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Abstract

In this article we define and study convex bodies associated to linear series of adelic
divisors over quasi-projective varieties that have been introduced recently by Yuan and
Zhang. Restricting our attention to big adelic divisors, we deduce properties of volumes
obtained by Yuan and Zhang using different convex geometric arguments. We go on
to define augmented base loci and restricted volumes of adelic divisors following
the works of Michael Nakamaye and develop a similar study using convex bodies
to obtain analogous properties for restricted volumes. We closely follow methods
developed originally by Lazarsfeld and Mustata

Keywords Adelic divisors - Volumes and restricted volumes - Augmented base
locus - Okounkov bodies

Mathematics Subject Classification 14G40 - 14C40 - 52A27

1 Introduction

The theory of Okounkov bodies to study linear systems of line bundles on a projective
variety was introduced by Russian mathematician Andrei Okounkov in his articles
Okounkov (1996, 2000). Given a linear series of an ample line bundle on a projec-
tive variety, he introduced certain convex bodies, which later came to be known as
Okounkov bodies whose convex geometric properties encode interesting invariants of
the graded series. In their article Lazarsfeld (2009) noticed that the constructions of
Okounkov generalise from ample line bundles to arbitary big line bundles on pro-
jective varieties. In their paper Lazarsfeld (2009) they develop a systematic study of
Okounkov bodies for big line bundles and prove various properties of volumes such as
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continuity, Fujita approximation and others. They also consider the notion of restricted
volumes along a closed sub-variety and prove properties analogous to those of ordinary
volumes.

A crucial feature of the approach in Lazarsfeld (2009) is that the construction of
Okounkov bodies makes sense even when the variety is not projective as long as we
have a graded series of the space of global sections on our given line bundle. In this
article we use this observation to construct Okounkov bodies for “compactified” line-
bundles on quasi-projective varieties. In their recent pre-print Yuan and Zhang (2021)
introduced the notion of adelic divisors on a quasi-projective variety U over a field.
They manage to put a topology on the space of all divisors which come from projective
models X; of U and consider all divisors which are ”compactified” with this topology.
In other words an adelic divisor on a normal quasi projective variety U is given by
the data {X;, D;} and a sequence of positive rationals ¢; converging to 0 where X; are
projective models of U, D; are Q-divisors on X; with D;|y = D;j|y for all i, j such
that the following “Cauchy condition” holds, with respect to a boundary divisor Dy

—qjDo < D; —Dj <q;DyVi=>j

Here inequalities signify effectivity relations holding in a common projective model
(see section 2.4 of Yuan et al. 2021 for details). As a result of their consideration,
given any divisor D on U and an adelic compactification on D denoted by D, we get
a space of adelic global sections H*(U, D) which is a finite dimensional sub-space
of all global sections H 0(U, O(D)). Hence we can consider the notions of volumes
similarly to the projective case and it is shown in Yuan et al. (2021) that these volume
functions show properties analogous to the classical projective volumes (see Yuan
et al. 2021, section 5). However following the approach in Lazarsfeld (2009) in this
article we construct Okounkov bodies A(D) for the graded series { H YU, mD)}men.
The construction is essentially a special case of the construction sketched in Definition
1.16 of Lazarsfeld (2009) where we take W,, = H'(U, mD) € H°(U, O(mD)). If
the divisor D is big i.e it has positive volume as defined in Yuan et al. (2021), we show
that the Lebesgue volume of the body is essentially the same as the algebraic volume
upto scaling. The first main theorem of our article is as follows

Theorem (A) Suppose we have a big adelic divisor D on a normal quasi-projective
variety U and suppose A(D) is the Okounkov body associated to D. Furthermore
suppose \781(5) be the adelic volume defined in Theorem 5.2.1 of Yuan et al. (2021).
Then we have

. 770 D
dimg (HOU, mD)) _ % Vol(D)

volga (A(D)) = mlgnoo d
Continuing with our analogy of the approach in the article Lazarsfeld (2009) we
construct global bodies for adelic Okounkov bodies to study the variation of these
bodies. Although we do not have finiteness of the Néron—Severi space associated to
adelic divisors, it turns out there exist a canonical global convex body whose fibers
give Okounkov bodies even if this global body depends on some choices of divisors
in contrast to in Lazarsfeld (2009). This is the content of our next theorem
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Theorem (B) Suppose D and E be adelic divisors on a normal quasi-projective variety
U such that D is big. Then there exists a convex body A(U) = A(U, D, E) C RA+2
with the property that for any a = (a1, a2) € Q* with aiD + a> E big, we have

A(@ D+ aE) = AWU)N R x {a})

The above two theorems combine to prove Theorem 5.2.1 of Yuan et al. (2021) for big
adelic divisors using convex geometric methods and Okounkov bodies. Furthermore
we show that not only the volume of the big adelic divisor but also its Okounkov
body constructed in this article is approximated (in terms of Hausdorff metric) by the
corresponding Okounkov bodies of the projective models defining the divisor.

Next we go on to define the notions of restricted volumes of adelic divisors along
a closed sub-variety E of U using Okounkov bodies. The restricted volume essen-
tially measures the asymptotic growth of global sections of O(D)|g which arise as
restrictions of sections of D over U to E analogously to the classical projective setting
(see Ein 2009 for more details). Analogously to the projective case, we can form the
convex geometrlc objects I'y | (D) AU|E (D) and the algebraic objects HOU |E, D),
volU| £(D) for a given adelic divisor D. In order to have relations analogous to that
of the adelic volume, we introduce the notion of augmented base locus of an adelic
divisor in analogy with projective augmented base locus (see section 2.4, Lazarsfeld
2009). Our definition, although being very similar to the projective case, requires
some work to be shown well-defined. Since we do not have Serre finiteness on quasi-
projective varieties, we have to use the main result of Birkar (2017) to show the
well-definedness. We go on to show that when E is not contained in the augmented
base locus, the expected properties hold which is our next theorem

Theorem (C) Suppose D is an adelic divisor on a normal quasi-projective variety U
over K. Furthermore suppose E is a closed irreducible sub-variety of U not contained
in the augmented base locus of D. Then we have

. 0 !
volga (Ay (D)) = lim dimg (H7(U|E, Op(mD)))

I ~ —
1— 00 md - E . VOIUlE(D)

where dim(E) =

We go on to show the existence of a global body even for restricted volumes and
hence the variation of these restricted Okounkov bodies also has desirable satisfying
properties like continuity etc.

The organisation of the article is as follows. In the first three sections of the first
chapter we review the notions of adelic divisors and their space of global sections
following sub-section 2.4 in Yuan et al. (2021). In the fourth section we construct the
Okounkov bodies for adelic divisors and show some preliminary properties of them.
In the fifth section we prove our first main theorem relating the algebraic adelic vol-
umes with Euclidean volumes of their Okounkov bodies. In the next two sections we
construct the global bodies and show that their fibers essentially gives the variation of
Okounkov bodies in fixed directions. We also deduce certain corollaries of the exis-
tence of global bodies. In the first section of the second chapter we define augmented
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base locus of an adelic divisor. We go on to define the restricted volume of an adelic
divisor along a closed sub-variety in the next section. We relate them to Euclidean
volumes of restricted Okounkov bodies and show the existence of global bodies in
analogy to the adelic volume in the next two sections. We end the chapter by obtain-
ing certain corollaries of restricted volumes similar to those of ordinary volumes in
Chapter. 1.

1.1 Adelic divisors

We begin by giving a short review of adelic divisors which are our main objects of
interest in this article. We fix a quasi-projective variety U over any field k. By a
projective model of U, we mean a projective variety X over k which contains U as an
open dense subset via an open immersion U — X. Given a projective model X of U,
we have the group of Cartier Q-divisors denoted by Div(X)g = Div(X) ®z Q. Then
we consider the group of (Q, Z)-divisors Div(X, U) as follows

Div(X, U) = {(D, D) € Div(U) ® Div(X)g | D|y = D in Div(U)g}

where D[y denotes the image of D under the pull-back morphism Div(X)g —
Div(U)q.

Note that the set of all projective models of a given U form an inverse system which
in turn makes the set of (Q, Z)-divisors into a directed system via pull-backs. Then
we can form the direct limit to define the group of model divisors as follows

Div(U /k)moa = li)r(n Div(X, U)

where above the direct limit is taken as X varies over all projective models of U. Next
note that there is a notion of effectivity in both the groups Div(X)g and Div(U) which
induces a partial order on Div(X, U) where (D, D) < (D’, D’) if and only if both
D’ — D and D' — D are effective in Div(U) and Div(X)g respectively. This partial
order induces a partial order in Div(U /k)moq by passing to direct limits.

By a boundary divisor of U over k, we mean a tuple (Xo, Do) where X is a
projective model of U and Dy is an effective Cartier divisor on X with Supp(Dg) =
Xo — U. Note that such a boundary divisor always exists which can be seen by
choosing any projective model X, of U and blowing-up X{, along the reduced center
Xo — U. Then note for any non-zero rational r € Q we can view r Dy as an element
of Div(Xg, U) and hence as en element of Div(U /k) by setting the component on
Div(U) to be 0.

We can finally put a norm, denoted by the boundary norm on Div(U /k)moq as
follows

I+ [y : Div(U /K)moa — [0, o]
IID[lp, =inf{g € Q=0 | —=gDo = D = g Do in Div(U /k)mod}
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It is shown in Lemma 2.4.1 of Yuan et al. (2021) that || - || p, is actually a norm and
the topology induced by it on Div(U /k)mod is independent of the chosen boundary
divisor (Xo, Dg). Hence we can talk about the boundary topology on Div(U /k)mod
as the topology induced by a boundary norm coming from any boundary divisor.
We finally define the adelic divisors, denoted by Div(U, K), as the completion of
the topological space Div(U /k)moq With respect to the boundary topology described
above. Note that then by an adelic divisor we mean the data {X;, D;} where X; are
projective models and D; € Div(X;, U) and a sequence of positive rationals {g;}
converging to 0 satisfying the effectivity relations

—qiDo < D; — Dj < ¢qiDo in Div(U /k)moq for all j > i.

Remark If we assume U to be normal, we can choose the models X; to be normal
and further embedding the group of Cartier divisors into Weil divisors we can look
at D; just as elements of Div(X;)g and the effectivity relation to be holding in just
Div(X;)q instead of Div(U /k)mod. This is due to the fact that group of Weil divisors
on U has no torsion.

1.2 Space of global sections of an adelic divisor

We fix an algebraically closed field K and a normal quasi-projective variety U over K.
As described in the previous section, we have the notion of the group of adelic divisors
ISR/(U , K) (Yuan et al. 2021, sub-section 2.4.1 for more details) which are given by
a compatible sequence of models {X;, D;} such that D; are Cartier Q-divisors on the
projective models X; such that D; restrict to a Cartier divisor D on U and they satisfy
the Cauchy condition with respect to a boundary divisor Dy defined over a projective
model Xy i.e there exists a sequence of positive rational numbers {g;} converging to
0 such that

D;—q;Dy < D; <Dj+¢q;Dgforalli > j. (D

where Dy is an effective Cartier divisor on Xo with support exactly equal to the
complement of U in X and the above effectivity relations are considered in a common
model (for details see Yuan et al. 2021, Section 2). Note that the definition of adelic
divisor does not depend on the particular choice of the boundary divisor Dy, as shown
in Yuan et al. (2021, Lemma 2.4.1). We denote this data by D. Given such an adelic
divisor, we introduce the space of global sections

H(U,D) = H'U, 0(D)) = {f € k(U)* | div(f) + D > 0} U {0}
following (Yuan et al. 2021, section 5.1.2). In the above definition, div( f) is the adelic
divisor obtained by picking the divisor corresponding to f € «(U)* = x(X)* on

any projective model X of U, and div(f) + D > 0 means that the left hand side can
be represented by a sequence of effective divisors on the corresponding models.
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Remark 1t is shown in Yuan et al. (2021, Lemma 5.1.7(2)) that this space is always
finite dimensional. This will be our analogue for the usual space of global sections
on which we construct Okounkov bodies. For this purpose, note that by restricting
the effectivity relation div(f) + D > 0to U, we can identify H (U, D) with a
finite dimensional vector sub-space of the space of all sections H O(U, 0(D))( which
in general is very large and infinite dimensional). This will always be our way of
viewing the vector spaces H 0(U , 5).

1.3 Different notions of effective sections

Note that D; can be viewed as a (model) adelic divisor D; in ISR/(U , K) and conse-
quently we have the space of global sections H(U, D;) as before, where we put the
overline to emphasize it is viewed as a model adelic divisor. However viewing D; as a

Q-divisor on the projective variety X; we can also define the space of global sections
as before

HO(X;, D) = {f € k(X)) | div(f) + D; > 0in Div(X;)q} U {0}.
only by restricting our attention to the projective model X;. These two notions of
effective sections can be different a-priori. However if we consider U to be normal,
then by Yuan et al. (2021, Lemma 5.1.5 and Remark 5.1.6) they are canonically

identified and we get that both these notions are the same. Next we will obtain some
inclusions.

Lemma 1.1 We have the sequence of inclusions
H(Xj,k(Dj = q; Do) <> H°(U, O(kD)) = H(X;,k(D; + q;Dp))’

forall k € N and for all j.

Proof Note that by our discussion above the two extremes of the sequence can be
replaced by

H°(U,k(Dj —gq;Do)) and H°(U,k(D; +q;Dy))

respectively as U is assumed to be normal. Therefore, the statement is equivalent to
the chain of inequalities

Bj —qj'Bo < D < Bj +q]‘50»
which is an immediate consequence of (1). O

Next we define the volume of an adelic line bundle following (Yuan et al. 2021,
sub-section 5.2.2).
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Definition 1.2 Given an adelic line bundle D on a quasi-projective variety U as above,
we define the volume of D as

- dimg (H*(U, mD
vol(D) = lim sup img (H (U, m )),
m—00 md/d!

where d is the dimension of U. We call an adelic divisor big if \751(5) > 0.
We will primarily be interested in the Okounkov bodies of the big adelic divisors.

Remark 1t is shown in Yuan et al. (2021, Theorem 5.2.1(1)) that the lim sup in Defi-
nition 1.2 is actually a limit by using the fact that the volume is actually a limit of the
volumes of the projective (Q-volumes of the models. However we will not assume that
here and we will use the theory of Okounkov bodies to independently show that this
volume is given by a limit.

1.4 Okounkov bodies for adelic divisors

We recall the valuation function crucial in the definition of Okounkov bodies. Note
that as we remarked at the end of section 1.1, every element of H o, 0(5)) can
be identified as a global section of O(D) on U by restricting the effectivity relation
div(f) + D > 0 to U. Now we fix a closed regular point x € U(K) and consider
any local trivialisation sg of O (D) around x. Then every element s € H O(U ,D) C
HO(U, O(D)) induces a regular function by f = % around x and hence an element in

the completion 5; = K|[[x1 ...x4]] where d is the dimension of U and the second
congruence follows from the regularity of x. Then we define a valuation like function
denoted by ord as follows:

ve(f) =minfe € N | f =3 agx® in Opy, aa # 0}

where the minimum is taken with respect to the lexicographic order on the variables
x1---xgq and this function is independent of the choice of sy. Now the choice of a
flagx =Yy C Y1 C ---Y; = U centered at x gives a choice of variables x1 - - - x4

as above and hence yields a valuation function v, on m(U , D). Note that the sub-

spaces m(U ,mD) are finite dimensional and induces a graded linear series {V;,
H (U, mD)} in the sense of section 1.3 of Lazarsfeld (2009). Hence we can define the
semi-groups and convex bodies similarly

Definition 1.3 Suppose we have the adelic divisor D. Then we can define the semi-
group

(D) = {(e, m) € N¥T! | @ = v, (s) for some s € HO(U, mD)}
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We further define I'(D),, = I'(D) N (N’ x {m}). Finally we define the associated
Okounkov body of D as

A(D) = closed convex huu(uml -T(D),y) = (T (D)) N (R x {1}
m

where X () denotes taking the closed convex cone in the ambient Euclidean space.

We are going to derive required properties of I'(D) and A (D) with the goal of relat-
ing its volume to the volume of adelic divisors. We begin by showing that eventually
the models are big when perturbed a little by the boundary divisor D provided D is
big. This is immediate if we assume Proposition 5.2.1 of Yuan et al. (2021). However
even without the full strength of the result, we have the following lemma:

Lemma 1.4 Suppose D is a big adelic divisor given by models {X;, D;} as above with
boundary divisor Dy. Then for j >> 0, D; —q;Dq (and hence D) is a big Q-divisor
on X ;. In particular, we deduce that there exists a ro such that HO(U, rD) % {0} for
all r > ro.

Proof We are going to use Fujita approximation (Fujita 1994) for Q-divisors on pro-
jective models. Note that the RHS of the inclusions in Lemma 1.1 gives us that
vol(D;j + qjDp) > vol(D). Hence for € j > 0, we can find by Fujita approxima-
tion an ample Q-divisor A; on a birational modification 7: X’ — X such that
7*(Dj 4+ q;Do) = A; and vol(A;) > vol(D; + gjDg) — €;. Then consider the
Q-divisor A; — 2g;Dg < D — q; Dy where we consider this effectivity relation in
X ; by pulling back both Dg and D; to X', and we omit the notations of pull-backs.
Write Dg = A — B where A and B are nef effective Q-divisors in X¢. Then we have

VO](Dj —q]'D()) > VO](A]' - 2qj'D0) = VOl(Aj +2qu - 2q]‘A)
> (Aj+2q;B)! —2dq;(A; +2q;B)" " - A> AY—2dq;(Aj+2q;B)" A >
vol(D; +¢qjDo) — €; —2dqj(A; +2q;B)* " - A

Here in the second inequality we have used Siu’s inequality to the nef divisors A; +
2g;B and 2q; A since both A and B were nef in X and nefness is preserved under
bi-rational pull-backs whereas A; is ample in X }, in the third inequality we have
used that A; is nef and B is nef and effective and in the last one we have used
A‘; = vol(A;) > vol(D; + q; Do) — €;. Now choosing €; — 0 as j — oo and
suppose we can choose a nef model divisor N such that A; + 2¢; yr;?‘B < JT;‘N for all
j. Then we get that

vol(Dj — gjDg) = vol(D; + qj Do) —2dq;M — €;
where M = N91A is a fixed number independent of j. Noting that both ¢ j and
gj goto 0 as j — oo and noting that vol(D; + ¢; Do) > vol(D) > 0 is bounded

from below independently of j, the above inequality shows that for large enough j,
vol(D; — g Do) > 0 which finishes the claim.
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Hence we are reduced to showing that there exists a model nef divisor N in
Div(U, k)mod such that n;fN > A+ 2qj71;.‘B for all j. To this end choose a positive
integer  such thatr > ¢; for all j. Then consider the divisor Dy +2r Dy +2r B in X.
By Serre’s finiteness there is a nef divisor N on X such that N > D1 +2r Doy + 2r B.
Thensincer > g1 > Oand Dy is effective, we getthat N > D+q1Do+q;Do+2q; B
for all j. But note that we have the effectivity relation Dy +¢1 Do > D; and hence we
conclude N > D;+q;Do+2q; B. Since we have the effectivity 717‘ (Dj+q;Do) = Aj,
pulling back by 7r; we deduce 77N > 77(Dj +q;Do) + qunj.‘B > Aj+2q;7;B
as required. O

From now on onwards thanks to the previous lemma, we fix once and for all a j such
that Dy — g Do is big for all k > j. The first result we want to state is the boundedness
of A(D) where we use the similar result for integral divisors on projective varieties
from Lazarsfeld (2009) to obtain our claim.

We start with a sequence of inclusions.

Lemma 1.5 We have a sequence of inclusions

L'(Dj —q;jDo)m S T(D)k S T(Dj +q; Do)
for all positive integers m and hence as a consequence
A(D;j —q;Do) € A(D) € A(D;j + q; Do)

Proof First note that it makes sense to have I'(-) and A(-) in the right and left extrem-
ities above even though the arguments are Q-divisors by just viewing them as model
adelic divisors in Div(U, k)mod. The first sequence of inclusions then follow easily
from the set of injective maps in Lemma 1.1 and noting that the construction of v,
is local. The second set of inclusions then easily follows from definition of a closed
convex hull generated by subsets. O

Finally we can state the boundedness result that we wanted to obtain.

Lemma 1.6 The subset A(D) is a compact convex subset of R%.

Proof The said subset is already closed and convex. Hence it is enough to prove that
it is bounded. Note that R = D; + g, Dy is a Q-divisor on X; and hence there is an
integer ¢ such that 7 R is an integral Cartier divisor. Note that from the RHS of the set
of inclusions in Lemma 1.1 we conclude that any section s € HO(U, ktD) induces a
section s’ € HO(Xi, ktR) = HO(U, ktR) and both of these have the same valuation
vector. Hence we get that I'(rD) C I'(tR) where the RHS is well defined as R is
an integral Cartier divisor which in turn yields by construction that A(tD) € A(tR).
On the other hand we have I'(D) C % - T'(tD) and hence by construction we get
A(D) € 1. A(tD). This readily gives the boundedness as A(tR) is bounded by
Lemma 1.10 of Lazarsfeld (2009) as 7R is an integral divisor and X; is projective. O

Remark The proof of boundedness for the projective case in Lazarsfeld (2009) is based
on intersecting ample divisors with the flag which gives us the Okounkov construction.
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It might be interesting to try to give a proof using intersection theory as there is a new
intersection theory now with adelic line bundles on quasi-projective varieties. However
the notion of “adelic ample divisors” are “positive” is not immediate to formulate since
pull back of ample bundles by birational morphisms is not necessarily ample again
and this might arise as a problem.

1.5 Volumes of Okounkov bodies

We want to relate the volume of the Okounkov body A(D) with the volume of the
adelic divisor D as defined in Yuan et al. (2021). It will turn out that they are equal
(upto scaling) analogous to the projective case. We start with a lemma listing the
properties of the I'(D) which are sufficient to assert the volume equality.

We begin by recording a result which relates the dimension of the space of global
sections with the cardinality of slices of I'(D). We denote by I'(D),, = I'(D) N (N? x
{m}). Then we have

Lemma 1.7 We have #T,, = dimg (HO(U, mD))

Proof The claim immediately follows from Lemma 1.4 of Lazarsfeld (2009) by taking

W = F(U , mB) and noting that W is finite dimensional from Lemma 5.1.7 in Yuan
et al. (2021). O

Next we want to naturally extend the notion of Okounkov bodies to Q-adelic line
bundles. One necessary property is to show that the construction of A(-) behaves
well with taking integral multiples of adelic divisors which is the content of our next
lemma. Note that if we can show volg (A (D)) = lim,— s %, then with Lemma 1.7
we have that the Euclidean volume of A (D) is the same as the volume of D as defined
in Definition 1.2 upto scaling by d!. It turns out that for the above equality to be true, it
is enough for I (D) to satisfy certain properties which are purely Euclidean geometric
in nature. We wish to state and prove them in our main lemma of this section. Before
that we prove a property necessary in our next lemma.

Lemma 1.8 Suppose D is a big adelic divisor on a normal quasi-projective variety
U given by the sequence of models {X;, D;} and rationals {g; — 0} as usual. Then
there is a model X j such that for all ample divisors AonX j» there exists a non-zero
section so € HO(U, mD — A) whenever m is a sufficiently large positive integer.

Proof The idea is to use Kodaira lemma (PE)position 2.2.6, Lazarsfeld 2004) in the
projective case on models approximating D from below. More precisely suppose
D;. = Dj — gjDy. Then as {D}} is a sequence also representing the big divisor

D, by Lemma 1.4 we can find a j such that D./i is a big divisor. Now applying the
Kodaira lemma on the big divisor D; on the projective variety X ;, we conclude that
for all sufficiently large m, there exists a non-zero section of O (m D} —A)on X; and
restricting to U, we get a non-zero section so € HO(U, mD} — A) for all sufficiently
large m. Now the claim follows from noting that the effectivity relation D > D}
implies that HO(U, mD'; — A) € HOU, mD — A). o
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Lemma 1.9 Suppose D is a big adelic divisor on a normal quasi-projective variety U
over K. Then the convex body I (D) satisfies the following properties:

1. I'o = {0}

2. There exist finitely many vectors (v;, 1) spanning a semi-group B < NI+ such
that '(D) < B.

3. T'(D) generates 72+ as a group.

Proof The first point is trivial. For the second point we follow the proof of Lemma
2.2 in Lazarsfeld (2009). Denote by v; (s) the ith co-ordinate in the valuation vector
of a section s. Note then v;(s) < mb for some large constant b and for all non-zero
s € HY(U, mD) due to the fact that A (D) is bounded (Lemma 1.6) as A(D) contains
% -T'(D),, for each m € N. Now a basic algebraic calculation easily shows that
I'(D) is contained in the semi-group generated by the finite set of integer vectors
{(a;) | 0 < a; < b} which shows the second point. Hence it is enough to prove the
third point.

To this end, choose a model X ; which satisfies the condition of Lemma 1.8. Then
choose a very ample divisor A on X ;j such that there exists sections s; of O(A) for
i =0,1,...dwithv(s;) = e; where v is the valuation vector with respect to the chosen
flag and {e;} is the standard basis of RY fori = 1,...d and eq is the zero vector, as
suggested in the beginning of the proof of Lemma 2.2 in Lazarsfeld (2009). Restricting
these sections give sections s; € H'(U, A) with v(s;) = ;. Now thanks to Lemma
1.8 and our choice of X ;, we can find non-zero sections #; € HO(U, (mog+1i)D — A)
fori = 0, 1 with valuation vectors v(s;) = f;. Then clearly we find non-zero sections
s/ =si®ty € HO(U, moD) and 5] = so®t; € H°((m+ 1)D) with valuation vectors
v(s)) = (fo+e;) fori =0,...d and v(s/) = fi. Hence (D) contains the vectors
(fo, mo), (fo + ei,mg) fori = 1...d and (f1, mg + 1). Then it clearly shows that
I'(D) generated Z¢ as a group and ﬁnlshes the proof. O

We are ready to state the first main theorem of this chapter.

Theorem 1.10 Suppose we have a big adelic divisor D on a normal | quasi-projective
variety U and suppose A(D) is the Okounkov body associated to D as constructed
above. Furthermore suppose Vol(D) be the adelic volume defined in section 5 of Yuan
et al. (2021). Then we have

4T dimg (HOU, mD)) 1
volga(A(D) = lim " — lim img (H(U,mD)) _ = - vol(D)

m—o00 m m— 00 md

Proof With Lemma 1.9 and by basic arguments of euclidean and convex geometry as
indicated in the proof of Proposition 2.1 of Lazarsfeld (2009), we get that

— #T dimg (H°(U, mD
volg(AD)) = lim "7 _ iy GM& (U, mD) )
m—oo md m—00 md
exists which clearly gives the claim. O

@ Springer



Beitr Algebra Geom

Remark Note that the above theorem also proves that the lim sup in the definition of
\731(5) is actually given by a limit directly from convex geometric properties of the
Okounkov bodies which is essentially the content of the first part of Theorem 5.2.1 of
Yuan et al. (2021).

We end this section by showing that the construction of Okounkov body is homogenous
with respect to scaling.

Lemma 1.11 Suppose D is a big adelic divisor on a normal quasi-projective variety
U. Then

A(D) =1-A(D)

for all positive integers t. Hence we can naturally extend the construction of A(-) to
big adelic Q-divisors.

Proof We choose an integer ro such that H (U, rD) # {0} for all ¥ > ry. We can
always do this as we assumed D is big (as explained in the proof of Lemma 1.9). Next
choose gg > O such that got — (t +r9) > ro forallz. Thenforallro+1 <r <rg+¢
we can find non-zero sections s, € H(U, rD) and t, € HO(U, (got — r)D) which
gives inclusions

0 - @5 0 —. ®n _
H"(U,mtD) — H (U, (mt +r)D) — H" (U, (mn + qo)tD)
which gives the corresponding inclusion of the graded semi-groups
l—‘(tﬁ)m +e + fr C 1—‘(B)mt+r + fr C l_‘(tﬁ)m+qo

where ¢, = v(s;) and f, = v(#,). Now recalling the construction of A(-) and letting
m — o0 we get

A@D) Ct-A(D) C AtD)

which clearly finishes our proof. O

Remark Note that this homogeneity allows us to define Okounkov bodies for adelic
Q-divisors by passing to integral multiples and hence conclude that adelic volumes
are homogenous for big divisors as in the projective case.

1.6 Variation of Okounkov bodies

We fix a normal quasi-projective variety U over K and a big adelic divisor D on it.
Furthermore suppose E is any adelic divisor on U. We will construct a global convex
body A(U) = A(U, D, E) C R? x R2 such that the fiber of this body over a vector
(a1, az) € Q under the projection to R? will give us the Okounkov body of the adelic
Q-divisor aiD + aE provided it is big. Furthermore we fix aflagY; C --- C Yy
as before. We are going to follow closely the arguments in Section 4 of Lazarsfeld

@ Springer



Beitr Algebra Geom

(2009). All constructions are dependent on the choice of the divisor D and E but we
fix them for this section and we omit them in the notation. We start by defining the
semi-group associated to these two adelic divisors.

Definition 1.12 Suppose D and E are as before. We define the graded semi-group
I'U) as

T(U) = {((v(s),a1,a2) | a; € Z,s #0 € H*(U,a1D + a2 E)}

where v(-) is the valuation corresponding to the chosen flag. Furthermore we define
the global Okounkov body A(U) as

A(U) = closed convex cone(I"(U))

which is a closed convex subset of RY x RZ.

As in the case with one bundle, we will deduce the properties needed from general
properties of convex bodies and graded semi-groups. Before doing that we define
certain terms necessary.

Definition 1.13 Suppose we have an additive semi-group I'" in R? x R?. Denote by P
the projection from R? x R? to R? and A = X (I") is the closed convex cone generated
by I'. We define the support of A, denoted as Supp(A) to be its image under P. It
coincides with the closed convex cone in R? generated by the image of I under P.
Finally given a vector @ = (aj, a3) € 72 we denote

vz =NV x Na)
Ag; = AN [RY x Ra)

Furthermore we denote I'y; as a semi-group inside N¢ x Na = N¢*+! and denote the
closed convex cone generated by it in RT! as ¥ (I'yz).

With the above definitions we can state our next lemma.

Lemma 1.14 Suppose the semi-group T generates a sub-group of finite index in 791>
and suppose a € N? such that a € int(Supp(A)). Then we have

Arz = X(I'ng)

Proof The statement and the proof of the Lemma is identical as in Proposition 4.9 of
Lazarsfeld (2009). O

Next we want to show that the vectors which gives rise to big combinations of the
bundles D and E in fact belong to the interior int(Supp(A)) which is the content of the
next lemma. Note that by passing to rational multiples just as in the projective case,
we can similarly define Q-adelic divisors. Furthermore by the remark at the end of
the previous section, we can also define Okounkov bodies for Q-adelic divisors which
behave homogenously.
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Lemma 1.15 Suppose a € Q? such that aiD + ayE is a big adelic divisor. Then
a € int(Supp(A)).

Proof We assume that dim(U) > 0 as the 0-dimensional case is degenerate. Clearly
it is enough to show the case when a; € Z because Supp(A) is a cone and scaling
sends open sets to open sets. We can assume that both D and E are given by models
D; and E; on projective models X; of U respectively along with a boundary divisor
Dy and rationals g; — 0 as in our usual notation. We first prove that for any rational
g € Q such that D + gE is big, there is an € > 0 such that (1, x) is in Supp(A)
for all x € (¢ — €,q + €). Suppose first that ¢ > 0. Then note that the sequence
of models S; = (D; — qjDo) + q(E; — qjDo) gives a Cauchy sequence defining
D+ gE and hence by Lemma 1.4 we get that § j 1s big for large enough j. Now due to
the continuity of the volume function in the projective setting, we can find a rational
0 < g < psuchthat (D; —q;Do)+ p(E; — q; Do) is big. Now due to the effectivity
relation

(Dj —qjDo) + p(Ej —qjEo) < D+ pE

we deduce that the right hand side above is big. Hence we get that for some positive
integer po, po - (1, p) € P(I') where P: RY x R? — R? is the projection and
I' = I'(D). As D is assumed to be big, we also obtain that ry - (1,0) € P(I') as
well for some large positive integer ro. As po and rg are positive, it is enough to find
an € > 0 such that (1, x) is in the convex cone generated by (1, 0) and (1, p) for
all x € (g — €,q + €) because Supp(A) is exactly the convex cone generated by
P(T"). But clearly (1, x) is in the convex cone generated by (1, 0) and (1, p) for all
0 < x < p which clearly yields the existence of one such € because 0 < g < p. For
the case when g < 0 we do a similar calculation but with £ ; — g ; Do being replaced by
Ej + qjDy. Finally for the case ¢ = 0 using similar arguments we can find a rational
number gq such that all the three vectors pg - (1, 0), po - (1, —qo) and pg - (1, go) are
in P(T") for some large positive integer pg. Hence by the above arguments we get that
(1, x) is in Supp(A) for x € (—qo, q0)-

Next we take any @ = (a1, az) such that a; D + ay E is big. First suppose a; < 0.
It is easy to see that the sum of two big adelic divisors is again big. Hence adding
(—al)B we conclude that ay E is big. Since the trivial adelic divisor is not big, we
conclude that a; # 0. Then adding the big adelic divisor —a; D we deduce that E
(resp. -E) is big if ap > 0 (resp. az < 0). Hence in these two cases replacing D by
E or —E we are reduced to the case when a; > 0 and hence we can assume WLOG
that a; > 0. In that case scaling by a; we obtain that D + ¢ E is big for ¢ = Z—f and
by our considerations before we deduce that for some € > 0, (1, x) is in the convex
cone generated by P(I") for all x € (g — €, g + €). We assume that ap > 0 and the
argument for ay < 0 will just be the analogue by changing signs. Then for any « > 0
we have

a) — K a + a +k
= =
al +«k a1 +h ar — kK
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for all #;, o € (—«, +«). Choose k > 0 so small that

a) —k ax+«k
(2 ) 2 >C(q—e,q+e)
a1 +k ay —«

and a; £k > 0 whichwe cando as ¢ = Z—f and a; > 0. Hence by the choice of ¢ for
any 11, 1 € (—«, k), the vector (1, Z?—ig) and hence (a; + #1, a + 12) is in the convex
cone generated by P(X) and hence in Supp(A) as aj + #; > 0. This clearly shows

that (a1, az) € int(Supp(A)) and finishes the proof. O

Next to use Lemma 1.14 we have to prove that I'(U) generates a sub-group of finite
index in Z4+2 which in particular guarantees that int(Supp(A (U)) is non-empty. This
is going to be the content of our next Lemma.

Lemma 1.16 The multi-graded semi-group I'(U) constructed in Definition 1.12 gen-

erates 7412 as a group.

Proof Arguing similarly as in the proof of Lemma 1.15, as D is big, we can find a
positive integer m such that m D — E is big. On the other hand we already know that D
is big. Note that the semi-groups I'(m D — E)) and I' (D) sit naturally as sub-semigroups
of I'(U). Moreover from Lemma 1.9 we deduce that I'(D) and I'(mD — E) generate
the sub-groups Z< x Z- (1, 0) and Z¢ x Z- (m, —1). But the vectors (1, 0) and (m, —1)
generate Z* which clearly shows that I'(U) generates Z4 12 as a group. O

Finally we are ready to state and prove the main theorem of this section.

Theorem 1.17 Suppose D and E be adelic divisors on a normal quasi-projective
variety U such that D is big. Then there exists a convex body A(U) = A(U, D, E) C
R*2 yith the property that for any @ = (a1, a2) € Q? with a; D + a> E big, we have

A D+ aE) = AWU) N (RY x {a})

where A(a; D +a> E) is the Okounkov body of a; D +a> E as constructed in Definition
1.3.

Proof Clearly it is enough to show when a € Z? by homogeneity of Okounkov bodies
(Lemma 1.11). Note that the semi-group ['(a1D +ay E) sits naturally in N xN-.g =
N4+ and by construction of A(-) as in Definition 1.3, we deduce that A (a; D4+a, E) =
Y (T(U)nz) N (RY x {a}). By Lemma 1.15 we get that @ € int(Supp(A(U)) and hence
by Lemma 1.14 we have A(U)r; = £ (I'(U)nz)- Hence we deduce that

A(aiD +@E) = E((U)nz) N (RY x {a}) = A(U)rz x (RY x {a}) = AU) N (R x {a})

concluding the proof. O

Remark The construction of the Global body A(U, D, E) is done here by mimicking
the constructions in section 4 of Lazarsfeld (2009). However one stark difference is that
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the global body constructed in Lazarsfeld (2009) is independent of the chosen basis of
the Neron—Severi group because they work modulo numerical equivalences. However
even if there can be a notion of “numerical equivalence” in the adelic setting, it is
certainly not known if the corresponding Neron—Severi space is finitely generated and
hence such a “canonical global body” cannot be constructed using similar methods and
our A(U, D, E) is dependent on the chosen divisors D and E. However our version
still gives some interesting corollaries which we shall see next.

1.7 Corollaries: continuity, Fujita approximation and more

Before going to state our first corollary, we introduce the notion of Hausdorff distance
which will be the correct metric under which we want to show the convergence of
bodies.

Definition 1.18 Let (V, || - ||) be a normed real vector space. The Hausdorff distance
between two closed compact subsets C| and C in V is defined as

dy(C1,Cy) =infle > 0| C; CCr+€B,Cy C C| +€B}

where B is the unit ball in V with respect to || - ||.
Now we can state our first main corollary.

Corollary 1.19 Suppose D is a big adelic divisor on a normal quasi-projective variety
U given by models {X;, D;} in our usual notation. Then

lim dy(A(D), A(Dj)) =0
j—o00

where D_] is just D looked at as a model divisor in Div(U, k)mod. In particular, we
have

vol(D) = lim vol(D;)
j—o0o

where vol(-) is the classical projective volume considering D; as a Q-divisor in X ;.

Proof We prove the first claim at first. Begin by noting that the sequence of inclusions
A(D —qjDg) € A(Dj) € A(D + g Dy)

implies that it is enough to show that dy (A(D — q;jDo), A(D + qjDo)) — 0 as
j — oo. But this immediately follows from Theorem 1.17 taking E = Dy and
Theorem 13 in Khovanskii (2012) noting that g; — 0 as j — oo. Now the second
claim follows readily from Theorem 7 in Shephard and Webster (1965) and the first
claim noting that vol(D;) = vol(D;) = d!-vol(A(D;)) and vol(D) = d!-vol(A(D)).

O
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Remark Note that Corollary 1.19 and Theorem 1.10 prove Theorem 5.2.1 of Yuan
et al. (2021) for big adelic divisors independently using convex geometric methods
and hence we can deduce all the corollaries of section 5 of Yuan et al. (2021) coming
from Theorem 5.2.1 for big divisors which we list next.

Corollary 1.20 (log-concavity) Suppose D and D, are two effective adelic divisors
on a normal quasi-projective variety U. Then we have

vol(D) + D2)# > vol(D1)¢ + vol(D)
where d = dim(U).

Proof The statement is trivial if one of the divisors is not big. When both of them are
big, applying Corollary 1.19 the problem gets converted into the projective case which
is proved in Corollary 4.12 in Lazarsfeld (2009). O

Corollary 1.21 (Fujita approximation) Suppose D is a big adelic Q-divisor on a
normal quasi-projective variety U. Then for any € > 0 there exists a normal quasi-
projective variety U’, a birational morphism 7w: U — U, a projective model X' of
U’ and an ample Q-divisor A" on X' such that 7D — A’ > 0 inﬁE(U, K) and

vol(A') > vol(D) — €
where vol(A") is the volume of A’ as a divisor on X'.

Proof Using the fact that the adelic volume is the limit of its models in Corollary 1.19,
the claim gets reduced to the original Fujita approximation which was proved in Fujita
(1994). O

Next we come to the final corollary of this section which shows the continuity of the
volume function.

Corollary 1.22 (Continuity) Suppose D, M1, ... M, are adelic Q-divisors on a nor-
mal quasi-projective variety U. Then we have

lim vol(D +nM; +...t,M,) = vol(D)

t,0...t,—0

where ty . . . t, are rational numbers converging to 0. Furthermore we have \70\1(5) =
lim j_, oo vOI(D;) for a sequence of model D; representing D.

Proof As in the proof of Theorem 5.2.8 in Yuan et al. (2021), we choose nef model

adelic divisors M: such that M: + M; > 0and we set M = M/l + - M/r Then it is
enough to show that

lim vol(D + (M) = vol(D)
t—0
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as t converges to 0 over the rationals. First assume that D is big. Then from Theorem
13 of Khovanskii (2012) we get

111% dy(A(D +tM), A(D)) =0
t—

by taking E = M in Theorem 1.17 since we saw in the proof of Lemma 1.15 that
D + tM is big for small enough ¢ whenever D is big. Now the claim follows from
Theorem 7 of Shephard and Webster (1965). The second claim is also true when Dis
big thanks to Corollary 1.19. Hence we can assume that D is not big. Now suppose
the claim does not hold. Then there is a ¢ > 0 and a sequence of rationals #; — 0 such
that \751(5 +4M) > cforally. By Corollary 1.21 we can choose an ample Q-divisor
Ay, on a projective model X’ of a birational modification 7 : U’ — U of U such that
7*(D+ ;M) — A; > 0and vol(Ay,) > c¢/2. Then clearly

vol(D) > vol(A, — ;M) > A} —di; AT™'M

where in the second inequality we used the Siu’s criterion for model nef divisors A,

and M. We can bound the intersection number Ag_lﬁ as in the proof of Theorem
5.2.8 in Yuan et al. (2021) to conclude that

vol(D) = A? — O(t;) > ¢/2— O(t) ast; — 0

which clearly contradicts the hypothesis vol(D) = 0 and finishes the proof of the first
claim. Furthermore the effectivity relation D j =< D + q jﬁo shows that vol(D;) <
vol(D + qjﬁo). Now as j — oo we know that g; — 0 and hence by the first claim
lim; \70\1(5 +q jﬁo) = 0 which clearly shows the second claim. O

2 Augmented base loci and restricted volumes

In this chapter we define restricted volumes of adelic divisors along a closed sub-
variety of a normal quasi-projective variety U over an algebraically closed field K.
We will define the notion of augmented base locus of an adelic divisor. It turns out that
the restricted volume can be realised as the volume of an Okounkov body when the
the sub-variety is not contained in the augmented base locus of the adelic divisor. As
a corollary we will deduce that the lim sup defining the restricted volume is actually a
limit analogously as in Chapter. 1 for ordinary volumes. We go on to show that there
are global bodies which regulate the variation of restricted volumes along arbitary
directions similarly as to ordinary volumes as in Chapter. 1. Finally as a corollary
we will deduce properties analogous to those obtained in chapter one for ordinary
volumes.
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2.1 Augmented base locus of an adelic divisor

In this section, we recall the concepts of base loci and stable base loci of a graded linear
series of an adelic line bundle. Using these concepts we introduce the notion of the
augmented base locus of an adelic divisor D in analogy to the projective setting (see
Lazarsfeld 2009, section 2.4). In the projective setting, it is shown that the definition of
augmented base locus is independent of the choice of the ample divisor using Serre’s
finiteness. However as in our setting, model divisors are only defined upto bi-rational
pull-backs and ampleness is not preserved under such pull-backs, Serre’s finiteness
does not work. It turns out that this gap can be fixed using the main theorem due to
Birkar (2017) and provides us with a similar independence of choice which will be
the main result of this section.

Definition 2.1 Suppose U is a normal quasi-projective variety over an algebraically
closed field K and suppose D is a divisor. Furthermore suppose W € HO(U, O(D)) =
HO(U, D) is a finite dimensional sub-space of the space of global sections of O (D).
Then we define the base locus

Bs(W)={peU|s(p)=0ink(p) = Oy, p/my, pforalls € W}

Now suppose we have a graded linear series W = {W,,} of O(D). We define the
stable base locus as

SB(W) = NenBs(Win)

Finally suppose D is an adelic divisor on U. Then it determines a graded linear series
W = {W,, = H°(U, mD)} as explained in the beginning of Chapter. 1. Then we
define the base locus and stable base locus of D as

Bs(D) = Bs(W)) and SB(D) = SB(W)

Remark Note that it is easy to check that the stable base locus SB(E_) is indeed
eventually stable i.e there exists an integer pg such that SB(D) = Bs(poD) by using
noetherianity of U just like in the projective case.

Our next lemma is the main ingredient to show that augmented base loci are well-
defined.

Lemma 2.2 Suppose X1 and X» are two normal projective models of a normal quasi-
projective variety U over K, f: X| — Xy a birational morphism which is an
isomorphism over U and Ay, A, ample divisors on X and X» respectively. Fur-
thermore suppose D is an adelic divisor on U. Then for any closed irreducible
sub-variety E of U, E ¢ Bs(moD — A») for some positive integer mq if and only if
E g Bs(ngD — Zl)for some positive integer ny.

Proof We first suppose that E ¢ Bs(moD — A;). We denote f*A; = X’z which is
a big nef divisor on X; as A, was big and nef (being ample) and this notions are
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invariant under bi-rational pull-backs. Let E be the Zariski closure of E in X1. Then
clearly Z/2|E is big and as Z/z is also nef, we can deduce from Theorem 1.4 of Birkar
(2017) that for large enough integer so, E is not contained in the (projective) stable
base locus of s)A, — A; since A is ample in X . Restricting everything to U, we can
find a positive integer po and section s’ € HO(U, sopA> — pA1) such that s’ does
not vanish along E whenever pg | p. Tensoring by a section of H*(U, (p — 1)A})
non-vanishing on E, which we can find as Ay is ample, we produce a section s €
HOsopAs, — A 1) non-vanishing on E whenever pg | p. By hypothesis we can find
a section sg € HY (U, moso poD — 50 poAz) non- vamshmg along E. Hence picking
p = po and tensoring s and so we produce a section in H° (U, moso poD — A1) which
does not vanish identically on E and hence E g Bs(ngD — A;) and finishes one
direction of the claim with ng = mgsg po.

For the other side, suppose E ¢ Bs(ngD — A1). Hence for every positive integer
p we can find a section sg € H(U, nopD — pA;) which does not vanish identically
on E. Now chose p large enough such that pA; — Z’z is very ample which we can do
by Serre’s finiteness theorem on projective varieties because A is ample on X1. Then
chosing a section of pA; — Z; on X1 not vanishing identically on E and restricting
to U, we obtain a section sg € H 0(U , le — Zz) not vanishing identically on E for
large enough p. Once again tensoring s and sp we obtain that E ¢ Bs(moD — Aj)
with my = ngp for large enough p and finishes the proof. O

Remark The proof of the above lemma follows along similar lines as the independence
of the augmented base locus on the choice of the ample divisor is shown in the pro-
jective case. However it uses Serre’s finiteness theorem which has no known versions
in the adelic setting due to non-invariance of ampleness under birational pull-backs.
However it turns out the gap in one direction of the proof can be bridged by the main
result due to Birkar (2017) as we have shown above and in the other direction we
already have Serre finiteness.

Finally we can deduce the the desired invariance under pull-backs of model ample
divisors as a direct corollary of Lemma 2.2 which we do next.

Corollary 2.3 Suppose D is an adelic divisor on a normal quasi-projective variety U
over K and suppose X1 and X, are two projective models of U with ample divisors
Ay and A, respectively on them. Then for any closed irreducible sub-variety E of
U, we have that E ¢ Bs(moD — A») for some positive integer my if and only if
E g Bs(ngD — X])for some positive integer no. In particular the set By (D, A) =
NmenBs(mD — A) is independent of the chosen model ample divisor (X, A).

Proof Clearly the the second claim follows from the first and the first claim follows
directly from Lemma 2.2 by noting that we can always find a projective model X of
U dominating both X1 and X, via a birational morphism over U and an ample divisor
on X. O

The above corollary clearly shows what should be the definition of our augmented
base locus which we record in the next definition.
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Definition 2.4 Suppose D is an adelic divisor on ‘a normal quasi projective variety U
over K. We define the augmented base locus of D as B (D) = NyenBs(mD — A)
for any ample divisor A on a projective model of U.

Remark Note that the above definition makes sense thanks to Corollary 2.3. It is easy
to check that B4 (moD) = B4 (D) for any positive integer m( and hence we can define
an augmented base locus of an adelic Q-divisor by passing to integral multiples.

We end this section with a lemma which will be necessary later to show that the
Okounkov bodies of restricted linear series behave nicely when the sub-variety is not
contained in the augmented base locus.

Corollary 2.5 Suppose D is an adelic divisor on a normal quasi-projective variety U
over K and suppose E is a closed irreducible sub-variety with E ¢ B, (D). Then
there exist a projective model X such that for any ample divisor A on X, there exists
sections s; € HO(U, (mo + i)D — p;A) not vanishing identically on E for some
positive integers mo, po, p1 andi =0, 1.

Proof Suppose D is given a sequence of models {X;, D;} and rationals ¢; — 0 as
usual and let X = X;. Then as FE Q B (D), for any ample divisor A on X| we
can assume that E SZ Bs(ngD — A) for some ng € N and hence we can produce a
section so € HO(U, 2nopD — 2pA) not vanishing identically on E for every positive
integer p. Choose p so large that D} + pA is very ample where D) = D| — g1 Do
and choose a section s’ € HO(U, D| + pA) which does not vanish identically on
E. Then tensoring s and s’ we get a section s; € HO(U, 2nopD + D} — pA) C
HO(U, 2nop + 1)D — pA) where the inclusion follows from the effectivity relation
D’1 <D. Clearly sg and s satisfy the claim with mo = 2nop, p1 = 2p and pr = p.

O

2.2 Restricted volumes

In this section, we define the restricted volume of an adelic divisor along a closed
sub-variety E of U in analogy to the projective setting. Then we go on to show that
if E is such an irreducible closed sub-variety with E ¢ B, (D), then this restricted
volume can be realised as the volume of an Okounkov body calculated with respect
to a suitable flag dominated by E. Much in the spirit of Theorem 1.10 we deduce that
the lim sup defining the restricted volume is actually a limit.

Suppose we have an irreducible closed sub-variety E S U embedding in U via
the closed immersion i. Then as explained in sub-section 5.2.2 of Yuan et al. (2021)
we can consider the pullback of the adelic line bundle O (D) by i which we denote as
the restriction of O(D) to E and denote as O (D) | £. We recall that this line bundle is
given by the datum {E;, O(D;)|g;} where D; are the,models defining D and E; are
the Zariski closures of E in the projective models X; of U. Then there is a restriction
map of vector spaces on the space of global sections

restr

H(U, 0(D)) = H°(E, O(D)|E)
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and we denote the image of this map by H*(U|E, O (D)) obtained by just restriction
maps on sections model wise. This lets us define the notion of restricted volume.

Definition 2.6 Suppose E is a closed irreducible sub-variety of a normal quasi-
projective variety U over K and D be an adelic divisor on U. Then we define the
restricted volume of D along E as

— dimg (H°(U|E, Og(mD))
voly g (D) = lim sup 7
m— 00 m /d!

where d = dim(E).

We can view the finite-dimensional vector spaces W,, = H Q(U|E, Og(mD)) as a
graded linear sub-series of H*(E, O(mD)|g) € H°(E, O(mD)|E). And hence if we
can fix a flag in E, we can construct an Okounkov body corresponding to {W,,} as
indicated in section 1 of Lazarsfeld (2009).

Now given a closed sub-variety E in U, we fix aflag Yo C Y;... C Yy = E
in £ where dim(E) = d. Note that in any projective model of U this flag induces
a canonical partial flag contained in the closure E; of E in U by taking closures
we obtain a flag in the model such that the (partial) valuation of a global section of
some bundle with respect to this on the model is the same after restricting to U and
evaluating w.r.t to the flag Yy C Y7 --- C Y, and we always take this flag to calculate
valuation vectors in the projective models. We fix this flag to calculate the Okounkov
body of the linear series {W,,}. Then we have the notions of the graded semi-group
FU\E(B) C N4+ and the Okounkov body AU|E(5) C RY. Asin Chapter. 1, we also
define I'y| £(D),, to be the fiber of the graded semi-group over the positive integer .
Next we show that when E ¢ B, (D), then the Okounkov body behaves nicely in the
sense of satisfying properties analogous to Lemma 1.9.

Lemma 2.7 Suppose D is a adelic divisor on a normal quasi-projective variety U
over K. Furthermore suppose E is a closed irreducible sub-variety of U such that
E ¢ B4 (D). Then the graded semi-group Ty | (D) satisfies the following properties

1. Tyje(D)o = {0}

2. There exists finitely many vectors (v;, 1) spanning a semi-group B C N+ guch
that FUlE(B) C B.

3. I'y £(D) generates 74+ as a group.

Remark Note that in analogy to Lemma 1.9 it is desirable that D is big in the above
lemma. However since we assume that E ¢ B (D), by Definition 2.4 we already
have a non-zero section s € H(mD — A) for some model ample divisor Aona
projective model X of U. Hence we have the inclusion

. g®n .
HOU, nA) < HO(U, mnD)

for all positive integers n which shows that @(mﬁ) > \781(2) >0 ind hence D is
big. In other words the assumption E ¢ B (D) already implies that D is big.
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Proof Suppose D is given by the sequence of models {X;, D;} and rationals g; — 0
as usual. Note that as in the proof of Lemma 1.9, the first point is trivial and the second
point can be deduced once we know that the vectors of I'y | (D), are bounded by mb
for some large positive constant b as explained in the proof of Lemma 2.2 in Lazarsfeld
(2009). In other words we need to show that restricted graded series satisfies the
condition (A) as defined in Definition 2.4 of Lazarsfeld (2009). Note that the effectivity
relation D < D; + g Do implies the inclusion FU|E(5)m CTye(Dj+q;jDo)m
for all positive integers m. The right hand side is the same as the graded semi-group
of D; 4+ g;Dg viewed as a Q-divisor on the projective variety X; calculated with
closures of our flag on E and hence by the footnote on page 803 of Lazarsfeld (2009),
we conclude that I'y g (D + qj Do) satisifes condition (A) which clearly shows the
second point as 'y | g (D), is a subset. Hence we just need to show the third point.
We argue as in the proof of Lemma 1.9. Choose a model very ample divisor A on
X j such that it has sections 5; on X ; with v(s;) = (e;) fori = 0---d where ¢y is the
zero vector, {e;} is the standard basis of RY fori = 1,...d and v(-) is the valuation
corresponding to the closures in X ; of the chosen flag in E. We can always do this
as A is chosen very ample and hence the restriction A| E; is very ample where E;
is the closure of E in X ;, as explained in proof of Lemma 2.2 in Lazarsfeld (2009).
Restricting to U gives sections s; € H 0(U, A) with the same valuation vectors. Note
that then for all positive integers p, by appropriately tensoring these sections we can
also find sections s;, = s(‘)g)”_l ®s; € H(U, pA) such that v(s;,) = (e;). Then by
restricting to £, we get non-zero sections s;p|g € HO(U |E, O (pZ)) withv(sip|E) =
e;. Now using Corollary 2.5 we can find positive integers m, po, p1 and sections #y, t|
(relabelling them #; for notational convenience) satisfying the properties stated in the
corollary. Restricting #;’s to E we get non-zero sections ;|g € H Q(U|E, Og((mo +
i)D — p;A)) and suppose v(#;|g) = f; fori = 0, 1. Then arguing like in the proof
Lemma 1.9 by tensoring s;,|g’s with #;|g’s we conclude that the vectors ( fo, mo),
(fo + ei, mg) and (f1, mo + 1) all belong to FU|E(5) which clearly completes the
proof. O

Then arguing just like in Chapter. 1, we deduce the main theorem of this section which
we state next.

Theorem 2.8 Suppose D is an adelic divisor on a normal quasi-projective variety U
over K. Furthermore suppose E is a closed irreducible sub-variety of U such that
E ¢ B, (D). Then we have

. #TyE(D)m . dimg (H(U|E, Og(mD)))
lim ———— = lim

m— 00 md m— 00 md

volga (Ay (D))

1 ~ _
= -voly (D)

where dim(U) = d

We end this section with a homogeneity property analogous to Lemma 1.11. Before
going to that we obtain a crucial property needed for the homogeneity.
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Lemma 2.9 Suppose D is an adelic divisor on a normal quasi-projective variety U
over K and E is a closed sub-variety with E ¢ B._(D). Then there exists an integer

ro such that HY(U|E, Og (r D)) # {0} for all positive integers r > ry.

Proof By Corollary 2.5 there exist non-zero sections s; € H U, (m + i)D) which
do not vanish identically on E for i = 0, 1 by tensoring with sections of p; A which
do not vanish identically on E which exists as A can be assumed very ample. Then
for all r > m?, write it as r = a,m + b, for non-negative integers a, > m and
0 < b, <m—1 < a,. Then note that sgaa’*b" ® sf’ is a section of HO(U, r D) which
does not vanish identically on E which clearly finishes the claim with 7o = m? — 10

Lemma 2.10 Suppose D is an adelic divisor on a normal quasi-projective variety U
over K. Then for any closed irreducible sub-variety E of U with E ¢ B,(D), we
have

Ay|e(tD) =t - Aye(D)

for all positive integers t. Hence we can naturally extend the construction of Ay g (+)
to big adelic Q-divisors.

Proof We choose an integer ry such that HO(U|E, Or(rD)) # {0} forall r > rg
thanks to Lemma 2.9. Next choose gp > 0 such that got — (¢ + r9) > ro for all
positive integers 7. TEen forallro+1 <r <ro+twe can find non-zero sections
s, € HYU|E, Og(rD))andt, € H*(U|E, O ((qot —r) D)) which gives inclusions
0 — . Qs 0 — . ®tr 0 —
H'(UIE, O (mtD)) — H'(U|E, O((mt +r)D)) — H (U|E, O ((m + q0)tD))
which gives the corresponding inclusion of the graded semi-groups

Tyl D)m + er + fr € Tuie(D)mitr + fr S TulEAD)mtq,

where e, = v(s;) and f, = v(#). Now recalling the construction of Ay g (-) and
letting m — oo we get

Ayig(tD) Ct- Ayje(D) S Ay e(tD)

which clearly finishes our proof. O

2.3 Variation of bodies for restricted volumes

In this section, we construct global bodies whose fibers give the Okounkov bodies
Ay r(-) for a 7sufficiently general” closed sub-variety F of U much in analogy with
Theorem 1.17. Most of the constructions follow analogously as in the non-restricted
case. The crucial point that we need to show is that given a fixed irreducible sub-
variety F, the set of divisors D with F ¢ By (D) is in the interior of the support of the
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global body as was shown in Lemma 1.15. Most of the other arguments will follow
identically as in section 5 of chapter 1. However for sake of clarity we will anyway
repeat some constructions. We fix a flag Yoy C - - - Yy = F as explained in the previous
section and all calculations of Okounkov bodies is with respect to this flag.

Definition 2.11 Suppose D and E are two adelic divisors on a normal quasi-projective
variety U over K. Given a closed irreducible sub-variety F of U with F ¢ B4(D),
we define the graded semi-group I'y | (F) as

Lyp(F) = {((v(s),a1,a2) | ai € Z,s #0 € H'(U|F, Op(a1D + ayE))}

where v(-) is the valuation corresponding to the chosen flag. Furthermore we define
the global Okounkov body A(U) as

Ay r(F) = closed convex cone(I'y | (F)) = Z(T'y|r(F))

which is a closed convex subset of R? x R2,

Definition 2.12 Suppose we have an additive semi-group I'" in R? x R?. Denote by P
the projection from R? x R? to R? and A = X (I") is the closed convex cone generated
by I'. We define the support of A, denoted as Supp(A) to be its image under P. It
coincides with the closed convex cone in R? generated by the image of I" under P.
Finally given a vector @ = (aj, a3) € 72 we denote

M =T NN x Ni)
Ag; = AN [RY x Ra)

Furthermore we denote I'y; as a semi-group inside N¢ x Na = N¢*+! and denote the
closed convex cone generated by it in RT! as ¥ (I'yz).

We begin by showing the crucial property of the ”good” divisors being open.

Lemma 2.13 Suppose D and E are two adelic divisors such that F ¢ By (D) and
F Q B+(5 + qE) for some q € Q. Then there is an € > 0 such that (1,x) €
Supp(Ay|r(F)) forallx € (g — €, q + €).

Proof Suppose both D and E are given by models D;, E; on projective models X;
and rationals {¢; — O} as usual. Further more we denote E{ = D — g1 Do and
E{ = E1 + q1 Eo. We first consider the case when g 7 0. Then by hypothesis there
exists an integer m( depending on A such that F ¢ Bs(mopD + mogpE — pA) for
some very ample divisor A on X and for all sufficiently divisible integers p. Choose
p so large that that E| + pA (resp —E| + pA) is very ample when g > 0( resp.
q < 0). Then choosing sections in

H(U, 2mopD + 2mogpE — 2pA) and H*(U, pA + E}) (resp H'(U, pA — EY))
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which do not vanish identically on F' and finally tensoring them, we get sections in
H°(U,2mopD+2mogpE+E' — pA) (resp HO(U, 2mopD+2mogpE —Ey — pA))
which do not vanish identically on F. Now the effectivity relation E{ < E (resp
E{ > E) induces the inclusion

HOWU, 2mopD + 2mogpE + E; — pA) € H(U, 2mopD + 2mogp + DE — pA)
(resp. HO(U, 2m0p5+ ZqupE — Ei' — pK) C HO(U, 2m0p5+ 2mogp — DE — pz))

when g > 0 (resp ¢ < 0). Hence noting the remark at the end of Definition
2.4, we conclude that F g By(2mopD + 2mogp + 1)D) = B (D + rE) (resp.
F ¢ By(2mopD + (2mogp — 1)D) = By (D +rE)) where r = g + 2mlop > q

(respr = q — 5,— < q) when g > 0 (resp ¢ < 0). Note that then thanks to
Lemma 2.9 we concl]:lde that for some large integer po the pomts po(l,r), po(1,0) €
Supp(Ay|r(F)) as F ¢ B4(D + rE) and F ¢ B (D). Hence arguing as in the
proof of Lemma 1.15 we obtain the claim. Finally for the case ¢ = 0 we repeat the
arguments above in both positive and negative directions with E| and E{ to obtain
such an €. O

As a corollary of the above, we obtain the necessary property which we record next.

Corollary 2.14 Suppose D and E are adelic divisors on a normal quasi-projective
variety U over K and let F be a closed sub-variety of U with F ¢ B, (D). Then for
any d = (ay, az) € Q2 such that a;D + a>E satisfies F Q By (a15 + azf) we have
a € int(Supp(Ay|r (F)))

Proof Due to the homogeneity property in Lemma 2.10 it is enough to show the claim
for a; integers. First note that if D) and D, are two adelic divisors with F ¢_ B+(D )
fori =1,2,then F ¢ B, (D1 + D). To see this pick a positive integer m such that
F ¢ Bs(mD; — A) fori = 1,2 and some ample divisor A on some projective model
X. Then choosing sections on each of the bundles non-vanishing on F and tensoring
them, we produce a section in H O(U, m(Dy + D3) — 2A) which does not vanish
identically on E which clearly shows that F ¢ B (D + D) by definition of the
augmented base locus.

Now first suppose that a; < 0. Then as F ¢ By (D) by hypothesis, by
adding (—a;)D we deduce using our discussion above that F ¢ Bi (wmE) =
B, (E)(resp. By(—E))ifa; > O(resp.az < 0) by the remark at the end of Definition
2.4 and clearly a; # 0. Then switching D with E( resp. —E) we can assume that
ai > 0. Then once again by the remark, we conclude that F ;( By (a1D + aE ) =
By (D + qE) for g = fl’—f Once we obtain this then thanks to Lemma 2.13 we can
argue exactly as in the end of the proof of Lemma 1.15 to obtain the claim. O

Next we show that the interior of the the support is actually non-empty- To show this
we show that the graded semi-group generates the whole Z¢*? in our next Lemma.

Lemma 2.15 Suppose D and E are adelic divisors on a normal quasi-projective vari-
ety U over K and F a closed irreducible sub-variety of U with F ¢ B1(D). Then
Ly r(F) generates 7% as a group.
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Proof The proof is almost identical to the proof of Lemma 1.16. We just need to note
that by the proof of Lemma 2.13, when ¢ = 0 we can find a positive integer n such that
F ¢ Bi.(D— YE) = B,(nD — E). The rest of the argument is identical to Lemma
1.16 thanks to the third property in Lemma 2.7 and as (1, 0) and (n, —1) generate Z>
as a group. O

Finally we are ready to state and prove the main theorem of this section.

Theorem 2.16 Suppose D and E be adelic divisors on a normal quasi-projective
variety U over K and let F be an irreducible closed sub-variety such that F ¢
B+(5). Then there exists a convex body Ay r(F) = Ay|r(F, D, E) C RI*t2 with
the property that for any a = (a1, a2) € Q* with F ¢ B4 (a1D + a»E), we have

Ayjr(aiD 4+ aE) = Ayip(F) N (RY x {a))

where Ay r(a 15+a2f) is the restricted Okounkov body of a1 D+ay E as constructed
in section 2.

Proof Clearly it is enough to show when @ € Z> by homogeneity of Okounkov bodies
(Lemma 2.10). Note that the semi-group I'y|r(a 1D + ar E) sits naturally in N? x
N.a = N4+l and by construction of Ay |r(-), we deduce that AU|F(a1D +aE) =
2y r (a1 D+a2 E)ng) (R x{a}). By Lemma2.13 we get thatd € int(Supp(A(U))
and hence by Lemma 1.14 we have Ay |r(F)rz = E(FU‘F(CllD + a2 E)n;). Hence
we deduce that

Ayir(aiD 4+ aE) = S(Tyjr(a1 D + @ E)nz) N (RY x {a})
= Ayir(F)ra N (RY x {@)) = Ayr(F) N (RY x {a})

concluding the proof. O

2.4 Corollaries

In this section we deduce some corollaries which are direct from the existence of
global bodies for restricted volumes as shown in Theorem 2.16. Note that we already
have the notion of restricted volume of a line bundle L along the closed sub-variety E
of a projective variety X defined similarly as defined before Lemma 2.16 in Lazarsfeld
(2009) which we denote by projective restricted volume in the next corollary.

Corollary 2.17 Suppose D is an adelic divisor on a normal quasi-projective variety
U over K and suppose F is a closed irreducible sub-variety of U with F ¢ B, (D).
Furthermore suppose D is given by a Cauchy sequence of models {X;, D;} and let F )i
be the Zariski closure of F in X j. Then we have

lim dy (Ay|r(D), Ay|r(Di)) =0
11— 00
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where dy (-, -) is the Hausdorff metric and D; is D; considered as a model adelic
divisor. In particular, we have

voly (D) = lim voly;|£,(0(D;))

where volx,|r. (O(D;)) is the projective restricted volume of the line-bundle O(D;)
with respect to Fj.

Proof The proof is very similar to that of the proof of Lemma 1.19. We begin by noting
the set of inclusions

Ayir(D —q;Do) € Ayir(D;j) € Ayjr(D + g Do)

where we put overlines to emphasize that they are looked as model divisors. Now the
first claim follows once again noting that the two extremities of the above inclusions
converge under the Hausdorff metric thanks to Theorem 2.16 and Theorem 13 of
Khovanskii (2012) when ¢ is small enough. Then note that from Lemma 2.13,as F ¢
B (D) we conclude that F ¢ B (D —q,; Do) 2 B (D;) for large enough j as g; —
0. Hence for large enough j we have F ¢ B (D;) which implies vol(Ayr(D;)) =
%\70\1(]|F(D_j) = %volxj \F; (O(D})) thanks to Theorem 2.8 which now clearly gives
the second claim together with the first claim. O

Corollary 2.18 (Log-concavity) Suppose D; are two adelic divisors on a normal
quasi-projective variety U over K for i = 1, 2. Furthermore suppose F is a closed
irreducible sub-variety of U with F ¢ Bs(D;) fori = 1, 2. Then we have

o~ —_ _1 —~ P — | -~ .|
voly|r (D1 + D2)@ > voly p(D1)? + voly p (D7)

where dim(E) = d.

Proof When F ¢ B, (D;) for both i, so is their sum and hence passing to models,
we are reduced to the claim in the projective setting thanks to Corollary 2.17. The
projective case can be deduced from the existence of global bodies as indicated in
Example 4.22 of Lazarsfeld (2009). O
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