precise estimates
for arithmetic intersection numbers based on the arithmetic Hodge index theorem of
Yuan and Zhang [YZ17]. This technical feature is not needed in the case of curves,
for which most of the difficulties disappear.

We next outline the proof in this situation. Assume that X is a smooth projective
curve over K with an adelic R-divisor D such that D is big. Shifting the Green
functions of D if necessary we assume p®s(D) > 0.

The assumption of Theorem 2 boils down to

Lo (D) = i (@)
no0o (Qn)

for a sequence (Q,,), of semipositive adelic R-divisors on X with Q,, big and D —
Q,, pseudo-effective for every n. Indeed, since d = 1 every modification of X is
an isomorphism, and moreover 7(Q,; D) = (@Qn)/(D) and so the inradius in that
condition can be replaced by the intersection number (Qy,).

Let v € Mg and ()¢ a D-small generic sequence in X (K). To prove that D
satisfies the equidistribution property at v we need to show that for every continuous
function ¢: X3"* — R we have

=0 (5)

. Cl(@nv)/\d
i [ st = o2 %" ©

=1
n—oo
{—00 Xgn X,f,m

including the existence of both limits. By a standard density argument, it suffices to
consider the case where ¢ is Gal(K, /Ky )-invariant. This allows to associate to ¢ an
adelic divisor E = 0% over the zero divisor of X such that (6) translates into
5 .
lim hg(xe) = lim M (7)

JA n—oo  (Qn)

By density, we can furthermore assume that E is the difference of two semipositive
adelic divisors on X.
Let A € (0,1). Then

MeSS(E) + )\lll}glol.}f hE(LL’g) = hgglogf hﬁ+)\E($£) > MeSS(E + )\E)

by the linearity of heights and the definition of the essential minimum. Now the
assumption that D —(@),, is pseudo-effective together with Zhang’s lower bound for the
essential minimum in terms of the x-volume (Theorem 2.18) gives

Vol (@, + A\E)
2(Qn)

The condition (5) implies u*”*(Q,,) > 0 for n large enough, and therefore @Q,, is nef.
Then a classical consequence of Yuan’s arithmetic version of Siu’s inequality [YuaO8§]
shows that there exists a constant ¢ > 0 such that

pE(D +AE) > p(Q, + AE) >

Vol (@, + AE) > (Q2) +2A(Q, - E) — ¢ A? 8)
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for every sufficiently large n. On the other hand, Zhang’s theorem on successive
minima gives (@i) > 2(Qn) 1#*%(Q,,). Combining these inequalities gives

:U’abs (@n) - Iuess (E) (@n i E) cA

liminf h+=(xp) > + — .
f—o0 E( ) A (Qn) 2 (Qn)
Using (5), we can apply this to a suitable sequence of real numbers (\,), to obtain
. @, B
lim inf h=(xp) > lim sup ———2,
{—00 E( Z) - n—>oop (Qn)

and then (7) by applying this inequality to —E. This concludes the proof in the
one-dimensional case.

In higher dimensions this argument breaks down as a lower bound of the form (8)
is not precise enough to take advantage of the condition in Theorem 2. This is where
we need the finer estimate from Corollary 5.3.

When specialized to semiabelian varieties, our proof of Theorem 2 is different from
Kiihne’s, although both ultimately rely on an asymptotic use of the arithmetic Siu’s in-
equality: indeed, we do not need to modify the semiabelian variety through a sequence
of isogenies as in [Kiih22], but rather produce a suitable sequence of semipositive ap-
proximations sitting on the given semiabelian variety.

As emphasized in [Chell], the variational principle reduces the equidistribution
property to the differentiability of invariants associated to adelic R-divisors. For
example, Yuan’s theorem is a consequence of the differentiability of the y-volume
function [Yua08] whereas Chen’s equidistribution theorem follows from the differen-
tiability of the arithmetic volume function [Chell]. Similarly, our main results con-
cern the differentiability of the essential minimum function, which is equivalent to
the height convergence property in (4) and thus implies Theorem 2. We refer the
reader to Section 4.1 for a review of the correspondence between differentiability and
equidistribution.

Organization. Sections 1 and 2 contain the material we need about R-divisors and
adelic R-divisors. In Section 3 we study the relationship between Fujita approxi-
mations and positive intersection numbers of adelic R-divisors. We state our main
theorem in Section 4 and prove it in Section 5 together with some complements like
the partial converse and the logarithmic equidistribution theorem. In Sections 6 and 7
we apply these results in the settings of toric varieties and of dynamical systems, in-
cluding semiabelian varieties. Finally, in Section 8 we extend our main theorem to
quasi-projective varieties. Appendix A contains the auxiliary results in convex analysis
that are needed for the application to toric varieties.
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NOTATION AND CONVENTIONS

We let K be a number field and K a fixed algebraic closure of K. We also let
Ok be the ring of integers of K. We denote by Mg the set of places of K and by
M C Mg the subset of Archimedean places. For each v € M i we denote by K, the
completion of K with respect to v, and by Q, the closure of Q in K,. We endow K,
with the unique absolute value |- |, extending the usual absolute value on Q, and set

o [Kv : Qv]

TR LQ

These absolute values and weights verify the product formula:

Z nyloglal, =0 for a € K*.
vEM i

Furthermore, for any place vg € Mg we have ) » = 1, the sum being over the
places v € Mg above vg.

For each v € My we fix an algebraic closure K, of K,, which admits a unique
absolute value extending | - |,. We denote by C, the completion of K,, and we still
denote by | - |, the induced absolute value. We also fix an embedding K < K, C C,.

A wvariety is a separated and integral scheme of finite type over a field. We let X
be a normal projective variety over K of dimension d > 1. A modification of X is a
birational projective morphism ¢: X’ — X, that is said normal if so is X’. We write
X = X xg Spec(K') for any field extension K C K’. The elements of X (K) are
called the algebraic points of X.

A measure is a Radon measure on a locally compact Hausdorff space. A signed
measure is a difference of two measures.

vl T

1. THE INRADIUS OF AN R-DIVISOR

Throughout the text we assume some working knowledge of R-divisors and their
positivity properties as presented in [Laz04, Chapters 1 and 2]. Nevertheless, in this
section we recall the basic objects and notations. We pay special attention to the
inradius of an R-divisor, explaining its properties and relation to other invariants.

1.1. Intersection numbers and global sections of R-divisors. We denote by
Div(X) the Abelian group of Cartier divisors on X and by Div(X)g = Div(X) ®z R
the real vector space of R-Cartier divisors. Since X is normal, there is an injective
morphism from Div(X) to the free Abelian group of Weil divisors of X. Therefore
Div(X) has no torsion and there is an inclusion Div(X) C Div(X)g. Since we will
be mainly concerned with Cartier divisors and R-Cartier divisors, we just call them
divisors and R-divisors for short.

We denote by Rat(X) the field of rational functions of X and we set Rat(X )y =
Rat(X)* ®z R. For a nonzero rational function f € Rat(X)* we denote by div(f) €
Div(X) its associated principal divisor. This assignment extends by linearity to a map

div: Rat(X)g — Div(X)g.

Given two R-divisors D, D’ on X we write D = D’ when they are linearly equivalent,
that is when D’ = D + div(f) for some f € Rat(X)g.
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For D € Div(X)r we denote by [D] its associated R-Weil divisor. The support
of D, denoted by supp(D), is defined as the support of this R-Weil divisor. It is a
closed subset of X.

For an integer 0 < r < d, an r-dimensional cycle Z of X and a family of R-divisors
D; € Div(X)g, i = 1,...7, we denote their intersection number by

(Dy---D,-Z)eR.

When Z = X we simply write this quantity as (Dp--- Dyg). It depends only on the
linear equivalence classes of the R-divisors and is invariant under normal modifications.
If D € Div(X)g is nef then the intersection number (D) coincides with the volume
vol(D) of D.

Given Dy, ..., D41, Dg, D! € Div(X)g with D; nef for 1 <i¢ <d—1 and Dy — D)
pseudo-effective, the corresponding intersection numbers compare as

(Dy-+-Dg_1-D)) <(Dy-+-Dy_1-Dy). (1.1)
The space of global sections of an R-divisor D is defined as
(X, D) ={(f,D) | f € Rat(X)", D+div(f) >0} U{0}.
It is a finite dimensional real vector space. Given s = (f, D) € T'(X, D) \ {0} we set
div(s) = D +div(f) € Div(X)r

for the corresponding R-divisor in the linear equivalence class of D.
Given global sections s1 = (f1,D1) and so = (f2, D2) of R-divisors D1, Dy €
Div(X)g, their product is defined as

51 ®@ sg = (f1f2, D1+ D2) € I'(X, D1 + D3).
The algebra of sections of D is then defined as the direct sum
R(D) = @ I'(X,mD)
meN
endowed with the structure of graded algebra induced by this product.

1.2. Definition and basic properties of the inradius. The notion of inradius of
a line bundle with respect to another one was introduced by Tessier as a measure
of its bigness [Tei82]. As explained in loc. cit., the terminology is inspired by its
interpretation in the toric setting, where it identifies with the usual inradius in the
sense of convex geometry (Proposition 6.1).

Definition 1.1. Let P, A be big R-divisors on X. The inradius of P with respect
to A is defined as

r(P;A) =sup{A € R | P — AA is big} = sup{\ € R | P — AA is pseudo-effective}.

We have r(P; A) < co: indeed, choosing any ample divisor H then for any A € R
such that P — AA is pseudo-effective we have A < (H?"!. P)/(HY ' . A) by (1.1).
On the other hand, since P is big we also have r(P; A) > 0 by the continuity of the
volume function. Hence r(P; A) is a positive real number.

Note that P — r(P; A)A is pseudo-effective. Moreover

r(6P;A) =6r(P;A) and r(P;0A)=6"1r(P;A) for 6 € Ruo,

and r(¢*P;¢*A) = r(P; A) for any normal modification ¢: X' — X. This latter
property follows from the fact that the volume is invariant under birational morphisms.
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Changing the big R-divisor of reference A can only modify the inradius r(P; A) up

to a bounded factor, as we next show.

Lemma 1.2. Let P, Ay, Ay be big R-divisors on X. Then
1

Ay A P;A) <r(P:A) < ————

T( 2 1)?"( ) 2) _’f’( ) 1) = T'(Al;AQ)

Proof. Since both P — r(P; A3)As and Ay — r(Ag; A1) A; are pseudo-effective, so is
P —r(P; Ay)r(Ag; A1) Ar. Therefore r(Ag; Ay) r(P; As) < r(P; Ar), which gives the
first inequality. The second follows by interchanging the roles of A; and As. O

T’(P; Ag)

The next key lemma shows that the inradius can be controlled up to a constant
factor by a quotient of intersections numbers.

Lemma 1.3. Let P, A be big and nef R-divisors on X. Then

(P7) , (P7)
apr o =TS ey

Proof. For A € R, by Siu’s inequality [Laz04, Theorem 2.2.15] we have that P — A A is
big whenever

(P4 > Ad (P41 A).

This gives the first inequality. The second follows from the facts that P is nef and
P —r(P; A)A is pseudo-effective, which imply

(P —r(P;A) (PT L. A) = (PTL (P —r(P; A)A)) >0
by the inequality (1.1). O

Lemma 1.4. Let P, A be big and nef R-divisors on X with A — P pseudo-effective.
Then

Proof. Since A — P is pseudo-effective and A, P are nef, we get (P?~1. A) < (A9) by
iteratively applying (1.1). The result then follows from Lemma 1.3. U

The inradius allows to control the behavior of the volume function with respect to
perturbations, under suitable positivity assumptions.

Lemma 1.5. Let P, E, A € Div(X)r with P, A big and A+ E pseudo-effective. Then
for every A € R with 0 < A < r(P; A) we have

(1 _ #)dvol(P) <vol(P+ A\E) < (1 + r(P)\;A))dVOl(P)'

r(P; A)
Proof. Since A — E is pseudo-effective we have that
1 1

is also pseudo-effective. Therefore

vol(P + AE) < vol (P + r(P)\,A)P> _ (1 " M)dvol(P)

?
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because the volume function is positive homogeneous of degree d and increases along
pseudo-effective directions. Similarly,

1 1
FpA) TR

is pseudo-effective and so

(P—r(P;A)A)+ A+ E

(1 - r(P)\;A)>dvol(P) = vol (P - r(P)\;A)P) < vol(P + \E)

as stated. O

2. ADELIC R-DIVISORS

In this section we recall the definition and basic facts concerning adelic R-divisors,
referring to [BPS14, BMPS16, Mor16] for the proofs and more details.

2.1. First definitions. For v € Mg we denote by X" the analytification of X¢,
in the sense of Berkovich, see [BPS14, Section 1.2] and [Mor16, Section 1.3] for short
introductions sufficient for our purposes. There is an injective map X (C,) < X3»
that induces an inclusion

lp: X(K) — X2
via the chosen embedding K «— K, C C,,.

For an algebraic point x € X (K) we denote by O(z) C X (K) its orbit under the
action of the absolute Galois group Gal(K/K), and by

O(x)y = 1 (0(x)) € X"

its image under ¢,. It does not depend on the choice of the embedding.

The local Galois group G, = Gal(K,/K,) acts on X2*. We denote by C(X2")
the space of continuous real-valued functions on X" and by C(X2)% C C(X2") the
subspace of those functions that are G,-invariant.

Let D € Div(X)r and v € Mg. A continuous v-adic Green function for D is a
G,-invariant function

gv: X" \ supp(D);" — R
with the property that for each open subset U C X where D is defined by an R-rational
function f we have that g, + log|f2"|, extends to a continuous function on U3", with
f&" the v-adic analytification of f. In this text we only consider continuous v-adic
Green functions, and so we call them v-adic Green functions for short.

Let U C Spec(Ok) be a nonempty open subset. A model of X over U is a normal
integral projective scheme X — U such that X = X Xy Spec(K). For D € Div(X)g,
a model of (X, D) over U is a pair (X, D) where X' is a model of X over U and D is
an R-divisor on X whose restriction to X coincides with D. Such a model induces a
v-adic Green function for D for each place v € U that we denote by gp ,, see [Mor16,
Section 2.1] for details.

Definition 2.1. An adelic R-divisor on X is a pair D = (D, (guv)vem,) With D €
Div(X)r and g, a v-adic Green function for D for each v € Mg, such that there is a
model (X, D) of (X, D) over a nonempty open subset U C Spec(O) with g, = gp
for all v € U. When D is a divisor we say that D is an adelic divisor.

We say that D is an adelic R-divisor over D and conversely, we say that D is the
geometric R-divisor of D.
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Unless otherwise stated, given an adelic R-divisor D on X we use the same letter
D to denote its geometric R-divisor and we denote by (g5, )vemy its family of Green
functions. ’ -

The set of adelic R-divisors forms a real vector space that we denote by Div(X)g,
and the subgroup of adelic divisors is denoted by Div(X).

Example 2.2. Let (¢, )vem, with ¢, € C(X2)% for each v € My and ¢, = 0 for
all except finitely many v. Then (0, (¢y)vem, ) is an adelic divisor over 0 € Div(X).
Every adelic divisor over the zero divisor of X is of this form.

Denote by [0o] = (0, (¢y)vemy) € 5;/()() the adelic divisor over 0 € Div(X)g
given by the constant functions ¢, = 1 if v is Archimedean, and ¢, = 0 if v is
non-Archidemedean. Then for D € Div(X)g and t € R we set

D(t) = D — t[oo] € Div(X)g. (2.1)

Given f € Rat(X)* we set (Il\v(f) = (div(f), (—log | fa™|v)vem, ) for its associated
principal divisor. This assignment extends by linearity to a map

div: Rat(X)X — Div(X)g.

Two adelic R-divisors D, D’ € 5;/()( )r are said linearly equivalent, denoted D = D,
when there is f € Rat(X)y such that D’ = D + &1\\7(]‘)

For D € ]5;1(X )r and a morphism ¢: X’ — X from a normal projective variety
X' whose image is not contained in supp(D), the pullback ¢*D € BF/(X "r is defined
as the R-divisor ¢*D equipped at each place v € My with the pullback to (X')2" of
95, by the v-adic analytification of ¢.

For D € Div(X)g and v € Mg let g, be a v-adic Green function for D. We say that
gv is semipositive when it is of (CY N PSH)-type in the sense of [Mor16, Section 1.4 and
Definition 2.1.6]. In the Archimedean case this means that g, is plurisubharmonic,
whereas in the non-Archimedean case it means that g, can be uniformly approached by
the v-adic Green functions of a sequence of vertically nef models. On the other hand,
we say that g, is DSP (short for difference of semipositive) if there are semipositive
v-adic Green functions g1, and g2, such that g, = g1, — g2,,. Note that if D admits
a semipositive v-adic Green function then it is nef, and in particular vol(D) = (D9).

Passing to the global situation, an adelic R-divisor D is semipositive if all its v-

adic Green functions are semipositive, and is DSP if there are two semipositive adelic
R-divisors D1, Do such that D = Dy — Do. We denote by

DSP(X)g C Div(X)g
the subspace of DSP adelic R-divisors of X.

Remark 2.3. To an adelic divisor D = (D, (gy)vem,) on X one can associate a
metrized line bundle L = (Ox (D), (||.||s)vem, ) on X in the sense of Zhang [Zha95b],
and every such metrized line bundle can be constructed in this way [BMPS16, Propo-
sition 3.8]. The metrized line bundle L is semipositive in the sense of [Zha95b] if and

only if D is semipositive, and it is integrable in the sense of [Zha95b] if and only if D
is DSP.
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2.2. Heights of points and cycles. Given D € ]Si\v(X)R and z € X (K), the height
of x with respect to D is defined as

hp(x) = Z Z 9D v

VEM K yEO

for any D’ € ]SR/(X)R with D’ = D such that = ¢ supp(D’)(K). This quantity does
not depend on the choice of D’ thanks to the product formula.

For an integer 0 < r < d let Z be an r-dimensional cycle of X and D;, i =1,...,7,
a family of adelic R-divisors on X. Let v € Mg and assume that 9D, 18 DSP for
all 7. Then there is a signed measure on X3", denoted by 7

c1(D1y) A= Act(Dry) A dzan,

supported on Z3" and with total mass (Dy---D, - Z). When the D;’s are divi-
sors, it is defined using the complex Monge-Ampere operator in the Archimedean
case, whereas in the non-Archimedean case it is the signed measure introduced by
Chambert-Loir [Cha06]. This construction extends by multilinearity and continuity
to the general case of adelic R-divisors with DSP v-adic Green functions. When these
v-adic Green functions are semipositive, it is actually a measure.

In the case when Z = X and Dy = --- = Dy = D, this signed measure is called
the v-adic Monge-Ampére measure of D and denoted by ¢ (D, ).

Assume now that Dy, ..., D, are DSP, and let D, be a further adelic R-divisor
on X. The height hﬁh---frﬂ( ) of Z with respect to D1,...,D,y1 is defined by
induction on the dimension r of the cycle. When r = 0 it is given by linearity from
the previous definition of height of points, whereas when r > 0 it is given by the
arithmetic Bézout formula:

hg,. B,..(Z2)=hp, 5. (D 2Z)

+ 3 n | g eaDi) A Aei(Dy) Nz (22)

for any D’ € ISR/(X )Jr with D’ = D,y such that D’ intersects Z properly, where
D’ Z is the intersection cycle. This Bézout formula is well-defined because the v-adic
Green function 9570 is integrable with respect to the signed measure therein [CT09,
Theorem 4.1]. Furthermore, it does not depend on the choice of D’ and it is multilinear
in Dy,..., Dy [BPS14, Section 1.5], [BMPS16, page 225]. If D,y € DSP(X)g this
construction is symmetric in D1,...,D,.1. For D € ITS\P(X Jr we write hy(Z) for
the height of Z with respect to r + 1 copies of D.

For D; € D/S\P(X)R, i=1,...,d,and Dgy1 € ]SR/(X)R, we define their arithmetic
intersection number as

(D1-++Day1) = hp,.. . Da, (X) €R.

This quantity only depends on the linear equivalence classes of these adelic R-divisors,
and for any normal modification ¢: X’ — X we have

(¢*D1---¢*Day1) = (D1 Day1).
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It follows from these definitions that for any adelic divisor 0 = (0, (¢y)vem, ) Over
the zero divisor of X we have

(ﬁl e 'Ed : 6) = Z Ny / 4 Pu Cl(ﬁl,v) ARRRNA Cl(ﬁd,fu)- (2'3)

In particular,

(D1 Dg-[o0]) = Z nv/an ci(Diy) A---ANer(Day) = (D1---Dg).  (2.4)

2.3. Arithmetic volumes and positivity. Let D € ]SFI(X )r. Given a nonzero
global section s = (f, D) € I'(X, D)\{0}, for each point y € X3"\supp(div(s))i" we set
IsWlp,e = exP(=95 & (50 ¥)-

By [Mor16, Propositions 1.4.2 and 2.1.3], this assignment can be uniquely extended to
a continuous real-valued function y € X3" — |[s(y)|5, € R, called the v-adic norm
of s. We also set

||S||ﬁ7v7sup: Sup ||S(y)HB7'U
yeXgn

The height of a point outside the support of a global section can be bounded from
below in terms of these sup-norms: for m € N5y and s € I'(X, mD) \ {0} we have

1 — —
hp(z) > - Z nylog|[s||5,,qp forall z € X(K) \ supp(div(s))(K). (2.5)
VEM i

For s € I'(X, D) \ {0} we say that s is small if ||s[|5, 4, < 1 for all v € Mg, and

by convention we agree that 0 € I'(X, D) is small. We denote by f(X, D) the set of
small global sections of D.
Let Ax be the ring of adeles of K and consider the adelic unit ball

By = {(sv)vem, € I'(X,D) ®x Ak | ||5v“5,v,sup <1 for all v e Mg}.
We have that T'(X, D) @k Ak is a locally compact group and I'(X, D) is a lattice
within it via the diagonal embedding K — Agx. We denote by u the unique Haar
measure on ['(X, D) ® ¢ Ag satisfying

u((T(X, D) @k Ak)/T(X, D)) =1

and we set X(X, D) = log(u(Bp)).
Definition 2.4. The arithmetic volume and the y-volume of D are respectively de-
fined as
log (#T (X, mD))

vollD) = g s S @ )
—~ = 1 ) X(X,mD)

We now recall classical positivity notions for adelic R-divisors.

Definition 2.5. We say that D is
(1) effective if D is effective and g5, > 0 on X3" \ supp(D)3" for all v € M,

(2) big if vol(D) > 0,
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(3) pseudo-effective if D + B is big for every big B € ISR/(X)R,
(4) nef if D is semipositive and hz(x) > 0 for all z € X (K).

In the sequel we recall the basic properties of the arithmetic volume and the y-
volume, referring to [Mor16] for the details and proofs.

Remark 2.6. Unlike [Morl16], here we do not assume that X is geometrically irre-
ducible. In this more general situation the Stein factorization shows that there is a
finite extension K’'/K with the property that the structural morphism X — Spec(K)
factors through a morphism X — Spec(K’) and that X is geometrically connected
over K'. Since X is normal, it is geometrically irreducible as a variety over K’ and all
the cited results from loc. cit. extend directly to our setting.

For any normal modification ¢: X’ — X we have
vol(¢*D) = vol(D) and  vol,(¢*D) = vol, (D),
and moreover \a(ﬁ) > \ax(ﬁ) [Mor16, Section 4.3]. By [Morl6, Theorem 5.2.1] we
also have the following continuity property: for every E € Div(X)g,

vol(D) = lim vol(D 4+ AE) and vol,(D) = lim vol, (D + AE).

When the geometric R-divisor D is big, a sufficiently large shift of D is big.
Lemma 2.7. If D is big then D + c|[oo] is big for any sufficiently large ¢ > 0.

Proof. For ¢ € R we have X(X, D + c[x]) = X(X, D) + ¢[K : Q]dimg (T'(X, D)) by
the definition of these quantities. Hence

vol(D + ¢[00]) > voly (D + ¢ [o¢]) = voly (D) + ¢ (d + 1) vol(D),
which readily implies the statement because vol(D) > 0. O

Now let ¢t € R, and for each m € N denote by R! (D) the K-linear subspace of
[(X,mD) generated by I'(X,mD(t)) with D(t) = D — t[oo] as in (2.1). Note that
['(X,mD(t)) is the set of global sections s € I'(X, mD) such that

—mt  if v is Archimedean,
108 1815050 < 0 otherwise

Then we set
R'(D) = P R.,(D).
meN
that is a graded subalgebra of the algebra of sections R(D). Its volume is the quantity
— di t (D
vol(RY(D)) = lislnjélop m:lf/g'()

The next theorem is due to Chen, and allows to express the arithmetic volume of
a big adelic R-divisor in terms of the volumes of these graded subalgebras.

Theorem 2.8. If D is big then vol(D) = (d + 1) / vol(RY(D)) dt.
0
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Proof. When D is an adelic divisor, this formula is given by [Chel0, Theorem 3.8] (see
also [Chell, Formula (5.2)]). It is also a consequence of the results of Boucksom and
Chen on arithmetic Okounkov bodies [BC11, Theorems 1.11 and 2.8], whose proof
can be carried out for adelic R-divisors using the extension of this theory in [Morl6,
Section 7.3]. O

Arithmetic (x-)volumes coincide with arithmetic intersection numbers under suit-
able positivity conditions.

Theorem 2.9 ([Mor16, Theorem 5.3.2]). If D is semipositive then

vol, (D) = (D).

—d+1

If moreover D is nef, then ;al(ﬁ) = ;alx(ﬁ) =(D ).

The existence of arithmetic Fujita approximations for adelic divisors was estab-
lished independently by Yuan [Yua09] and Chen [Chel0]. We will use the following
extension to adelic R-divisors from [Mor16, Theorem 5.1.6].

Theorem 2.10. Assume that D is big. For each € > 0 there exists a normal modifi-
cation ¢: X' — X and a nef adelic R-divisor P on X' such that ¢*D — P is pseudo-

effective and

—d+1

(P = vol(P) > vol(D) —e.

Yuan’s arithmetic analogue of Siu’s inequality is a key ingredient for equidistri-
bution results in Arakelov geometry [Yua08, Theorem 2.2]. We will use the next
extension to adelic R-divisors, which follows from the original one by the continuity
of the x-volume function as in [CM15, Proof of Theorem 7.5].

Theorem 2.11. Let Py, Py be nef adelic R-divisors on X. Then
—~ = = —d+1 —d =
voly(P1 = P) > (P ") = (d+1) (P} - Pa).
We now turn to other positivity aspects of adelic R-divisors. First note that if

there is s € T'(X, D) \ {0} then for every big B € ]Si\v(X)R and m € N5 we have an
inclusion
['(X,mB) — I'(X,m(D + B))

given by the multiplication by s®™. Hence \751(54—@) > \751(?) > 0 and D is pseudo-
effective. In particular, an effective adelic R-divisor is pseudo-effective. Moreover, a
nef adelic R-divisor is also pseudo-effective [Mor16, Proposition 4.4.2(2)].

We need the following version of the well-known fact that adelic R-divisors can be
approximated by DSP adelic R-divisors.

Lemma 2.12. Let E € EF/(X)]R. Then for each & > 0 there exists E € D/\SP(X)R
over E such that E — E' is effective and F + eloo] — E is pseudo-effective.

Proof. By [Mor16, Theorem 4.1.3] there is a finite set .S C Mk containing M such
that for each &’ > 0 there is a model (X, &) of (X, E) over Spec(Of) such that setting
95 » = 9Ew and @, = 9B~ 95 & for every non-Archimedean place v we have ¢, = 0
for v ¢ S and 0 < ¢, <&’ for v € S\ MP. Applying the Stone-Weierstrass theorem
one can also show that for every Archimedean place v there is a smooth v-adic Green
function 9%, O FE such that ¢, = 9B ~ 9B 4 also satisfies 0 < ¢, < €'
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By construction, £ = (E, (95 ,)vemy) is a DSP adelic R-divisor over E and
E-FE = (0, (pu)vemy ) is effective. Moreover, taking ¢’ sufficiently small with respect
to € we get from [BMPS16, Lemma 1.11] that a sufficiently high multiple of

E + eloo] = E = g[oo] = (0, (¢v)o)
has a nonzero small global section. Thus F + gloo] — E is pseudo-effective. ]

Lemma 2.13. Let D1, ..., Dy be nef adelic R-divisors on X. For every Ed+1,m+1 €
Div(X)r with ﬁd+1 — m_l,_]_ pseudo-effective we have

(ﬁl"'ﬁd‘ﬁ/d-i-l) < (blﬁd .ﬁd+1)_
Proof. Setting £ = Dy, — D/yy1, the inequality is equivalent to the fact that
(Dy---Dyg-F) > 0.

The case when E is DSP is given by [Mor16, Proposition 4.5.4(3)]. For the general

case, let £ > 0 and take E as in Lemma 2.12. Then E — E is effective and E + efo0]
is both DSP and pseudo-effective, and so from the formulae (2.3) and (2.4) we get

(Dy---Dq-E)> (D1 Dyg-E)> (D1 Dy (—¢[x])) = —& (D1 - - Dy).
The result follows by letting € — 0. O

We will also need the following auxiliary result.

Lemma 2.14. Let E € D/\SP(X)R. Then there exist big and nef N1, Ny € ﬁ(X)R
such that E = N1 — Na.

Proof. By definition, there are semipositive D1, Dy € ]51;()( )r such that E = D1—Ds.
Take any semipositive A € Div(X)gr with A ample. Then both D; and Dy are nef,
and so both A+ D; and A + Dy are ample. It follows from the inequality (2.5) that
the height functions
hﬁl-i-Z’hEQ—i—Z: X(K) — R

are bounded from below by a real number. Taking a sufficiently large ¢t € R and letting
N; = D; + A+ t[oo], i = 1,2, we have that N; is nef, and it is big by Lemma 2.7.
Since £ = Ni — N, the lemma is proven. O

2.4. Absolute and essential minima. Let D € ﬁF/(X)R. Its absolute minimum is

p*(D) = inf_ hp(z).
zeX(K)
Clearly p®**(¢*D) = p***(D) for any surjective morphism ¢: X’ — X with X’ pro-
jective and normal. We also have 1*P5(D) > —oco whenever D is semiample.
By definition, D is nef if and only if it is semipositive and p®**(D) > 0. Note that
for t € R we have

hbe (x) = hp(z) —t for x € X(K),
and so when D is semipositive we have
,uabs(ﬁ) = sup{t € R | D(t) is nef}. (2.6)

The following lower bound for the height of effective cycles is a consequence of
Zhang’s theorem on minima [Zha95a, Theorem 5.2].
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Lemma 2.15. Let Z be an effective cycle of X of dimension r. If D is semipositive
then B

h5(Z) = (r+ 1) (D) (D" - 2).
In particular, if D is nef then h5(Z) > 0.

Proof. By linearity we may assume that Z is a subvariety. When D is ample, the result
follows then from [Bal24, Corollary 2.9]. For the general case, choose A € Div(X)g
semipositive with A ample. Then for any € > 0 we have that D + A is ample and so
hp2(2) = (r+ 1) ™™ (D + eA) (D +eA) - 2)
> (1 +1) (B (D) + ™ (A)) (D + £A) - 2).
We conclude by letting € — 0 and using multilinearity. O

The essential minimum of D is the quantity

pu(D) = sup inf _ hp(x),
YCX 2e(X\Y)(K)

where the supremum is over the closed subsets Y & X. We have 1*5(¢*D) = u®3(D)
for any dominant and generically finite morphism ¢: X’ — X with X’ projective

and normal [BPS15, Proposition 3.4]. We also have u®*(D) < oo, and u®*(D) € R
whenever R(D) # {0} [BC11, Proposition 2.6].

Lemma 2.16. Let D1, Ds € ]SE(X)R. Then

(1) u=(Dy + D) > u(Dy) + 5= (D),

(2) if Dy is big then limy_,o (D1 + AD3) = u®3(D1),

(3) for every t € R such that R'(D1) # {0} we have u®*(D;) > t,

(4) if Dy is big and D1 — D is pseudo-effective then pus(D1) > us(Ds).

Proof. The first two points can be found in [Bal21, Lemma 3.15], whereas the third is
a direct consequence of the inequality (2.5).

For (4) choose B € ]SE(X)R big and € > 0. Then D1 +¢B — Dy is big and therefore

R%(Dy + eB — D3) # 0. We deduce from (1) and (3)
Iuess(ﬁl + EE) 2 Mess(ﬁl + €§ _ Eg) + Mess(bg) > Mess<ﬁ2)

and conclude by letting ¢ — 0 and using (2). U

The next result characterizes the essential mimimum of an adelic R-divisor with
big geometric R-divisor. It was obtained by the first author [Bal21, Theorem 1.1] as
a consequence of a theorem of Ikoma [Iko15], assuming that D is semipositive. This
condition was later removed thanks to the independent works of Qu and Yin [QY24]
and Szachniewicz [Sza23]. The next version follows by combining [Sza23, Lemma 3.3.5
and Theorem 3.3.7].

Theorem 2.17. We have
pS(D) < sup{t € R| D(t) is pseudo-effective},
with equality if D is big. In that case we also have
p=(D) = sup{t € R| D(t) is big} = sup{t € R| R'(D) # 0}.

We will also use the next variants of Zhang’s lower bound for the essential minimum
[Zha95a, Theorem 5.2].
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Theorem 2.18. If D is big then

o vol, (D)
ess( ) > X .
HED) 2 (57) vol (D)
Moreover, if D is big then
15(D) > vol(D) S vol(D)

(d+ 1)vol(RY(D)) = (d+ 1)vol(D)

Proof. The first inequality is [Bal21, Theorem 7.2(1)]. The second follows from The-
orem 2.8 and Lemma 2.16(3), which imply

P MGSS(D) s . o
ol(D) = (d+ 1) /0 vol(R'(D))dt < (d + 1) vol(RY(D)) 5= (D).
0

Under mild positivity assumptions, the condition that Zhang’s lower bound is an
equality is equivalent to the fact that the essential and the absolute minima coincide.

Theorem 2.19 ([Bal24, Theorem 6.6]). Assume that D is semipositive and that D is
big. Then

ess(ﬁ) _ (Ed—H) f d I f ess(b) _ abs(ﬁ)
W = [+ 1) (D% if and only of =pu .

2.5. Positive linear functionals on G,-invariant functions. Let v € Mg and
recall that C(X2")% denotes the space of G\-invariant continuous real-valued func-
tions on X3". By the Riesz representation theorem, any positive linear functional on
C(X3") corresponds to a measure on X2". We need the following variant of this result
for positive linear functionals on C'(X2")%v.

Lemma 2.20. Let A: C(X?)% — R be a positive linear functional.

(1) There is a unique G,-invariant measure v on X2" such that
Alp) = / odv  for all p € C(X2)C, (2.7)
Xs,“
(2) If (vn)n is a sequence of Gy-invariant measures on X3* such that

lim @dv, = M) for all p € C(X2)C,

n—o00 Xan
then lim,, oo Vp = V.

Proof. For (1), let V' C C(X3") be the subspace of continuous real-valued functions
on X2" that are Gal(K,/K))-invariant for some finite extension K'/K. By [Yua08,
“Equivalence” at page 638] (see also [GM22, Proposition 2.11 and Theorem 2.13]) this
subspace is dense in C(X3") with respect to the supremum norm.

For each ¢ € V let K'/K be a finite extension such that ¢ is Gal(K, /K] )-invariant
and set .

R U
# Gal(K;/Ky) oc€Gal(K! /K,)

This is an element of C(X2")% that does not depend on the choice of this finite exten-
sion. We extend A to a Gy-invariant positive linear functional A: V' — R by setting
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A(p) = A(@), and then by continuity to a G,-invariant positive linear functional on
C(X35"). By the Riesz representation theorem there is a G,-invariant measure v on
X2™ that satisfies (2.7).

If v/ is another G-invariant measure on X" satisfying this equality on C(X2")%
then it also does on V. Therefore v/ = v by the density of this subspace.

To prove (2), for each ¢ € V' we have

/ gpdyn:/ odv, —— Gdyz/ pdv
X’Le}m Xf}m n—00 Xsn Xf}m

by the G,-invariance of the measures v,, n € N, and v. The statement then follows
from the density of V. U

Finally we recall a basic instance of Lemma 2.20(1). For ¢ € C(X®)% we have
that ¢ is a v-adic Green function over the zero divisor of X, and we define the adelic
divisor 07 by equipping this divisor with ¢ at v and the zero function at every other
place. The assignment

o — 07 (2.8)

gives an inclusion C(X2)% < Div(X)g. Now if D is a semipositive adelic R-divisor
on X, for each ¢ € C(X2)% we have

D0 =n, [ paD) (29)

by the formula in (2.3). Hence the positive linear functional C(X2*)%» — R defined

by ¢ — (Ed -07) is represented by the G,-invariant measure n,, ¢;(D,)"\?.

3. FUJITA APPROXIMATIONS AND POSITIVE INTERSECTION NUMBERS

In this section we revisit Chen’s theorem on the differentiability of the arithmetic
volume [Chell] to express the derivative of this function at a big adelic R-divisor in
terms of arithmetic Fujita approximations. This will allow us to characterize in terms
of such approximations the arithmetic positive intersection numbers that are relevant
to our results.

3.1. Differentiability of concave functions. We first recall the notion of differen-
tiability of functions on real vector spaces and its relation to concavity. Our ambient
will be a real vector space V endowed with the topology defined by declaring that a
subset U C V is open whenever its restriction to any finite-dimensional affine subspace
H C V is open with respect to the Euclidean topology of H.

Definition 3.1. Let ®: U — R be a function on an open subset U C V. For a point
x € U and a linear subspace W C V we say that & is differentiable at x along W if
for all z € W the one-sided derivative

) Az)— @
0,®(z) = lim (z+A2) (z)
A—0+ A
exists in R and the map z € W — 9,®(x) € R is linear. When W = V| we simply say
that @ is differentiable at x.

A real-valued function ® on a subset U C V is concave when U is convex and

Az + (1= Ny) > A0(z) + (1 —N®(y) forallz,ye Uand 0 < A< 1.
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Lemma 3.2. Let ®: U — R be a concave function on an open conver subset of V
and let x € U. Then

(1) for all z € V the one-sided derivative 0,P(z) exists in R and 0,®(x) < —0_,P(x),

(2) the function ® is differentiable at x along a linear subspace W C V' if and only if
0,0(x) = —0_,P(x) for all z € W.

Proof. For (1) let a > 0 be a real number sufficiently small so that z + Az € U for all
—a < A < a. Let ¢: (—a,a) = V be the inclusion map defined as ¢(\) = = + Az, so
that the function ¢:*®: (—a,a) — R is concave. Then the functions r_,r;: (0,a) = R
respectively defined as

*O(—A) — (0 *P(A) — *P(0
o PN R e — (o)
—A A
verify that r_ is non-decreasing, r is non-increasing, and r_(\) > r4 () for every .

Hence both converge when A — 07 and
—0_,®(x) = 1i (A > 1 A) =0,9(x).
(z) = lim r_(}) > lim r.(A) (z)

For (2) it is clear that the differentiability of ® at x along W implies that 0, (z) =
—0_,®(x) for all z € W. Conversely, let 21,29 € W and suppose that this condition
holds for these two vectors. For A > 0 small we deduce from the concavity of ® that

Oz + A(z1 + 22)) — P(x) S O(x+2Xz1) — P(z) Pz + 2Xz2) — P(x)
A - 2\ 2 ’
Letting A — 07 we get 0, 4.,®(z) > 0,,P(x) + 9.,®(z). Applying this inequality to
—z1, —22 together with (1) we obtain
_8*21(1)(1‘) - 8*22(1)(*73) > _6*21*22(1)(:17) > az1+22q)($) > 621q>(x) + 822(1)(1:)'
By assumption the extremes in these inequalities coincide, and so 0;,4.,P(z) =
0., ®(z) + 0, P(x). In addition, the one-sided derivative is positive homogeneous
of degree 1 and so linear, as stated. O

3.2. The differentiability of the arithmetic volume. Let D be a big adelic R-
divisor on X.

Definition 3.3. A Fujita approzimation sequence of D is a sequence (¢, Py, )y satis-
fying the following conditions:
(1) ¢pn: X, — X is a normal modification,
(2) P, is a nef adelic R-divisor on X,, with ¢*D — P,, pseudo-effective,
3) lim (P = vol(D).

n—oQ

The existence of Fujita approximation sequences is warranted by Theorem 2.10.
The next result is a variant of Chen’s differentiability theorem [Chell] and shows

that the derivative of the arithmetic volume function can be realized in terms of any
such sequence. Its proof follows closely that of Chen.

Theorem 3.4. The arithmetic volume function is differentiable at D, and for any
Fujita approzimation sequence (¢n, Pp)n of D we have

0z vol(D) = (d+1) lim (PL-¢:E) for all E € Div(X)z.

lim
n—oo

We need the following consequence of the arithmetic Siu’s inequality (Theorem 2.11).
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Lemma 3.5. Let P and E be two adelic R-divisors on X with P nef, m@z a big
and nef adelic R-divisor on X such that A — P is pseudo-effective and A+ E are nef.
There exists a constant cq depending only on d such that

vol(P+XE) > (P 4 (d+1) (P E) N — cavol(A) X2 for all X € [0,1].
Proof. This is given by [Ikol5, Proposition 5.1] in the case when all non-Archimedean
Green functions are induced by an integral model. The general case follows from this
by continuity. ([

1
Proof of Theorem 3.4. Consider the function ® = vol™ on the big cone of m(X)R.
It is positive homogeneous of degree 1 and super-additive by the Brunn-Minkowski in-
equality, and its domain is an open cone [Mor16, Theorems 5.2.1 and 5.3.1]. Therefore
it is a concave { function on a convex open subset of a real vector space.
Let E € Div(X)g. Applying Lemma 3.2 to this concave function and noting that
vol = ®4+1 we deduce that the one-sided derivative %@(E) exists in R and moreover

-0 % ;(;l(ﬁ) > 65\751(5) We claim that

0z vol(D) > (d + 1) limsup (P} - ¢%E). (3.1)
n—oo
To prove this, we first assume that E is DSP. By Lemma 2.14 there is a big and
nef adelic R-divisor A on X such that A £ E are nef. Replacing A by a sufficiently
large multiple we can also assume that A — D is pseudo-effective, which implies that
* A — P, is pseudo-effective for all n. By Lemma 3.5 there exists ¢ > 0 such that

vol(D + A\E) > vol(P, + A ¢ E) > (P-"

- n

)+ (d+ DA (PL - ¢2F) — c A2
for all 0 < A <1 and n € N. Taking the limsup with respect to n we deduce

vol(D + \E) — vol(D Pl.¢F
vol(D + AE) — vol( )Z(d+1)limsup(Pi'¢:;E)_C)"

A n— 00

and we obtain (3.1) in this case by letting A — 0.

For the general case, let € > 0. By Lemma 2.12 there is E' € 5S\P(X)R such that
E —E and E + ¢[oo] — E are pseudo-effective. Then %xjo\l(ﬁ) > O ;al(ﬁ), and
using Lemma 2.13, the formula in (2.4) and the fact that (P¢) = vol(P,) we obtain
(P i) 2 (P, 63(E — elox]) = (P, - 6,F) — e vol(P) > (P, - 6E) — e vol(D)
for all n. From the DSP case we deduce

dzvol(D) > (d+ 1) (nmsup (P ¢*E) - evol(D)),

n—oo
and so (3.1) follows by letting ¢ — 0. Applying this inequality to —F we obtain
(d+ 1) lim inf (P! $:E) > —0_zvol(D) > 85 vol(D) > (d + 1) limsup (P - ¢ E).

n—oo

This implies that %\7&1(5) = (d+1) limy 00 (Ffl - ¢} F), including the fact that this
limit exists in R and that vol is differentiable at D. O

Combining this with Chen’s formula for the arithmetic volume (Theorem 2.8) we
obtain useful information about the asymptotics of Fujita approximation sequences.
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Proposition 3.6. Let (¢, Py)n be a Fujita approzimation sequence of D. Then

lim (P% - D) =vol(D), lim (P%) = vol(R'(D)), lim pu®(Py) = (D).

n—oo n—o0 n—oo

Proof. The first formula follows from Theorem 3.4 after noting that %@(E) =
(d 4 1)vol(D) by the positive homogeneity of the arithmetic volume.
For the second, for all A > —pu®%(D) we have that D + A[oo] is big and
ol(D + Ajoc]) = (d+1) / vol(R'(D + Aoc))) dt = (d + 1) / vol(R'(D)) dt
0 —-A
by Theorems 2.17 and 2.8. Since the function ¢ ~ vol(R!(D)) is non-increasing, this
integral formula implies

Djo) VOI(D) = (d-+1) lim VOl(RN(D)),  —0_joq vol(D) = (d+ 1) lim_vol(R(D)).

A—0t

By Theorem 3.4 these two quantities coincide and so 0 ;(;l(ﬁ) = (d+1) vol(R%(D)),
and moreover this derivative equals (d 4 1) lim;, 0 (ﬁi -[o0]) = (d + 1) limy, 00 (PY).

For the third, assume by contradiction that there exists v < u®*(D) such that

ps(Py) < v for an arbitrarily large n and set

c=(d+1) /HQSS(D vol(R'(D)) dt.
gl

We have ¢ = ;o\l(ﬁ(v)) > 0 by Theorem 2.17. Since D — ¢ P,, is pseudo-effective, by
Theorem 2.8 and Lemma 2.16(3) we have

. pess(Pr) . y o .
wol(P,) = (d+ 1) / Vol(R'(P)) dt < (d+1) / vol(R'(D)) dt < vol(D) — ¢,
0 0
which contradicts the last condition in Definition 3.3. O

Definition 3.7. For each E € BF/(X)R, the arithmetic positive intersection number
(<5d) - E) is defined as

(D" - B) = lim (P, - ¢, )
for any Fujita approximation sequence (¢n, P,)n, of D. By Theorem 3.4 this limit
exists and does not depend on the choice of the sequence.

Remark 3.8. Our definition of the quantity ((Dd) -E) agrees with that of Chen [Chell]

since both coincide with (d 4+ 1)~'95 \7(;1(5). The alternative approach from Defini-
tion 3.7 is better suited for our purposes.

Remark 3.9. One can similarly adapt the proof of Boucksom, Favre and Jonsson’s
differentiability theorem [BFJ09] to show that for D, E € Div(X)gr with D big, the
geometric positive intersection number ((D?1) . E) introduced in loc. cit. can be
expressed as

(DY) - B) = lim (P~ - ¢} E)

n
n—oo

for any sequence (¢, P,), such that P, is a nef R-divisor on a normal modification
¢n: X — X with ¢ D — P, pseudo-effective and lim,, oo (P%) = vol(D).



26 BALLAY AND SOMBRA

With this definition, the first and second formulae in Proposition 3.6 become

d

((D") - D) = vol(D) and ((D"

) - [oc]) = vol(R°(D)). (3.2)
The first of them is [Chell, Corollary 4.4] and is usually interpreted as an asymptotic
orthogonality for the Fujita approximations of D.

These arithmetic positive intersections numbers allow to define the linear functional

— — (DB
Q5: Div(X)g — R, E+— ol RD)) (3.3)

By Proposition 3.6, for any Fujita approximation sequence (¢, Py)n of D we have

(P -oE
QD<E>‘,}L“;O(<JM>)

n

for all £ € ﬁ/(X)R. (3.4)

Remark 3.10. This linear functional verifies that Q7(E) > 0 for every E € ]SR/(X )R
pseudo-effective, Qx(div(f)) = 0 for every f € Rat(X)g and Q5([oo]) = 1, as it fol-
lows respectively from Lemma 2.13, the invariance of arithmetic intersection numbers
with respect to linear equivalence, and the second formula in (3.2). In particular, Q5
is a normalized GVF functional in the sense of [Sza23].

For each v € M we have that Q5 induces a positive linear functional on C/(X2)Cv
through the inclusion in (2.8). Hence by Lemma 2.20(1) there is a unique G\-invariant
measure wp , on X" such that

(D% -0%)

p(07) = vol(RO(D))

= nv/ pdwp, forall ¢ e C(Xam)Go, (3.5)
Xan ’

It follows from the limit formula in (3.4) together with (2.9) that for any Fujita

approximation sequence (¢, Pp), of D we have

/Xgﬂ pdwp, = nh_)m @dwn, forall p € C(X2M)%

o0 X,Sn

with wy, , the pushforward to X2® of ¢1(Pp,)"?/(P9). Hence by Lemma 2.20(2) we
have wg , = limy, 00 Wp . In particular, wg , is a probability measure.

4. THE DIFFERENTIABILITY OF THE ESSENTIAL MINIMUM

The differentiability of the essential minimum at an adelic R-divisor D is closely
related to the asymptotic behavior of the D-small generic sequences of algebraic points.
After explaining this relation we state our central result, giving the differentiability of
this function assuming the existence of suitable semipositive approximations of D. We
then explain how it implies both Yuan’s and Chen’s equidistribution theorems [Yua08,
Chell]. Finally we give a reformulation of this result in terms of arithmetic positive
intersection numbers.

Throughout this section we let D be an adelic R-divisor on X over a big R-divisor D.
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4.1. The variational approach to limit heights and equidistribution. As noted
in Section 2.4, the essential minimum function

1% Div(X)g — RU{—o0}

takes finite values on the open cone C' C ]SF/(X )r of adelic R-divisors with big geo-
metric R-divisor. Moreover, it is positive homogeneous of degree 1 and super-additive
by Lemma 2.16. Therefore it is a concave function on C. By Lemma 3.2, for every
E € Div(X)g the one-sided derivative 05 p(D) exists in R and we have

_a_E Mess (E) > %Mess (E)

Definition 4.1. A sequence (z¢), in X (K) is generic if for every closed subset Y ¢ X
there is £y € N such that x, ¢ Y (K) for all £ > ¢y. When this is the case, we say that
(z¢)e is D-small if
lim hs = (D).
Jim hp(we) = p™ (D)
In the sequel, every considered generic sequence of algebraic points lies in X (K)
unless otherwise stated.

By [BPRS19, Proposition 3.2] for every generic sequence (z¢); we have

liminf h=(zp) > p®(D
im in p(we) > p™(D),

and moreover there are generic sequences that are D-small. A similar conclusion holds
for the heights of D-small generic sequences with respect to another adelic R-divisor F,

replacing the quantity ;°°(D) by the one-sided derivative 05 p*(D).

Lemma 4.2. Let E € ﬁ;(X)R. For every D-small generic sequence (x¢), we have

—90_ p*(D) > limsup hg(zy) > lizm inf haz () > 05 (D).
—00

l—00

Moreover, there exists a D-small generic sequence (x4)y such that

Jim hs(2e) = O u(D).

Proo]i For a D-small generic sequence (z¢), and A > 0 we have lim infy_, o, hs5(Te) >
(D + AE) and so
Hess (E + )\E) _ Mess (E)

3 i
Therefore liminf, o hg(xe) > 05 p**(D), and we complete the proof of the first

statement by applying this to —E.

We now pass to the second. By homogeneity, after multiplying E by a sufficiently
small positive constant we assume without loss of generality that D 4+ E is big. For
each n € N5 we choose a generic sequence (z,,¢)¢ such that

: = 1=
glggo hﬁ+%ﬁ($n,£) = p* (D + EE) (4.1)

Let H;, ¢ € N, be the collection of all the hypersurfaces of X in an arbitrary order.
Then for each n we use (4.1) and the genericity of the sequence (z,¢)¢ to choose

¢(n) € N such that the algebraic point y,, = x,, ¢,y € X (K) satisfies the conditions:
(1) yn ¢ UiZo Hi,

hs.\7 — h—
lim inf h(2¢) = lim inf DaE(Te) — (o) .
{—00 f—00 A
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(2) hp15(yn) < p(D + LE) + 1/n?,
(3) hp(yn) > p(D) —1/n”.

By (1) the sequence (y,)n is generic. Since D + E' is big, this implies that there
is ¢ € R such that hg, 5(yn) > c for all n, thanks to the lower bound (2.5). Then it
follows from the condition (2) that

n 1 n — 1= 1 &
P (n) = —— (hpy 15 (0n) by 5 0n) ) < —— ™ (D+—E) -
pn) n—1 D+%E(y ) n D+EWn) ) < n—1" +n +n(n—1) n—1

Therefore the sequence (y,,), is also D-small by the continuity of the essential mini-
mum (Lemma 2.16(2)). On the other hand, the conditions (2) and (3) give

11 1
+ ;hﬁ(yn) < hy(yn) + Ehf(yn) — (D)

T
i, (= 1= = 1
=ty (o) — 5S(D) < p=(D 4 F) =i (D) + .

which implies

1 _ o
lim sup hz(yn) < nh_}ngon (,ueSS(D + EE) — ,ueSS(D)) = 0z u*®(D).

n—oo

We conclude that limy, .o hg(yn) = 05 p® (D), as stated. O

Proposition 4.3. Let E € m(X)R. The following conditions are equivalent:

(1) for every D-small generic sequence (x¢)¢ the limit limy_, h(xy) exists,

(2) 05 p=(D) = ~0p (D).

If they are satisfied, then limy_,o hi(z¢) = 05 p®(D) for every D-small generic se-

quence (z¢)g.

Proof. The implication (2) = (1) is given by the first part of Lemma 4.2. Con-
versely, suppose that (1) holds. Then limy_, hg(2) = 05 p(D) for every D-small
generic sequence (xy)y. Indeed, if the limit were different then using the second part of
Lemma 4.2 we could construct a D-small generic sequence (), such that (hg(z)))e
does not converge. Moreover, applying the latter to —FE gives that every D-small
generic sequence (zy)y verifies

8_E Mess(ﬁ) — glirgo h_E(x‘E) = —elirglo hf(wz) = —%Mess(ﬁ),
which gives (2). -

The next result summarizes the relation between limit heights for D-small se-
quences of algebraic points and the differentiability of the essential minimum function.
It is a direct consequence of the previous one together with Lemma 3.2(2).

Proposition 4.4. The following conditions are equivalent:

(1) for every D-small generic sequence (z4)¢ in X(K) and E € ]SR/(X)R the limit
im0 hy () exists,

(2) the essential minimum function is differentiable at D.

If they are satisfied, then for any D-small generic sequence (z¢); in X (K) we have

Jlim h(ae) = 05 u(D)  for all E € Div(X)g.
—00
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Let v € M. For x € X(K) we denote by 00(x), the uniform probability measure
on the v-adic Galois orbit of this point, that is

So@, = A D, Oy

yEO(ac

Definition 4.5. We say that D satisfies the equidistribution property at v if there is
a probability measure v, on X" such that for every D-small generic sequence (),
the sequence of measures (6o(y,), )¢ converges to vy . When this holds, v, is called

the (v-adic) equidistribution measure of D.

Note that if D satisfies the equidistribution property at a place v then its equidis-
tribution measure v is G,-invariant, being the limit of a sequence of G/ -invariant
discrete probability measures.

The next result gives the relation between the equidistribution property at v and the
differentiability of the essential minimum function along the subspace of G, -invariant
continuous real-valued functions on X3".

Proposition 4.6. The following conditions are equivalent:
(1) D satisfies the equidistribution property at v,
(2) the essential minimum function is differentiable at D along C(X2™)Cv

If they are satisfied, then the equidistribution measure vy, is the unique Gy -invariant
measure on X>* such that

nv/ pdvg, =0 (D) for all g € C(X;")""

Proof. For every ¢ € C(X2)% and x € X (K) we have

he (z) = #On# Z e(y) = ny / N 0 ddo(z),-

Y yeo(z)y

The statement then follows from Proposition 4.3 with Lemmas 3.2(2) and 2.20. O

4.2. Main theorem. Recall that D is an adelic R-divisor on X with D big.

Definition 4.7. A semipositive approzimation of D is a pair (¢, Q) where

(1) ¢: X’ — X is a normal modification,

(2) Q is a semipositive adelic R-divisor on X’ with big geometric R-divisor Q,

(3) ¢*D — Q is pseudo-effective.

When ¢ is the identity on X, we simply denote by @ the semipositive approximation
of D corresponding to the pair (Idy, Q).

The following is the central result of this text.

Theorem 4.8. Assume that there exists a sequence (¢, Q,)n of semipositive approz-
imations of D such that

—pes(D) — Q)
(@i 0D)

= 0. (4.2)
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Then the essential minimum function is differentiable at D and
7d R —
=y _ o (@n9nE) —dp>(D) (Qn ' - 64 E)
a; ess D — llm n n n n

In particular, the limit on the right-hand side exists in R and does not depend on the
choice of the sequence.

This result together with Proposition 4.4 show that if D satisfies the condition (4.2),
then for any D-small generic sequence (z¢); and E € Div(X)r we have
7d J— —
A E) — dusss(D d—=1 . 4* [
i (o) — (@ 9F) — d1(D) (@4 45)
(=00 n=00 (@7)

In particular, D satisfies the equidistribution property at each place v € Mg and its
v-adic equidistribution measure is given by

for all E € ]SE(X)R.

Vp, = lim vy,

n—oo
where v, ,, denotes the pushforward to X3" of the normalized Monge-Ampere measure
c1(Q.)"/(Q%), as stated in Theorem 2.

Remark 4.9. The inradius r(Qn; ¢; D) in Theorem 4.8 measures the bigness of the
geometric R-divisor @), for each n. For our purposes this invariant is finer than
the geometric volume vol(Q,) = (Q%). Indeed, for any ample A € Div(X)r with
A — D pseudo-effective we have that ¢} A — @), is pseudo-effective for all n, and so
r(Qn;¢:D) > (Q1)/(d(A%) by Lemma 1.4. Hence any sequence of semipositive

approximations (¢, @,,)n of D such that
ess E __ ,abs(
(D) @,
n—+00 (@)
also satisfies (4.2). When X is a curve this condition is equivalent to (4.2) but is

stronger in higher dimensions, as it can be seen for instance in the semiabelian setting
(Remark 7.12).

Remark 4.10. We assume throughout that X is normal because we do not consider
adelic R-divisors on an arbitrary projective variety. Nevertheless, Theorem 4.8 can be
applied to study the equidistribution properties of an adelic divisor D on an arbitrary
projective variety X over K. Indeed, since all the data is invariant under birational
modifications one can reduce to the normal case by working on the normalization.

,U

=0

4.3. Application to classical equidistribution results. Yuan’s equidistribution
theorem (Theorem 1) is a direct consequence of Theorem 4.8, which moreover shows
that this result is valid for any adelic R-divisor with big geometric R-divisor and gives
the differentiability of the essential minimum function. These slight improvements
could already be obtained by adapting Yuan’s proof.

Corollary 4.11. Assume that D is semipositive and that

— (@

ess
D)= ———"—.
W) = Ty oY
Then the essential minimum function is differentiable at D and

-l = ess (1) -
op=(p) = DI EL or B B (0
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In particular, D satisfies the v-adic equidistribution property at each v € My with
equidistribution measure v, = c1(Dy)"¢/(D?).

Proof. Apply Theorem 4.8 to the sequence of semipositive approximations Q, =D,
n € N. By Theorem 2.19 we have p2”(D) = p®%(D) and so (4.2) is verified. O

The following corollary recovers Chen’s equidistribution theorem [Chell, Corol-
lary 5.5]. As shown in loc. cit., this result is a consequence of the differentiability of
the arithmetic volume. We shall explain how to deduce it from Theorem 4.8.

Corollary 4.12. Assume that D is big and that
— vol(D)
ess D — .
HE D) = G vol (D)
Then the essential minimum function is differentiable at D and
7 T ess( 1) —
((D°) - E) — dp™(D) (D) - E)
vol(D)

O (D) = for all E € Div(X)g.

In particular, D satisfies the v-adic equidistribution property at each v € My, with
equidistribution measure vy = W5 -

Here wp , is the probability measure on X" in (3.5) and ((D971) - E) is the
geometric positive intersection number from [BFJ09] (see Remark 3.9). We need the
next lemma to construct a suitable sequence of semipositive approximations of D.

Lemma 4.13. For every real numbers t < u®*(D) and € > 0 there ezists a semiposi-
tive approximation (¢, Q) of D such that

@) =t QY —vol(RU(D)) <&, (@) —vol(D(t))—(d+1)tvol(R (D))| < e.

Proof. By Theorem 2.17, D(t) is big. Then by Proposition 3.6 applied to D(t), for
any g >0 ) there is a nef adelic R-divisor P on a normal modification ¢: X " — X with
¢*D(t) — P pseudo-effective such that

(PY) —vol(RY(D))| <& and |(P™") —vol(D(t))| < &'. (4.3)
Set Q= E(—t) = P+t[oc]. By construction, (¢, Q) is a semipositive approximation
of D. Since P is nef we have u"5(Q) = p**(P)+t > t, which gives the first condition.
By (2.4) we also have
(@)= (P and @) =(P")+(@+1)t(@Q",

and so the second and third conditions follow from (4.3). O

Proof of Corollary 4.12. By Theorem 2.8 and Lemma 2.16(3) we have

ess/y\ ‘781(5) _ 1 HQSS(D) t /T
HE D) = G vol(D) ~ vol(D) /0 Vol (D)) dt.

Since vol(R!(D)) < vol(D) we get vol(R!(D)) = vol(D) for all 0 < ¢t < (D). Hence
by the same results, for ¢ in this range we have

vol(D(t)) = vol(D) — (d + 1) tvol(D).
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Applying Lemma 4.13 we deduce that there is a sequence (¢n, @, )n of semipositive
approximations of D such that

lim (@) =vol(D), lim (Q%) = vol(D), lim u*(Q,) = u*(D).

n—o0 n—oo n—oo

Hence by Remark 4.9 the sequence (¢n,@,,)n satisfies the condition (4.2). Since
p®3(D) > 0, we have that Q,, is nef for sufficiently large n and therefore (¢, @Q,,)n
is a Fujita approximation sequence of D. By the definition of arithmetic positive
intersection numbers and Remark 3.9 we have

R —d, —= . 1 s _
lim (@, - ¢, E) = (D) - E) and  lim (Q7" - ¢, E) = (D7) - B).
The result then follows from Theorem 4.8. O

Remark 4.14. Chen’s equidistribution theorem implies Yuan’s. Indeed, for D semi-
positive the statement of the latter is invariant under shifts of this adelic R-divisor by
multiples of [0o]. Hence we can suppose without loss of generality that D is big and
nef, in which case Corollary 4.12 specializes to Corollary 4.11.

4.4. Interpretation in terms of arithmetic positive intersection numbers.
Here we propose a reformulation of Theorem 4.8 that gives a more intrinsic condition
for the differentiability of the essential minimum function and shows that the derivative
can be computed using limits of arithmetic positive intersection numbers. As before,
we let D be an R-divisor on X with D big.

We define the inradius of a big adelic R-divisor as the supremum of the geometric
inradii of its nef approximations.

Definition 4.15. Let B be a big adelic R-divisor on X. A nef approzimation of Bis
a semipositive approximation (¢, P) of B such that P is nef. We denote by ©(B) the

set of nef approximations of B. B
For a big R-divisor A on X, the inradius of B with respect to A is defined as

p(B; A) = sup{r(P;¢"A)| (¢, P) € ©(B)}.

This is a positive real number. We also set p(B) = p(B; B) for the inradius of B with
respect to its geometric R-divisor B, which is big.

In the next result and similar ones, the limits when ¢ tends to the essential minimum
are taken from below. Note that for every real number ¢ < p*%(D) we have that D(t)

is big by Theorem 2.17, and so the inradius p(D(t)) is well-defined.

Theorem 4.16. Assume that

lming KoP) =t (4.4)

topess(D)  p(D(t))
Then the essential minimum function is differentiable at D and
(D)%) - E)

— or all E € Div(X)g. 4.5
t—pess(D) vol(RY(D)) i (Xr (4.5)

O 1> (D) =

We can reformulate accordingly the asymptotic behavior of heights and Galois
orbits of the algebraic points in a D-small generic sequence: by Proposition 4.3,
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this result shows that if D satisfies the condition (4.4) then for any D-small generic
sequence (z¢)¢ and E € Div(X)r we have

lim hE< 0) = t_}iess(ﬁ) Vol(Rt(D))

In particular, D satisfies the equidistribution property at each place v € Mg and its
v-adic equidistribution measure is given by

VDy = lim WhH(#),00
t—uess(D)

where wp 4 ,, is the probability measure on XJ* from (3.5).
We first observe that the conditions in Theorems 4.8 and 4.16 are equivalent.

Lemma 4.17. The condition (4.4) holds if and only if there exists a sequence (¢n, @, )n
of semipositive approximations of D satisfying the condition (4.2).

Proof. First assume that (4.4) holds. Then there are sequences of real numbers ¢, <
pes (D), n € N, and of nef approximations (¢, P,,) € ©(D(t,)), n € N, such that

) “ess(ﬁ) —ty
lim ———~—" =0.
n00 (P 05 D) 0

For each n put Q,, = P,(— tn). T n (¢n, Q,,) is a semipositive approximation of D
with Q,, = P, and p®*(Q,,) = p**(P,,) + t, > t,. Therefore the sequence (¢, Q,,)n
satisfies (4.2).

Conversely let (¢, @,,)n be a sequence of semipositive approximations of D satis-
fying (4.2). For each n set t, = u**(Q,,) and P,, = Q,,(t,). Then P, is nef since it
is semipositive and p2P5(P,) = u®**(Q,,) — t, = 0. Moreover

GpD(tn) = Pn = (¢, D — tn[o0]) = (@ — ta[oo]) = ¢, D — Q,

is pseudo-effective. Therefore (¢, P,) € ©(D(t,)) and in particular
p(ﬁ(tn)) > T(Pn; ¢;§D) = T(Qn? gZ)ZD)

Finally we have

o< tmint Bt B D)t i) @)
B L TR R ORF

Note that for every ¢ < (D) and E € Div(X)g we have
= _ (D)) - E)
0B =~ mE)
vol(R!(D))
where Q75 : ]SRI(X)R — R is the linear functional defined in (3.3).

Lemma 4.18. For every E € m(X)R we have

—0 % p(D) > limsup Qﬁ(t)(E) > liminf Qg (E) > 05 (D).
t—pess(D) t—pess(D)

In particular, if the essential minimum function is differentiable at D then the limit
Ny, ess () p) (E) exists and equals Oz 1= (D).
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Proof. Let t < u®*(D). As observed in Remark 3.10, Qﬁ(t) takes nonnegative values
on pseudo-effective adelic R-divisors and verifies 5, ([oc]) = 1. By Theorem 2.17,

for each A > 0 we have that D + AE — (D + AE) [00] is pseudo-effective and so
On the other hand

A00(P) = 00 PO+ = D))

by the first formula in (3.2) and Zhang’s inequality (Theorem 2.18). Therefore

~OUDWB) Ly (1) (S (D) — 1) +4

lim_ Qp, (D) = p*(D).
4599 (D) D(t)( ) = 1=(D)

Taking the infimum limit as ¢ approaches p®*(D) from below in (4.6) then gives
Mess (E + AE) _ Mess (E)

t—pess(D) A ’
and we obtain liminf, , e« ) Qp (E) > 0 p*5(D) by letting A — 0. The rest of
the statement follows by applying this to —F. O

Proof of Theorem 4.16. If (4.4) holds, then by Lemma 4.17 and Theorem 4.8 the
essential minimum function is differentiable at D. The expression for the derivative
in (4.5) is given by Lemma 4.18. O

It would be very interesting to determine whether the condition in Theorem 4.16
is actually a criterion for the differentiability of the essential minimum.

Question 4.19. If the essential minimum function is differentiable at D, then does

ess E —t
lim inf % =
toues(D) p(D(t))
necessarily hold? More optimistically, does this hold as soon as D has the equidistri-
bution property at every place?

In Section 5.5 we give a partial answer to this question.

5. PROOF OF THEOREM 4.8 AND COMPLEMENTS

In this section we prove our main result and give some complements, including an
equidistribution theorem with a more flexible condition for the sequence of semipos-
itive approximations, a logarithmic equidistribution theorem, and a partial converse
to Theorem 4.8.

5.1. A consequence of the arithmetic Siu’s inequality. The following result is
a variant of Lemma 3.5 with an error term depending on an inradius.

Proposition 5.1. Let P, Efe m(X)R with P big and ﬁjef. Assume that there

exists a nef adelic R-divisor A on X such that A is big, A+ E is pseudo-effective and

A — FE is nef. There is a constant cq depending only on d such that for every A >0
—=d+1

— 7d7
) P s e @ B (1. ) ) T
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Its proof combines Yuan’s arithmetic analogue of Siu’s inequality (Theorem 2.11)
with the following lemma, itself a consequence of the arithmetic Hodge index theorem
due to Yuan and Zhang [YZ17]. The first point is proven along the lines of [Ikol5,
Theorem 2.7(2)].

Lemma 5.2. Let P and A be nef adelic R-divisors on X with P, A big. Then
(1) fori=1,...,d we have (P4+1=1. A=y (P . AT < o (pd-i. A1y (P

(2) fori=0,...,d we have (P*"" - A™") < (r(PQ; A))i(Pd-A).

),

Proof. As P and A are big and nef we have (P?) = vol(P) > 0 and (A4¢) = vol(A) > 0,
which implies that (P?+1=%. Ai=1) > 0 by [Laz04, Theorem 1.6.1]. Set

(Pd—i . Ai)
(Pd+i=i. gi-1y’

o =

so that ((A — aP) - P4=". A"=1) = 0. By the arithmetic Hodge index theorem [YZ17,
Theorem 2.2] (which remains valid for adelic R-divisors by [Ikol5, Theorem 2.7(1)])
this implies

—d—i —i—1

(A—aP)?. P77 A7) <0 (5.1)

On the other hand
and (Pdﬂ_i -Zi_l) > 0 since both P and A are nef. Therefore (1) follows from (5.1).

Note that (2) holds trivially for ¢ = 0. We deduce the general case by induction
on i, applying (1) and the inequality

o 1 o
Pd—z CAY < Pd—l—l—z . Az—l
(P ) < )
which follows from (1.1) and the fact that P — r(P; A)A is pseudo-effective. O

Proof of Proposition 5.1. Set B = A — E. This is a nef adelic R-divisor on X and so
by Theorem 2.11 we have

voly (P + AE) = voly (P 4+ A — AB) > (P + AA)™) — (d+1) (P + AA)*- B) \.

Expanding the right-hand side we find that it is equal to

d+1
PN+ @+ )P E)A+Y (dj 1) P A A
i=2
—(d+1) Zd: (d> P A By AL
i1 \'
Since P and A are nef, the first sum is nonnegative and therefore

d
Vol (P+AE) > P+ (d+ 1) (P B)A—(d+1)Y <7Z> @A B) AL

- (3
=1
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By Lemma 2.13 and the fact that 24 — B = A+ E is pseudo-effective we have
PA By <2PT AT, i=1,....d, and by Lemma 5.2(2),

(P
—d—i  —it1 2 to—d —
P2 < (7mm) OO

Therefore \ax (P + AE) is bounded from below by

d i+1yi
PN+ @+ )P E)A—@d+1) (P DY <f>m
1 i

1=

and the result follows. O
The following consequence of Proposition 5.1 plays a central role in our proof.

Corollary 5.3. Let PE € ]Si?/(X)R with Fﬁef and P big. Assume that there exists
a nef adelic R-divisor A such that A is big, A+ E is pseudo-effective and A — E is
nef. There exists a constant cq depending only on d such that
—d+1 —d =
r ) (P~ - E)
(d+ 1) vol(P + \FE) (P9)
for every 0 < A < r(P;A)/2. In particular, if E =0 then

P . P E), . P A) A2
(@+1)F) " P " (P (P A)
Proof. Let A be a real number with 0 < A\ < r(P;A)/2. By Lemma 1.5 we have

@A) N2

MeSS(P + )\E) > (Pd) T(P; A)

)\—Cd

’uess(ﬁ_‘_ AE) >

AN\, A\ bd
(1- T(P;A)) (PY) < vol(P + AE) < (1+ T(P;A)) (PY). (5.2)
In particular, P + AE is big. By Zhang’s inequality (Theorem 2.18) we have
voly (P + \E)

NeSS(ﬁ_F )\E) >

(d+1)vol(P+ \E)’
Therefore Proposition 5.1 implies that

—d+1 =d = —=d —
ess (P i (P ) (P ) E) (P i A) A?
> — .
HEPHAE) 2 G P T 0E) vl (P AE) ol (P AE) (P A) )
for a constant ¢y > 0 depending only on d. By (5.2) we have
2y <(1_ A )—d(Pd-A)<2d(Pd-A)
vol(P 4+ AE) — r(P; A) (P4 — (P9)

On the other hand, by Lemma 2.13 we have ](Fd ‘E)| < (Fd - A) since P is nef and

A + E are pseudo-effective. Set a = 1 if (?d -E) > 0 and a = —1 otherwise. Then
by (5.2) we have

P E) ) A\

wl(P+AE) = (P9 (1+ )
_PB _,|P"E N
=P (P p(PA) (P T(PY) (P A)

[SH
=
>
i
Nl
[SH
o
~
L
~—
>
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for some constant ¢/, depending only on d. The result follows by combining these
inequalities with (5.3). O

5.2. Proof of Theorem 4.8. Let D € BE(X)R with D big and (¢, @Q,,)n a sequence
of semipositive approximations of D satisfying the condition (4.2).

p=(D) = j(@Q)

L 5.4. F big R-divisor A on X we h li =0.
emma or every big wisor A on X we have lim Qo A)
Proof. This a straightforward consequence of (4.2) thanks to Lemma 1.2. O

For each n € N set
Qn = Qy — 1™ (@) [o] € Div(X)g.
Note that x5 (Q,) = p*(Q,,) — p**(Q,,) = 0 and therefore Q,, is nef.
Lemma 5.5. Let E € E(X)R. We have

(QF-6:E)  (Qh-¢5E) — dp™(@,) (Q4 - ¢ E)

@) - @ for alin € N
. ((QL- 6 E) Q- LE) —dpe=(D)(QL - ¢LE
“"”520(( Q) o : Af@ff) . >):°'

Proof. The first equality follows from the multilinearity of the arithmetic intersection
product and the formula (2.4). For the second set

o - Qd*l . ¢*E
B = (uS(D) — p(@,) F BB
(@)
so that this statement is equivalent to lim, ., 5, = 0. To see this, let A be an

ample divisor such that A + E are big. We have |(Q% - ¢*E)| < (Q< - ¢* A) by the
inequality (1.1), and using Lemma 1.3 we get

(@ 634) _ 5=(D) — i™(@,)

n €N,

[Bal < (1™(D) = u*™(Q,))

@b = r(Querd)
We conclude with Lemma 5.4. ([
T T , : (@ - onA)
Lemma 5.6. For every nef A € Div(X)gr with A big we have sup W < 00
neN n

Proof. Up to replacing A by €A for a small € > 0 we can assume that D — A is big.
Then up to replacing A by A — c[oc] for ¢ € R sufficiently large we can furthermore
assume that D — A is big thanks to Lemma 2.7.

For every n € N and A > 0 we have

M@ 67 £ (@ AGAY) < (Qu+ A0 A (G + 16, A),

where the first inequality follows from the fact that both @n and A are nef, and the
second from Zhang’s inequality (Theorem 2.18). By Lemma 2.16(4) and the fact that
orD —(@Q,, and D — A are pseudo-effective we have

H(Qn + A0 A) = 1™ (Q + A rA) — 1™ (@) < (14 1) p™(D) — p**(@Qy,).

Set rp, = r(Qn; ¢ A) for short. Since Q,, — ry, ¢} A is pseudo-effective we also have

((Qn + TnQSZA)d) = VOl(Qn + rn¢2A) < V01(2 Qn) = 2d(QZ)
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Combining the previous inequalities for A = r, we get

rn (@ - 93 A) < 27 (14 1) 1™ (D) = 1*(Q,)) (@1).

Hence
Ad . % A ess(T)) _ ,,abs/ ) o
(Qn anA) < 2d H© (D) H (Qn) + QdHeSS(D)‘
(Qn) T'n
By Lemma 5.4 the right-hand side is upper-bounded by some constant independent
of n, and the result follows. O

Proof of Theorem 4.8. Recall from Section 4.1 that for every E € ﬁ(X)R, the one-

sided derivative 0z u®*(D) exists and —0_7 u®*(D) > 0z p**(D). We claim that

o Ad . *E
05 p°*(D) > limsup %7{;1) (5.4)
noo  (Q%)
We first prove this when E is DSP. In that case, by Lemma 2.14 there exists a big
and nef A € Div(X)g such that A + E are nef. By Lemma 5.6,
Nd . A
o (@401

neN (Q?C’lL)

is a real number. For each n € N and any A > 0 such that D + AF is big we have
(D + AE) — i*(Q) = 1*(Qp + AL E) — i*™(@,) = 1™ (Qn + A 9, F)
by Lemma 2.16(4). Since Q, is nef we have (Q,)%! > 0, and so by Corollary 5.3

applied to P = Q,, we get
Q! - ¢1E) N Gk
for every 0 < X\ < r(Qn; ¢ A)/2, where ¢4 is a constant depending only on d. Rear-
ranging this we obtain
peS(D + AE) — i*(D) _ (Qf - ¢rE)  p=(D) —p*™™(@Q,)  car
A (@) A 7(Qn; ¢ A)

WD+ AE) - 1™ (Q,) > | z

A (5.5)

Set

(D) - i@,
" r(Qn? ¢¢1A)
1/2

and then A\, = 7(Qn;¢:A) n By Lemma 5.4 we have lim, ,, 7, = 0 and so
lim;, 00 A, = 0. Applying (5.5) with A = \,, gives

p D+ ME) = u(D) Q- 6E) i
An (@) "

and we obtain (5.4) by letting n — oo.
We now consider the general case. By Lemma 2.12, for each € > 0 there is a DSP
E ¢ Div(X)g with E — F and F - E + g[oo] pseudo-effective. Then 9z u®(D) >

O 1°(D) by Lemma 2.16(4), and Lemma 2.13 together with the formula (2.4) gives
)= (Qn - (B —eloc])) = (Qn - B) — £ (Q1)

_ — 1
if §25(Q,,) # (D) and ~, = - otherwise,

1/2
_Cd’%ﬂ)/n/ )

/!

@1 E
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for all n € N. By the DSP case we obtain

~4 = Ad *
&MeSS( ) > &/ eSS( ) > 1i£s;p%%m > 1i7Iln_)Solcl)p (Q (Qf)E) g,

and we conclude by letting e =+ 0.
Finally, applying (5.4) to —F and E we get

linrr_1>i£f (Q%dib;)t‘E> > -0 E,uess( ) > (%uess( ) > hgl_)solip (Q%Q;??E)

Hence —0_% p®*(D) = 9z p®*(D), and we conclude with Lemmas 3.2 and 5.5. O

Remark 5.7. In the setting of Theorem 4.8, it follows from Lemma 5.5 that if the
condition (4.2) is satisfied then the derivatives of the essential minimum function at D
can be alternatively expressed as

~d * abs/ ) - *
%MeSS(E) — nh_Ego (Qn i ¢nE) — dﬂ(;d()Qn) (Qg 1. ¢nE)

5.3. A variant of Theorem 4.8. In the course of the proof, when applying Corol-
lary 5.3 to produce the lower bound (5.5) we neglected the term

QL)
vol(Qn + A1 E)’

As it turns out, taking this term into account gives no improvement for an arbitrary
adelic divisor F, though it does when E = 0. This leads to the following slight
refinement in this situation.

for all £ € m(X)R.

Theorem 5.8. Assume that there exists a sequence (¢, Q,,)n of semipositive approx-
imations of D such that

~d+1 ess a S ()
1 (Qn ) )) :0’ I (D) b (Q ) 00. (56)

lim —— (,uess D)———*n_/ __ sup
B Quan) P T e o QuéiD)
Then D satisfies the equidistribution property at every place v € Mg, and its v-adic

equidistribution measure is vy, = liMy o0 Vpw With vy, the pushforward to X3" of

the normalized Monge-Ampére measure ¢y (@n,v)/\d/(Qﬁ)

We just outline the proof of this result, as it is almost the same as that of The-
orem 4.8. Let (¢, @, )n be a sequence satisfying the conditions of Theorem 5.8 and
set Qp, = Q,, — 1*(Q,,) [oc] for each n. With this notation, the proof of Lemma 5.6
remains valid thanks to the second condition in (5.6), and so

(@5 - 01 A)
K = sup — —~1— < 00.
neN (Q%)
By Proposition 4.6 and Lemma 3.2(2), it suffices to show that

—0_5 1*(D) = 0 p™*(D) = lim (5.7)

for any E € 5;/()( )r over 0. We only treat the case where E is DSP, as the general
one follows by density as in the proof of Theorem 4.8. Let A € Div(X)r be big and
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nef with A & E nef. By Corollary 5.3, there exists a constant ¢4 such that
@) @B, an
(d+1)(Qf) (@3) (Qn; ¢ A)
for every n and 0 < A < r(Qn; ¢ A)/2. Since E = 0, by the formula (2.4) we have
A ~d+1 abs Ay A * T ~d * T
(@) = (@) — (@ + 1) Q) p™ (@) and (@4 - 61E) = (@, - 6, E).
Combining this with (5.8) and dividing by A gives

1 (D + AE) — 1™ (Q,) = X (58)

— = —= —d = —d+1
p=(D+AE) —p=(D) _ @ $E) (@) e\l
) > @@ PR geaa
n n T(Qn,¢n )
As in the proof of Theorem 4.8, a suitable choice of A = \,, permits to conclude that
7d « =

Oz (D) > limsu

using the first condition in (5.6), and we obtain (5.7) by applying this to —E.

Remark 5.9. This result gives more flexibility to construct the sequence of semipos-
itive approximations (¢, @,,)n. For example, one can deduce Yuan’s equidistribution
theorem directly from Theorem 5.8 without using Theorem 2.19.

However, Theorem 5.8 is not more general than Theorem 4.8. In fact, starting with
a sequence (¢, Q,,)n satisfying the conditions (5.6) one can modify it to construct
another sequence satisfying the condition (4.2), using arguments similar to those in
the proof of Lemma 4.13. Since we do not need this in the remainder of the text, we

skip the proof of this technical claim.

5.4. Logarithmic equidistribution. Let D be an adelic R-divisor on X with D
big such that there exists a sequence (¢, @,,)n of semipositive approximations of D
satisfying the condition of Theorem 4.8. By this result we have that D satisfies the
equidistribution property at every v € Mg with equidistribution measure

= i v
where v, , denotes the pushforward to X3" of the normalized v-adic Monge-Ampere
measure of Q,,.

In this section we show that this property extends to functions with logarithmic
singularities along effective divisors satisfying a certain numerical condition. Our
presentation follows closely that of Chambert-Loir and Thuillier in [CT09], adapting
their arguments to our setting.

Definition 5.10. Let £ be an effective divisor on X and v € Mg. A function
w: X3 — R U {£o0} has at most logarithmic singularities along E if it is a real-
valued continuous function on X3"\ supp(F)2" and every x € X2" has a neighborhood
U C X3 together with an equation fy of E5" on U and a real number cyy such that

lolo < culog|ful,”  on U.
Equidistribution measures can integrate functions with at most logarithmic singu-

larities along a divisor.

Proposition 5.11. Let v € My and ¢: X3 — RU {+o0} a function with at most
logarithmic singularities along an effective divisor on X. Then @ is integrable with
respect to vg .
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For the proof of this proposition we need the next auxiliary result.

Lemma 5.12. For every E € ]SR/(X)R with E effective we have

&Mess Z ny/

vEM K

Proof. Let n € N. By Lemma 2.15 we have
ho, (94E]) = dp™(@,) (Q1 - ¢3E), (5.9)

where the left-hand side denotes the height with respect to Q,, of the R-Weil divisor
associated to ¢F E. Applying the arithmetic Bézout formula (2.2) we deduce from this

Q- 1 E) — dp™(Q,) (QI~! - ¢1E)
a8~ @, S

VEM i

dun v-

Letting n — oo, by Theorem 4.8 and Remark 5.7 we have

Oz 1 (D) > liminf Z nv/ o @Wnp > Z ny lim inf min(c, 9z ,,) dnw

n— o0 n—00  [xan
VEM K vEM K v

for any ¢ € R. Since E is effective we have that gz, is bounded from below and so
min(c, g ) € C(X3") for every v. Then

g n, lim inf min(c, g5 ,,) Wn,o = g Ty min(c, 95 ,) dVp ,
n—00 Xan Xan ? ’
vEM K v vEMp v

by the equidistribution property at every place. The statement follows by letting
¢ — oo and applying the monotone convergence theorem. O

Proof of Proposition 5.11. Since Xj" is compact, we can assume without loss of gener-
icity that ¢ = gz , for an adelic divisor E over an effective £/ € Div(X). Up to adding

an adelic divisor over 0 € Div(X) we can furthermore assume that E is effective. In
this situation we have gz, > 0 for every w € 9k and so Lemma 5.12 implies

00 > 0 (D) = ny / 95,0 Whv

and so gz, is integrable with respect to v5 . O
The following is the main result of this section.

Theorem 5.13. Let E € ]SR/(X) with E effective such that
Oz 1= (D Z nv/ (5.10)
vEM i

Then for every D-small generic sequence (x4); in X (K) and v € Mg we have

lim 0 doo(zy), = /X pdvg,

l—00 Xgn

for any function p: X2™ — RU{£oo} with at most logarithmic singularities along E.
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Proof. By Proposition 5.11 and [CT09, Lemma 6.3] it suffices to consider the case
© = g5, Then by Proposition 4.3 and Theorem 4.8 we have

an

0z 11 (D) = hm hg(x) = hm Z nv/ 0400 ().,

and so the condition (5.10) implies

Z My 9Ew dyﬁ,v :Zliglo Z nv/ d(SO (z¢)w

VEM K¢ XS“

> > nvliminf/ 950 @00 (), (5.11)

{—00
VEM i

On the other hand, for every v and any ¢ € R we have min(c, g5 ,) € C(X3") and so

lim inf/ 9B, d60(zy), = liminf min(c, 95 ,) d60 (), = min(c, 95 ,) dvp ,

{—00 l—00 Xan Xan ’
v

by the equidistribution property. Letting ¢ — co we get that

lim inf/ 950 doo(zy), = / 9B dbﬁv.

l—00

Summing up these inequalities over all the places and taking (5.11) into account
we deduce that they are in in fact equalities. We conclude by observing that such
equality remains true when (xy), is replaced by an arbitrary jsubsequence, since the
latter remains generic and D-small. Therefore

lim gf,v d(so(l’e)v = QE v duﬁ v

{—o00 Xgn XS“
as desired. O

Remark 5.14. The condition (5.10) is independent of the choice of the adelic struc-
ture over E. Indeed, let E' be another adelic divisor over E. Then there exists a finite
set & C My and a collection ¢, € C(X2)% v € &, such that EF -FE= S es 07
Since the essential minimum function is differentiable at D, we have

%l eSS( ) &Hess + Z &w} ess

veES

veES

Setting ¢, = 0 for v € Mg \ &, Proposition 4.6 together with (5.10) then gives
AR RTINS SR
vEM K¢ x5 vEM K
and so E also verifies this condition.

If the sequences of probability measures approaching the equidistribution measures
are eventually constant, we can rephrase the condition in Theorem 5.13 in terms of
the gaps in Zhang’s lower bound for the heights of Weil divisors in (5.9).
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Corollary 5.15. Assume that for every v € Mg the sequence of probability measures
(Unw)n ts eventually constant, and let E be an effective divisor on X such that

. g ([05E) = dp*™(Q,) (Qi~ ' - 6,E)
lim ” =

n—00 (lel)

Then for every D-small generic sequence (x4); in X (K) and v € Mg we have

lim godéo(me)v = / pdvy,

{—00 Xgn

for any function p: X2™ — RU{£oo} with at most logarithmic singularities along E.

Proof. Let E be an adelic divisor over E. By Remark 5.7 and the arithmetic Bézout
formula (2.2) we have

- h= ;E _ abs d—1 *E
01D = i ( 2. (#5E)) @) Q4 - o

Z nv/ 9E anv

n—oo d
- <Q”) vEMK
hg, ([0hE]) — dp™(Q,) (Qf ' - ¢4E)
. Q n
= lim ” + nv/ 9% , A5 4
n—00 (Qg) ezw; an E, D,
vEMK
and so E verifies the condition (5.10). O

Remark 5.16. The assumption in Corollary 5.15 that the sequences of probability
measures (Vp )y are eventually constant is verified in the setting of dynamical systems
(Theorem 7.9). It would be interesting to know whether this corollary remains valid
without this technical assumption.

Corollary 5.15 allows to recover the logarithmic equidistribution theorem from
[CT09, Theorem 1.2] as follows. Let D be a semipositive adelic R-divisor on X with
D ample such that
—=d+1
'LLGSS (ﬁ) — (D ) ,

(d+1)(D%)
and let E € ]SR/(X ) with E is effective such that

hﬁ([E]) ess (1)
— = D).
By Theorem 2.19 the equality (5.12) implies u®(D) = u2*5(D). Therefore the con-
dition of Corollary 5.15 is trivially satisfied for the constant sequence (¢n,@,) =

(Idx, D), n € N, thus giving the stated equidistribution for functions with at most
logarithmic singularities along E.

(5.12)

5.5. A partial converse. The next result answers Question 4.19 under an additional
technical assumption, roughly saying that D has a suitable upper bound for which
Zhang’s inequality is an equality. As we will see in Section 6, this assumption is always
satisfied for semipositive toric adelic R-divisors (Proposition 6.10), which will allow
us to give an affirmative answer to this question in this setting (Theorem 6.9). As
before, we denote by D an adelic R-divisor on X with D big.

Proposition 5.17. Assume that there exists a semipositive adelic R-divisor D' over D
such that D' — D is pseudo-effective and uess(bl) = ,uabs(ﬁl) = u®s(D). Then the
following conditions are equivalent:



44 BALLAY AND SOMBRA

ess E _
(1) 1m PEDIZt
touess(D) - p(D(#))
(2) the essential minimum function is differentiable at D,

(3) D has the equidistribution property at every place v € M.

We deduce this result as a special case of the next lemma.

Lemma 5.18. Assume that there exists a nef A € m(X)R with A big such that
04 1*3(D) = 0. Then the following conditions are equivalent:

ess(T)) —

(1) tim P =t
t=uess(D) - p(D(1))

(2) the essential minimum function is differentiable at D,

(3) 05 u==(D) = 0.

If moreover A = D, then they are equivalent to the condition:

)

(4) D has the equidistribution property at every place v € M.

Proof. We have (1) = (2) by Theorem 4.16 and (2) = (3) is trivial. We next show
that (3) = (1). If (3) holds then by Lemma 4.18
Fndy T
L (DA
t—pess(D) vol(RY(D))
Fix a real number t < p®3(D) and let (¢, Pp)n
of D(t). Then by Proposition 3.6

7d J— J— J—
(P A) (D)) - 4) , -5 -
1 = — d 1 3(Pp) = (D) —t. 5.14
Jm = b wlE(@D) e (Pn) = p*(D) (5.14)
Set F’n = P, — p®5(P,) ], n € N. Then ?;L is pseudo-effective by Theorem 2.17,
and by the formula (2.4) we have

7d‘7 fd—l'—'—/ o d—1 |
(Pod) (P APY) p ) (P24

(PY) () (Pd)

Since P,, and A are nef, by Lemma 2.13 the first summand is non-negative and so

=0. (5.13)

be a Fujita approximation sequence

7d —
PC.A - Pd—l A ess P, ess P,
PoT) oy B A () 5= (Po)
(£ (P dr(Pp; A) — dp(D(t); A)
where the second inequality follows from Lemma 1.3 and the third from the definition
of the inradius of D(t) with respect to A. Letting n — oo and applying (5.14) we get

(D) A) _ w=D) 1t
vol(RY(D)) — dp(D(t); A)
By Lemma 1.2 there is ¢ > 0 such that p(D(t); A) < ¢p(D(t); D) = cp(D(t)) for every

t < u®s(D). Therefore (1) follows by letting t — (D) and using (5.13).

For the last claim, by Proposition 4.6 and Lemma 3.2(2) the condition (4) is equiva-
lent to the fact that the essential minimum function is differentiable along the subspace
of adelic divisors on X over the zero divisor. In particular, it is implied by (2).

Now assume that A = D and that (4) holds. Then E := A — D is an adelic divisor
over E = 0 and so the essential minimum function is differentiable at D along E. Since
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this function is clearly differentiable along D, by Lemma 3.2(2) it is also differentiable
along A. This gives (3).

O

Proof of Proposition 5.17. Let A=D — yess (D) [0c]. Then pu®s(A) = p2bs (@ =0,
and in particular A is nef. Thus by Lemma 5.18 it suffices to show that d4 u**(D) = 0.
This is clear, since by Lemma 2.16(1) for every A > 0 we have

B (D + AA) > p(D) + () = (D),
whereas Lemma 2.16(4) gives the converse inequality, namely
(D) = u (D) = p™(D' +AD') = A (D) = p* (D' + M) 2 p (D + NA).
O

6. TORIC VARIETIES

Here we study the differentiability of the essential minimum function in the toric
setting and its consequences for the equidistribution of the Galois orbits of small
generic sequences of algebraic points. To this end, first we review the algebraic and
Arakelov geometries of toric varieties following [BPS14, BPS15, BMPS16, BPRS19]
and study the inradii and positive intersection numbers of (adelic) R-divisors on toric
varieties. We then prove our toric differentiability results (Theorems 6.6 and 6.9) and
extend the corresponding equidistribution properties to test functions with logarithmic
singularities along special hypersurfaces (Theorem 6.12 and Corollary 6.13).

6.1. Geometric and arithmetic aspects. Let T ~ G¢ be a split d-dimensional
torus over K and set

M =Hom(T,Gy,) and N = Hom(Gpy,T)

for its lattices of characters and of co-characters. These are both isomorphic to Z%
and dual of each other, that is M = NY and N = M". Set then Ng = N ®z R and
Mgr = M ®7 R. These vector spaces are also dual of each other, and for u € Nr and
x € Mg we denote their pairing by (u, z). Let also K[M] be the group algebra of M,
and for each m € M let X" € K[M] be the corresponding monomial.

Let X be a projective toric variety with torus T and D a toric R-divisor on it. By
this we mean a normal projective variety over K containing T as an open subset and
equipped with an action of this torus extending its action onto itself by translations,
together with an R-divisor that is invariant under this action.

Classically toric varieties and R-divisors are constructed and classified with poly-
hedral objects. Thus to X and D respectively correspond a fan ¥ x and an R-virtual
support function ¥p. The fan Y x is a polyhedral complex of strongly convex cones
defined over N covering the whole of Ng, whereas the R-virtual support function ¥p
is a real-valued function on Nk that is linear on each of the cones of this fan. We also
associate to D the subset of My defined as

Ap ={z € Mg | (u,xz) > VUp(u) for every u € Ng}.

It is a quasi-rational polytope, that is a polytope with rational slopes.
The positivity invariants and properties of D can be read from its R-virtual support
function and polytope. For instance, the volume of D is given by

VOI(D) =d! VOIM(AD)
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where volys denotes the Haar measure on My normalized so that M has covolume 1.
In particular, if D is nef then (D?) = d!voly;(Ap). More generally, for a family D;,
1 =1,...,d, of nef toric R-divisors on X we have

(Dy---Dg) = MV (Ap,,...,Ap,), (6.1)

where MV, denotes the mixed volume function with respect to voly,.

The R-divisor D is pseudo-effective if and only if Ap # (), and is big if and only
if dim(Ap) = d. In addition, D is nef if and only if ¥ is concave. For a nef toric
R-divisor F we have that D — E is pseudo-effective if and only if there exists x € Mg
such that z + Ag C Ap. All of this can be found in [BMPS16, Section 4].

To study the arithmetic counterpart of these constructions and results, for each
place v € Mg we denote by S, the compact torus of the v-adic analytic torus Ta"
[BPS14, Section 4.2]. In the Archimedean case S, is isomorphic to the real torus (S')<,
whereas in the non-Archimedean case it is an analytic subgroup of T3" in the sense of
Berkovich. We also consider the valuation map

Valv: Tin — NR.
With a splitting of the torus, we can identify the dense subset T2"(C,) with (C)? and
the vector space Ng with R?. In these coordinates, the valuation map writes down as
valy(z1,...,2q9) = (—log|z1|y, ..., —log|xqly).

Now let D be a toric adelic R-divisor on X, that is an adelic R-divisor on X
whose geometric R-divisor D is toric and whose v-adic Green function 9p,, 1s invariant
under the action of S, for every v. Toric adelic R-divisors over D can be constructed
and classified with adelic families of functions on Ng whose behavior at infinity is
governed by the R-virtual support function ¥ [BPS14, Proposition 4.3.10], [BMPS16,
Proposition 4.16]. Accordingly we denote by

¢E7U:NR_>R) ’UGWIK,

the family of metric functions associated to D. For each v, the v-adic metric function
is defined as

V5, (u) = —gp,(z) for every u € Ng and z € valy ! (u). (6.2)

It is continuous and has bounded difference with respect to ¥p for every v, and it is
equal to Up for all but a finite number of places.
We also associate to D its family of local roof functions
19571): Ap — R, veMg.
For each v, the v-adic roof function is a continuous concave function on the polytope
that is defined as

ﬁﬁ,v(ﬂg) = inf (u,z) — %ﬂ)(u) for every x € Ap.

u€ Ny

These functions are zero for all but a finite number of places. We consider then the
global roof function ¥5: Ap — R, defined as the weighted sum

7952 Z nvﬁjv.

vEM K
We also consider the compact convex set where this concave function is nonnegative:
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In analogy with the geometric case, the positivity invariants and properties of D
can be read from its metric and roof functions. For instance, the essential minimum
of D is the maximum of its global roof function [BPS15, Theorem 1.1]:

p=(D) = max Ipx). (6.4)

Moreover, if D is semipositive then p*5(D) = mingena , Up5(x) [BPS15, Remark 3.15].
The volumes of D can be computed as [BMPS16, Theorem 5.6]

vAol(D):(dH)!/ ¥ dvoly,  and v”c?lX(D):(dH)!/ 95 dvoly .

In particular, if D is semipositive then (bdﬂ) =(d+1)!][ Ap, Ypdvolys. More gen-

erally, the arithmetic intersection number of a family of semipositive toric adelic R-

divisors D;, i = 0,...,d, can be computed as
(Do-+-Dg) = > nuyMly(¥p, - ,95, ), (6.5)
VEM i

where MIy; denotes the mixed integral function with respect to the Haar measure
volyr on My [BPS14, Theorem 5.2.5].

We have that D is semipositive if and only if 1/}5’” is concave for every v [BMPS16,
Proposition 4.19]. By Theorem 6.1 in loc. cit. we have that D is pseudo-effective
if and only if there exists x € Ap such that ¥5(x) > 0 or equivalently, if and only
if I'5 # 0. We also have that D is big if and only if dim(Ap) = d and there exists
x € Ap such that ¥5(x) > 0, in which case I';5 is a convex body. By the same result,
when D is semipositive then it is nef if and only of ¥5(z) > 0 for every z € Ap.

For a semipositive adelic R-divisor E on X we have that D — F is pseudo-effective if
and only if A C Ap and V5 ,(z) < V5 ,(2) for every v € Mk and x € A [BMPSI6,
Proposition 6.4 and Theorem 7.2(1)].

If D is big, then for any sequence (A,), of quasi-rational polytopes uniformly
approaching the convex body I'5 from inside one can construct a Fujita approximation
sequence of D

(¢n: X, — X, Fn)n (66)

such that both ¢, and P,, are toric for each n. The modification On: Xn — X is toric
if X,, is also a toric variety with the same torus T and the restriction of ¢, to this
torus is the identity. At the combinatorial level, a toric modification corresponds to a
(regular) refinement of the fan Y x. On the other hand, P, is a toric adelic R-divisor
on X,, with polytope equal to A,, and local roof functions equal to those of D restricted
to this polytope, that is

Ap, =A, and dp  =vp5,|,  forallve Mgk (6.7)
This is explained in [BMPS16, Theorem 7.2] and its proof.
6.2. Inradii and positive intersection numbers. In [Tei82], Teissier first pointed
out the relation between the inradius of toric line bundles and the inradius of the

associated polytopes in the sense of convex geometry. The next statement puts this
observation into the setting of R-divisors.
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Proposition 6.1. Let D and A be toric R-divisors on X such that D is big and A is
big and nef. Then

r(D; A) =r(Ap; Ay),
where 1(Ap; A4) denotes the inradius in the sense of Definition A.1.

Proof. Since A is nef, for each A € R we have that D — AA is pseudo-effective if and
only if there exists x € Mg such that © + A\A4 C Ap. The equality between the two
inradii follows then directly from their definitions. (]

Now let D be a big toric adelic R-divisor on the projective toric variety X. From
the existence and properties of its toric Fujita approximation sequences (6.6) we will
derive both a lower bound for the inradius of D and a formula for its arithmetic
positive intersection numbers.

Proposition 6.2. Let A be a toric R-divisor on X that is big and nef. Then
p(D; A) > r(Tp; As).

Proof. Let (¢, P,) be a toric Fujita approximation sequence of D as in (6.6). With
notation as in Definition 4.15 we have (¢, P,) € ©(D) for every n. Then

p(D; A) = supr(Pos 65, 4) = supr(An; Ag) = (T A )
neN neN

by Proposition 6.1 and the fact that the sequence of polytopes (A,), approaches I'yy
from inside. O

Proposition 6.3. Let E be a semipositive toric adelic R-divisor on X. Then

— 7d J—
vol(R°(D)) = d!vol(T'p), ((DY)-E)= > nuMly(dp,ry,-- 95,5, V5.,)-

VEM K

Proof. Let (¢, Pp) be a toric Fujita approximation sequence of D as in (6.6). By
Proposition 3.6 and the formula for toric intersection numbers (6.1) we have

vol(R(D)) = nh_)rglo(Pg) = nh_}nolo d!volyr(Ay,) = d!vol(I'p).

For the second formula, by Definition 3.7 we have ((ﬁd> -E) = limn_mo(Fi i E),
whereas by (6.7) and the formula for toric arithmetic intersection numbers (6.5) we get

7d .
(P, - ¢1E) = Z ny My (95 A - - ’ﬂﬁ,v\AnvﬁEv) for every n € N.
vEM K

We conclude by taking the limit n — oo and applying Lemma A.9. (]

Following [BPS14, Definition 4.3.3], given an arbitrary adelic structure over a toric
R-divisor one can construct a toric one by an averaging process. To describe it, for each
v € My and u € Ng we recall the probability measure 7,, on X3" from [BPRS19,
Definition 5.1], which is defined as:

(1) if v € M then 1, is the translation by any point = € val, ' (u) C T2 ~ (C*)?
of the Haar probability measure of the compact torus S, ~ (S1)?,

(2) if v € Mg \MSP then 1, ,, is the Dirac measure at the point ¢, (u) € val, ! (u) C T2"
corresponding to the multiplicative seminorm on K[M] defined as

| fleo) = max |l e~ ™) for every f = g apx™ € K[M].
me
meM



APPROXIMATION OF ADELIC DIVISORS AND EQUIDISTRIBUTION 49

Definition 6.4. Let E be an adelic R-divisor on X with F toric. For each v € My
let g,: X"\ E2" — R be the function defined as

gv(x) = /X 9E dnv,valv(x)

and set E*T = (E, (gy)pem, ). This is a toric adelic R-divisor on X.

We need the following invariance of arithmetic positive intersection numbers with
respect to this averaging process.

Proposition 6.5. For every E € m(X)R we have (<ﬁd> ‘E) = ((Ed> BTy,

Proof. Let P be a toric adelic R-divisor on X. With notations as in Definition 6.4, by
the arithmetic Bézout formula we have

PE - BN = Y [ (op,— e (6.8)

Let v € M. If v is Archimedean then

/sn Goc1(Py)" = /X (/S 95t ) dm,o(t)> c1(P) ()
= [ ([ w00 @)t = [ op o)

by Fubini’s theorem and the invariance of the v-adic Monge-Ampere measure of P
under the action of S,. On the other hand, when v is non-Archimedean we have

[ ma®a= [ op i@ ea®) = [ o @aPo

an
X'U

by the characterization of the Monge-Ampére measures of semipositive toric adelic
divisors in [BPS14, Theorem 4.8.11]. Combining this with (6.8) we get

(P E) = (P* Et). (6.9)
Now let (¢, Pp)n be a Fujita approximation sequence of D as in (6.6). By (6.9)
(Pl 65E) = (P - ($3E)*") = (P - ¢5(E'))  for every n € N

n

because P, is toric and the averaging process commutes with the toric modification ¢,.
Indeed, this process occurs on the open subset T C X, X,,, which remains unchanged
under this modification. We conclude by taking the limit as n — co. (]

6.3. Equidistribution on toric varieties. Let X be a projective toric variety with
torus T and D a toric adelic R-divisor on X with D big. For each ¢t < u®$(D) we set

Si(Vp) ={z € Ap | Ip(x) = t}

for the corresponding sup-level set of the global roof function of D. It is a nonempty

compact convex subset of Ap that is d-dimensional whenever ¢t < p®s(D). Set also
AD,ma.x = Sﬂess(ﬁ) (195)

The global roof function is said to be wide if after fixing an arbitrary norm on Mg,
the width of these sup-level sets remains relatively large as the level approaches its
maximum (Definition A.6). By Proposition A.3, this is equivalent to the fact that
the inradius of these sup-level sets with respect to any fixed convex body remains
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relatively large as the level approaches its maximum. By the same result, it is also
equivalent to the fact that for any o € Ap max We have that 0 € Ng is a vertex of
the sup-differential 0Y5(xo) C Ng (Definition A.2). When this condition holds, by
Proposition A.8 one can associate to ¥ a unique balanced family of sup-gradients
with respect to its decomposition into local roof functions. This is a family of vectors

Uy € Ng, v € Mg,

such that u, € 0¥5 ,(xo) for every v with u, = 0 for all but a finite number of places
and verifying the balancing condition ZUGEWK nyu, = 0. We let

nﬁ,v = n’U,uU

be the probability measure on X3" from Section 6.2 for the point u, € Ng.

The following is the main result of this section. It is an application of Theorem 4.8,
or rather of its reformulation in Theorem 4.16 in terms of arithmetic positive intersec-
tion numbers, together with the constructions and results from Sections 6.1 and 6.2
and from Appendix A.

Theorem 6.6. If ¥ is wide then the essential minimum function is differentiable
at D and

%Mess(ﬁ) _ Z nv/ 95, dp.,  for every F e ]SRI(X)R with E toric.

VEM i X"

In particular, in this case D satisfies the equidistribution property at every v € My
with vg , = N5 ,-

)

Proof. Let (u,), be the balanced family of sup-gradients of V5, so that n5, = 7vu,

for every v. Set u = p®*(D) for short. Then

. p—t
lim—H—" _ _y, 1
D (S (90)i Ap) (6.10)

For each ¢t < p the global roof functions of D and its shift by ¢ are related by ¥ =
U5 + ¢, and so Si(Vp) = I'p for the convex body defined in (6.3). Combining

this with Lemma 1.2 and Proposition 6.2 we deduce 7(S;(V5): Ap) < cp(D(t)) for a
constant ¢ > 0 not depending on ¢. Hence
n—t

lim =
= p(D(t))
and so by Theorem 4.16 the essential minimum function is differentiable at D with

ess /T _ 12 (<E(t)d> E)
Opn™ (D) = lim = R(D))

for every E € Div(X)g. (6.11)

For the formula for the derivative, we first consider the case when E is toric and
semipositive.

Let & C 9k be a finite set of places such that u, = 0, Q,Z)Ev = Vg and 19@71) =0|a,
for all v € My \ 6. Let t < p and set for short Sy = S;(V55). For each v € M let
0y.¢: St — R be the restriction of the concave function 19571} — gt to this convex body,
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with &, = 1 if v is Archimedean and ¢, = 0 otherwise. Then by Proposition 6.3 we
have
vol(R'(D)) = dlvoly(Sy) and (D)%) - E) = > nyMIy (s, .., 001, 05,).

veES
(6.12)

Choose g € Ap max and set ¢, = V5, (z0) — (uy,20), v € &. By (6.4) and the
balancing condition of (u,), we have

Z Ny Cy = Z Ny (195’”(.%0) — Uy, x0)) = I55(x0) = p.
veES vEM K
For each v € & we have V5 (2) < (uy, x —x0) + 05 ,(x0) = (uy, ) +¢, forallz € Ap
because u, € 995 (x0). Setting x, = max,eg, ((wy, z) + ¢, — U5 ,(z)) > 0 we have
(U, ) + €y — Ky — Ept < Oy 1(x) < (Uy, ) + ¢y — eyt for every x € S;. (6.13)
From the upper bound in (6.13) and the monotonicity of the mixed integral we get
MIM(Hv’t, RN Hv,t, ?9@71}) < MIM(((“va $> +cy—¢ep t)’Sw LR (<uva x>+cv_€ﬂ t)|5t7 ﬁf,v)'

By Lemma A.10 and Remark A.11, the right-hand side of this inequality can be
computed as

—d! vol(.Sy) @Z)E,U(uv) +d(cy, —ept) MV pr(Se, ..., Sty AR) + (uy, 1)

for a point 1 € MR not depending on v, because Q/JEv coincides with the Legendre-
Fenchel dual of ¥, as defined in (A.7). Summing over all these places, we deduce
from (6.12) and the balancing condition of (uy,),
(D)%) - E)
~ 7 < Nos  (Uy) +d(p—t
VOl(Rt(D)) = UGZG 1/’}3,1;( ) (lu’ )

MV (St ..., St, AR)
d! VO]M(St) )

(6.14)

For the converse inequality, for each v € & and any = € S; we have
p—t>p—dp() = Z N (Cw + (Uw, T) — 195’1”(33)) > ny(cy + (U, T) — ﬂﬁv(x))
wed

using again the balancing condition of (u,), together with the previous upper bound
for the w-adic roof functions for w # v. Since this holds for every x € S; we deduce
nyky < p—t, and in particular

Z Npky < #6 (u—t).
veS

Combining this with the lower bound in (6.13) we similarly obtain

(D®)?) - E) MV (S, - -+, 51, Ag)
vol(R(D)) > =D ot () — (#6 1) d (u—1) dlvola (Sy)

veES

. (6.15)

Now choose ¢ > 0 such that x + ¢cAg C Ap for some x € Mg. Then there exists
2’ € Mg such that 2’ + ¢7(S;(95); Ap) Ag C S, and so by the monotonicity and the
multilinearity of the mixed volume function we have

C’T’(St("ﬁﬁ); AD) MVM(St, . .,St,AE) S MVM(St, .. .,St,St) =d! VOlM(St).
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Hence with the limit (6.10) we deduce that the error terms in (6.14) and (6.15) vanish
as t — p. It then follows from the expression (6.11)

Oz (D va Uy) = — Z Nz, (W) (6.16)

vES VEM K¢

By the additivity of the derivative and the metric functions, this formula readily
extends to the DSP case, and by density to any toric adelic R-divisor on X.

For an arbitrary adelic R-divisor E on X with E toric we apply the averaging pro-
cess in Definition 6.4. By the invariance of the arithmetic positive intersection numbers
with respect to this process (Proposition 6.5) we deduce from (6.11) and (6.16)

%Mess(ﬁ) — %torﬂess(b) = Z Ny Go(Ty) = Z nv/ 9B Ay u,

VEM K¢ vEM K

with g, as in Definition 6.4 and any x, € val;!(u,) C X2, using the relation between
Green functions and metric functions in (6.2). This completes the proof of the first
statement. The second follows readily from this and Proposition 4.6. O

Now we assume that ¥ is wide. For every f € K[M]\{0} we introduce the quantity

- S / log | |, dnpy

vEM K

Recall that for each v we have that NB.w = Mo, for the component u, € Ng of the
balanced family of sup-gradients of /7. Taking into account the definition of these
probability measures and writing f = E e @mX'™ we have

=) n/ log | £ (t-x0)|w dnuo(t)+ > nylogmax(e™ "™ |apy|,), (6.17)

veMP vEM K \‘.m"o

where for v Archimedean we denote by x, any point in the fiber val;!(u,) C T2,
and 7,0 is the Haar probability measure of S,. Hence this quantity is an extension
of the classical logarithmic Gauss-Mahler measure of a Laurent polynomial, which in
our setting corresponds to the case where u, = 0 for every v.

Lemma 6.7. The following properties hold:

(1) for every m € M and o € K* we have mp(ax™) =0,

(2) for every f € K[M]\ {0} we have mpy(f) > 0,

(3) for every m € M\ {0} and v € K* we have

mp (X Z ny max (0, (uy, m) + log |7v|y)-
VEM K¢
Proof. For (1), for each v € Mg we have [y, log x|y diy,u, = log |al, — (uy, m)
from the explicit expression of this local term in (6.17). Hence
mpy(ax™) = Z ny(log|aly, — (uy,m)) =0
vEM K

by the product formula and the fact that (u,), is balanced.
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For (2), choose a vertex m € M of the Newton polytope of f. For each v € Mg
we have

/ log| flo ditp > 108 [ty — {1t ).

This follows again from the expression of this term in (6.17), using in the Archimedean
case the fact that the Mahler measure of a Laurent polynomial is bounded below by
the absolute value of any of its vertex coefficients. Together with (1) this implies

mﬁ(f) > Z ny (log [am|y — (uy, m)) = mﬁ(amxm) = 0.
VEM K

For (3), for each v we have
/ log [x" 7]y dn5,, = log max(e™ (o) Jyly) = —(ty, m)+max(0, (u,, m)+log |y|)

using again the explicit expression (6.17) together with Jensen’s formula for the Mahler
measure in the Archimedean case. The statement follows by considering the weighted
sum of these terms and the fact that the family (u,), is balanced. O

For an arbitrary E € BR/(X )r one can compute the corresponding derivative of the
essential minimum function by reducing to the situation considered in Theorem 6.6.
Since the K-algebra Ox (T) = K[M] is factorial, for any E € Div(X)g we can choose

fz € Rat(X)}

defining the restriction of E to the torus. By Lemma 6.7(1), the quantity my(fr)
does not depend on the choice of this equation.

Corollary 6.8. With notations and assumptions as in Theorem 6.6,
%Mess( ) my fE Z nv/ nﬁ,v fo’r’ every E c m(X)R
vEM K

Proof. We have that E — div( fr) is an adelic toric R-divisor on X whose geometric
R-divisor E —div(fg) is toric. Hence by the invariance of the essential minimum with
respect to linear equivalence and Theorem 6.6 we obtain

aﬁﬂess(ﬁ) = %—c{i\v(fE ess Z nv/ 9E_dv (f5), dTF,v
VEM K¢
Z nv/ log|fElsdngy , + Z nv/ 95,4
vEM K vEM K
which gives the statement. ([

We also have the following converse of Theorem 6.6 in the semipositive situation.

Theorem 6.9. If D is semipositive then the following conditions are equivalent:
(1) 95 is wide,

(2) the essential minimum function is differentiable at D,

(3) D satisfies the equidistribution property at every place v.

To prove it, we need the next result showing that in the semipositive toric setting
it is always possible to find a sharp upper bound as that required by Proposition 5.17.
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Proposition 6.10. If D is semipositive then there exists a semipositive toric adelic
R-divisor D over D with D' — D pseudo-effective and i®(D') = pi**(D) = pe(D).

Proof. Choose a point 29 € Ap max and let (u,), be a balanced family of sup-gradients
for ¥, which always exists thanks to Proposition A.8. For each v € Mk we have

Up.,(2) < (uy,2) + ¢y for every z € Ap (6.18)
with ¢, = U5 ,(20) — (uy, To).

Using the correspondence in [BPS14, Proposition 4.9.2(2)], set D’ for the semiposi-
tive toric adelic R-divisor over D with local roof functions equal to the affine functions
in the right-hand side of (6.18). Since the family (u,), is balanced we have

Vg () = Z nyﬁﬁ’v(a:) = Z ny((uy, ) + ¢,) = ¢ for every z € Ap,
vEMK vEM K¢
for the constant ¢ = > on nyc, € R. This implies uess(bl) = 'u,abs(ﬁ') = ¢. Since
D is semipositive, the inequality (6.18) implies that D' -Dis pseudo-effective. Fur-
thermore, by (6.4) and the balancing condition for (u,), we have

c= Z ny (V5 ,(20) — (uv, 20)) = V55(z0) = 15(D)
vEM K

and so " (ﬁ/) = pbs (E’) = p®s(D), as stated. O

Proof of Theorem 6.9. 1t is a direct consequence of Theorem 6.6 together with Propo-
sitions 5.17 and 6.10. (]

Remark 6.11. The toric equidistribution theorem from [BPRS19] states that in the
semipositive case, the toric adelic R-divisor D verifies the equidistribution property
at every place of K if and only if it is monocritical, in the sense that an associate
functional on a space of adelic measures has a unique global minimum. By Proposi-
tion 4.15 in loc.cit., this condition can be reformulated in simpler terms as the fact
that 0 is not a vertex of 95 (o) for any xg € Ap max. Proposition A.3 shows that it
is also equivalent to the fact that the global roof function is wide, and so Theorem 6.9
recovers this toric equidistribution theorem.

On the other hand, Theorem 6.6 extends the sufficient condition in this theorem to
the situation where D is not necessarily semipositive and strengthens its conclusion
to include the differentiability of the essential minimum function.

Combining the previous results with those from Section 5.4 we reinforce the toric
equidistribution property of D to include test functions with logarithmic singularities
along effective divisors satisfying a numerical condition.

Theorem 6.12. Assume that U5 is wide and let E be an effective divisor on X
such that my(fg) = 0. Then for every D-small generic sequence (z¢)¢ in X(K) and
v € My we have

lim 0 dbo(ay), = /X godnﬁv

{—00 Xgn

for any function ¢: X2 — RU{£o0} with at most logarithmic singularities along E.

In particular, this holds if each irreducible component of the Weil divisor [E] is
either contained in X \ T or is the closure of the zero set of an irreducible binomial
X" —~ with m € M\ {0} and v € K* such that log |y|, = —(uy, m) for every v.
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Proof. Since Y5 is wide we have that D satisfies the condition in Theorem 4.16 and
a fortiori that in Theorem 4.8. The first statement is then a direct application of
Corollary 6.8 and Theorem 5.13.

For the second, in the current situation we can choose fr = [[;; fiki with k; € N
and f; = x™ —~; for some m; € M\ {0} and ~; € K* such that log|v;|, = —(uy, m;)
for every i € I and v € Mg. By Lemma 6.7(3) we have

mp(f) =Y kimp(fi) =0,

il

so this statement follows from the first. O

It is natural to try to interpret in terms of heights the numerical condition imposed
on the effective divisor £ by the previous theorem. To this end, first note that for

every point x € T(K) we have hy(xz) > p®°(D) [BPS15, Lemma 3.8(1)], and so for
every subvariety V' C X that is not contained in the boundary X \ T we have

5 (Dly) > p(D).

Following [BPRS19, Definition 5.10], we say that V is D-special if this lower bound is
an equality.

Using the characterization of the Bogomolov property for monocritical semipositive
toric adelic R-divisors in [BPRS19, Section 5] we derive the following logarithmic
equidistribution theorem for the semipositive case.

Corollary 6.13. Assume that D is semipositive and that U is wide. Let E be an
effective divisor on X such that each of the irreducible components of [E] is either
contained in X \ T or is the closure of a D-special hypersurface of T. Then for every
D-small generic sequence (xy)p in X(K) and v € My we have

lim god(so(w)v = /X g@dnﬁv

{—o0 Xgn
for any function p: X2™ — RU{£oo} with at most logarithmic singularities along E.

Proof. Since D is semipositive and Y5 is wide we have that D is monocritical in
the sense of [BPRS19], see Remark 6.11. Let V' be an irreducible component of [E]
that is D-special. After extending K is necessary we assume that V is geometrically
irreducible. By the Bogomolov property for monocritical adelic R-divisors [BPRS19,
Theorem 5.12], Vj = V N T is the translate of a subtorus. Since Vj is a hypersurface,
there exist m € M and xo € T(K) such that

Vo=2Z(x"—-1) - x.

Note that Vo = Z(x™ — ) for v = x"(20). By [BPRS19, Proposition 5.14(1)], the
fact that V is D-special implies that

Uy € mﬁ + val,(zg) for every v € My,

which is equivalent to the fact that (u,,m) = (val,(xg), m) = —log|v|, for every v.
We conclude with Theorem 6.12. g
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7. DYNAMICAL SYSTEMS AND SEMIABELIAN VARIETIES

In this section we study adelic R-divisors that are sums of several canonical adelic R-
divisors with different regimes with respect to an algebraic dynamical system. In this
setting Zhang’s lower bound for the essential minimum might be strict, in which case
Yuan’s equidistribution theorem cannot be applied. We show that in spite of this, the
essential minimum function is differentiable at these adelic R-divisors, and for every
place the Galois orbits of small generic sequences of algebraic points converge towards
the equilibrium measure (Theorem 7.4). We also show that this convergence still
holds with respect to test functions with logarithmic singularities along hypersurfaces
containing a dense subset of preperiodic points (Theorem 7.9).

These results apply in the setting of semiabelian varieties, giving the differentia-
bility of the essential minimum function and recovering Kiihne’s semiabelian equidis-
tribution theorem (Theorem 7.10). They also imply that this equidistribution also
holds with respect to functions with logarithmic singularities along torsion hypersur-
faces (Theorem 7.14).

7.1. Canonical adelic R-divisors. Canonical metrized line bundles for algebraic
dynamical systems were introduced by Zhang [Zha95b] and extended to adelic R-
divisors by Chen and Moriwaki [CM15]. Here we recall this notion and study some of
its positivity properties.

Let X be a normal projective variety over K and ¢: X — X a surjective endo-
morphism. Then ¢ is finite [Fak03, Lemma 5.6] and we denote by deg(¢) its degree.
Let D be an R-divisor on X such that ¢*D = ¢D for a real number ¢ > 1.

Definition 7.1. The canonical adelic R-divisor of D, denoted by D", is any adelic
R-divisor on X such that

¢* D = ¢D  on Div(X)g. (7.1)

To construct it, choose f € Rat(X)g such that ¢*D = ¢D + div(f). Starting from
any adelic R-divisor over D and applying Tate’s limit argument, it can be shown that
there exists a unique D € Div(X)g such that [CM15, Section 4]

¢*D = ¢D + div(f). (7.2)

In particular D is canonical in the sense of Definition 7.1. Now if D € ISR/(X)R
is another canonical adelic R-divisor over D then ¢*D = ¢D + cfl;( /') with f' €
Rat(X)g. Necessarily f =~ f" with v € Ky, and from the uniqueness of (7.2) we get
D =D- (TI\V()\) with A = 41/(¢=1), Hence the canonical adelic R-divisor of D exists
and is unique up to a summand of the form (:T;/(/\) with A € K.

The associated height function is not affected by this indeterminacy thanks to the
product formula, and by (7.1) it verifies

hpean (9(2)) = ¢ hpean (x)  for every z € X (K). (7.3)

A point z € X (K) is preperiodic if its orbit with respect to ¢ is finite or equivalently,
if there are positive integers j < k such that ¢°(x) = ¢°*(x). The functoriality (7.3)
implies that hpca () = 0 whenever z is preperiodic.

It is well-known that if D is ample then D" is nef and both the absolute and
the essential minima vanish. Here we give a weaker condition ensuring the pseudo-
effectivity of the canonical adelic R-divisor and the vanishing of its essential minimum.
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Proposition 7.2. If R(D) # {0} then D" is pseudo-effective and us(D") = 0.
Proof. First note that the essential minimum is finite because R(D) # {0}. We have
MESS (ﬁcan) — ”eSS(qs*ﬁcan) — uess (qﬁcan) — quSS(ECan)

since ¢ is dominant and finite, and ¢* D" = gD, Hence u®(D") = 0, as stated.
The pseudo-effectivity of D" then follows from Theorem 2.17 and the fact that
this condition is closed. Nevertheless we give a self-contained proof of this statement.
Let s = (f,eD) be a nonzero global section of eD for an integer e > 1, which
exists because R(D) # {0}. Up to multiplying s by a nonzero scalar we can suppose
that HSHE,v,sup < 1 for every non-Archimedean v. Then given € > 0 we take k > 1

such that log|[s||5, p < ceqk for every Archimedean v. The pullback ¢°%*s =

(¢°F* f, e °** D) is a nonzero global section of e ¢°**D and since ¢ is surjective, it
has the same v-adic sup-norms as s. Since ¢* D" = g D" there is a nonzero global
section sy of e ¢®D with the same v-adic sup-norms. Hence

ceqt ifve ME,
08 158 g = 08 ol < 457 10 SR
)

and so sy € R™°(D"). Therefore R~5(D") # {0} for every ¢ > 0 and so D" is
pseudo-effective. O

7.2. Equidistribution for sums of canonical adelic R-divisors. Let ¢ be a sur-
jective endomorphism of a normal projective variety X over K of dimension d > 1.
Fori=1,...,slet D; € Div(X)gr with ¢*D; = ¢;D; for a real number ¢; > 1 and set

D=y D™
=1

Up to reordering we assume that 1 < q; < ¢ < --- < ¢gs. We also assume that
(1) R(D;) # {0} for every i,
(2) D is big and semiample.

When D is ample and D; is nef for every i we have that ¢*D — D is ample, which
by Fakhruddin’s theorem [Fak03, Theorem 5.1] ensures that the set of periodic points
of ¢ is dense. Together with Proposition 7.2 this easily implies that the essential
minimum of D vanishes. The next result shows that this property also holds in our
more general setting.

Proposition 7.3. We have u®*(D) = 0.

—J~can

Proof. By Proposition 7.2, the fact that R(D;) # {0} implies that pu®(D;" ) = 0 for

every i. Hence by Lemma 2.16(1) we have p*(D) > 325, 4°5(D;"") = 0. On the

K3
other hand,
S S
¢'D=> ¢D; =qaD+)» (¢—q)D;
=1 =2

—~can

Since ¢; > q1 and p*3(D;") = 0 for every i, applying again Lemma 2.16(1) and the
fact that ¢ is a finite morphism we obtain p®3(D) = u®$(¢*D) > q1u®*(D). Hence

(D) < 0, which gives the statement. O
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Since ¢ is finite, for every v € My and any measure v on X3" we can consider the
pullback ¢35 v by the v-adic analytification of ¢, as explained in [Cha06, Section 2.8].

For any Aj,...,Aq € D/S\P(X)R we have
¢ (e1 (A1) A+ Aer(Agp)) = c1(¢*Are) A Acr(¢™Agy). (7.4)

The following is the central result of this section. To state it, we denote by N C N*
the set of s-tuples of nonnegative integers whose components sum up to d. For each
a € N5 we set ¢ =[], ¢/ and consider the subset

I'={aeNj[q"=deg(¢)}.
Note that there is always a semipositive adelic R-divisor D’ over D by semiampleness.

Theorem 7.4. Let v € M.

(1) The essential minimum function is differentiable at D, and for any semipositive
adelic R-divisor D' over D we have

on,x\d . T
%MQSS(E) — 1 hm ((¢ D) E)

(D7) A dea(0)" for every E € ﬁf(X)R.

In particular, D has the equidistribution property at v with

L ™ e (D)

v

VB, =

lim
v (Dd) n—o00 deg((p)n
(2) If each DS is DSP and D is semipositive then
Yaer (&) (B - T, (D§*)™)
Zael (z) (Hf:l Dfl)

(3) If each 9pean ,, I8 semipositive then vy, = c1 (D) /(DY).

%Mess (ﬁ) _ fOT‘ every FE S m(X)]R

The next lemma gives the specific sequence of semipositive approximations that
will allow us to deduce this result from Theorem 4.8.

Lemma 7.5. Let D' be a semipositive adelic R-divisor over D such that D — D is
pseudo-effective, and for every n € N set Q,, = q; " ¢O”’*E, € Div(X)r. Then

(1) Q,, is a semipositive approximation of D,

(2) 7(Qn; D) = ¢5"q7,

(3) (@) = g5 ™ deg(p)"(D?),

— _ —

(4) 1>(Q,) = g5 u>™(D).
Proof. We have that @, is semipositive and Q,, is big because these properties are
preserved under pullback with respect to a finite morphism. Set F,, = ¢°™*(D — E’),
which is pseudo-effective since so is D — D’. We have

- = — 1 — - 1 - 1 — > qn —-can 1 —

D-Q,=D— —¢"D =D — — ¢ D+ — Fp = ( ——z)D» v,

8 qz g g " ; g/t g "

Eence D —Q,, is pseudo-effective, because g; > ¢; and by Proposition 7.2 we have that

can . . . -~ . . o . . . 7
D, is pseudo-effective for every i. Thus @Q),, is a semipositive approximation of D,
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proving (1). Moreover

¢ = q

is pseudo-effective and therefore r(Qn; D) > ¢;"q}, as stated in (2). Finally the
formulae (3) and (4) are respectively given by the projection formula [Ful98, Chap-
ter 2, Proposition 2.3(c)] and the invariance of the absolute minimum with respect to
pullback by a surjective morphism. O

We also need the next auxiliary result.

Lemma 7.6. Let I = {a € Nj | ¢ = deg(¢)} as before.

(1) We have (D) =Y Cf) (ﬁDgf).

acl i=1

(2) Let v e Mg and assume that gpean ,, is semipositive for every i. Then

N

C1<Dv>Ad=Z<Z>/\cl<D MV and 6 (D,) = deg(9) e (D))

acl i=1

Proof. For each a € N we have

<HD%> - (ﬁ(éf)*Di)‘”) = deg(¢) (ﬁD;‘i)

1=

by the projection formula. Therefore this quantity vanishes unless a € I, and (1)
follows by the multilinearity of the intersection product.

Now assume that gpeen is semipositive for every i. The multilinearity of the
Monge-Ampére operatorzgives

) d A Tcan\Aa;
a(Dy)M =) <a> N\ cr(Dgm)"e.
a€NY i=1

By semipositivity, A;_; ¢1 (D) % is a measure for each a € N. Since its total mass
is ([[;_; D;"), this measure is zero unless a € I. This gives the first formula in (2).
Hence

S

(bin,*cl(ﬁv)/\d — Z < ) /\ *Dcan Aa;

=5 (§) ¢ A D = deste) a (D)

acl =1

by the functoriality (7.4), thus giving the second formula. O

Proof of Theorem 7.4. For (1) we consider first the case where D — D' is pseudo-
effective. Then for each n € N we let Q,, = ¢; "¢°™* (D' ) be the semipositive approx-
imation of D given by Lemma 7.5. By Lemma 2.16(4) and Proposition 7.3 we have
1P5(Q,,) < pe(Q,,) < p®*(D) = 0, and so by Lemma 7.5
— — — o / —
o< HD) g @) _ (@) _ —ar (D) _ (D)

T(Qn;D) T(Qn;D) - qs nC_Z?f q711
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We also have ;ﬁbs(ﬁ,) > —oo because D is semiample. We deduce that this quo-
tient vanishes as n — oo, and so by Theorem 4.8 the essential minimum function is
differentiable at D and for every E € Div(X)g we have

(@n-B) _ . "¢ D)-E) 1 ((¢°”’*5')df),

i = lim lim
T nSreo (Q%) n—oo o —nd deg((z)) (Dd) (Dd) n—00 deg(¢)"
This proves the first part of the statement in this case.

Now let D' be any semipositive adelic R-divisor over D. Take then A € K*
such that [[All5_5 . aup S 1 for every non-Archimedean place v. It follows that A €
['(X,D — D' + t[oo]) for any sufficiently large ¢ € R, and so D — (D — t[oc]) is
pseudo-effective. By the previous case we have

on 7y 00 d .

(D) novoe deg(9)"
_ Lo (WD) E) (D) E)
(D) n—o0 deg(¢)" deg(¢)"

using the formula (2.4). Since the left-hand side is independent of ¢, it follows that

) ((¢on,*D)d—1 . E)
nlg& deg(p)™

completing the proof of this first part. The second part is a direct consequence of this
one using Proposition 4.6.

=0,

For (2) let E € DiV(X)]R. Since D is semipositive we can apply (1) with D' =D.
Since ¢°*D =37 | ¢"D,  we obtain

LR T ICTRNCS | TRy

=1

by the multilinearity of the arithmetic intersection product. The formula follows then
from the existence of this limit together with Lemma 7.6(1).
For (3) note first that g5, is semipositive, being a sum of semipositive v-adic Green

functions. Take a semipositive adelic R-divisor D’ be over D with 95 . = 9D,vs 5O that

c1(D,)" = ¢, (D,). By Lemma 7.6(2) we have ¢g"*™*¢; (D) = deg(¢)"c1(Dy)
for every n € N, and so the statement follows from (1). O

This result allows to introduce a natural notion of equilibrium measure in our
present setting.

Definition 7.7. Let v € Mg, choose a semipositive adelic R-divisor D’ over D and
set py, = 1 (5;)/\d/(Dd). The v-adic equilibrium measure of ¢ with respect to D is
the probability measure on X" defined as

on,an,*
o Moy

Ho.Dw = e ()

Theorem 7.4 ensures that this limit exists and coincides with the v-adic equidis-
tribution measure v5 . In particular it does not depend on the choice of D' By
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construction, the v-adic equilibrium measure is fully invariant in the sense that
Oy 11, D = deg(o) pg,pv-
Remark 7.8. When D is ample and D; is nef for every i , the preperiodic points of

¢ form a dense subset of X (K) of points of height zero with respect to D. Hence in
this case the v-adic equilibrium measure does not depend on D.

We also have the following logarithmic equidistribution result. Recall that a sub-
variety Y C X is preperiodic if there are two positive integers j < k such that

¢ (Y) = ¢°M(Y).

Theorem 7.9. Assume that D" is semipositive for every i. Let (z¢)y be a D-small
generic sequence in X (K) and E an effective divisor on X such that every irreducible
component of its Weil divisor [E] contains a dense subset of preperiodic points. Then

for every v € My we have
. C1 (b’u)/\d
1 dd, = —_—
i [ et = [ o5

for any function p: X3 — R U {xoo} with at most logarithmic singularities along E.
In particular, this holds when D is ample and every irreducible component of [E] is
preperiodic.

Proof. Note that Ecaiis semipositive, being a sum of semipositive adelic R-divisors.
For every n € N let Q,, = q;"¢°™*D be the semipositive approximation of D from
Lemma 7.5. By this result and Lemma 7.6(2) we have

abs () c1 (O Nd D. )N
lim & (@) _ 0 and (@) = clDv) for every v € M. (7.5)

n00 1(Qn; D) (@) (D%
Let Y be an irreducible component of [E]. Up to switching to linearly equivalent
divisors, we can suppose that Y is not contained in the support of any of the D;’s,
and so we can consider the restriction of ,, to Y. Then

hg, (Y) < dp™(@Quly) (Qn ' -Y) <0.

by Zhang’s inequality (Theorem 2.18) and the fact that the set of preperiodic points
of Y(K) is dense. On the other hand, let A be an ample divisor on X such that A—Y
is pseudo-effective. Since @, is nef we have (Q41-Y) < (Q4~1- A) < (Q%)/r(Qn; A)

by the inequality (1.1) and Lemma 1.3. Using this and Lemma 2.15 we obtain
o< M, —dp @) QYY) —dpt(@,) (i -Y) _ —dp*(Qy)

- (@) - (@) — r(@Qn;4)
These inequalities with the limit in (7.5) imply that this quantity vanishes as n — oo.
Since this holds for every Y, the condition of Corollary 5.15 is verified and so this
result gives the first statement.

Finally, assume that D is ample and let Y be a preperiodic irreducible component
of [E]. Then there is an integer j > 0 such that Y’ := ¢°/(Y) is periodic with period
ko > 0, and so the iteration ¢°*® induces a dynamical system on Y’. Up to linear
equivalence we can restrict D to Y/ and we have

S

S
¢***Dlys — D|ys = Z(Qfo —1)Dslyr = (¢{° = 1)D]ys + Z(Qfo — 41°) Dily.
i=1

i=1
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The semipositivity assumption implies that D; is nef for every 4. Then ¢°*0* D]y —
Dly- is ample, being the sum of an ample R-divisor and a nef one. By Fakhruddin’s
theorem [Fak03, Theorem 5.1] the set of periodic points of Y'(K) is dense, and so
Y (K) contains a dense subset of preperiodic points. O

7.3. Equidistribution on semiabelian varieties. Here we specialize the results of
the previous section in the semiabelian setting. We first recall the basic constructions
and properties that are needed to this end, referring to [Cha00, Kiih22] for the proofs
and more details.

Let G be a semiabelian variety over K that is the extension of an abelian variety A
of dimension ¢ by a split torus G,. Hence there is an exact sequence of commutative
algebraic groups over K

0—G, —G—A—0.

We consider the compactification G of G induced by toric compactification (P!)"
of G,. To construct it, one endows the product variety G x (P!)" with the action of
this split torus defined at the level of points as

te(z,y) = (t-ga,t™" @iy y)

and defines G as the categorical quotient G x (P1)"/G”,. Tt is a smooth variety over K
containing G as a dense open subset, and the projection G — A extends to a morphism
7: G — A allowing to consider this compactification as a (P!)"-bundle over A.

For a given integer ¢ > 1 the multiplication-by-¢ on G extends to a morphism
[llz: G — G of degree "+29. If we denote by [(]4 the multiplication-by-¢ on A, then
there is a commutative diagram

G—>G (7.6)

The boundary GLG is an effective Weil divisor, and we denote by M its associated
(Cartier) divisor on G. It is relatively ample with respect to 7w and verifies

(M = (M on Div(G).

Let N be an ample symmetric divisor on A, which therefore verifies that [¢(| N = (2N
on Div(A). Then its pullback 7*N is semiample, and by (7.6) it verifies

[)5m* N = P7* N on Div(G).
Furthermore, the sum D = M + 7*N is an ample divisor on G.

Let M € Div(G) and N € Div(A) be the canonical adelic divisors of M and N
for the surjective endomorphisms [¢]z and []4, respectively. By [Cha00, Proposi-
tion 3.4] the adelic divisor M¢ does not depend of the choice of ¢, and the same
holds for N, By the commutativity in (7.6) we have

(M = (M and  [(f5n"Ne" = 2a*N  on Div(Q). (7.7)
In particular, 7 N" is the canonical adelic divisor of 7*N for [(|5.

We have that M " is semipositive, as shown by Chambert-Loir in [Cha00, Propo-

sition 3.6] relying on some specific regular models of abelian varieties constructed by



APPROXIMATION OF ADELIC DIVISORS AND EQUIDISTRIBUTION 63

Kiinnemann. The adelic divisor N on A is semipositive because N is ample, and
so this is also the case for 7*N®®.
Finally set D = M“" + *N°" € Div(G). By (7.7), its height function verifies

h5([()gz) = £ hifean (T) + 2 hgean (7(x))  for z € G(K).

It is nonnegative on G(K) and vanishes on the torsion points, and so z**(D) = 0. On
the other hand, this height function might take negative values at the points in the
boundary G\ G [Cha00, Corollaire 4.6]. In these cases we have p*”*(D) < 0 and so
D is outside of the scope of Yuan’s equidistribution theorem.

The next result is a direct application of Theorem 7.4.

Theorem 7.10. The essential minimum function is differentiable at D with

o Mcan . W*Ncan g E
%Mess(D) — (( ()]wr( T(*Ng)) )

In particular, D satisfies the v-adic equidistribution property at every v € My with
_ c1 (Mgan)/\r /\Cl (W*Wgan)/\g _ Cl(ﬁv)/\r—&—g
Dw (M" - 7*N9) ~ (Drty)

Proof. We have R(M) # {0} because M is effective, and R(7*N) # {0} because 7*N
is semiample. As explained, D is ample and both M" and 7* N are semipositive.
Then Theorem 7.4 gives the stated differentiability for the essential minimum function.

To apply the formula of Theorem 7.4(2) for the derivative 05 (D) we need to
determine the elements a € N2,/ for which £917202 = deg([(]) = £"729. The only one
is a = (r,g), and so we obtain the desired expression. The formulae for the v-adic

equidistribution measure then follow from Proposition 4.6 and Theorem 7.4(3). O

for every E € ﬁ’(é)ﬂ@.

Remark 7.11. When v is Archimedean, the equidistribution measure in this result
coincides with the Haar probability measure on the maximal compact subgroup S, ~
(S1)7+29 of G21, see for instance [Kiih22, Lemma 5.2].

When v is non-Archimedean, the description of this measure seems more com-
plicated. For abelian varieties, they were described by Gubler in terms of convex
geometry [Gubl0] but the extension to the semiabelian case is still pending.

Remark 7.12. In our current semiabelian setting, the sequence of semipositive ap-
proximations of D from Lemma 7.5 applied with D' =D verifies
Q= ("M £ Nm, n e,

and for the corresponding inradius, degree and absolute minimum we have r(Q,; D) >
7 (QRT9) = (D7) and p2P3(Q,,) = €72 p*s(D) for each n. Hence
Mess(ﬁ) _ Mabs(@ﬂ) _ _uabs(@n> - _Mabs(ﬁ)

r(Qn; D) r(@u;D) —
and so the condition (4.2) is satisfied. On the other hand, this is not the case for the
stronger condition from Remark 4.9 as soon as r > 2.

0<

We next extend this equidistribution result to the closure of a subvariety of G
with vanishing essential minimum. By the semiabelian Bogomolov conjecture, proved
by David and Philippon [DP00], these subvarieties are translates of semiabelian sub-
varieties by torsion points, and so they do not provide examples of equidistribution
phenomena beyond those already obtained. However this extension is the centerpiece
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of Kiithne’s approach to this conjecture [Kith22, Proposition 4.1] and so it is worth
showing that it can also be derived from our results.

Let Y C G be the closure of a subvariety of G, and set e = dim(Y) and ¢ =
dim(7(Y")). Then Y is not contained in the support of M, and after possibly replacing
the divisor N € Div(A) by a linearly equivalent one, we assume without loss of
generality that Y is neither contained in the support of 7*N. Hence we can consider
the restriction of D to this subvariety.

Proposition 7.13. With notation as above, assume that i**(D|y) = 0. Then D|y
satisfies the v-adic equidistribution property for every v € My with
e (MmN A ey (TN A Gy an
Vﬁ\yﬂf - (Me*d . m*Ne . Y) :

Proof. For each n € N let Q,, = £~"M® + g* N Then Q,, is ample, Q,, is semi-
positive and D — Q,, is effective. Let Y be the normalization of the subvariety Y,
and denote by E|)~/ and @n|1~/ the adelic R-divisors on Y obtained by pullback. Since
the normalization morphism is birational and Y is not contained in the support of M
and 7N, we have that @n|3~/ is a semipositive approximation of 5|5~/. Its absolute
minimum can be estimated as

0= u=(Dly) = 1= (Dlg) 2 1™ @ulg) = p(@,) = >"(D),

where the last equality comes from the fact that Q,, = 6*2"([6%1 *D) and the invari-
ance of the absolute minimum with respect to pullback by surjective morphisms. On
the other hand we have that Q| — 7" Dl|g = (1 — £7")7n*N| is effective and so

Hence lim,,_,+ uabs(@n\f/)/r(th;;Dh;) = 0, and so Theorem 4.8 and Remark 4.10
imply that Dly satisfies the equidistribution property for every v € My with

%65 =1 M - ] a1 (@n’v)/\e A (syvan
Dly v

im = lim
noo ((Qnly)e)  noee (Q-Y)
To compute this limit, first note that

Q5 V) =3 ¢l (J) (M NI Y).
j=0

For each j consider the intersection product [M®~7 - Y] in the Chow group of j-
dimensional cycles of Y. By the projection formula we have

(M- 7* NI - Y) = (m[M - Y] NY),

where the left intersection number is computed over Y and the right over 7(Y). In
particular this quantity vanishes for j > ¢/ = dim(7(Y")). On the other hand, for j = €’
it is equal to (M€~ - F') (N¢') for a general fiber F' of the projection ¥ — 7(Y), and
therefore it is positive because M is relatively ample and N is ample. Hence

@ 1) =i

and the dominant term in this asymptotics is positive.

;) (M= . m*N€ . Y) + O e+, (7.8)
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Furthermore the measure ¢1(Q,, )¢ Adyan is zero whenever j > ¢’ because its total
mass vanishes, and therefore

6/
e <@n,v)/\e A 5Yva“ — ngn(efj) (j) c1 (ch}an)/\efj A cq (ﬂ,*ﬁgan)/\j A 5Yvan~

j=0
The statement then follows by taking the limit for n — oo of the ratio between this
asymptotics and that in (7.8). O

Finally we strengthen the semiabelian equidistribution property to include test
functions with logarithmic singularities along the closure of a torsion hypersurface or
an irreducible component of the boundary. Recall that a hypersurface of G is torsion
if it is the translate of a semiabelian hypersurface of G by a torsion point.

Theorem 7.14. Let (x;)y be a D-small generic sequence in G(K) and E an effective
divisor on G such that each irreducible component of [E] is either the closure of a
torsion hypersurface of G or an irreducible component of G \ G. Then for every
v € MK and any function ¢: éin — RU{=£o0} with at most logarithmic singularities
along E we have

. C1 (EU)AT—HJ
zlggo o 0 doo(zy), = /GZ“ SOW

Proof. This follows from Theorem 7.9 noting that every irreducible component of [E]
is a preperiodic hypersurface for the endomorphism [¢] for any £ > 1. O

8. QUASI-PROJECTIVE VARIETIES

In this section we extend our study to the setting of adelic line bundles on quasi-
projective varieties in the sense of Yuan and Zhang [YZ26]. We start by recalling
the elements of this theory in terms of adelic R-divisors on quasi-projective varieties,
following the presentation of Burgos and Kramer in [BK25, Section 3]. Once the basic
constructions and facts are achieved, our arguments can be applied in a rather direct
way. For brevity we focus on the variant from Section 5.3, whose extension (Theo-
rem 8.11) generalizes Yuan and Zhang’s quasi-projective equidistribution theorem.

8.1. Adelic R-divisors on quasi-projective varieties. First we consider the geo-
metric case. Let X be a normal projective variety over K of dimension d > 1 and B
an effective divisor on X. Set U = X \ supp(B) and let R(X,U) be the category of
normal modifications of X which are isomorphisms over U. Given such a modification
m: Xp — X, we write (X, m) or simply 7 for the corresponding object in R(X,U).
The space of model R-divisors on U is defined as the direct limit
Div(U)g*! = lim  Div(Xs)z.
reR(X,U)
Given D, D’ € Div(U)Z°d we write D > D’ or D' < D if there exists (X, m) €
R(X,U) such that D, D’ € Div(X;)r and D — D’ is effective. The B-adic norm on
Div(U)Z°d (with possibly infinite values) is defined as
|D||p =inf{e €ERsg | —eB < D <eB} forevery D € Div(U)2°d.

The space Div(U)ad! is then defined as the completion of Div(U)%°¢ for the B-adic
topology, and its elements are called adelic R-divisors on U. This space depends on
the open subset U but not on the effective divisor B.



66 BALLAY AND SOMBRA

Let D € Div(U)a%! and (D;); a Cauchy sequence in Div(U)%°d representing this
adelic R-divisor. The volume of D is defined as
vol(D) = lim vol(D;).
1—00
It follows from [YZ26, Theorems 5.2.1 and 5.2.9] that this limit exists in R and does
not depend on the choice of the approximating sequence.

We say that D is big if vol(D) > 0. We also say that D is nef if the sequence
(D;); can be chosen such that D; is nef for every i. We then say that D is integrable
if it can be written as D = A; — Ay with A1, Ay € Div(U)ﬁ‘Qdel nef. The subspace of
integrable adelic R-divisors on U is denoted by Div(U )t

The intersection product of integrable adelic R-divisors is the symmetric multilinear
map from [BK25, Theorem 3.7]

(D1,...,Dy) € (Div(U)B) — (Dy --- Dy) € R.

For j =1,...,d let D; be a nef adelic R-divisor on U and choose a Cauchy sequence
(Dj,i)i of nef model R-divisors on U representing D;. Then

(Dy---Dg) = lim (Dy;--- Dyj)
1—00

with the intersection products in the right-hand side computed in common models.
By [BK25, Theorem 3.7], this limit exists in R and does not depend on the choice of
the sequences. We have (D) = vol(D) for every nef D € Div(U)adel.

Definition 8.1. Let P, A be big adelic R-divisors on U. The inradius of P with
respect to A is defined as

r(P;A) =sup{\ € R | P — \A is big}.

Lemma 8.2. Let P, A be big adelic R-divisors on U, and let (P;); and (A;); be Cauchy
sequences in Div(U)™°? representing P and A. Then
r(P;A) = lim r(P;; A;).
1—00

Moreover, r(P; A) is a positive real number.

Proof. By definition we have
lim vol(P; — AA;) = vol(P — AA)  for every X\ € R. (8.1)
11— 00
Let A < r(P;A). Then P — A\A is big and so the right-hand side of (8.1) is strictly
positive, which implies that P; — AA; is big for every ¢ large enough. Since A is
arbitrary, we obtain
liminf r(P;; 4;) > r(P; A).

1—00
Now let A < limsup,_,., r(P;j; A;). Then there are subsequences (P;, ), and (A;, ) and
a constant ¢ > 0 such that (P;, — AA;, ) — cA;, is big for every k. Hence the left-hand
side of (8.1) is strictly positive and P — AA is big. Since A is arbitrary, we get

limsup r(P;; 4;) < r(P; A)

1— 00

thus completing the proof of the first statement.
For the second, since bigness is an open condition we have r(P;A) > 0. This

condition also implies that there exist P/, A’ € Div(X)g with P’ — P and A — A’ big,
and so r(P;A) <r(P;A") < oc. O
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Next we consider the arithmetic case. An arithmetic variety X over O is a flat
integral scheme over Spec(Of). Assume that X" is normal and projective of dimension
d + 1 and denote by X its generic fiber, which is a normal projective variety over
K of dimension d. We denote by Div(X)gr the space of R-divisors on &', and for
D € Div(X)r we denote by D|x € Div(X)g the restriction to X.

An arithmetic R-divisor on X is a pair D = (D, (gu)vemse) where D is an R-divisor
on X and g, a continuous v-adic Green function for D|x for every v € M. The
space of arithmetic R-divisors on X is denoted by 5;/(?( Jr. We say that D is effective
(respectively strictly effective) if D is effective and g, > 0 (respectively g, > 0) on
X2\ supp(D)2" for every v.

Let B = (B, (95.,)v) be a strictly effective arithmetic divisor on X' and set U =
X \ supp(B). Consider also the underlying divisor and the open subset

B =B|x € Div(X) and U= X \supp(B) C X.
We denote by R(X,U) the category of normal modifications m: Xy — X that are
isomorphisms over . Such a normal modification is denoted by (m,X;) or simply
by w. The space of model arithmetic R-divisors on U is the direct limit
Div(U)g°? = lim  Div(Xy)z.
TER(XU)

Given D1,Dy € ISE(L{)ﬁOd we write Dy > Dy or Dy < Dy whenever D; — Dy is

effective on a model where both D; and D, are defined. The B-adic norm is defined as

D)z = inf{e € Rug | —eB<D<eB} for D € Div(U)g°d.

The space BR/(U)I?{del of adelic R-divisors on U is then defined as the completion of

]SE(L{ )ﬁOd with respect to the B-adic topology. As in the geometric case, it depends
only on the open subset U.

Remark 8.3. In [BK25, Section 3.3] arithmetic varieties are required to have smooth
generic fiber, argl\ arithmetic R-divisors are assumed to be of smooth type. Neverthe-
less, our space Div(U )%del coincides with that in loc. cit. up to possibly shrinking the
open subset U, by the existence of compactifications with smooth generic fiber and
the density of Green functions of smooth type among those of continuous type [BK25,

Remark 3.14].

Given D € 5;(1/{)%‘191 we denote by (D;); a Cauchy sequence in 6;/(1/{ ymod repre-
senting this adelic R-divisor. For convenience, we assume that such sequences have
bounded differences even for small indices, namely that there exists ¢ € R>g with

|D; — Djllg < ¢ for every i, . (8.2)

For each i choose (7, X;) € R(X,U) such that D; € ]SF/(Xi)R, set X; for the generic
fiber of X; and then D; = D;|x,. We have that (D;); is a sequence in Div(U)2°d that
is Cauchy for the B-adic topology and so defines an element D € Div(U)ad¢! called
the geometric adelic R-divisor of D.

Also for each i we write D; = (D;, (gi’v)vegm%o) € ]SR/(XZ')R and we denote by

D; = (Di, (giw)vem) € Div(X)z (8:3)
the adelic R-divisor on X; in the sense of Definition 2.1 obtained by adding the non-
Archimedean Green functions induced by D;, as explained in Section 2.1.
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Remark 8.4. We denote the elements of ]SR/(X )r by overlined calligraphic letters
and following the pattern described above, the akin elements of Div(X)g, ]SR/(X )R
and Div(X)r are denoted by either the same calligraphic letter or the correspond-
ing Roman one, and either keeping or not the overline. Similarly, the elements of
]SE(Z/{ )adel are denoted by overlined calligraphic letters and those in Div(U)ad¢! by the
corresponding non-overlined Roman letter.

We say that D is pseudo-effective (respectively semipositive, respectively nef) if
the sequence (D;); can be chosen such that D; is pseudo-effective (respectively semi-
positive, respectively nef) for every i. We say that D is integrable if it is the difference
of two nef adelic R-divisors on ¢/. The subspace of integrable adelic R-divisors on U
is denoted by Div (L),

Remark 8.5. Our definition of nef adelic R-divisors on ¢ coincides with that in [BK25]
but differs slightly from the one in [YZ26], where nef adelic divisors in the above sense
are called strongly nef. However, the two definitions coincide after possibly shrinking
the open subset U [BK25, Remarks 3.5, 3.16 and 3.39].

When D is integrable, for each v € My we denote by ¢;(D,)"? the signed measure
on U2" defined in [YZ26, Section 3.6.7] and extended to integrable adelic R-divisors
by multilinearity. By [YZ26, Lemma 5.4.4] it has total mass (D?). If D is nef and D;
is also nef for every i, then

[ ea@y=tin [ @) (8.4)
Ugm 1—00 Xza?;

for every continuous function ¢: U™ — R with compact support. Here we view ¢ as
a function on ng via the open immersion U3" — Xf‘;1

For each i we denote by hzp . : X;(K) — R the height function of D; € ]SR/(XZ')R.

The fact that (D;); is a Cauchy sequence readily implies that lim; o h, (z) exists for
every x € U(K). This limit does not depend on the choice of the sequence, and so we

define the height function hz: U(K) — R by setting
hs(x) = lim hg (z)  for every z € U(K).
1—»00 4

The arithmetic intersection product of integrable adelic R-divisors is the symmetric
multilinear map from [BK25, Theorem 3.37]

(D1, ..., Dat1) € DivU) Y — (D1 -+ Dyyr) € R.

Forj=1,...,d+1let fj be a nef adelic R-divisor on U and choose a Cauchy sequence
(D;4)i of nef model R-divisors on U representing D;. Then

(D1 Dat1) = lim (D1 Day1.4),
1—00

where ﬁi,j, j =1,...,d + 1, are the associated adelic R-divisors as in (8.3) and
the arithmetic intersection products in the right-hand side are computed in common
models.

For any dominant morphism ¢: LL’\ — U of nclrinal quasi-projective arithmetic
varieties there is a pullback map ¢*: Div(i/)ade! — Div(U’)ade! [BK25, Section 3.5]. If
¢ is birational then

(D1-+-Day1) = (¢"D1 -+ ¢"Day).-
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We denote by [o0] € 61?/(/1’ )r the arithmetic divisor over the zero divisor on X
with g, = 1 for every v € M. We have

(515d[00]):<D1Dd)

8.2. Essential and absolute minima. Let D € ﬁ/(Z/{)adel with big D € Div(U)adel,
Let (D;); be a Cauchy sequence in ]SR/(U)HIQOd representing D, and for each i let
Ei S m(X,)]R as in (8.3).
The essential minimum of D is defined in the expected way as the quantity
p (D) = sup inf _ hp(x),
VU ze(U\V)(K)

the supremum being over all the proper closed subsets V' C U. On the other hand,
there is no direct extension of the absolute minimum to the quasi-projective setting
because the height function of D is only defined on U(K). For this notion we restrict
to the case when D is semipositive and define its absolute minimum as the quantity

123 (D) = sup{\ € R | D — \[oo] is nef},
in agreement with (2.6).
We need some auxiliary results.
Lemma 8.6. If D is semipositive and p**5(D) > —oo, then D — u**(D)[oo] is nef.

Proof. Let (An)n be a sequence of real numbers converging to uabs( ) from below.
Then for every n there exists a Cauchy sequence (Dp,i)i in Div(U)ﬁOd representing
D — \y[oo] with Dy, ; nef for every i. Since B is strictly effective we have that ||[cc]||lz

is a real number. Then for any ¢ > 0 and every n and ¢ sufficiently large we have

1Dni = (D — (D) [0 I < 1Dnsi = (D = Aaloc]) |l + (1™ (D) = Aa) [[[ec]ll < e

It follows that D — u2P%(D)[oo] can be represented by a Cauchy sequence of nef model
arithmetic R-divisors, and so it is nef. O

Lemma 8.7. We have u®*(D) = lim u**(D;).
1—00

Proof. For any k € N and ¢ € R we have
pS (kD +t[oo]) = kp®™(D)+t and p®(kD; +t[x]) = kpu®™(D;) +t, i€N,

and so we can replace without loss of generality D by k D+t [oo] and D; by k D;+t [oc].
Since D is big, taking k and ¢ sufficiently large and applying Lemma 2.7 we can assume
that B < D;, first for i = 1 and then for every i € N using the assumption (8.2).

Since (D;); is Cauchy, there exists a sequence of positive real numbers (g;); con-
verging to zero such that

D;, —e;B< 5J <D;+¢eB forevery 0 <i<j. (8.5)
—D;

Since the support of £(D; i) + €;B does not intersect U, we get from (8.5)

hp,(x) — eihg(z) < hp ( ) < hp (%) +eihg(x)  for every x € U(K). (8.6)
Since B < D;, there exists a dense open subset U; C U such that hg(z) < hz (x) for
every x € U;(K). Using this and taking the limit for j — oo in (8.6) we deduce

(1 —ei)hp (v) < hp(x) < (1+ei)hp (x)  for every z € Ui(K).
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Since U; is dense, this implies that (1 —&;)u®(D;) < pu®5(D) < (1 + &;)p®s(D;), and
the lemma follows by letting ¢ — oo. O

Lemma 8.8. Let € € ]517/(24)]?561 such that E € Div(U)3% is big and D—& is pseudo-

effective. Then pu®s(D) > us(E).
Proof. Let (£;); and (M;); be Cauchy sequences in ]SRI(Z/{)H‘QOd representing respec-
tively £ and D — &, with M; pseudo-effective for every i. Then there is a sequence
(€4)i of real numbers converging to zero such that

M; <D; —E; +¢e;B for every i. (8.7)

Then (D; + €;B); is a Cauchy sequence representing D which by (8.7) satisfies that

(D; +€iB) — &; is pseudo-effective for every i. By Lemmas 2.16(4) and 8.7 we have
y(D) = lim u=(D; + £B) > lim 5 (Fy) = u=*().
1—00 1—00
U

The next result is the quasi-projective version of Corollary 5.3, and will be the key
ingredient in the proof of our quasi-projective equidistribution theorem.

Proposition 8.9. Let P, & € ]SFI(U)%del with P nef and P € Div(U)23° big. Assume

that there exists a nef A € BR/(Z/{)%del such that A+ & are nef and A € Div(U)ade! is
big. There exists a constant cq depending only on d such that

P . P %) P A) N2
(d+1)vol(P + \E) (P4) (P4 r(P;A)
for every 0 < X\ < r(P;A)/2. In particular, if E =0 € Div(U)a! then

(fdﬂ) N (fd-f)
d+1)(P%) (P9
Proof. Let (P;)i, (M;); and (N;); be Cauchy sequences in ﬁ(lx[}ﬁ‘(’d representing

respectively P, A+ € and A — & and such that P;, M; and N; are nef and defined on
the same projective arithmetic variety X; for every i. Set
_ Mt Ni g _ Mi—Ni

B and EZ 9

Then (A;); and (&;); are Cauchy sequences representing A and &, and we have that
A; and A; + E; are nef for every i.

Let A € [0,7(P;A)/2). By Lemma 8.2 we have A € [0,r(P;;4;)/2) for every
sufficiently large ¢. In particular

LSS+ AE) > N ca

@A) N
(P9) r(P;A)

1S (P 4 NE) > A=

A;

is big because P; — A\A; is big and A; 4+ E; is nef, hence pseudo-effective. Then by

Corollary 5.3 there exists a constant ¢; depending only on d such that
—d+1 —d = —d —

AR (Pi") (P; - E;) (P; - 4A;) N2
eSSP‘-f-)\E' > 7 + 7 \—c 7 )
HEP i) 2 (d+ 1) vol(P; + \E;) (P4 TP (P Ay

We conclude by letting ¢ — oo. ([
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8.3. Equidistribution on quasi-projective varieties. Let D € ]51?/(1/1)%‘191 with
big D € Div(U)2! as in the previous section.

Definition 8.10. A semipositive approzimation of D is a pair (¢, Q) where

(1) ¢: U — U is a birational morphism of normal quasi-projective arithmetic vari-
eties,

(2) Q is a semipositive adelic R-divisor on U’ with big Q € Div(U)ade!,
(3) ¢*D — Q is pseudo-effective.

A sequence (x¢)¢ in U(K) is called generic if for every closed subset V' ¢ U there
exists £y € N such that zy ¢ V(K) for every £ > £y. A generic sequence (z)y is called
D-small if

lim ha(xe) = 11°(D).
Jim hg(ze) = p*(D)

For every x € U(K) the Galois orbit O(x) C X(K) lies in U(K). Thus for every
v € Mg the v-adic Galois orbit O(z), lies in U3", and in particular oy, is a
probability measure on U3".

The following is the quasi-projective version of Theorem 5.8.

Theorem 8.11. Assumﬁ that there exists a sequence (¢pn: Up — U,@n)n of semipos-
itive approzimations of D such that

' 1 . (@‘i‘*‘ 1) 1158 (5) B Nabs (@n)
lim )< (D) — 7)> — 0, sup < 0. (8.8)

n—roo T(Qn; 5D (d + 1) (Qg neN T(Qm ¢;§D)
Let v € Mg, and for each n > 1 let vy, be the pushforward to US™ of the normalized
v-adic Monge-Ampére measure c1(Qy.,) %/ (Q%) on U3, Then

(1) the sequence (Vp)n converges weakly to a probability measure v, on UJ",

(2) for every D-small generic sequence (z¢)e in U(K), the sequence of probability
measures (80(z,), )¢ on U™ converges weakly to vg .

Proof. Let v € Mg and ¢: Uy™ — R a continuous function with compact support,
and let (z); be a D-small generic sequence in U(K). We need to show that

Jim pon? do0(ay), = lim v © dvp .- (8.9)

Let £ > 0. Since ¢ has compact support, we can view it as an element of C'(X3").
By [GM22, Proposition 2.11 and Theorem 2.13], after possibly extending the base
field K, there exists a Gal(K,/K,)-invariant ¢. € C'(X2") such that |p. — ¢| < € on
X2" and such that the adelic divisor E := 0** as in (2.8) is DSP. Then by Lemma 2.14
there exists A € ]Si;(X)R such that both A and A + E are nef and A € Div(X)g is
big. Shrinking U if necessary, we view these adelic R-divisors on X as elements of
]SE(L{ )it in which case we respectively denote them by € and A.

For each n € N set én = Q, — 1i*(Q,) [co]. By Lemma 8.6 we have that @n is
nef. Moreover, the second condition in (8.8) implies

o i sup (2 9 A)
neN (Qg)

< 00
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We omit the proof, as it is identical to that for Lemma 5.6. In this respect, note
that Zhang’s inequality remains valid in the quasi-projective setting: this is [YZ26,
Theorem 5.3.3], and alternatively it follows from Proposition 8.9 applied with A = 0.

Let n € N and A € (0,7(Qn; 6% A)/2). By Proposition 8.9 applied with P = Oy,
there exists a constant ¢y depending only on d such that

Ad+1 Ad . x & A2

@) | (GhaB), . ¥
(d+1)(Q7) (@5) r(Qn; ¢ A)

Since (Q41) = (Q,) — (d + 1) u™(Q) (@) and u=™(Qy + A638) = (0 +
AprE) — u?P3(Q,) we obtain

S (Qn + AOE) >

@ (94418 %

W Qu A nE) 2 TG * A

On the other hand we have
ps(D) + )\hmlnfh s(ze) = hmlnf hp s (xe) > p (D + AE) > pu™*(Qn + A 9 E),

@ " (QuionA)

where the last 1nequahty is given by Lemma 8.8. Therefore

—=d+1 ~d
o (@n ) ) (25 - n€) A
1 fhe > — u™(D N —. (8.1
mintre(o0 > (- Sy ~H=0) 3+ g~ gy G0
It follows from the first condition in (8.8) and Lemma 1.2 that
@)

lim =0.

ess 5 _
ne T(Qn,¢ (=P~ g g
Therefore, applying the inequality (8.10) to a suitable choice of A = A, and taking
the supremum limit for n — oo gives

=i
ligm iogf he(xg) > lirl;ILSOl;p (QT(LQC?;E).

To conclude we adapt the arguments in the proof of [YZ26, Theorem 5.4.3]. Let

(8.11)

mod representing Qn and such

n € N and choose a Cauchy sequence (Q,,;); in Dlv(U )
that @m is nef for every i. Let &), ; be a projective arithmetic variety on which @m
is defined, denote by X, ; its generic fiber, and set Q,,; € ﬁi?f(Xn,i)R as in (8.3).

Let v € Mg. By (8.4), the v-adic Monge-Ampere measures c; (@nﬂ-’v)/\d converge

to that of én, which coincides with that of Q,,. Then

li A \Ad
(Q%) (Qd) zlglo xan | Pe Cl(Qn,z,v)
n —
Y lim © Cl( n,i,v)/\d —nye

= Q1) i S

= (QZ) / @ c1(Qnp) = nye = nv/ @ dvy, o — nye,
n) Jug, o

where in these integrals we write ¢, and ¢ for their pullbacks to X7%  and Ug%,.
Moreover

Ny€ + nv/ 0 d0o(zy), = nv/ Pe A00(x,), = hz(zg)  for every £ € N.
Xgn
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Combining this with (8.11) and letting ¢ — 0 we obtain

lim inf/ © doo(z,), = lim sup/ @ dvp p,
Ugm Uan

{—00 n—oo
n,v

and we deduce (8.9) by applying this to —¢. O

The next consequence is the number field case of the Yuan and Zhang’s equidistri-
bution theorem in the quasi-projective setting [YZ26, Theorem 5.4.3].

Corollary 8.12. Assume that D is nef and that

o (5d+1)

ess
D)= ——"—.
1w P) = G
Then for every v € My and every D-small generic sequence (x¢)e in [i(?) the se-
quence of probability measures (6o(z,),)e on U™ converges weakly to c (D,)/(D?).

Proof. Apply Theorem 8.11 to the constant sequence (¢, 9,) = (Idy, D), n € N. O

Remark 8.13. We assume throughout that U is normal to be able to work with
R-divisors. Nevertheless, both Theorem 8.11 and Corollary 8.12 can be applied to an
adelic divisor D on an arbitrary quasi-projective arithmetic variety U over Spec(Ox)
just shrinking to a normal open subset.

Recently, Biswas proved the differentiability of the arithmetic volume function
and deduced a quasi-projective version of Chen’s equidistribution theorem [Bis24]. It
would be interesting to check if this result also follows from Theorem 8.11 by adapting
the arguments we used in the proof of Corollary 4.12.

APPENDIX A. AUXILIARY RESULTS ON CONVEX ANALYSIS

Here we recall the constructions and properties from convex analysis that are used
in our study of toric varieties in Section 6. We also establish some auxiliary results,
most notably Proposition A.3 concerning the rate of the decay of the sup-level sets of
a concave function as the level approaches the maximum value.

Fix an integer d > 1 and let C' C R? be a convez body, that is a compact convex
subset with nonempty interior.

Definition A.1. For a linear functional u € (R?)Y we denote by w(C,u) the length
of the interval u(C) C R. The width of C' is defined as

w(C) = inf w(C,u),
where S%~! denotes the unit sphere of (R?)Y ~ R9,
For another convex body B C R¢, the inradius of C' with respect to B is defined as
7(C; B) = sup{\ € Rsg | 3z € R? such that A\B +x c C}.
When B is the unit ball of RY, it is the classical inradius from Euclidean geometry.

The inradius and the width can be compared up to scalar factors: there are con-
stants c1, co > 0 depending only on d and B such that
aw(C) <r(C;B) <caw(C). (A.1)
The first inequality comes from [BF87, page 86, inequality (9)] whereas the second is
clear from the definitions.
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Let f: C'— R be a concave function and set @ = sup,co f(x). For each t < p we
denote by
Si(f) ={zeC| f(z) =t}
the corresponding sup-level set. It is a nonempty compact convex subset of C' that is
a convex body whenever t < . We also set Cpnax = Su(f).
We next introduce the basic objects of the differential analysis of concave functions.

Definition A.2. For zg € C, the sup-differential of f at zg is the closed convex
subset of (R?)Y defined as

0f (o) = {u € (R)Y | (u,x — xo) > f(x) — f(xo) for every x € C}.
Its elements are called the sup-gradients of f at xg.

A point z¢ € C lies in Chax if and only if 0 € df(xg). When this is the case, the
point 0 is not a vertex of df(xg) if and only if there exists u € (R?)V \ {0} such that
both v and —u belong to this sup-differential or equivalently, if and only if

flx) <p—[u,x —x0)| for every x € C. (A.2)

This condition does not depend on the choice of g € Chax: if (A.2) holds then
(u, 1 —x0) = 0 for every z1 € Chax, and so this inequality also holds with z( replaced
by 1.

The next proposition is a rigidity result that allows to determine when a concave
function admits a “Canadian tent” upper bound like (A.2) in terms of the rate of decay
of the inradius or the width of its sup-level sets as the level approaches its maximum.

Proposition A.3. The following conditions are equivalent:

—t
(1) for any convex body B C R we have th—{% m =0,

. p—t
) B =
(3) for every u € (RY)V \ {0} we have lim e 0,

t—p w(St(f)7 U)
(4) for any wo € Cmax we have that 0 € (R?)Y is a vertex of Of(x).

Its proof relies on the next two lemmas.

Lemma A.4. With the previous notation, we have

) p—t . . )
1) for everyu € (RH)V\{0} the functiont € (—oo, 1) — —————— is non-increasing,
(1) &%)\ {0} (~oeu) = s
. pw—t . . )
2) the function t € (—o0, ) — ——=——= 1S NON-INCreasing.
(%) ( ) w(Si(f))

Proof. First suppose that d = 1. Then choose z¢g € Cihax and for each pair ¢,¢' € R
with ¢/ < ¢t < p consider the affine map ¢: R — R defined as
t—t -t
vx) = M_t,mo+ u—t’m'
It follows from the concavity of f that ¢(Sy(f)) C Si(f). Denoting by ¢ the Lebesgue
measure on R, this gives

K S (9) < S, (A3)



APPROXIMATION OF ADELIC DIVISORS AND EQUIDISTRIBUTION 75

Now let d be any positive integer. Take u € (R%) \ {0} and consider the direct

image of f with respect to u, which is the concave function u, f: u(C) — R defined as
usf(y) = sup{f(z) | € C such that (u,x) =y} for every y € u(C).

Clearly supyc, ) us«f(y) = p and Sy(usf) = u(Si(f)) for every t < pu. Then for any
t' <t < p the inequality (A.3) gives

— — —t —t
p 0 1 f (A)

wSelD )~ Bl d)) = W) wlsF)w)’
proving (1). The statement (2) follows by choosing u € S9! such that w(S;(f), u) =
w(S(f)) and applying (A.4) to show
w—t S w—t - pw—t pw—t
w(Sy(f)) — w(Se(f),u) — w(Si(f),u)  w(Si(f))’
as stated. O

Lemma A.5. Let 19 € Cyax and t < p. Then for every u € (R4 \ {0} we have

_ kot
flx) <p EAGIR)

Proof. Let x € C'\ S¢(f) and set ¢ = f(x) < t. Since both z and x¢ lie in Sy (f) we
have [(u,x — zo)| < w(S¢(f),u). Combining this with Lemma A.4(1) we get

|(u, x —x0)|  for every x € C'\ S¢(f).

p F0) 2 B =l 2 A w - ao)l,

N w(St’(f)vu St(f)ﬂu)

which gives the statement. O

Proof of Proposition A.3. The equivalence between (1) and (2) follows from the in-
equalities (A.1), and clearly (2) implies (3).

Now assume (3). If (4) does not hold, then there exists zyp € Cpax such that
0 € Of(x0) is not a vertex of this convex subset, and so we can take u € (R)V \ {0}
such that p — |(u,z — zo)| > f(x) for every x € C as in (A.2).

For each ¢ < p choose y € Si(usf) = u(S¢(f)) such that

ly = (w20} 2 5 w(Si(f), )
Taking « € Si(f) with (u,z) = y we have |(u,z — z¢)| > w(Si(f),u)/2 and so

p—t o n=fl)  [{wzr—zg 1
w(Se(f),u) ~ w(Se(f),u) T w(S(f),u) 27
which contradicts (3) and thus implies (4).
To close the loop, we show that (4) implies (2). For this suppose that (2) does not
hold, which by Lemma A.4 implies that there exists ¢ > 0 such that
_pot >c¢ forevery t < pu.

w(St(f))

In particular dim(Chax) < d since otherwise w(Sy(f)) > w(Cpax) > 0 for every ¢t < p.
Take sequences (¢ in (—oo, 1) and (ug)r in S with limy_,o t = p such that

w(St, (f)) = w(S, (f),ur) for every k. By the compacity of S~ we can assume that

limg_y00 up = u for a point u € S 1. Take also 29 € Crmax. By Lemma A.5 we have

i cl{up,@ — a0)| > f(x)  for every @ € C\ Sy, (f):
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Now let z € C'\ Cryax. Then z ¢ Sy, (f) for k> 1 and so
/L—CKU,I'—IL‘OH :kli)Igo/'L_CKuka:E_mOH 2 f(ZL‘)

Since dim(Ciax) < d, this inequality extends to x € Chax by continuity. Therefore 0
is not a vertex of 0f(zo) and so (4) does not hold. O

Definition A.6. The concave function f is said to be wide (at its mazimum) if it
verifies any of the equivalent conditions in Proposition A.3.

Now a ssume that the considered concave function decomposes as a finite sum

=Y _nifi (A.5)

i€l
where each n; is a positive real number and f;: C' — R a concave function.

Definition A.7. A balanced family of sup-gradients for the decomposition (A.5) is a
family of vectors

u; € (RMY, el
such that there exists 2o € Crax With u; € dfi(xo) for every i and ), ; nsu; = 0.

Proposition A.8. The decomposition f = > ..;nifi admits a balanced family of
sup-gradients. If f is wide then this family is unique.

Proof. For the first statement, the decomposition of f implies the decomposition of
its sup-differential at a point xg € C as the Minkowski sum

Of (o) =Y _n; 0fi(xo), (A.6)
el
see for instance [BPS14, Proposition 2.3.9]. If xy € Cpax then 0 € df(xg), and so we
obtain a balanced family of sup-gradients by considering any decomposition of this
vector according to (A.6). This proves the first statement.

If fis wide then 0 € Of(zg) is a vertex, and so the second statement is given by
[BPRS19, Proposition 3.15]. O

We denote by MV (C1, ..., Cy) the mixed volume of a family of d convex bodies of
R%, and by MI(fo, ..., f4) the mixed integral of a family of concave functions on convex
bodies of R?, both with respect to the Lebesgue measure of R?. They are respectively
defined as alternating sums of Minkowski sums of convex bodies and sup-convolutions
of concave functions, see [BPS14, Definitions 2.7.14 and 2.7.16] for precisions.

The next lemma gives the continuity of the mixed integral with respect to the ap-
proximation of the domains of the involved concave functions. The proof is straight-
forward from the behavior of sup-convolutions with respect to restrictions of domains
and the continuity of the integral of a concave function on a convex body with respect
to the approximation of its domain.

Lemma A.9. Fori=0,...,d let f;: C; = R be a concave function on a convex body,
and (Cin)n a sequence of convex bodies approaching C; uniformly from inside. Then

lim MI(fO’Co,rn R fd‘cd,n) - MI(f07 .. '7fd)-
n—oo
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Finally, the next result allows to compute the mixed integral when all but one of
the involved concave functions are equal and affine. Recall that the Legendre-Fenchel
dual of a concave function on a convex body f: C — R is the concave function

Vi (RY)Y — R defined as
fY(u) = inf (u,z) — f(z). (A.7)

zeC

Lemma A.10. Let f: C — R an affine function on a convex body with linear part
u € (RY)Y and constant ¢ € R. Then for any concave function on a convex body
g: B — R we have

MI(f,..., f,9) = MI(u|c, ..., ulc,ulg) + cdMV(C,...,C, B) — d!vol(C) g" (u).

Proof. The proof is based on [Gual8, Section 1.3] and we will freely use the notation
therein. This requires that both C' and B are lattice polytopes, which we now suppose.
By Corollary 1.10 in loc. cit. we have

MI(f,..., f,9) = MI(u|c, ... ,ulc,g9) + cdMV(C,...,C,B), (A.8)
and by Proposition 1.5 in loc. cit., the mixed real Monge-Ampere measure of u|c is
MM (u|c, ..., ulc) = d!vol(C) 6,

with 0, the Dirac measure at the point v € (R%)V. Hence applying the recursive
formula of Theorem 1.6 in loc. cit. to g and to u|p we get

MI(ulc, ..., ulc, g) — MI(u|c, - - -, ule, ulg) = d!'vol(C) ((ulp)Y (u) — g¥(u)). (A.9)
The statement follows in this case from (A.8) and (A.9) together with the fact that
(ulp)"(u) = infrep((u, z) — (u,z)) =0.

The case when C and B are arbitrary convex bodies is deduced from the previous

using the invariance of the formula with respect to homothecies and its continuity
with respect to uniform approximations. O

Remark A.11. For any v € (R?%)Y and convex bodies C1, Cy C R?, the sup-convolution
of the restrictions u|c, and u|c, coincides with the restriction u|c, +¢,, that is

ulo, Bule, = uley+o,-

Hence the mixed integral MI(u|c, ..., u|c,u|p) can be written as an alternating sum
of integrals of the linear function v on the Minkowski sum of several copies C' and B.
In particular, the map u +— MI(u|c, ..., u|c,u|p) is linear.
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