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Sym-Noetherianity for powers of GL-varieties

Christopher H. Chiu, Alessandro Danelon,
Jan Draisma, Rob H. Eggermont and Azhar Farooq

Much recent literature concerns finiteness properties of infinite-dimensional algebraic varieties equipped
with an action of the infinite symmetric group, or of the infinite general linear group. In this paper, we
study a common generalisation in which the product of both groups acts on infinite-dimensional spaces,
and we show that these spaces are topologically Noetherian with respect to this action.

1. Introduction

1.1. Sym-Noetherianity and GL-Noetherianity. It has been well-established since the 1980s that if Z is
finite-dimensional variety, then the topological space ZN, equipped with the inverse-limit topology of the
Zariski topologies, has the property that if

X12X,2X32---

is a descending chain of closed subvarieties, each stable under the infinite symmetric group Sym =
U,, Sym([n]) permuting the copies of Z, then X, = X, for all n >> 0. We say that ZN is Sym-
Noetherian; see [Cohen 1967; 1987; Aschenbrenner and Hillar 2007; Hillar and Sullivant 2012] for the
relevant literature.

On the other hand, the third author proved that if Z is a GL-variety: a (typically infinite-dimensional)
affine variety equipped with a suitable action of the infinite general linear group GL=|_J,, GL,, — see below
for precise definitions —then Z is topologically GL-Noetherian. See [Draisma 2019] for Noetherianity,
and see [Bik et al. 2023a; 2023b] for the structure theory of GL-varieties.

1.2. Our result: Sym x GL-Noetherianity. Given a GL-variety Z, the group Sym x GL acts naturally
on ZN, and our main goal in this paper is to prove the following theorem.
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Theorem 1.1 (main theorem). Let Z be a GL-variety over a field of characteristic zero. Then ZN is
topologically Sym x GL-Noetherian. In other words, every descending chain

Xi2X22---

of Sym x GL-stable closed subvarieties of Z" stabilises eventually. Equivalently, any Sym x GL-stable
closed subvariety of ZN is defined by finitely many Sym x GL-orbits of polynomial equations.

Below we give two examples of Sym x GL-varieties; these illustrate that even when Z is a rather
simple GL-variety, Z" will have many Sym x GL-stable closed subvarieties.

Example 1.2. Consider the space of N x N-matrices where Sym permutes the rows, and GL acts
simultaneously on all rows. We can think about this space as Z", where Z is the space AN with the
obvious GL-action. We write x; ; (i, j € N) for the coordinates on this space. Let X be a Sym x GL-stable
proper closed subvariety of this space. Let f be a nonzero polynomial vanishing identically on X involving
only the x;; with 1 <i, j <n, chosen such that »n is minimal among all defining equations of X. We claim
that X is contained in the variety of matrices with rank at most n — 1. Indeed, suppose that a matrix A
in X has rank at least n. Then by basic linear algebra the Sym x GL-orbit of A projects dominantly in the
affine space A"*" corresponding to the upper left n x n-block. This implies that f is the zero polynomial;
a contradiction.

Also, by the minimality of n, there must exist a matrix in X whose rank is n — 1. However, it is not easy
to completely classify the Sym x GL-stable closed subvarieties of ZN containing a matrix of rank n— 1 and
no matrices of rank n. For instance, fix any matroid M of rank n — 1 on the ground set [m] :={1, ..., m}
and let R € A"*#=D be the variety defined by the determinants of the (n — 1) x (n — 1)-submatrices
whose rows correspond to nonbases of M. Regard R as a subvariety of AN*N by extending with zeros
and set Xy := (Sym x GL)R. This Sym x GL-stable subvariety of AN*N is the common zero set of two
classes of polynomials: all monomials containing variables from at least m + 1 distinct rows, and the
Sym-orbits of all products of the form

[ detx[w(Iz), Jx]),
meSym([m])
where each I, C[m]is an (n—1)-element set that is not a basis of M, each J;; is an arbitrary (n—1)-element
subset of N, and x[7 (1), J-] stands for the matrix of variables x;; withi € w(I;) and j € J.

Now suppose that M, M’ are loopless matroids on ground sets [m], [m'], both realisable over the
algebraic closure of the ground field. We then claim that X, = X, holds (if and) only if M, M’ are
isomorphic. Indeed, if X); = Xy, then let p € Amxn=1 c ANXN realise M, so that pEeEXy=Xy.
This means that p satisfies all equations for X ;. Since M is loopless, all rows of p are nonzero, and the
monomial equations for X, imply that m” > m. The converse follows by taking a realisation of M’. That
the determinantal equations for X 5, vanish on p imply that, after a permutation, all nonbases of M’ are also
nonbases of M. Again, the converse holds by taking a realisation of M’. Hence M and M’ are isomorphic.

We conclude that the considerable combinatorial complexity of the class of realisable matroids is
contained in the classification problem for Sym x GL-subvarieties of ZN.
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Remark 1.3. Already the classification of Sym-stable closed subvarieties of (A')" is nontrivial [Nagpal
and Snowden 2020], so it is not so surprising that also the classification of Sym x GL-stable closed
subvarieties of Z" in Example 1.2 is difficult.

Example 1.4. Let Z be the space of symmetric N x N matrices, acted upon by GL via (g, A) — gAg’.
It is not hard to classify the GL-stable closed subvarieties of Z: they are the empty set and the varieties
of matrices whose rank is bounded by some k € {0, ..., 0o}.

Now let X be a Sym x GL-stable proper closed subvariety of ZN, and let n be minimal such that there
exists a nonzero polynomial that vanishes on X and involves only coordinates on the first n copies of Z.
Then it follows from [Eggermont 2015, Proposition 3.3] that X is contained in the variety X, , of N-tuples
in which every n-tuple has a nontrivial linear combination whose rank is at most some integer r. However,
completely classifying all Sym x GL-stable closed subvarieties of X, , seems completely out of reach.

1.3. A generalisation: Sym* x GL-Noetherianity. We prove the main theorem by establishing first the
following more general result.

Theorem 1.5. Let Zy, ..., Zy be GL-varieties over a field of characteristic zero. Then the variety
ZlN X - X Z,L\J is Sym* x GL-Noetherian.

Here there is one copy of GL that acts diagonally, and there are k copies of Sym that act on separate
copies of N. We believe it is impossible to prove the main theorem without considering multiple copies
of Sym. Indeed, covering a proper closed Sym x GL-stable subvariety of ZN requires partitioning N into
finitely many parts such that the points in Z labelled by the indices in one same part behave in a similar
fashion. The following example illustrates this point.

Example 1.6. Let Z be the space of N x N-matrices over a field of characteristic zero, equipped with the
GL-action given by (g, A) — gAg”. Let X be the closed Sym x GL-stable subvariety of Z" consisting
of all infinite matrix tuples (A1, Ao, ...) such that each A; is either symmetric or skew-symmetric. It is
easy to see that X is defined by the Sym x GL-orbit of the equation (x112 +x121) (X112 — X121), Where x; jx
is the (j, k)-entry of the i-th matrix. We will see that the Sym x GL-Noetherianity of X follows from
the Sym? x GL-Noetherianity of the “smaller” variety Z 1N X ZZN, where Z; C Z is the GL-subvariety
of symmetric matrices, and Z, C Z is the GL-subvariety of skew-symmetric matrices. Here the term
“smaller” refers to the fact that both Z; and Z, are quotients of Z. The exact meaning of smaller varieties
is given in Section 2.7.2.

1.4. Relation to existing literature. The main theorem generalises the results mentioned in Section 1.1:
taking for Z a finite-dimensional affine variety with trivial GL-action, one recovers the Sym-Noetherianity
of ZN: and on the other hand, if Z is a GL-variety, then considering chains X; © X, O --- in which
each X; is of the form ZiN with Z; € Z a GL-subvariety, one recovers the GL-Noetherianity of Z.

The proof of the main theorem will reflect these two special cases. We will use the proof method from
[Draisma 2019] for the GL-Noetherianity of Z, and similarly, we will use methods for Sym-varieties from
[Draisma et al. 2022]. In fact, we do not explicitly use Higman’s lemma in our proofs as is classically
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done [Aschenbrenner and Hillar 2007; Hillar and Sullivant 2012; Draisma 2014], and in passing we give
a new proof of the Sym-Noetherianity of Z" for a finite-dimensional variety Z. However, our proof
only yields a set-theoretic Noetherianity result, while in the pure Sym-setting (much) stronger results are
known: increasing chains of Sym-stable ideals in the coordinate ring of Z" with Z a finite-dimensional
variety stabilise [Cohen 1967; 1987; Aschenbrenner and Hillar 2007; Hillar and Sullivant 2012], and
even finitely generated modules over such rings with a compatible Sym-action are Noetherian [Nagel and
Romer 2019]. In the pure GL-setting, however, such stronger Noetherianity results are known only for
very few classes of GL-varieties: over a field of characteristic zero ring-theoretic Noetherianity holds for
a direct sum of copies of the first symmetric power S! [Sam and Snowden 2016; 2019], for the second
symmetric power S2 for /\2 [Nagpal et al. 2016], for S I'q $2 and for S' @ /\2 [Sam and Snowden 2022].

Partitions of N into finitely many subsets also feature in the classification of symmetric subvarieties of
infinite affine space (A!)N [Nagpal and Snowden 2020], and while our proofs do not logically depend on
this classification, that paper did serve as an inspiration.

1.5. Organisation of this paper. This paper is organised as follows. In Sections 2.1 and 2.2 we introduce
polynomial functors and affine varieties over the categories Vec, FI°P x Vec and (FI°P)* x Vec. This
language happens to be more convenient than a purely infinite-dimensional approach, as shown in
Remark 2.9. In Section 2.3 we introduce the category PM with morphisms between (FI°P)* x Vec-
varieties, in which, for the reasons explained in Example 1.6 and above it, k varies. In Section 2.4 we
describe (FI°P)* x Vec-varieties of product type. The simplest ones among these are of the form

k
Z:(ViSt, ..., 80— [1 Zi(W")%,
i=1

which are the ones of interest in our Theorems 1.1 and 1.5. Reformulations of our main theorem and its
generalisation Theorem 1.5 in this language are in Remark 2.19.

Our proofs rely on induction on the “complexity” of product-type (FI°?)* x Vec-varieties. The several
well-founded orders used in this induction are the topic of Section 2.7, which builds on FI-techniques
developed in Sections 2.5 and 2.6. We introduce orders on

(1) polynomial functors (Section 2.7.1),

(2) Vec-varieties with a specified closed embedding in B x Q where B is a finite-dimensional algebraic
variety and Q is a suitable polynomial functor (Section 2.7.2),

(3) (FI°P)k x Vec-varieties of product type in the category PM (Section 2.7.3),

(4) closed subvarieties of (FI°P)f x Vec-varieties of product type (Section 2.7.4).

Then in Section 3 we formulate and prove the parameterisation theorem, Theorem 3.1, the core technical
result of this paper. The statement roughly says that if X is a proper closed (FI°P)* x Vec-subvariety of
a variety Z of product type, then X is covered by finitely many morphisms in PM from (FI°P)! x Vec-
varieties of product form that are smaller than Z in the sense of Section 2.7.3. We prove this theorem by
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induction on closed subvarieties mentioned in (4). The description of these smaller (FI°P)! x Vec-varieties
of product type relies on Proposition 3.3. This proposition allows to partition points according to their
common behaviour with respect to a specific defining equation, similarly to what happens in [Draisma
2019]. Indeed, our Lemma 3.8 is proven as an iteration of the argument for the embedding theorem in
[Bik et al. 2023b], which in turn uses a technique developed in [Draisma 2019]. Essential for applying
Proposition 3.3 is the operation of shifting over a tuple of finite sets, described in Section 2.6. In the final
Section 4 we use all the above to prove that all (FI°P)* x Vec-varieties of product type are Noetherian via
an induction on their order of Section 2.7.3. Theorem 1.5 and the main theorem follow as corollaries.

1.6. Notation and conventions.

« For a nonnegative integer k, we set [k] := {1, ..., k}; so in particular [0] = &.
o Let S be a finite set. We denote by |S| the cardinality of S.

» Throughout this paper, we work over a field K of characteristic zero.

« Sym denotes the infinite symmetric group. It is defined as the direct limit over Sym(n), the symmetric
group on the set [n], with the obvious inclusion maps.

o GL denotes the infinite general linear group. It is defined as the direct limit of GL,,, the general linear
group on K", with inclusion maps GL,, — GL, 4| given by

()

o The category of schemes over K is denoted by Schg. A product X x Y of two schemes will always
mean a product in this category.

o A variety X here is a reduced affine scheme of finite type over K. By K[X] we denote its coordinate
ring, so X = Spec K[X]. If Y is a subvariety of X, then we write Z(Y) € K[X] for the (radical) ideal of
functions on X vanishing on Y.

o If f € K[X] then we write X[1/f]:= Spec(K[X]y).
o Let ¢ : X — Y be a morphism of varieties. We denote by ¢* : K[Y] — K[X] the induced morphism
on coordinate rings.

e By a point x of a variety X we always mean a closed point of X, i.e., an element of X (K).

2. The categories of (FI°P)* x Vec-varieties

2.1. Vec-varieties. Let K be a field of characteristic zero, and let Vec be the category of finite-dimensional
vector spaces over K with K-linear morphisms. We will be working with Vec-varieties, a functorial
finite-dimensional counterpart of GL-varieties. Below, we quickly recap the theory of polynomial functors:
definitions, relevant properties; and we define the notion of Vec-variety. See Remark 2.6 for the connection
with GL-varieties.
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Definition 2.1. A polynomial functor is a functor P : Vec — Vec such that for each U, V € Vec the map
P : Homvec (U, V) — Homyec (P (U), P(V)) is polynomial, and such that the degree of this polynomial
map is upper-bounded independently of U, V. The minimal such bound is called the degree of P.

We will also regard a polynomial functor P as a functor Vec — Schg by composing with the embedding
Vec — Schy given by V — Spec(Symyg (V™)), the spectrum of the symmetric algebra on the dual space V*
of V. Every polynomial functor P equals Py @ - - - @ Py, where d is the degree of P and P; is defined as

Pi(V):={ve P(V)|VteK: P(tidy)v=t'v}).

Considering P as a functor Vec — Schx we have P(V) = Py(V) x --- x P;(V). We note that Py is
a constant polynomial functor, which assigns a fixed vector space P(0) € Vec to all V € Vec and the
identity map to each linear map. We call P pure if Py = {0}.

Let X, Y : Vec — Schg be functors. A closed immersion - X — Y is a natural transformation such
that «(V) : X (V) — Y (V) is a closed immersion for all V € Vec. In particular, X is then a subfunctor of Y.

Definition 2.2. An qaffine Vec-scheme is a functor X : Vec — Schg that admits a closed immersion
X — P with P : Vec — Schg a polynomial functor. A Vec-variety is an affine Vec-scheme X such
that X (V) is reduced for all V € Vec. The category of affine Vec-schemes is the full subcategory of the
functor category Sch}éec whose objects are affine Vec-schemes.

Spelled out explicitly, a Vec-variety X can be described by the data of a polynomial functor P
and a subvariety X (V) € P(V) for each V € Vec such that, for each ¢ € Homyec(U, V), the linear
map P(p) maps X(U) into X (V). A morphism of Vec-varieties t : X — Y consists of a morphism
of varieties (V) : X(V) — Y (V) for each V € Vec such that, for each ¢ € Homvec (U, V), we have
T(V)oX(p)=Y(p)ot(U).

Remark 2.3. The subcategory of Vec-varieties is closed under taking closed immersions and finite prod-
ucts. To see the latter, note that the product of X, Y : Vec — Schy in Sch%ec isgivenby Vi— X(V)xY(V);
and furthermore, given closed immersions X < P and Y < Q, the assignment

X(V)yxY(V)— P(V)x Q(V)
defines a closed immersion of the product X x Y into the polynomial functor P & Q.

Lemma 2.4. The category of affine Vec-schemes admits fibre products.

Proof. First note that for morphisms of affine Vec-schemes X — Y and Z — Y the fibre product X xy Z
of X and Z over Y exists in the functor category Sch}* and is given by

(X xy Z2)(V) := X (V) xyw) Z(V).

Moreover, since Y (V) is affine (or more generally since Y (V) is separated; see [Stacks, Tag 01KR]) the
natural morphism X (V) xy ) Z(V) — X (V) x Z(V) is a closed immersion. The statement then follows
by Remark 2.3. O


https://stacks.math.columbia.edu/tag/01KR
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The main result of [Draisma 2019] says that Vec-varieties are topologically Noetherian.

Theorem 2.5 [Draisma 2019, Theorem 1]. Let X be a Vec-variety. Then every descending chain of

Vec-subvarieties
X=X02X12X,2---

stabilises, that is, there exists N > 0 such that for eachn > N we have X,, = X, 11.

Remark 2.6. If X is a Vec-variety, then X, :=lim., X(K") is a GL-variety in the sense of [Bik et al.
2023b]. This yields an equivalence of categories between Vec-varieties and GL-varieties. Most of our
reasoning will be in the former terminology, but could be rephrased in the latter.

2.2. (FI°P)k x Vec-varieties. Let FI be the category of finite sets with injections.

Definition 2.7. Let k € Z~o. An (FI°P)f x Vec-variety is a covariant functor X from (FI°P)* to the
category of Vec-varieties.

Explicitly, an (FI°P) x Vec-variety is given by the following data: for any k-tuple (S, ..., Sx) we have
a Vec-variety X (S, ..., Sk), and for any k-tuple of injective maps ¢t = (¢1 : S1 — 11, ..oy b 0 Sk = 1),
we have a corresponding morphism X (¢) : X (T1, ..., Tx) > X (81, ..., Sx) of Vec-varieties and the usual
requirements that X (7 o) = X (1) o X(7) and X (ids,, ..., 1ds,) =idx(s,.....s.)-

Again, there are natural notions of morphism and closed immersion of (FI°P)* x Vec-varieties, and we
call an (FI°P) x Vec-variety Noetherian if every descending chain of closed (FI°P)* x Vec-subvarieties
stabilises.

Remark 2.8. In particular, any contravariant functor from FI to finite-dimensional affine varieties, i.e.,
an FI°P-variety, is trivially an FI°? x Vec-variety. In this generality, FI°P-varieties are certainly not
Noetherian; see [Hillar and Sullivant 2012, Example 3.8].

However, we will be largely concerned with (FI°P)* x Vec-varieties defined as follows. Let Z1, ..., Zx
be Vec-varieties, define

X(S1, .., 8 =20 x - x Z* (1)

and for t = (¢q, ..., tx) : (S1, ..., Sp) = (T, ..., Ty) define X (1) as the product of the natural projections

ZTi — 75 associated to ¢;. We will prove that (FI"I’)k x Vec-varieties of this form are, indeed, Noetherian.

Note that we may also regard a (FI°P)* x Vec-variety as a functor (FI°?)* x Vec — Schg. For
fixed k, the (FI°P)* x Vec-varieties thus form a category by considering it as the full subcategory in the
corresponding functor category.

Remark 2.9. If X is an (FI°P)* x Vec-variety, then the group Sym* x GL acts on the inverse limit

im X (... DK™,

This gives a functor from (FI°P)¥ x Vec-varieties to (infinite-dimensional) schemes equipped with a
Sym* x GL-action. Unlike in Remark 2.6, this is not quite an equivalence of categories (even under
reasonable restrictions on the Symk x GL-action). For example, X ([n1], ..., [nt]) could be empty for
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large n; and a fixed nontrivial GL-variety for smaller n;. We will consider an explicit example of this
type later in Example 2.35. In that case, the inverse limit is empty but the (FI°?)* x Vec-variety is not
trivial. Our theorems will be formulated in the richer category of (FI°P)¥ x Vec-varieties.

2.3. Partition morphisms and the category PM. Suppose we are given a point p in some X (S, ..., Sx)(V),
where X is as in (1). Then the components of p labelled by one of the finite sets S; may exhibit different
behaviours, which prompts us to further partition S; into subsets labelling components where the behaviour
is similar. See Example 1.6 for an instance of this phenomenon. In that case, p will be in the image of
some partition morphism; for Example 1.6 this is further explained in Example 2.15. Partition morphisms
are defined below, after another motivating example.

Example 2.10. We revisit a step in the classification of Sym-invariant subvarieties of infinite affine
space from [Nagpal and Snowden 2020]. We do so in the FI-framework, where this corresponds to
closed FI°P-subvarieties of the FI°P-variety X (S) := (A!)S = AS, where, for an injection 7 : § — T,
the map X (1) is the corresponding projection AT — AS. Let Z be a proper closed FI°P-subvariety
of X. By (the FI-analogue of) [Nagpal and Snowden 2020, Proposition 2.6], the number of distinct
coordinates of points in Z(S) is bounded by some natural number /, independently of S. This means
that for every S € FI, Z(S) is contained in the union over all partitions of § into subsets 71, ..., T;
of the morphism ¢ (71, ..., T}) : Al — X (S) that maps (py, ..., p;) to the tuple (g;)ies With g; = p;
for the unique j € [/] with i € §;. The morphisms ¢(T, ..., T;) for varying (Ty,...,T)) € FI' form
a partition morphism into X from the constant (FI°P)/-variety Y : (T, ..., Tj) — A’ an object that is
arguably simpler than X. In the definition that follows, we generalise this notion to the setting where X is
an arbitrary (FI°P)¥ x Vec-variety.

Definition 2.11. Let X be an (FI°P)* x Vec-variety and let ¥ be an (FI°P)! x Vec-variety. A partition
morphism Y — X consists of

(1) amap r : [/] — [k]; and
(2) for each [-tuple of finite sets (71, ..., 7;) a morphism

o(Tis. T YT > X( L T U T))
jer i) jer i)

of Vec-varieties in such a manner that for any /-tuple ¢« = (¢;); € Homgy (S, T,-)l the following diagram
of Vec-variety morphisms commutes:

YT, .. 1) 20 (L) T, L Tj)
jer (1) jer 1@
Y(tr,..ty) X( | T [ zj)
jer—L) jenr =Lk
Y(Sl,...,SZ)WX( Ll Si.... L Sj)

jer=(D) jex=lk)
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Remark 2.12. Note that if we take k =/ and 7w = id, then a partition morphism is just a morphism of
(FI°P)k x Vec-varieties.

There is a natural way to compose partition morphisms: if (i, ¢) is a partition morphism ¥ — X as
above and (p, ¥) is a partition morphism Z — Y, where Z is an (FI°P)" x Vec-variety, then (i, ¢)o(p, ¥)
is the partition morphism given by the data 7 o p : [m] — [k] and the morphisms

(p( L] Ru---s L Rn)ow(Rl,...,Rm):Z(Rl,...,Rm)—>X( L] Ru,.... | Rn>.
nep~1(1) nep~ () ne(mop)~1(1) ne(mwop)~l(k)

A tedious but straightforward computation shows that partition morphisms turn the class of (FI°P)* x Vec-
varieties, with varying k, into a category. We call this category PM.

Definition 2.13. Let X be an (FI°P)¥ x Vec-variety, let Y be an (FI°P)! x Vec-variety, and let (77, ¢): Y — X
be a partition morphism. Let Sy,...,Sx € FI and V € Vec. The (set-theoretic) image of (r, ¢) in
X(S1, ..., S) (V) is defined as the set of all points of the form (X (¢1, ..., ) (V)oop(T1, ..., T1)(V))(q),
where T1, ..., T; are finite sets, ¢ is a point in Y (71, ..., T;)(V), and each ¢; is a bijection from S;
to |_|j€7r,1(l.) T;. The partition morphism (7, ¢) is called surjective if its image in X (S, ..., Sp)(V)
equals X (81, ..., Sx)(V) for all choices of Sy, ..., S and V.

Remark 2.14. In the previous definition, each bijection ¢; induces a partition of the set S;. Furthermore,
if a partition morphism (7, ¢) is surjective and for every i the Vec-variety

X(@,...,0,{%x,2,...,9),

where {x} is a singleton in the i-th position, is nonempty, then the map 7 is automatically surjective,
so that 7 induces a partition of [/] into k labelled, nonempty parts. This is our reason for calling the
morphisms in PM partition morphisms.

The following example rephrases Example 1.6 in the current terminology.

Example 2.15. Let Z be the Vec-variety that maps V to V ® V, and let Z;, Z, be the closed Vec-
subvarieties consisting of symmetric and skew-symmetric tensors, respectively. Consider the FI°P x Vec-
variety defined by S > Z5, and for every finite set S let X (S) be the closed Vec-subvariety given by the
points x = (X5)ses € Z(V)3 such that each component x; is either symmetric or skew-symmetric. Note
that X is a closed FI°P x Vec-subvariety. Let Y be the (FI°P)? x Vec-variety defined by

Y(S1, $2) =2} x Z5°.

We now construct a partition morphism ¢ : ¥ — X as follows. The map 7 : [2] — [1] is the only possible
map, and for every V € Vec and (51, S») € FI°P?, the map

@(S1, $2)(V) : Y(S1, S)(V) = Z1 (V)5 x Zo(V)® — X(S1uSH) (V)

is defined by
((xSl).ﬂESlv (xsz)SQGSz) [ (XS)S€S1LIS2-
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Note that the partition morphism ¢ is surjective. In particular, we say that X is covered by Y, and, as we
have already hinted in Example 1.6, Y is in some sense smaller than the assignment S — Z5. The fact
that we can do this in general is the content of the parameterisation theorem (Theorem 3.1).

The following lemma is immediate.

Lemma 2.16. Let X be an (FI°P) x Vec-variety, let X' be a closed (FI°P)X x Vec-subvariety of X, and let
(1, @) be a partition morphism from an (FI°P)! x Vec-variety Y to X. Then Y' := (1, ) ™' (X') defined by
YTy, ..., T) = o(Ty, ..., Tl)’l(X’( Ll 7i.... L] Tj))

jer (D) jer =)
is a closed (FI°P)! x Vec-subvariety of Y, and the data of 7 together with the restrictions of the morphisms

o(T, ..., T)) gives a partition morphism from Y' to X. Moreover, if (7, @) is surjective, then so is its

restrictionto Y' — X'
The following easy proposition is crucial in our approach to the main theorem.

Proposition 2.17. If (;, ) is a surjective partition morphism from Y to X, and Y is a Noetherian
(FI°P)! x Vec-variety, then X is a Noetherian (FI°P)* x Vec-variety.

Proof. Let X1 © X, D - - - be adescending chain of closed (FI‘“’)" x Vec-subvarieties. By Lemma 2.16, the
preimages Y; := (7, ¢) "1 (X;) are closed (FI°P)! x Vec-subvarieties of Y. Hence the chain Y; DY, D - - -

stabilises by assumption. The surjectivity of (7, ¢) implies the surjectivity of its restriction to ¥; — X;.
This implies that X; is uniquely determined by Y;, and hence the chain X| © X, O - - - stabilises at the
same point. O

2.4. Product type. We now introduce the (FI°P)* x Vec varieties of product type. Essentially, these
are the varieties from Remark 2.8, but for our proofs we will need a finer control over these products.
Therefore, we will work over a general base Vec-variety Y, and keep track of the “constant parts” B; of
the Vec-varieties whose products we consider.

Definition 2.18. Let Y be a Vec-variety and k, ny, ..., ny € Z>9. For each i € [k], let B; be a Vec-
subvariety of ¥ x A, and Q; be a pure polynomial functor. By construction each Vec-variety B; x Q;
has a morphism to Y induced by the projection ¥ x A% — Y. We define the (FI°?)* x Vec-variety
Z=1[Y; By xQi,..., By x Q] via

Z(S1, ..., Sk =(B1 x Q1) Xy - xy (B1 x Q1) xy(B2 x 02) Xy -+ Xy (Br x Q),

cardinality-of-S; times

where for every index i € [k] the fibre product over Y of B; x Q; with itself is taken |S;| times, and
these copies are labelled by the elements of S;; and where the morphism Z(T1, ..., Ty) — Z(Sy, ..., Sk)
corresponding to ¢ : § — T is the projection as in Remark 2.8. We also write the above product in a more
compact notation as P P
(B1 x Q1Y Xy Xy (B X Q)y-

We say that Z is an (FI°P)f x Vec-variety of product type (over Y).
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Note that Z(Sy, ..., Sx) is naturally a closed Vec-subvariety of
k
Y x JTA" x 0%,
i=1

where the product is over K. Moreover, if k£ = 0, then by definition Z =Y.

When we talk of (FI°P)* x Vec-varieties of product type, we will always specify each B; together with
its closed embedding in ¥ x A" ; the reason being that, in the proof of the main theorem, we aim to argue
by induction on both Y and n;.

Remark 2.19. The settings of Theorems 1.1 and 1.5 can be rephrased in our current terminology as
follows. Consider Vec-varieties Zi, ..., Z;. Then for every i € [k] there exist n; € Zs¢, a closed
subvariety A; € A", and a pure polynomial functor Q; such that Z; C A; x Q;. Define Y to be a point,
and B; :=7Y x A;. Then the variety ZlN X oo X Z,L\‘ of Theorem 1.5 is a subvariety of the product-type
(FI°P)* x Vec-variety

Y5 B1 x Q1, ..., B x Q«l,

with k = 1 being the special case addressed in Theorem 1.1.

Remark 2.20. In [Draisma et al. 2022], for FI°P-varieties (no dependence on Vec), the notion of product
type is more restrictive. Essentially, there the last three authors considered a single finite-dimensional
affine variety Z with a morphism to a finite-dimensional, irreducible, affine variety Y, with the additional
requirement that K[Z] is a free K[Y]-module. This then ensures that each irreducible component of
7% maps dominantly to Y. In [Draisma et al. 2022] this is used to count the orbits of Sym(S) on these
irreducible components.

The following example describes the partition morphisms between product-type varieties. It is particu-
larly relevant as this is the shape of the partition morphisms we will be dealing with in our proof of the
parameterisation theorem (Theorem 3.1).

Example 2.21. Let Z' :=[Y'; By x Q),..., B/ x Q;] and Z := [Y; By x Q1, ..., By x Q] be an
(FI°P)! x Vec-variety and an (FI°P)* x Vec-variety of product type over Y’ and Y, respectively. We want
to construct a partition morphism (7, ¢) : Z’ — Z. Consider the following data:

e Let r : [[] — [k] be any map.

e Let o : Y — Y be a morphism of Vec-varieties.

« Foreach j €[l]let B;: B x Q; = Bx(j) X Qn(j) be a morphism of Vec-varieties such that the following
diagram commutes:

B,
Bj; x Q) —— Bx(j) X Qx(j)

L

Y ————— Y
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For each (T, ..., T;) € FI' we define the morphism of Vec-varieties
<p(T1,...,Tl):Z’(Tl,...,Tl)—>Z( Ll T.... LI Tj)
jer=l(1) jernl(k)

as follows. Let S; :=|_| T;. Then for any V € Vec the element

jer=1@)
()1 @ Drery)jetn € (B x QDP(V) xyr - xyr (B] x QDyh(V)
is mapped to the element

(Bi (VYD) 1. @ Dier) jen-16) itk € (B x Q1Y (V) Xy -+ xy (B x Q)Y (V).

By construction, the pair (7, ¢) is a partition morphism Z" — Z. Conversely, every partition morphism
Z' — Z is of this form. Indeed, from a general partition morphism Z’ — Z, « is recovered by taking
all T; empty and B; is recovered by taking 7 a singleton and all 7 with j’ # j empty. That (2) commutes
then follows by applying the commuting diagram from the definition of a partition morphism to the
morphism (&, ..., D,...,2) — (,...,{x},...,®) in FL.

2.5. The leading monomial ideal. The following definition gives a size measure for a closed subvariety
B CY x A"

Definition 2.22. Let Y be a Vec-variety, n € Z-o and B a closed Vec-subvariety of ¥ x A". For V € Vec
consider the ideal Z(B(V)) of K[Y(V)][xy, ..., x,] defining B(V). We fix the lexicographic order
on monomials in xy, ..., x,, and denote by LM(B) the set of those monomials that appear as leading
monomials of monic polynomials in Z(B(V)), i.e., those with leading coefficient 1 € K[Y (V)].

Indeed, LM (B) is well-defined:
Lemma 2.23. The set LM(B) does not depend on the choice of V.

Proof. Let V € Vec and consider the linear maps t: 0 — Vand 7w : V — 0. If f € Z(B(V)) is monic
with leading monomial x*, then applying Y (1)* to all coefficients of f yields a polynomial in Z(B(0))
which is monic with leading monomial x*. This shows that the leading monomials of monic polynomials
in Z(B(V)) remain leading monomials of monic elements in Z(B(0)). One obtains the converse inclusion
by applying Y (7). O

The following lemma monitors the size of LM of the constant parts after a base change in product-type
varieties. It is used in Proposition 2.28.

Lemma 2.24. Let Y' — Y be a morphism of Vec-varieties, let B be a closed Vec-subvariety of Y x A",
and define B’ :=Y' xy B CY' x A". Then LM(B’) 2 LM(B).

Proof. Pulling back a monic equation for B(V) along Y'(V) x A" — Y (V) x A" yields a monic equation
for B’(V') with the same leading monomial. O
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2.6. Shifting over tuples of finite sets. Shifting over a finite set is a standard technique in the theory of
FI-modules [Church et al. 2015], and was also used by the last three authors in [Draisma et al. 2022] to
turn certain FI°P-varieties into products. The third author used the operation of shifting over a vector
space in [Draisma 2019] to prove what became “the embedding theorem” for GL-varieties in [Bik et al.
2023b, Theorems 4.1, 4.2]. Here we describe this operation in the context of (FI°P)* x Vec-varieties.

Definition 2.25. Let X be an (FI°P)X x Vec-variety and let S = (S1, ..., S) € FI*. Then the shift Shg X
of X over S is the (FI°P)X x Vec-variety defined by

(Shs X)(Ty, ..., Tp) =XS1uTy, ..., uUTy)
and, for injections ¢; : T; — T/,
(Shs X)(¢1, ..., ) := X (dg, Ly, ..., idg, Litg).
Remark 2.26. Consider a tuple S = (S, ..., S) in (F I°P)* and define the covariant functor

Shy : (FI?)* x Vec — (FI°?)f x Vec

by assigning to each tuple (71, ..., T) the tuple (S; U Ty, ..., S U T;) and assigning to each morphism
iy, ) (T, o, T — (T, ., Tk’) the morphism ¢ Uidg. In particular Shg X is the composition
X o Shg.

Remark 2.27. Let V € Vec. While Shy X (71, ..., T;)(V) and X (S; U Ty, ..., Sy UTy)(V) coincide as
sets, the action induced by functoriality of the £ copies of the symmetric group on them is different.
Indeed, the groups Sym(77) X --- x Sym(7}) and Sym(S; U 7T7) x --- x Sym(S; U Ty) act, respectively,
on the former and on the latter.

The following proposition describes the shift operation on product-type varieties.
Proposition 2.28. The shift Shs Z over S = (Si, ..., Sk) of an (FI°P)* x Vec-variety
Z:=[Y; By xQi,..., B x Q]
of product type is itself isomorphic to a variety of product type:

Shg ZZ[Y'; By x Q1, ..., B, x Q]

with
Y := (B x Q1) xy---xy (B x Qp)y and B]:=Y'xy B.

Furthermore, each B! is naturally a Vec-subvariety of Y' x A", and we have LM(B]) 2 LM(B;).

Proof. Straightforward. The last statement follows from Lemma 2.24. O

2.7. Well-founded orders. In this paper a preorder < on a class is a reflexive and transitive relation. We
also write B > A for A < B. Furthermore, write A < B or B > A to mean that A < B but not B < A.
The preorder is well-founded if it admits no infinite strictly decreasing chains A} > Ay > ---.
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In this section we first recall a well-founded preorder on polynomial functors. Building on it, we define
well-founded preorders

« on varieties appearing in the definition of (FI°P)* x Vec-varieties of product type,

« on product-type varieties, and

« on closed subvarieties of a fixed product-type variety.
2.7.1. Order on polynomial functors.

Definition 2.29. For polynomial functors P, Q, we write P < Q if P = Q or else, for the largest ¢
with P, £ Q,, P, is a quotient of Q,.

This is a well-founded partial order on polynomial functors; see [Draisma 2019, Lemma 12].

2.7.2. Order on Vec-varieties of type B x Q. Consider Vec-varieties Y, Y’, integers n, n’, pure polynomial
functors Q, Q’, and Vec-subvarieties B C Y x A", B’ C Y’ x A". We say that B’ x Q' < B x Q if

(1) Q' < Q in the order of Definition 2.29; or
(2) Q"= Q, n’ =n and LM(B’) 2 LM(B).
This is a preorder on Vec-varieties of this type.

Remark 2.30. We remark that < is defined on Vec-varieties with a specified product decomposition
B x Q where B is a Vec-variety with a specified closed embedding into a specified product Y x A" of a
Vec-variety Y and some . It is not a preorder on Vec-varieties without further data.

Lemma 2.31. The preorder on Vec-varieties defined as above is well-founded.
Proof. Suppose we have an infinite strictly decreasing chain
By x Q1 >ByxQy>---

with B; C Y; x A", Then we have Q| > Q; > - - -. By the well-foundedness of > on polynomial functors,
there exists a j > 1 such that both Q; and n; are constant for i > j. But then

LM(B;) C LM(Biy1) & - -+,

which contradicts Dickson’s lemma. O
2.7.3. Order on product-type varieties. Consider an (FI°P)k x Vec-variety Z :=[Y; B1xQ1, ..., BgxQ¢l,
and an (FIP)/ x Vec-variety Z' :=[Y’; B] x Q}, ..., B/ x Q}]. We say that Z' < Z if there exists a map

7 : [l] — [k] with the following properties:
(D) B} X Q/j =< Bn(j) X Qn(j) holds for all je€ [7].
(2) For all j whose r-fibre 7 ~!(77(j)) has cardinality at least 2 we have B} X Q/j < Br(j) X Qx(j)-

(3) If 7 is a bijection, then either at least one of the inequalities in (1) is strict, or else Y’ is a closed
Vec-subvariety of Y.
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Lemma 2.32. Suppose Z' < Z is witnessed by © : [[] — [k] and suppose that at least one of the
following holds:

o [ #k,or
o at least one of the inequalities in (1) is strict.
Then we have Z' < Z.

Proof. Assume, on the contrary, that o : [k] — [I] witnesses Z < Z'. Construct a directed graph I' with
vertex set [/] LI [k] and an arrow from each j € [/] to 7w (j) and an arrow from each i € [k] to o (i). Like
any digraph in which each vertex has out-degree 1, I' is a union of disjoint directed cycles (here of
even length) plus a number of trees rooted at vertices in those cycles and directed towards those roots.
Moreover, those cycles have the same number of vertices in [/] as in [k].

The assumptions imply that at least one of the vertices of I does not lie on a directed cycle. Without
loss of generality, there exists an i € [k] not in any cycle such that j := o (i) lies on a cycle. Let n be half
the length of that cycle, so that (o7)"(j) = j. Then we have

B x 0} 2 Br(jy X Qr(j) 2+ 2 Broay-1(j) X Catomy—1() < Blony(jy X Quony(jy = Bj x @,

where the strict inequality holds because o ~!(j) has at least two elements: i and 7(o7)"~'(j). By
transitivity of the preorder from Section 2.7.2, we find B; x Q’; < B} x Q';, which however contradicts
the reflexivity of that preorder. O

Lemma 2.33. The relation < is a well-founded preorder on varieties in PM of product type.

Proof. For reflexivity we may take m equal to the identity. For transitivity, if 7 : [[] — [k] witnesses
7' < Z and o : [k] — [m] witnesses Z < Z”, then T := o o7 witnesses Z’' < Z” — here we note that if
|t~ 1(z(j))| > 1 for some j € [I], then either |7 ' (7 (j))| > 1 orelse |o (o ((j)))| > 1; in both cases
/ / 1 1
we find that B; x Qj < Bf(j) X Qr(j).
For well-foundedness, suppose that we had a sequence Z| > Z, > Z3 > - - -, where

Zi=[Y;; Bi1 X Qi1,..., Big, X Qi 1,

and where m; : [k;+1] — [k;] is a witness to Z; > Z;+1. We note that k; > O for all ;. Otherwise
O0=ki=kiy1=---andthen Z; =Y; > Z; 11 =Yi41 > --- implies that ¥; D ¥; | 2 - - -, which contradicts
the Noetherianity of the Vec-variety Y;; see Theorem 2.5.

From the chain, we construct an infinite rooted forest with vertex set [k;]U[k2] U - - - as follows: [k]
is the set of roots, and we attach each j € [k;11] via an edge with 7; (j); the latter is called the parent of
the former. We further label each vertex j € [k;] with the product B; ; x Q; ;.

We claim that 7; is an injection for all i > 0, i.e., that there are only finitely many vertices with more
than one child. Indeed, if not, then by Konig’s lemma the forest would have an infinite path starting at a
root in [k;] and passing through infinitely many vertices with at least two children. By construction, the
labels B x Q decrease weakly along such a path and strictly whenever going from a vertex to one of its

more than one children, a contradiction to Lemma 2.31.
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For even larger i, the k; are constant, say equal to k, and hence the 7r; are bijections. After reordering,
we may assume that the 7r; all equal the identity on [k]. Moreover, for all such i we still have B; ; x Q; ; >
Bi1,jxQiy1,j > forall j €[k], and all these chains stabilise. When they do, we have ¥; 2 Y; 11 2 ---,
which is a strictly decreasing chain of Vec-varieties — but this again contradicts the Noetherianity of
Vec-varieties. O

2.7.4. Order on closed subvarieties of product-type varieties in PM. Consider the (FI°P)* x Vec-variety
Z=1[Y;B; x Q1,..., Bt x O] and let X be a closed (FI°P)¥ x Vec-subvariety of Z; X is not required
to be of product type. We define

k
Sy 1= min { |S,~|:X(Sl,...,Sk)#Z(Sl,---,sk)}
(S1,...,Sp)eFIF L 2

Let X and X’ be closed (FI°?) x Vec-subvarieties of Z. Then we say X’ < X if 8x» < 8x. This is a

well-founded preorder on the (FI°P)* x Vec-subvarieties of Z.

Remark 2.34. If f is a nonzero equation for X (Si, ..., Sx)(V) with ), |S;| = 8x, then f may still “come
from smaller sets”. More specifically, there might exist a k-tuple (S}, ..., ;) with |S/| <|S;| for all i € [k]
and with strict inequality for at least one i, an FIk—morphism =1, ey li) (S{, e, S,/() - (S1, ..., S0,
and an element f' € K[Z(S], ..., S;)(V)] such that ZW)(V)*(f") = f. This is related to Remark 2.9.
The following example demonstrates this phenomenon.

Example 2.35. Consider the FI°? x Vec-variety Z := [Spec(K); A!]. The coordinate ring K[Z(S)] is
isomorphic to the polynomial ring over K in |S| variables. Let n € Z.( and define the proper closed

variety X of Z by
Z(S) for|S| <n,

%} otherwise.

X(S):= {

Then 8y is equal to n and computed by the element 1 € K[Z([n])], which is the image of 1 € K[Z(9)]
under the natural map K[Z(2)] - K[Z([n])].

3. Covering (FI°P)* x Vec-varieties by smaller ones

3.1. The parameterisation theorem. The goal of this section is to prove the following core result, which
says that any proper closed subvariety of an (FI°P)* x Vec-variety of product type is covered by finitely
many smaller such varieties.

Theorem 3.1 (parameterisation theorem). Consider an (FI°P)X x Vec-variety Z of product type and let
X C Z be a proper closed (FI°P)* x Vec-subvariety. Then there exist a finite number of quadruples
consisting of

e anl € Zxp;

e an (FI°?)! x Vec-variety Z' of product type with Z' < Z;

e ak-tuple S= (S, ..., S;) € FI*; and

e a partition morphism (w, ¢) : Z' — Shyg Z;
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such that for any Ty, ..., T; € FI, any V € Vec, and any p € X(Ty, ..., T)(V) there exist. one
of these finitely many quadruples; finite sets Uy, ..., Uy; and bijections o; : T; — S; U U;; such
that p lies in the image under Z(oy, ..., o01)(V) of the image of (;, ¢) in Shg(Z)(Uy, ..., Up)(V) =
Z(Sl Uy, ..., Squ Uk)(V).

Remark 3.2. Recall Definition 2.13 of the image of a partition morphism. Explicitly, the conclusion

above means that there exist finite sets U}, ..., U/ and, for each i € [k], a bijection ¢; : U; — |_|jen,1(i) U},
and a point ¢ € Z'(Uj, ..., U))(V) such that
(Z(o1,...,00)(V)o(Shs Z)(t1, ..., u)(V)op(U, ..., U)(V))(g) = p.

Informally, we will say that all points in X are hit by finitely many partition morphisms from varieties Z’
in PM of product type with Z' < Z.

3.2. A key proposition. The proof of Theorem 3.1 uses a key proposition that we establish first. The
reader may prefer to read only the statement of this proposition and postpone its proof until after reading
the proof of Theorem 3.1 in Section 3.5.

Proposition 3.3. Let Y be a Vec-variety; n € Z>o; B a closed Vec-subvariety of Y x A"; O a pure
polynomial functor; and X a proper closed Vec-subvariety of B x Q C Y x A" x Q. Then there exist

e a proper closed Vec-subvariety Yoy of Y ;
e a Vec-variety Y' together with a morphisma : Y — Y,
o keZso;

and, foreachl=0,...,k,
* an integer n; € Zy;
e a closed Vec-subvariety B CY' x A,
e a pure polynomial functor Qy;
o and a morphism B; : By x Q; — B x Q,

such that the following properties hold:

(1) Foreachl =0, ..., k, we have that By x Q; < B x Q in the preorder from Section 2.7.2, and the

following diagram commutes: 5
Bix Q0 ——BxQ

L

Y ————Y

(2) Letm € Z>p, let V € Vec, and let py, ..., pn € X(V) S Y (V) x A" x Q(V) be points whose images
in Y (V) are all equal to the same point y € Y (V) \ Yo(V). Then there exist indices l; € {0, ..., k}
for j € [m] and points p;- € B, (V) x Q;(V) whose images in Y'(V) are all equal to the same
point y' and such that ,BIj(V)(p;.) = pj forall j € [m].
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Remark 3.4. The condition B, (V)( p}) = pj, together with the commuting diagram in (1), implies
a(y)=y.

Remark 3.5. The labelling by / € {0, ..., k} rather than by / € [k] is chosen because in the proof of
Proposition 3.3 the data for / = 0 are chosen in a slightly different manner than those for [ > 0. However,
in the statement of that proposition, all / play equivalent roles.

To apply Proposition 3.3 in the proof of Theorem 3.1 we will do a shift over an appropriate k-tuple
of finite sets. After this shift, we deal with the points of X lying over Yy by induction, while we cover
those in the complement by a partition morphism constructed with the morphisms « and B;’s, and whose
domain is a product-type variety strictly smaller than Z. Before proving Proposition 3.3 in Section 3.4,
we demonstrate its statement in two special cases.

Example 3.6. Consider the case where Y = Spec K and n = 0; then B C Y x A" is also isomorphic to
Spec K. Let Q be an arbitrary polynomial functor. In this case, X is a proper closed Vec-subvariety of Q
and by [Bik et al. 2023b] there exist k € Z-, (finite-dimensional) varieties By, ..., By, pure polynomial
functors Qo, ..., Or < Q and morphisms B; : B; x Q; — Q such that X is the union of the images
of the B;. This is an instance of Proposition 3.3 with Yy = &, Y’ =Y, and « = idy. Note that then
By x Q) < Q since Q; < @, so the specific choice of embedding B; € A™ is not relevant.

Example 3.7. Consider the case where Y is constant, that is, just given by a (finite-dimensional) variety,
and Q =0. Since X is a proper closed subvariety of B C Y x A", there exist a V € Vec and a nonzero
function f € K[B(V)] that vanishes identically on X (V).

Then f is represented by a polynomial in K[Y (V)][xy, ..., x,], also denoted by f. We may reduce f
modulo Z(B(V)) in such a manner that its leading term c¢ - x* has the property that ¢ € K[Y (V)] is
nonzero and x* ¢ LM(B). Then we take for Y the closed subvariety of Y defined by the vanishing of ¢
and for Y’ the complement Y \ Yy, with @ : Y/ — Y being the inclusion. Furthermore, we take k = 0,
and By to be the intersection of B with Y’ x A" and with the vanishing locus of f in ¥ x A". Then
LM(By) 2 LM(B) and since c is invertible on Y’ and f vanishes on By, x* € LM(By) \ LM(B). To
verify (2) of Proposition 3.3, we observe that the p; all map to the same pointin Y’ =Y \ Yy, i.e., p; lies
in the set By C B, and we can just take p;. :=pj forall j.

3.3. Iterated partial derivatives. The main technical result for proving Proposition 3.3 is Lemma 3.8
below. This is essentially an iteration of the argument used to establish the embedding theorem in
[Bik et al. 2023b], which involves directional derivatives of a function defining a Vec-variety along a
direction lying in an irreducible subobject of the top-degree part of the ambient polynomial functor.

Lemma 3.8. Let B be a Vec-variety and Q a pure polynomial functor. Decompose
O=Ri® - DR,

where the R; are irreducible objects in the abelian category of polynomial functors, arranged in weakly
increasing degrees. Denote with R<, the functor @;_, R;, so that R<o = 0. Let X be a proper closed

Vec-subvariety of B x Q.
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Then there exist

e akeZsp;

e Uy, ..., Uy € Vec with partial sums U<, :== @;_, U; fors > 0;
e indicesO=sy <51 <---<s; <t

o foreachl € {0, ..., k} a nonzero function h; € K[B(U<;) X R<;;(U<)] (so that hy € K[B(Up)]);
and

o for each | € {1,...,k}, a nonzero coordinate x; € R, (U;)* and a function r; in K[B(U<) x
(R<y,(U<)) /Ry, (Up))] such that
hi=x;-hi—1 +ri;

and such that, moreover, the function hy vanishes on X (U<).

Remark 3.9. It is here that we use the fact that K has characteristic zero, in at least two different ways:
the fact that an arbitrary polynomial functor is a direct sum of irreducible ones, and the fact that, by
acting with the Lie algebra of GL,,, we can go from an equation to an equation of weight (1, ..., 1). We
think that our main theorem may be true in positive characteristic as well, but the proof would be more
technical and involve techniques from [Bik et al. 2024], where the theory of GL-varieties in positive
characteristic is developed.

Proof. Let U be a finite-dimensional vector space for which there exists a nonzero f € K[B(U) x Q(U)]
that vanishes identically on X (U). Without loss of generality, U = K" for some n. Since the vanishing
ideal of X (U) is a GL(U)-module, we may assume that f is a weight vector with respect to the standard
maximal torus in GL(U) = GL,,. Furthermore, by enlarging U if necessary (n = deg( f) suffices) we
may assume that the weight of f is (1, ..., 1) (see [Snowden 2021, Lemma 3.2]; strictly speaking, our
GL(U)-action is contragredient to the action there, and writing (—1, ..., —1) would be more consistent).

Choose si as the maximal index in [¢] such that f involves coordinates in R, (U)*; if no such index
exists, then k is set to zero, and we may take Uy = U and hg = f € K[B(Up)] and we are done.

After acting with the symmetric group Sym([n]) if necessary, we may assume that f contains at
least one coordinate in R, (U)* of weight (0,...,0,1,...,1) =: (O"/, 1), where there are n’ zeroes
and ny ones, with n’ +n; =n. We set U’ := K" and Uy := K™, so that U = U’ @ Uy. Since f has weight
(1,...,1), we can decompose

f=(iéﬁ-yi)+r

where N > 1, the f; have weight (1”', 0"%); the y; are elements in Ry, (U)* of weight (0"/, 1"%) and hence
lie in Ry, (Ux)*; and r does not contain elements in Ry, (Ui)*. This implies that the f; are elements of
K[B(U’) x R<;,(U")] and r is an element of K[B(U’ @ Uy) x (R<y, (U’ @ Ui)/Rs, (Ux))]. Furthermore,
we may assume that the f; are linearly independent over K.

Now act on f with upper triangular elements of gl(Uy). With respect to this action, the f; are
constants, the y; are replaced by higher-weight vectors in R, (U)*, and r remains an element of
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K[B(U' ®Uyi) X (R<5, (U ®Uy)/Rs, (Ux))]. We can choose a sequence of such upper triangular elements
that takes y; to a nonzero highest weight vector v in R, (Uy)*, and the same sequence will take each y; to
a scalar multiple of v. Since the f; are linearly independent, the term f] - v in the result is not cancelled.
Hence after this action, f has been transformed to the desired shape

f=h-xk+r
with & € K[B(U’) x R<5, (U")], xx a nonzero highest weight vector in Ry, (Uy)* and r lies in the ring
K[B(U' @ Uy) x (R<s, (U ® Ux) /Ry, (Up)].

Now we treat the pair (U’, h) in exactly the same manner as we treated the pair (U, f), dragging r along
in the process: pick s;_; maximal such that & contains elements from R;, ,(U’)* By acting with the
symmetric group Sym([n']) on f we may assume that & contains an element from R;,_,(U’)* of weight
(0", 1™-1), with n” +ng_; =n’. Then set U” = K" and Uy_; = K", so that U' = U" @ Uy_,. By
acting on f with upper triangular elements of gl(U_;) we transform it into the shape
= xko +F) x+,
where x; has not changed, r has changed within the space K[B(U' @ Uyi) x (R<, (U' ® Uy)/Rs, (Up))],
Xi—1 is a highest weight vector in Ry, | (Ux—1)* h lies in K[B(U") x R, ,(U")], and 7 lies in the ring
K[B{U"® Ur—1) X (R<yy_,(U" ® Ur_1) /Ry, _, (Ur—1))].
Continuing in this fashion, we eventually put f in the form
J=xk(xp—1(- - (a(xrho+r1) +r2) - -) +re—1) + 7%
where hg € K[B(Up)] and Uy is the space left over from U after splitting off all the U; with i > 0. Now set

hyi=x (-1 (- - (2(xtho+r) +r2) =) +r—) +r
and we are done. O

3.4. Proof of Proposition 3.3. This section contains the proof of the Proposition 3.3, and, for clarity’s
sake, we spell it out in a concrete example at the end.

Remark 3.10. We recall that, for any Vec-variety Z and any U € Vec, the shift Shy Z of Z over U
is the Vec-variety defined by (Shy Z)(V) = Z(U & V). There is a natural morphism Shy Z — Z of
Vec-varieties: for V € Vec, this morphism (Shy Z)(V) =Z(U & V) — Z(V) is just Z(;ry), where my
is the projection U @V — V.

Lemma 3.11. Let Y be a Vec-variety, n € Z>q, and B a closed Vec-subvariety of Y x A". Then for any
U € Vec, Shy B is a closed Vec-subvariety of (Shy Y) x A", and LM(B) = LM(Shy (B)).

Proof. This follows from Lemma 2.24. O
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Remark 3.12. Let X be a Vec-variety, U € Vec and f € K[X (U)]. We define (Shy X)[1/f] to be the
Vec-variety given by V — X (U @ V)[1/f], where we identify f with its image under the natural map
K[X(U)] - K[X (U & V)]. Note that the action of the group GL on the coordinate ring of Shy X is
the identity on the element f. In particular, for every V € Vee, (Shy X[1/f])(V) C Shy X (V) is the
distinguished open set of points not vanishing on the single f.

Proof of Proposition 3.3. Since X is a proper closed subvariety of B x Q, we apply the machinery of
Lemma 3.8. Decompose Q as R} @ --- & R,;, where the R, are irreducible polynomial functors and
deg(Ry) <deg(Rsy1) foralls=1,...,t—1. Write R« ;=R ®---®Ryand R :=R; 11 ®--- DR,
so that R<o = {0} and R-, = {0}.

By Lemma 3.8, we can construct a sequence of vector spaces Uy, Uy, ..., Uy with partial sums U<; :=
@f’:o U;, indices 0=s9 < 51 < - - <s¢ <t, nonzero coordinates x; € Ry, (U;)* for [ € [k], nonzero functions
h; € K[B(U<;) X R<s,(U<)] for I =0, ...,k and functions r; € K[B(U<;) x (R<;,(U<)/Ry,(Up))]
for [ € [k] such that

hy=x;-hi—1+n (A)
foreach/ =1, ..., k and such that A that vanishes on X (U<).
Now hg € K[B(Uy)] is represented by a polynomial in K[Y (Up)][xy, ..., x,], and after reducing

modulo Z(B(Uy)), we may assume that its leading term equals c - x* where ¢ € K[Y (Up)] is nonzero
and x* € LM(B).
Now set U := U<t = Uy @ - - - @ Ux. Then we construct the relevant data as follows.

(1) Define Yy as the closed Vec-subvariety of Y defined by the vanishing of ¢, so that
Yo(V) :={y € Y(V) | V¢ € Homyec(V, Uo) : c(Y (¢)y) = 0}.

(2) Set Y’ := (Shy Y)[1/c] with & : Y/ — Y the restriction to Y’ of the natural morphism Shy ¥ — Y.

(3) Let By be the closed Vec-subvariety of (Shy B)[1/c] defined by the vanishing of the single equation 4.
Note that By is a closed Vec-subvariety of Y’ x A" with ng :=n. Define Qg:= Q and By: Box Qo — Bx Q
as the identity on Q and equal to the restriction to By of the natural morphism Shy B — B on By. Note
that LM(Bg) © LM(B) by virtue of Lemma 3.11, and since kg € Z(Bo(Up)) has leading term ¢ - x* and ¢
is invertible on Y’, we have x* € LM(By) \ LM(B). Thus By x Qp < B x Q.

(4) Forl € [k], set
Ql = ((ShU Rfsl)/(Rgsl(U) ® Rsl)) & R>s;-

Here we recall that, for any pure polynomial functor R, the top-degree part of Shy R is naturally isomorphic
to that of R, and its constant part is isomorphic to R(U) (see [Draisma 2019, Lemma 14] for the first
statement; the second is proved in a similar fashion). So, since we ordered the irreducible factors Ry
by ascending degrees, Ry, is naturally a subobject of the top-degree part of Shy R<y,; and the constant
polynomial functor R, (U) is the constant part of Shyy R<,,. Both are modded out, and we have Q; < Q.
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(5) Forl € [k], we define B; as
B, := (Shy B)[1/c] X R<;(U) x Al C Y’ x A" x Rey,(U) x Al =¥’ x A™,

where n; :=n 4+ dim(R<; (U)) + 1. Note that the factor R<,(U) is precisely the constant term modded
out in the definition of Q;; the role of the factor A! will become clear below.

(6) To construct B : By x Q; — B x Q we proceed as follows. Let X; be the closed Vec-subvariety
of B x R<y, defined by the vanishing of /;. Then (A) shows that, on the distinguished open subvariety
(Shy_,_, X)[1/ hi—1], the coordinate x; can be expressed as a function on Shy_, ; B x ((Shy_,_; R<y,)/Ry,)
evaluated at U;. Since Ry, is irreducible, each coordinate on it can be thus expressed; this is a crucial
point in the proof of [Draisma 2019, Lemma 25]. This implies that the projection

ShUgl—l B x ShUg[-l RSS/ — (ShUgl—l B) X (ShUS[_1 Rfs;)/Rsl

restricts to a closed immersion of (Shy_,_, X;)[1/h;—1] into the open subvariety of the right-hand side
where A;_1 is nonzero. This statement remains true when we replace U<;_; everywhere by the larger
space U. After also inverting ¢, we find a closed immersion

(Shy X)[1/hi-11[1/¢] — (Shy B)[1/c] x (Shy R<y)/ Ry, x Al,

where the map to the last factor is given by 1/h;_;. By [Bik 2020, Proposition 1.3.22] the inverse
morphism from the image of this closed immersion lifts to a morphism of ambient Vec-varieties

L2 B x (Shy R<y)/(R<y,(U) ® Ry) = (Shy B)[1/c] x (Shy R<y)/Ry x Al — Shy (B x R<y)

that hits all the points in (Shy X;)[1/h;—1]1[1/c]. Finally, we define g; := ,Bl’ X idRM[ where ,Bl’ is the
composition of ¢ and the natural morphism Shy (B x R<;,) — B X R<y,.

Property (1) in the proposition holds by construction. We now verify property (2). Thus let V € Vec,
m € Zsg, and let py, ..., pp € X(V) C Y(V) x A" x Q(V). Assume that the images of py, ..., pm
in Y (V) are all equal to y, and that y ¢ Yy(V). By definition of Y, this means that there exists a
¢ € Homyec(V, U) such that c(Y (¢)(y)) # O.

On the other hand, we have hi(X(¥)(p;)) = 0 for all j and all ¥ : V — U, because h; vanishes
identically on X. For j € [k] define

lj :=min{l | V¢ € Homyec(V, U) : hi(X(¥)(p;)) = 0}.

Put differently, /; is the smallest index / such that the projection of p; in B x R<, lies in X; € B X Ry,.
Note that, if /; > 0, then there exists a linear map { : V — U such that hlj_l(X(w)(pj)) #£ 0.

Since Homyec(V, U) is irreducible, there exists a linear map ¢ : V — U such that first, c(Y (¢)(y)) #O0;
and second, h;—1(X (¢)(p;)) # 0 for all j with /; > 0.

We now define the p;. as follows. First, we decompose p; = (pj 1, pj,2), where p; 1 € B(V) x Rislj V)
and pj» € R>S,j (V). Similarly, we decompose the point p;. = ( p;,l, p;.’z) to be constructed.
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(1) Set p}’z := pj for all j. Recall that we had defined s¢ := 0, so that this implies that if /; = 0, then
the component P;',z of p;. in Q equals the component p;> of p; in Q.
(2) If I; =0, then p; € B(V), and p}’l € Bo(V) € (Shy B)[1/c](V) is defined as B(¢ @ idy)(p;.1).
Note that p}’l does indeed lie in By (V); this follows from the fact /; = 0, so that ho(B(y)(p;,1)) = 0 for
all ¢ : V — Uj, and hence also for all ¢ that decompose as ¥ o (p @ idy).

Furthermore, note that So(V)( p;) = pj; this follows from the equality 7y o (¢ @idy) =idy. Also,
the image of p;. in Y (V) equals Y (¢ ®idy)(y) =: y'
(3) If1:=1; >0, then p;; € B(V) X R<;,;(V) with s; > 1, and p;.,l is constructed as follows. First apply
(B x R<y;)(¢ @idy) to p; 1 and then forget the component in Ry, (V). The morphism g was constructed
in such a manner that ﬁl’(V)(p;.’l) = p;,1 and therefore ,BI(V)(p;.) = p;. Note that also the image of p;.
in Y’ (V) equals y". O
Example 3.13. Write Y for the polynomial functor V — V @ V and write K[x;, y; | i € [n]] for the
coordinate ring of Y (K"). Consider the Vec-subvariety B of ¥ x Al defined by y; —t - x1, where ¢ is the

coordinate of A!. Then LM(B) = @ and B(V) is the set of triples (v, Av, A) with v € V and A € K. Set
Q(V) := §?V, and choose coordinates z; j,1 < jon Q(K") by writing an arbitrary element of Q(K") as

n

2
Zziiei + Z 2Zij€,'ej.
i=1 1<i<j<n

Note that Q is an irreducible polynomial functor, so, in the notation of Proposition 3.3, we have R=R; = Q.

Define the Vec-subvariety
XCBxQcYxAlxQ

by
X(V):={(w,w,1,q) ]| (v,w, L) € B(V) and w2, q are linearly dependent}.

An equation for X (K?) is the determinant
f =20y} — z1y1y2 = 122127 — z11x1x2) € K[B(Up) x Q(Up)]

with Uy := K2 Define U, := (e3, e4) = K?, so that Uy @ U; = K* Acting on f equation with the (upper
triangular) elements E; 3 and E 4 of the Lie algebra gl(Up @ U,) gives the equation

. 2,2 2
hi:=z34(x7t%) + (2z14X1x3 — 2213X1X4 — 211X3X4)1

that, by construction, vanishes on X (Uy @ U;). Note that z34 € Q(U1)*, ho := x12t2 € K[B(Up)] (and we
let ¢ be the leading coefficient: ¢ := xf), and the rest belongs to K[B(Uy® U;) x QU@ Uy)/Q(Uy)].
By acting with permutations (3, i) and (4, j) with i < j on & we find that, where h is nonzero, on X

we have 1
2
Zij :_h_o'(Zzu)qx,' —2z1X1Xj — 20 XX )", 3)

A similar expression can be found for z;;, with the same denominator /4.



2114  Christopher H. Chiu, Alessandro Danelon, Jan Draisma, Rob H. Eggermont and Azhar Farooq

In this case, Yy from the proposition is the Vec-subvariety of Y defined by ¢ = xlz. This consists of all
pairs (0, w) € V @ V. The preimage in X consists of all quadruples (0, O, A, g) with g arbitrary.

Set U :=Uy@® U, Y':=Shy Y[1/c], and let By be the vanishing locus of Ao in Shy B[1/c] C Y’/ x Al
Note that we have > € LM(By) —indeed, ¢ even vanishes identically on By. With Q¢ := Q we find
By x Qo < B x Q, and we define the map

Bo:Box Qo— BxQ

as B(my)|p, x idg(v) for every V € Vec. This covers all the points in X (V) of the form (v, 0, 0, g)
with v, g arbitrary.
Finally, consider the map

Shy (B x Q)[1/hol[1/c] — Shy (B x 0)/Q x A' = (Shy B x Q(U) x Al) x (Shy Q/(Q(U) @ Q))
=: B1 x 0

where the coordinate on A is given by 1/hg. This is a closed immersion, because where % is nonzero,
coordinates on Q (V) with can be recovered from the coordinates on the right-hand side via (3). We use
this to construct the map

B1:B1 x Q1 =Shy(Bx Q)/0xA! - Shy(B x Q) - B x Q.

The first arrow is given by the identity on the coordinates not in Q(V'), while the coordinates on Q(V)
are computed via (3). The second arrow projects into B(V) x Q(V). This map hits points in X (V') of the
form (v, Av, A, (Av)?) with v, A nonzero.

3.5. Proof of Theorem 3.1. The (FI°P)* x Vec-variety Z is of product type; hence by Definition 2.18 it
can be written as
Z=[Y;Bi xQi,..., B x Q]

for some Vec-subvarieties B; of Y x A" and pure polynomial functors Q;. Furthermore, X is a proper
closed (FI°?)K x Vec-subvariety of Z.

We prove, by induction on the quantity dx, that all points in X can be hit by partition morphisms from
finitely many (FI°P)* x Vec-varieties Z’ of product type with Z’ < Z. So in the proof we may assume
that this is true for all proper closed (FI°P)f x Vec-subvarieties X’ C Z with 8x/ < .

Let (S1,...,8) € FI* be such that D> 18il = 8x and X(Si, ..., 8) # Z(S1, ..., S). If all §;
are empty, then set Y’ := X (&, ..., D), a proper closed Vec-subvariety of ¥, B/ := Y’ xy B;, and
Z :=[Y'; B x Q1, ..., B, x Qt]. The partition morphism (idjx], ¢) with ¢(71, ..., T) the inclusion
[1: (B! x o)l — [1(Bi x 0,7 has X in its image, and we have Z’ < Z because the Q; remain the
same, LM(BIT ) D LM(B;) by Lemma 2.24, and Y’ is a proper closed Vec-subvariety of Y. In this case, no
shift of Z is necessary.

Next assume that not all S; are empty. First we argue that the points of X (71, ..., Ty), where, for
some i, |T;| is strictly smaller than |S;|, are hit by partition morphisms from finitely many Z’ < Z. We
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give the argument for i = k. Define the k-tuple S to be shifted over as S := (@, ..., @, Tx) € FI, and
define the (FI°P)*~! x Vec- variety Z’ of product type

Z =[(Be x Q) By x Q1, ..., Bi_; x Qk—1]

with B/ = (B x Q1) xy B;. Consider the partition morphism (1, ¢) : Z' — Shg Z, where 7 : [k —1] — [k]
is the inclusion and ¢ (71, ..., Tx_1) is the natural isomorphism of Vec-varieties

Z'(Ty, ..., Tr—1) = (Shs Z)(Th, ..., Tx—1, @) = Z(Tn, . .., Ty—1, Tp).

Note that 77 witnesses Z’ < Z since the Q; with i <k — 1 remain the same and LM(B/) 2 LM(B;) by
Lemma 2.24. Furthermore, since k — 1 < k, we have Z’ < Z by Lemma 2.32. All points in X where the
last index set has cardinality |7} | are hit by this partition morphism. Since there are only finitely many
values of |Tj| that are strictly smaller than |S;|, we are done.

So it remains to hit points in X (Ty, ..., Tx) where |T;| > |S;| for all i. In this phase we will apply
Proposition 3.3.

As by assumption not all S; are empty, after a permutation of [k] we may assume that Sy # &. Let *
be an element of S; and define §k := 8¢ \ {*}. Consider the Vec-varieties

Z(S1,.... S0 = (B x Q1)y Xy xy (B x Q0)y" xy (B x 0™,
Yi=Z(S1. .. See1n S = (Bux Q)Y Xy -+ xy (B x Qu)y
Set EL =Y Xy By C Y x A" and note that X (Sy, ..., S¢) is a proper closed Vec-subvariety of E( X Q.
We may therefore apply Proposition 3.3 to 17, ng, Ec, Qi and X (Sy, ..., Sp).

First consider the proper closed Vec-subvariety Yy of Y promised by Proposition 3.3, and let X’
be the largest closed (FI°P)k x Vec-subvariety of Z that intersects Z(Sy, ..., Sk—1, §;<) in Yy. Then
X' (S, ..., §k) +£7Z(S1,..., 3‘;(), and thus §x» <8x —1 < §x. Hence, by the induction hypothesis, all points
in X'(Ty, ..., T) can be hit by finitely many partition morphisms from varieties Z’' < Z of product type.

Next we consider the remaining pieces of data from Proposition 3.3. First, we have the Vec-variety Y’

with a morphism « : Y — Y. Further, we have an integer s € Z>o and for each i = 0,...,s we

/
k+i

Biti: By X Qpyi = Br x Oy satisfying the conditions (1) and (2).
Define B, :=Y' xy B; fori =1, ...,k —1 and the (FI°P)*+s x Vec-variety

. . . ’ . .
have integers n;_, ;; Vec-varieties B;_; C Y’ x A"i; pure polynomial functors Q; _;; and morphisms

Z''=[Y'; By xQ1,...,B,_ X Qr—1, By X Qp, ..., By X Qp sl
Now the map 7 : [k+s] — [k] that is the identity on [k — 1] and maps [k +s]\ [k — 1] to {k} witnesses that
Z' < Z; here we use that B,’CH X Q;CH < By x Qg for j €{0, ..., s} by the conclusion of Proposition 3.3,

and also Lemma 2.24 to show that Bl./ x Q; < B; x Q; fori € [k—1]. In fact, we have Z’' < Z by Lemma 2.32.

Now the base variety Y’ of Z’ comes with a morphism « to the base variety Y of Shg Z; we have
morphisms B; : Bl x Q; — El x Q; fori =1,...,k—1 (the natural map B — E, times the identity
on Q;) and the morphisms B : B, ; X Qp; —> By x Qy defined earlier. By Example 2.21, these data
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yield a partition morphism (77, ¢) : Z' — Shg Z. We have to show that this partition morphism hits all
points in X that are not in X".

First we show, for a V € Vec, that a point p € Shg X(7~"1, e fk)(V) whose projection to ?(V) is not
in Yp(V) lies in the image of @(ﬁ, ey ﬁ)(V). To this end, we write

P = ((Pi,)ef)iein
with
pit €Shs X(@,...,0,{t},D,...,2)(V) = ?(V) xyw) Bi(V) x Q;(V) C ?(V) x A" x Q;(V),

where the singleton {¢} is in the i-th position. We write p; , = (¥, a;;, b;;) with y € Y(V), a;; € A",
and b; ; € Q; (V).

By definition of a fibre product, the p; , all have the same projection y in IN’(V) \ Yo(V), and hence we
can apply (2) of Proposition 3.3 to the points p; , with t € T¢. This yields integers [; € {0, ..., s} and
points p; , € B,’€+lt(V) X Q}{HI(V) for t € Ty whose images in Y’ (V) are all equal, say to y' € Y'(V), and
which satisfy B, (V)(p; ;) = p.. for all z. This implies that a(y") = y.

Define N

T/, =l e Till = j),
Jj=0,...,5, and set T/ := T fori=1,....,k—1. In Z'(T{,...,T,,,) we define the point g =
((gi,0)rer)ieti+s as follows. We set g, to be (' ais, biy)fori=1,...,k—landt €T/ and g;; = p,’m
fori =k,...,k+sandt eT;. Then

(T}, .... T ) (@) = p,
as desired.

Now, more generally, consider a point p in X (71, ..., Tr)(V)\ X' (T}, ..., T)(V), where the cardi-
nalities satisfy |7;| > |S;|. Then there exists an FIk—morphism t=01, ..., ) S— (T, ..., T;) such
that X (¢)(p) ¢ Yo(V). Define YN", := T; \ Im(;) and extend ¢ to an isomorphism ¢¢ : S'LI (]N"l, el Tk) —
(Ty, ..., Ty) by defining ¢; on T"l to be the inclusion. Consider X (t°)(p) € X(SU (fl, el fk))(V). This
is also a point in Shg X(ﬁ, R ﬂ)(V) whose projection to ?(V) does not lie in Yy(V). We can therefore
find a point g as described above showing that X (:°)(p) is in the image of (7, ¢) : Z’ — Shg Z; by
Definition 2.13, then so is p. U

4. Proof of the main theorem

The most general version of our Noetherianity result is the following.
Theorem 4.1. Any (FI°P)* x Vec-variety of product type is Noetherian.

Proof. We proceed by induction along the well-founded order on objects of product type in PM from
Section 2.7.3.

Let Z be an (FI°P)* x Vec-variety of product type and let X; 2 X, D --- be a descending chain
of closed (FI°P)F x Vec-subvarieties. Then either all X; are equal to Z, or there exists an iy such that
X := X;, is a proper closed (FI°P)* x Vec-subvariety of Z. In the latter case, by Theorem 3.1, there exist
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a finite number of objects Z, ..., Zy in PM of product type, along with k-tuples Si, ..., Sy € FI* and
partition morphisms (77, ¢;) : Z;j — Shg; Z such that every point of X is hit by one of these. By the
induction hypothesis, all Z ;s are Noetherian. For each j, by Lemma 2.16, the preimage in Z; of the chain
(Shgj Xi)i>i, 1 a chain of closed subvarieties, which therefore stabilises. As soon as these N chains have
all stabilised, then so has the chain (X;); — here we have used a version of Proposition 2.17. Il

To deduce from this Theorems 1.1 and 1.5, we consider GL-varieties Zy, ..., Z; as well as the product
Z = ZlN X oo X Z,’}J. Recall Remark 2.9.

Proof of Theorem 1.5. We need to prove that any descending chain Z D X; D ... of Sym* x GL-stable
closed subvarieties of Z stabilises.

To each Z; is associated a Vec-variety, which by abuse of notation we also denote Z;; see Remark 2.6.
Furthermore, Z; is a closed subvariety of B; x Q; for some finite-dimensional variety B; and some pure
polynomial functor Q;, and hence Z is a closed subvariety of

(By x QDN x -+ x (Br x Q).

Now each X; defines a closed (FI°P)¥ x Vec-subvariety X, ; of

~

Z:=[Y;B1xQ1,..., B x Ol
where Y is a point. By Theorem 4.1, the X; stabilise. As soon as they do, so do the X;. (|
Proof of the main theorem. Apply Theorem 1.5 with k = 1. U
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On the boundedness of canonical models
Junpeng Jiao

It is conjectured that the canonical models of varieties (not of general type) are bounded when the Iitaka
volume is fixed. We confirm this conjecture when a general fiber of the corresponding Iitaka fibration is
in a fixed bounded family of polarized log Calabi—Yau pairs.

1. Introduction

Throughout this paper, we work over the complex number field C.

By analogy with the definition of volumes of divisors, the litaka volume of a QQ-divisor is defined as
follows: Let X be a normal projective variety and D be a Q-Cartier divisor. When the litaka dimension
k(D) of D is nonnegative, the litaka volume of D is defined to be

k(D) h°(X, Ox(ImD]))

Ivol(D) := lim sup D)
m

m—0o0
For the definition of the Iitaka dimension, see [Lazarsfeld 2004, Definition 2.1.3].

For a pair (X, A), if the Iitaka dimension of the log canonical divisor Kx + A is nonnegative, it

is conjectured that a general fiber of the litaka fibration of Kx + A is birationally equivalent to a log
Calabi—Yau pair, according to the abundance conjecture. The main theorem states that, when a general
fiber of Kx + A belongs to a fixed bounded family with bounded polarization, the litaka volume of the
log canonical divisor lies in a set satisfying the descending chain condition (DCC). Furthermore, if the
Iitaka volume is fixed, then the canonical model is in a bounded family.

Theorem 1.1. Fix € a log bounded class of polarized log Calabi-Yau pairs, T C [0, 11N Q a DCC set of
rational numbers, n a positive integer and v a positive rational number. Suppose (X, A) is a projective kit
pair of dimension n, L is a divisor on X, and f : X — Z is a contraction which is birationally equivalent
to the litaka fibration of Kx + A.

If a general fiber (Xg, Ag, Lg) of f isin ¢ and coeff(A) C Z, then

(1) Ivol(Kx + A) is in a DCC set, and
(2) if Ivol(K x + A) = v is a constant, then

Proj @ HY(X, Ox(mKx + |mA)))

m=0
is in a bounded family.

MSC2020: 14EO05, 14E30.
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Theorem 1.1 is a special case of the following conjecture.

Conjecture 1.2. Let n be a positive integer, v a nonnegative rational number, and Z C [0, 1]NQ a DCC
set of rational numbers. Let D(n, v, Z) be the set of varieties Z such that

* (X, A) is a projective klt pair of dimension #,

o coeff(A) C Z,

e Ivol(Kx 4+ A) = v is a constant, and

e f: X --» Z is the litaka fibration associated with Kx + A, where

o
Z =Proj (P H(X. Ox (m(Kx + A))).
m=0
Then D(n, v, Z) is in a bounded family.

An interesting application of Theorem 1.1 is when X — Z is a Fano-type fibration whose general
fibers are e-Ic. In this case, a general fiber of f is bounded according to the Birkar-BAB theorem, see
[Birkar 2021b], and — K x will induce a natural polarization on a general fiber. We have the following
corollary.

Corollary 1.3. Let n be a positive integer, v a positive rational number and T C [0, 11N Q a DCC set of
rational numbers. Suppose (X, A) is a projective klt pair of dimension n and f : X — Z is a contraction
such that

e coeff(A) C 7,
e Kx+A~qz0,and
o A is big over Z.
Then
e Ivol(Kx + A) is in a DCC set, and

o if Ivol(Kx + A) = v is a constant, then

Proj @ HY(X, Ox(mKx + |mA)))

m=0
is in a bounded family.

According to [Birkar et al. 2010], the canonical ring R(X, Kx+A) :=P_, HY(X, Ox(m(Kx+A)))
is finitely generated, which implies that Z = Proj @sf:o HO(X, Ox(m(Kx + A))) is well-defined and
v = Ivol(Kx + A) is a positive rational number. The validity of Conjecture 1.2 has been established
in different scenarios: when Ky + A is big, it was proved in [Hacon et al. 2014]; for the case where a
general fiber of f is e-lc Fano-type, it was demonstrated in [Li 2024]; and when f is an elliptic curve,
[Filipazzi 2024] shows that X is actually bounded in codimension one. Notably, around the same time
this paper was completed, [Birkar 2021a] provided a proof of Conjecture 1.2 for the situation where a
general fiber of f belongs to a bounded family.
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It is shown in [Hacon et al. 2013] that the boundedness of varieties of general type is connected with
the DCC of volumes of the log canonical divisors. We think that the following conjecture is closely
related to Conjecture 1.2.

Conjecture 1.4. Let n € N, and consider a DCC set Z C [0, 1]N Q. Then the set of litaka volumes
{Ivol(Kx + A) | X is projective, (X, A) is klt, dim X = n and coeff(A) C 7}
is a DCC set.

The main idea is to prove the DCC of litaka volumes and the boundedness of the canonical models
when the locus of singular fibers of the Iitaka fibrations is “bounded”. We show that, in this case, we can
choose a uniform base such that the moduli part (see Theorem 2.11) descends.

To be precise, we are interested in the following set of pairs and the corresponding litaka fibrations.

Definition 1.5. Fix a DCC set Z C [0, 1]N @ and positive integers n, r, [. Let D(n, Z, [, r) be the set of
pairs (X, A) satisfying the following conditions:

e (X, A) is a projective kit pair of dimension 7.

e coeff(A) C 7.

e f: X — Z is the canonical model of (X, A).

A general fiber (X,, Ag) of f has a good minimal model.

e Let (Z', Bz + M) be the generalized pair defined in Theorem 2.12; then [ M is nef and Cartier.

o There is a Q-Cartier integral divisor D and a Q-divisor F' € |Kx + A|g,z such that (X, Supp(A—F))

is log smooth over Z \ D and
Ivol(Kx + A+ f*D) <rIvol(Kx + A).

Theorem 1.6. Fix a DCC set T C [0, 11N Q and positive integers n, r, 1. Then the set

{Ivol(Kx + A) | (X, A) e D(n, Z,1,r)}
satisfies the DCC.

As an application, we prove the following boundedness result.

Theorem 1.7. Fix a DCC set T C [0, 11N Q, positive integers n, r, | and a positive rational number v.
Then the set
{ProjR(X,Kx +A) | (X,A)eDn,Z,1,r), Ivol(Kx + A) =v}

is bounded.

The idea is to prove that we can choose an snc model (see Definition 2.10) of (X, A — F) — Z to
be in a bounded family: this is why we need the last condition in Definition 1.5. We believe that the
existence of D and the integer » naturally comes from a suitable moduli space of a general fiber of f.
Theorem 1.1 is an application of Theorems 1.6 and 1.7 based on this idea.



2122 Junpeng Jiao

2. Preliminaries

Notation and conventions. Let T C (D be a subset. We say Z satisfies the DCC if there is no strictly
decreasing subsequence in Z. For a birational morphism f : ¥ — X and a divisor B on X, f,!(B)
denotes the strict transform of B on Y, and Exc(f) denotes the sum of the reduced exceptional divisors
of f. For a (D-divisor D, a map defined by the linear system | D| means a map defined by || D]|. Given
two Q-Cartier Q-divisors A and B, A ~g B means that there is an integer m > 0 such that m(A — B) ~ 0.
For a Q-divisor D, we write D = D>¢ — D as the difference of its positive and negative parts.

A subpair (X, A) consists of a normal variety X and a Q-divisor A on X such that Kx 4+ A is Q-Cartier.
We call (X, A) a pair if, in addition, A is effective. If g : ¥ — X is a birational morphism and E is a
divisor on Y, the discrepancy a(E, X, A) is —coeffg (Ay), where Ky + Ay := g*(Kx + A). A subpair
(X, A) is called sub-klt (resp. sub-Ic) if, for every birational morphism Y — X as above, a(E, X, A) > —1
(resp. > —1) for every divisor E on Y. A pair (X, A) is called klt (resp. Ic) if (X, A) is sub-klt (resp.
sub-lc) and (X, A) is a pair.

Let (X, A) and (Y, Ay) be two subpairs, and let & : Y — X be a birational morphism. We say that
(Y, Ay) — (X, A) is a crepant birational morphism if Ky + Ay ~g h*(Kx + A) and h, Ay = A. Two
pairs (X;, A;), i =1, 2, are crepant birationally equivalent if there is a subpair (¥, Ay) and two crepant
birational morphisms (Y, Ay) — (X;, A;), i =1, 2.

A generalized pair (X, A + My) consists of a normal variety X equipped with a projective morphism
X — U, a birational morphism f : X" — X where X is normal, a @-boundary A, and a @-Cartier divisor
My on X' such that Ky + A + My is Q-Cartier, My is nef over U, and My = f,Mx:. Let A’ be the
Q-divisor such that

Kx +A +Myx = f*(Kx + A+ My).

We call (X, A + My) a generalized kIt (resp. Ic) pair if (X', A’) is sub-klt (resp. sub-Ic). When U is a
point we drop it by saying X is projective.

A contraction is a projective morphism f : X — Z with f,Ox = Ogz; hence it is surjective with
connected fibers. A fibration means a contraction X — Z such that dimX > dim Z. Let X — Z be a
fibration and R a Q-divisor on X. We write R = R, 4+ Rj;, where R, is the vertical part and R, is the
horizontal part.

For a scheme X, a stratification of X is a disjoint union | [; X; of finitely many locally closed subschemes
X; < X such that the morphism [ [; X; — X is both a monomorphism and surjective.

The language of the b-divisor was introduced by Shokurov.

Definition 2.1. Let X be a projective scheme. We say a formal sum B = > a,v, a, € Q, where the sum
ranges over all divisorial valuations of X, is a b-divisor if the set

Fx ={v]a, # 0 and the center v on X is a divisor}

is finite. The trace By of B is the sum ) a, B,, where the sum now ranges over the elements of Fy.
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Notice that, by definition, a generalized pair (X, A + Mx) defines a b-divisor M.

Definition 2.2. For a kit pair (X, A) with a projective morphism p : X — U, by [Birkar et al. 2010], the
canonical ring

R(X/U,Kx + A) := @D n.Ox(m(Kx + A))

m=>0

is a finitely generated Oy -algebra. We define the canonical model of (X, A) over U to be
Proj R(X/U, Kx + A).
When U is a point we drop it by saying X is projective.
Next, we state some results that we will use in what follows.

Theorem 2.3 [Hacon et al. 2013, Theorem 2.12]. Let f : X — U be a surjective projective morphism
and (X, A) a dlt pair such that

e for a very general point u € U, the fiber (X, A,) has a good minimal model, and

e the ring R(X/U, Kx + A) is finitely generated.
Then (X, A) has a good minimal model over U.

Theorem 2.4 [Birkar and Zhang 2016, Theorem 1.3]. Let d and [ be two positive integers and T C [0, 1]
a DCC set of real numbers. Then there is a positive number mqy depending only on d, | and T satisfying
the following. Assume that

e (Z, B) is a projective Ic pair of dimension d,
e coeff(B) € Z,

e IM is a nef Cartier divisor, and

e K7+ B+ M is big,

then the linear system |m(Kz + B + M)| defines a birational map for every positive integer m such that

mg | m.

Theorem 2.5 [Birkar and Zhang 2016, Theorem 8.1]. Let Z be a DCC set of nonnegative real numbers
and d a natural number. Then there is a real number e € (0, 1) depending only on T and d such that, if

e (Z, B) is projective Ic of dimension d,

M=) w;jM;, where M are nef Cartier divisors,
o the coefficients of B and the ; are in I, and

e Kz 4+ B+ M is a big divisor,

then Kz +eB +eM is a big divisor.
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Theorem 2.6 [Filipazzi 2018, Theorem 1.10]. Let Z C [0, 11NQ be a DCC set, (W, D) a log smooth pair
with D reduced, and M a fixed Q-Cartier Q-divisor on W. Suppose D is the set of all projective simple
normal crossing pairs (Z, B) such that coeff(B) C Z, there exists a birational morphism [ : Z — W and
f«B < D. Then, the set

{vol(Kz+ B+ f*M) | (Z, B) € D}
satisfies the DCC.

Theorem 2.7 [Filipazzi 2018, Theorem 1.12]. Let (£, Supp(B)) — T be a projective log smooth morphism
and {x;}i>1 C T a set of closed points. Denote by (Z;, B;) the pair given by the fiber product (Z, B) X1 Xx;.

Assume that

e 0 < B <red(B), and

o there is a Q-divisor M on Z such that M; = M|z, is nef for every i.
Then, we have vol(K z, + B; + M;) = vol(Kz, + B; + M) for every i, j € N.

Definition 2.8. Let X and Z be normal quasiprojective varieties and f : X — Z a contraction. Let R be
a Q-divisor on X such that Kx + R is Q-Cartier. We call (X, R) — Z an lc-trivial fibration if

e (X, R) is sub-klt over the generic point of Z,
e Kx+R ~Q,Z 0, and
. hO(X,,, Ox,([R<01)) =1, where X, is the generic fiber of f.

Definition 2.9 [Kollar 2007, Definition 8.3.6]. Let f : X — Z be a projective morphism between normal
projective varieties, R be a (Q-divisor on X and B be a divisor on Z. We say that f : X — Z and the
divisors R and B satisfy the standard normal crossing assumption if the following hold:

e X and Z are smooth.
e Supp(R) + Supp(f*B) and B are snc divisors.
e (X, Supp(R)) is log smooth over Z \ B.

In practice, the assumptions on X and the divisors R and B are completely harmless. By contrast, it
takes some work to reduce the problems on Z to problems on the following “nice” birational model of Z.
Definition 2.10. An snc model of f: (X, R) — Z is a birational model Z’ — Z such that there is a reduced
divisor D" on Z’, a Q-divisor B on Z, and a crepant birational morphism ¢ : (X', R’) — (X, R+ f*B),
such that the morphism X’ — Z" and R’, D’ satisfy the standard normal crossing assumption.

The following is a general version of the canonical bundle formula given in [Kollar 2007].

Theorem 2.11 (the canonical bundle formula). Let X, Z be normal projective varieties and f : (X, R) —> Z

an lc-trivial fibration with generic fiber X,,. Suppose B is a reduced divisor on Z such that f has slc
fibers in codimension 1 over Z \ B; that is, if D is a prime divisor not contained in B, then

e no component of R, dominates D, and

e (X, R+ f*D) is sub-Ic over the generic point of D.
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Then one can write
Kx+R~q f*(Kz+ Bz +M3),
where the following hold:

(@) Mz = M(X/Z, R) is the moduli part. It is a b-divisor depending only on the crepant birational
equivalence class of (X;, R|x,) and Z such that the following hold:

o There is a birational morphism Z' — Z such that My is the pushforward of Mz :=M(X'/Z', R')
and Mz» = M(X"/Z", R") = n*My for any birational morphism Z" — Z', where X' is the
normalization of the main component of X xz Z' and (X', R’) — (X, R) is a crepant birational
morphism. In this case, we say M descends on Z'.

o If X = Z and R, B satisfy the standard normal crossing assumption, see Definition 2.9, then M
descends on Z.

(b) By is the unique Q-divisor supported on B for which there is a codimension > 2 closed subset
W C Z such that the following hold:
o (X\ fT' (W), R+ f*(B—By)) is lc.
e Every irreducible component of B is dominated by an Ic center of (X, R+ f*(B — Bz)).
(c) Ifthe morphism X — Z and the divisors R and B satisfy the standard normal crossing assumption, see

Definition 2.9, then Byz is also the unique smallest Q-divisor such that R, + f*(B — Bz) <red(f*B).

Proof. Items (a) and (b) follow from [Kollar 2007, Theorem 8.5.1].

For (c): when Rj, > 0, item (c) is [Kollar 2007, Theorem 8.3.7]. We use the idea in this result to
tackle the general case. If the morphism X — Z and the divisors R and B satisfy the standard normal
crossing assumption, then (Z, Supp(B)) is log smooth. We replace R with R+ f*(B — Bz) and Bz with
Bz + (B — Bz) = B; then

« there is a codimension > 2 closed subset W C Z such that (X \ f~'(W), R) is sub-Ic, and

« every irreducible component of B is dominated by an Ic center of (X, R).

It is easy to see that, to prove (c), we only need to prove that W can be chosen to be the empty set, which
is equal to saying that (X, R) is Ic.

Suppose (X, R) is not Ic, and consider the diagram

(X', R) =25 (X, R)
/| |
Z/ T) Z

where 7 is birational, 7y is crepant birational, f': X’ — Z’ is equidimensional and 7y extracts a non-Ic
place of (X, R), which is denoted by E. Thus we have that coeffz(R’) > 1. Applying (a) and (b) for the
lc-trivial fibration f’: (X', R") — Z’, we have

Kx +R ~q f*(Kz + B +My).
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By assumption, X — Z and the divisors R and B satisfy the standard normal crossing assumption. Then
M descendson Z, n*Mz =Mz and K7+ B’ ~g n*(Kz + B). Because (Z, B) is Ic, (Z’, B’) is sub-lc.

Let B be a reduced divisor on Z' such that /' has slc fibers in codimension 1 over Z’\ B. By (b), B’ is
the unique Q-divisor for which there is a codimension > 2 closed subset W' C Z’ such that

o (X'\ 71 (W'), R'+ f"*(B — B")) is sub-Ic, and
« every irreducible component of B’ is dominated by an Ic center of (X', R' + f’ *(B — B)).

Because f’ is equidimensional, coeffz (R’ + f/*(E — B") <1 and coeffg (R") > 1, we then have that
coeffE(f’*(E — B’)) < 0. Since B is reduced and E is vertical, we have coeff /gy (B’) > 1, which
contradicts the fact that (Z’, B') is sub-Ic. d

The next theorem says that the canonical bundle formula works on the litaka fibration of a klt pair.

Theorem 2.12. Let (X, A) be an n-dimensional projective klt pair, let f : X — Z be a contraction such
that k(Xy, Kx, + Alx,) = 0, where X, is the generic fiber of f, and let g : W — Z be a birational
morphism. Then there is a commutative diagram

such that the following hold:

(1) h and hy are birational, h factors through g, and [’ is equidimensional.
(2) Z'is smooth and X' has only quotient singularities.

(3) There are a kit pair Ky + A', an effective Q-divisor F' on X', and (Z', By + Mz/) a generalized kit
pair such that
e M descends on Z',
o Kyt + AN ~q f*(Kz+ Bz +Mz)+ F',
o flOx(mF")= Oy foranym >0,
o hx . Oxm(Ky +A)) = Ox(m(Kx + A)) forallm >0,
e (X,A), (X', NYand (Z', Bz + M) have the same canonical models, and
e Ivol(Kx + A) =Ivol(Ky + A") = vol(Kz + Bz + My)).

(4) If coeff(A) is in a DCC set and a general fiber (X,, Ag) of f has a good minimal model, then
coeff(By) and coeff(By) are in a DCC set, where By := h,By.

Proof. Fix R with R, < 0 such that f is an lc-trivial fibration for the subpair (X, A + R). Notice that such
an R exists by the assumption « (X, Kx, + Alx,) = 0, and the choice of R) is unique. Let M be the
moduli b-divisor of this lc-trivial fibration. By the weak semi-stable reduction theorem by Abramovich
and Karu [2000], we can construct X’ and Z’ satisfying (1) and (2) such that M descends on Z'.



On the boundedness of canonical models 2127

For (3), because (X, A) is klt, we can choose a sufficiently large integer k such that if we define
A= (hx);1 A+ (1—1/k)E, where E is the reduced exceptional divisor, then Kx' + A’ > h%(Kx +A).
Also by the semistable reduction, X’ has a toroidal structure (X’ \ Supp(A’)) C X', and we have that
(X', A) is klt. It is easy to see that

(hx)«Ox (m(Kx + A")) Z Ox(m(Kx + A))

for all m > 0; hence (X, Kx + A) =« (X', Ky + A').

If (X, Kx + A) <0, choose a >> 0 such that a(Kx' + A’) is Cartier. Because « (X, Kx,+Alx,) =0,
we may also assume that 1%(X’ , Ox; (a(Kx; —|—A’|X;7))) =1. Since Z’ is smooth and f is equidimensional,
by [Hartshorne 1980, Corollary 1.7], f,Ox (a(Kx +A’)) is a reflexive sheaf of rank 1. Moreover, since Z’
is smooth, f,Ox/(a(Kx + A’)) is a line bundle on Z’; denote it by Oz (D). Choose a general sufficiently
ample divisor A" on Z’ such that Oz (A’ + D) is big. Let A := (1/a)A’; then f[Ox/(a(Kx' + A+ f'*A))
is a big line bundle and x (X', Kx + A"+ f*A) = dim Z’ > 0. Because A’ is general, (X', A"+ f"*A)
is klt. It is easy to see that, to prove (3), we may replace (X', A") with (X', A"+ f"*A) and assume
k(X,Kx+A)>0.

Suppose k (X, Kx + A) > 0 and choose a >> 0 such that HO(X', Ox/(a(Kx + A"))) > 0; then we can
choose L € |a(Kyx + A")|. Define

G :=max{N | N is an effective Q-divisor such that L > f*N}

and
D= lG and F’ ::l(L—f/*G).
a a

Then we have Kx' + A’ ~q f*D + F'. It is easy to see that h°(X’, (’)x;(mF/|X;7)) =1 forallm>0.
Because f’ is equidimensional, f/Ox/(mF’) is a reflexive sheaf of rank 1 for every m > 0. Moreover,
since Z’ is smooth, f,Ox (mF') is an invertible sheaf for every m > 0. Since Supp(F’) does not contain
the whole fiber over any codimension 1 point on Z’, it is easy to see that f,Ox/(mF") = Oy for all m > 0.

Let X; be the generic fiber of f’; then (Kx + A’)|X;} ~Q F’|X;]. Because f,Ox/(mF') = Oz, we have
HO (X', (’)X/n([(A’ —F<oD))=1and f": (X', A" = F') — Z’ is an lc-trivial fibration. By the canonical
bundle formula, there is a generalized pair (Z’, Bzs + M) such that

Ky +A'—F ~q f*(Kz + Bz + My).
Also because f,Ox'(mF’) = Oy, there is an integer / > 0 such that
HY(X', Ox/(ml(Kx + A))) = HY(Z', Oz (ml(Kz + Bz + M2)))

for all m > 0. Then (X, A), (X', A") and (Z’, Bz» + M) all have the same canonical models, and
Ivol(Kx + A) =Ivol(Ky + A") = vol(Kz + Bz + Mz).

For (4), if coeff(A) is in a DCC set, by the construction of A’, coeff(A’) is also in a DCC set. Because
(X', A') is a kit pair, by the main theorem of [Birkar et al. 2010], R(X'/Z, Kx' + A’) is finitely generated.
Because a general fiber (X, Ag) has a good minimal model and Kx + A —h*(Kx + A) is effective and
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exceptional over X, we have that a general fiber (X/, A;,) of (X', A") — Z' has a good minimal model.
By Theorem 2.3, (X', A’) has a good minimal model over Z’; we denote it by hy : (X', A’) --» (Y, Ay).
By 2), Kx'+ A" ~q,z F' and f/Ox (mF’) = Oy for all m > 0; therefore Z’ is the canonical model of
(X', A’) over Z'. By the definition of good minimal models, we have Ky + Ay ~g.z 0 and (hy).F' =0.

Since coeff(A’) is in a DCC set and Ay is the pushforward of A’, coeff(Ay) is also in a DCC set.
Let B’ be the unique smallest reduced divisor on Z’ such that f’ has slc fibers in codimension 1 over
Z'\ B’. By Theorem 2.11, there is a codimension > 2 closed subset W C Z’ such that By is the smallest
Q-divisor supported on B’ such that (X' \ f'~1(W), A’ — F' + f*(B’ — By)) is sub-Ic.

Because Ky' + A" — F' ~q.72 0, Ky + Ay ~q.7z 0, and (hy)«(A" — F’) =0, we have that By is also
the smallest Q-divisor supported on B’ such that (¥ \ f,?l(W), Ay +hy, f*(B' — Bz)) is Ic. Because
coeff(Ay) is in a DCC set, by [Hacon et al. 2014, Theorem 1.1], coeff(Bz/) is in a DCC set. [

Remark 2.13. Suppose (X, A) is a projective kit pair and f : X --» Z is the canonical model of
(X, A). Let g : Y — X be a resolution of the indeterminacy of f. Choose a sufficiently large integer k
such that if we define Ay := g 'A + (1 — 1/k)E, where E is the reduced exceptional divisor, then
Ky + Ay > g*(Kx + A).

Because Ky + Ay — g*(Kx + A) is effective and exceptional over X, Z is also the canonical model
of (¥, Ay) and «(Yy, Ky, + Ayly,) = 0. By Theorem 2.12, the contraction ¥ — Z defines a moduli
b-divisor M and a generalized pair (Z', B’ + M) with a birational morphism Z’ — Z, Z is also the
canonical model of (Z’, Bz + Mz/), and Ivol(Kx + A) =Ivol(Ky + Ay) = vol(Kz + Bz + Mz).

Furthermore, if coeff(A) is in a DCC set, then coeff(Ay) is also in a DCC set. If a general fiber
(Xg, Ag) of f has a good minimal model, then a general fiber (Y, Ay,) of fy has a good minimal model,
and therefore coeff(B’) is in a DCC set by Theorem 2.12.

3. DCC of Iitaka volumes

Lemma 3.1. Fix a positive integer C and a finite set T C [0, 11N Q. Suppose Z — T is a family of
projective smooth varieties, where T is of finite type. Let A be a relative very ample divisor on Z over T.
Let S be a set of generalized pairs such that, for every (Z, Bz + Mz) € S, there is a closed pointt € T
such that

e there is a birational morphism ¢ : Z — Z,;, and
* Mz ~q D1— D, for two effective Q-divisors Dy with coeff(Dy) C Z and deg 4 (Dy) <C, k=1, 2.
Then there is a smooth projective morphism Z' — T’', where T' is of finite type, and finitely many

Q-divisors My, on Z' over T' such that, for any (Z, Bz + Mz) € S, there is a closed point t' € T' and an
isomorphism r : Z; — 2|, such that ..Mz ~g M|z .

Proof. Since the coefficients of Dy, k = 1,2, are in a finite set Z, there is a positive number & such
that coeff(Dy) > 8, which implies (1/6) Dy > [ Dy, k =1, 2. Because deg 4 (Dy) < C, we have that
deg 4, (Supp(Dy)) < C/8. By boundedness of the Chow variety, see [Kollar 1996, §1.3], there is a
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morphism Z" — T’ and a divisor D on Z’ such that, for every closed point ¢ € T, there is a closed point
t" € T" and an isomorphism v : Z, — Z such that Supp(¥xDy) C D]z, k=1,2.

Let R be a component of D, let S — T' be the normalization of the Sté:in factorization of R — T’ such
that S — T’ is finite and S is normal, and consider the diagram

Z// Z/

||

S ——T

Because S — T’ is finite, S is irreducible and Z” — § is flat, we have that Z” is a quasiprojective variety.
Z" is normal by [EGA IV3 1966, 5.12.7]. Replacing Z’' — T’ by Z” — § finitely many times, we may
assume that the fibers of R — T’ are irreducible for every component R of D.

Since, for every component R of D, the coefficients of R in D; and D, are in a finite set, there are
only finitely many possibilities for Dy, D, and D; — D,. Then there are only finitely many Q-divisors
M on Z’ over T’ such that ¥, Mz ~q M|z for some k. O

The next theorem says that if we bound the litaka volume of (X, A) e D(n, Z, 1, r), then we can choose
the snc model of X — Proj R(X, Kx + A) to be in a bounded family depending only on n, Z, [ and r.

Theorem 3.2. Fix a DCC set T C [0, 11N Q, positive integers n, L, r, v > 0, and a positive number § > 0.
Define D'(n, Z,1, r, v, ) to be the set of n-dimensional projective pairs (X, A) such that

e (X,A)eD(n,1,l,r),

e Ivol(Kx + A) <wv, and

o if Z is the canonical model of (X, A), then there is an effective ample Q-divisor H on Z with
coeff(H) > & such that

Ivol(Kx + A+ f*H) <rIvol(Kyx + A).

Then there is a family of projective log smooth pairs (Z,P) — T, where T is a scheme of finite type,
and finitely many Q-divisors My, k € A, on Z, where A is a finite index set, such that, for every
(X,A)eD'n,Z,1,r,v,38), there is a closed point t € T such that the following hold:

o Z, is birationally equivalent to the canonical model of (X, A),

o If M is the moduli b-divisor corresponding to (X, A) --+ Z defined in Remark 2.13, then M z, ~q
M|z, for some k € A,

e There is a birational morphism X' — X and a Q-divisor F’ on X' such that the morphism X' — Z,
and N — F’, P; satisfy the standard normal crossing assumption, where A’ is the strict transform
of A plus the exceptional divisor and F' € |Kx' + A'|qz,. In particular, M descends on Z;.

o If (Z', By + My) is the generalized pair defined in Remark 2.13 such that there is a birational
morphism ¢; : Z' — Z,;, then B :== ¢, Bz < P,.
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Proof. We replace Z by ZU {1 —1/k, k € N}; note that Z is still a DCC set.

Step 1: We prove that Z is birationally bounded.

Suppose k (X, Kx + A) =d <n; thendim Z =d. Let Z' — Z be a projective birational morphism and
(Z', By + M) be the generalized kit pair defined in Remark 2.13, and denote the morphism Z' — Z
by h. By Theorem 2.12 (4), coeff(Bz) is in a DCC set Z' depending only on Z, d, n. By assumption,
IMy is nef and Cartier. We may assume that {1 —1/k, k e N} C 7'.

By Theorem 2.4, there is an integer r’ such that |r'(Kz + Bz + Mz)| defines a birational map
¢:7Z --+»W.Leth': Z" — Z’ be a birational morphism such that ¢ extends to a morphism ¢’ : Z” — W.
Because (Z’, By + M) is generalized klt, we can choose an integer k >> 0 such that if we define

BZ” = h;_lBZ’ + (1 - %)E’

where E is the reduced h’-exceptional divisor, then K77+ Bz» +Mz» —h'™* (K z+ Bz + M7) is effective
and exceptional over Z’. Then we replace (Z’, Bz + Mz/) by (Z”, Bz» + Mz»); we may assume that
|r'(Kz + Bz + Myz)| defines a birational morphism ¢ : Z' — W. Note that we keep coeff(Bz) C 7,
Z is still the canonical model of (Z’, Bz' + Mz/) and vol(Kz + Bz + Mz) = Ivol(Kx + A) < v.
Because |r' (K7 + Bz + M )| defines a birational morphism ¢ : Z' — W, there is a very ample divisor
A on W such that r'(Kz + Bz + Mz/) ~ ¢*A + Fi, where Fy is a ¢-exceptional Q-divisor. Because

AY <vol(r'(Kz + Bz + Mz)) = ' Ivol(Kx + A) < r"C,

by boundedness of the Chow variety, see [Kollar 1996, §1.3], W is in a bounded family. Then there
exists a projective morphism W — T over a scheme T of finite type and a relative very ample divisor A’
depending only on n, Z, [, v, such that there is a closed point € T and an isomorphism y : W — W,
such that x*A; = A. Because r’ is fixed and the coefficients of Bz are in a DCC set Z', it is easy to see
that the coefficients of F| are also in a DCC set 7.

Passing to a stratification of T and a log resolution of the generic fiber of W — T, we may assume that
there is a birational morphism & : YW — W', and W — T is a smooth morphism. Let A be a very ample
divisor on W over T. Then there is an integer r” such that r”"&* A" — A is big over T. After increasing r’,
replacing Z’ by a birational model and (W, A) by (W}, A,), we may assume W is smooth and there is a
very ample divisor A on W such that

AY <vol(r'(Kz + By + My)).

Step 2: We construct a birational map Z’ --» Z', two morphisms ' : Z' — Z, ¢': Z' — W and an ample
Q-divisor L' on Z'.
Let m be the Cartier index of H, and define

L= %(q&*A FF)+Qd+ D¢ A+ 2d + mh*H
~o0Kz+Bz+Mz+Q2d+1)p*A+ Q2d+ 1)mh*H. (3-1)
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Because H is an effective ample Q-divisor on Z, by [Birkar et al. 2010], the canonical model of
Kz +Bz+Myz+ Q2d+1)¢p*A+ (2d + 1)mh* H exists; denote itby h' : Z/ --» Z'. Then

W.(Kz + Bz + My + Qd+1)¢*A+ 2d + ) )mh*H) ~g h.L'

is ample, and we write L' := h/,L’. Because ¢*A and mh* H are nef Cartier divisors, by [Birkar and Zhang
2016, Lemma 4.4], both ¢* A and h* H are h'-trivial, so there are two birational morphisms ¢': Z' — W
and h': Z' — Z as in the following diagram:

Z/
h ]/X
| 4’1 !
ze "z P 3y

Because L' is ample and effective and W is smooth, by the negativity lemma, L' = ¢!*¢!*L! — Fy, where
Fy is effective and has the same support as Exc(¢'). Then we have

Supp(¢*'¢',L') DExc(¢') and Z'\Supp(L') 2 W \ Supp(¢',L").

Step 3: We use the two birational morphisms Z' — Z, Z' — W and ampleness of L' to show that if there
is a Q-Cartier integral divisor D and a Q-divisor F € |Kx + Alg/z on X such that (X, Supp(A — F)) is
log smooth over Z \ D, then (X, Supp(A — F)) is log smooth over W \ Supp(¢.L' + ¢ h"* D).

Consider the diagram

X5 X

fl lf’

Z+—— 7'
h.
where X' is the normalization of the main component of X Xz Z '. Because Supp(h’*D) =p"! (Supp(D))
and X — Z is smooth over Z \ Supp(D), we have that X' — Z' is smooth over Z'\ Supp(h"* D). Because
Z' is normal, f!_1 z' \ Supp(h!*D)) is normal and

f71Z \ Supp(h** D)) = f~1(Z \ Supp(D)) X 2\supp(py Z' \ Supp(h** D).

Define Ky + A — F' = g*(Kx + A — F), where A" and F" are two effective Q-divisors with
no common component. Suppose A" = A"+ A, and F' = F" + F,, where A, and F, are f'-
vertical and not supported on f'~!(Supp(h** D)), and the prime components of A" and F " are either
f'-horizontal or supported on f'~!(Supp(h'*D)). Because f' is smooth over Z'\ Supp(h"* D), we have
that Ay p-1(z1\supp(r*py) and Fyl p1-1(z1\supp(nt+ py) are the pullback of two divisors on Z'\ Supp(h* D).
It is easy to see that there is a Q-divisor R' on X' such that Supp(R') C f'~'(Supp(h*D)) and
A, —F,—R' ~q, s 0. Let A' and F' be two effective Q-divisors without common component such
that A'— F' = A" — F" + R'; then Ky: + A' = F' ~g 1 0.

If P is a component of Supp(A' — F'), then it is either supported on f'~!(h*D) or is f'-horizontal.
Then Supp(A' — F') does not contain any irreducible component of the fiber over any prime divisor on Z'
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that is not contained in Supp(h** D), and we have
Supp(A' — F')| (21 supp(atpy) = SUpp(A — F) Xz (Z'\ Supp(h™* D).

Because (X, A) C D(n, Z, [, r), by definition of D(n, Z, [, r), we know that (X, Supp(A — F)) is log
smooth over Z \ D, and hence f': (X', Supp(A! —FY) — Z'is log smooth over A Supp(h’*D).
Recall that Z'\ Supp(L') 2 W \ Supp(¢',.L"). Then

Z'\ Supp(h**D) 2 Z'\ {Supp(L' +h"* D)} 2 W \ {Supp(¢',L' + ¢',h'* D)}

and X' — W is isomorphic to X'— Z' over W\{Supp(gS!*L!—i—qb’*h’*D)}. Then (X', Supp(A!—F!)) —W
is log smooth over W \ {Supp(¢' L' + ¢' .h"*D)}.

Step 4: We prove that (W, Supp(¢', L' + ¢+ Bz + ¢',h** D)) is log bounded.

Because Supp(¢', L' + By + ¢' ,h"* D) = Supp(¢.(¢p*A + F| + By +h*(D + H))), we only need to
prove that (W, Supp(¢.(¢p*A+ F1 + Bz +h*(D+ H)))) is log bounded. Recall that W is bounded by A
by construction; we only need to work on the boundary.

Recall that the coefficients of F| and Bz are in a DCC set and coeff(H) > § by assumption. Then
there is a positive number 8’ < 1 such that (F; + Bz/)/8' > red(F; + Bz/). By assumption, A and D are
two effective integral divisors, so we only need to prove that there exists a constant v’ > 0 such that

A g, (red(¢p*A+ F1 + By +h*D)+h*H) < V.
By the projection formula, this is equivalent to proving
(@*A)' . (red(¢*A+ Fi + Bz + h*D) + h*H) < v'.

Let G =2((2d + 1) + 1)¢*A. By [Hacon et al. 2013, Lemma 3.2], we have
G4 (red(¢* A + Fi + By + h* D)) <2 Vol(KZ/ + %BZ/ ForA+ %Fl FR*D 4 G). (3-2)
Recall that the coefficients of By are in a DCC set Z’ and the Cartier index of the b-divisor M is [,
according to the assumption that (X, A) C D(n, Z, [, r). By Theorem 2.5, there is a positive number
e < 1 depending only on Z’ and [ such that Kz +eBz + M is big. Because My is pseudo-effective and
1 1

1 y 1 vy ¢
KZ’+§BZ’+ 51_8 (Kz+eBz +Mz)+ My ~q ‘Sl_e(Kz/+Bz’+Mz'),

for any divisor E, we have that

1
- — €
Vol(E + Ky + %BZ,) < Vol(E + 5Kz + Bz + MZ/)>.
— e

Because ¢*A and F are effective, it is easy to see that

¢*A+§F1+G < (1+2((2d+1)+1)+$) (@*A+F)~a (1+2((2d+1)+1)+§)r’(Kz/+Bzf+Mz/).
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Then we have

VOI(KZ/ + %Bz/ +¢*A+ %Fl +h*D + G)

1
- — €
SV01<81 — (KZ’+BZ’+MZ/)+¢*A+$F1 +h*D+G)

1

y ¢ / / r % (3-3)
<vol (22 47 +27'(@d+ D+ D)+ 5 ) (Kz+ Bz + Mz) +h°D

<v"vol(Kz + By + My +h*D),
where

1 d

y—e !
Vo= (E— 27 (Qd+ D+ D+ 5 )

l1—e 1)

Recall that, by construction, H(X, m(Kx + A+ f*D)) = H(Z', m(Kz + Bz + Mz + h* D)) for
all m > 0 sufficiently divisible. Then we have

vol(Kz + Bz +Mz +h*D) =Ivol(Kx + A+ f*D) <rIvol(Kx + A) <rC,
where the second inequality is from the definition of D(n, Z, [, r). Then we have
G (red(¢*A + Fi + Bz + h*D)) < 2%rC"v.
Because ¢*A and h*H are nef, we have that
(@* AV H < (" A+ H) <r'"vol(Kz + By + My + H)
<r“Ivol(Kx + A+ f*H) < r"rcC. (3-4)

Let v/ :=2¢C"v/2QRd+1)+1)?+r"4rC. Then (¢*A)¢~'.(red(¢* A+ F; + By +h*D)+h*H) <v'. By
boundedness of the Chow varieties, see [Kollar 1996, §1.3], (W, Supp(¢«(¢*A+F1+ Bz +h*D+h*H)))
is log bounded, and therefore (W, Supp(¢.(¢p*A + F1 4+ h*D))) is log bounded.

Step 5: We take a log resolution of (W, ¢, (¢*A + Fy + h* D)) to get a log bounded family (£, P) - T,
then show the moduli part M descends on Z; by using the standard normal crossing assumptions.

By the definition of log boundedness, there is a flat morphism (Z, P) — T such that, for a closed
point ¢ € T, we have (W, ¢, (¢* A+ Fi +h*D)) = (Z;, P;). Because f': (X', Supp(A' — F')) — W is
log smooth over W \ Supp(¢',L' +¢'.h** D) and Supp(¢', L' + ¢',h"* D) = Supp(¢«(¢p* A+ F| +h*D)),
there is a rational contraction f; : X' --» Z; such that (X', Supp(A! —FY)is log smooth over Z; \ P;.

After passing to a stratification of 7 and log resolution of the generic fiber of Z — T, we can
assume (Z;, P;) is log smooth for every closed point t € T. We choose a birational model Z’ of Z as in
Theorem 2.12 such that ¢ : Z' — Z; is still a birational morphism.

We replace X by a higher birational model which resolves the indeterminacy of X' --» Z;, replace A by
its strict transform plus the exceptional divisor, and choose F € [Kx+A|g, z,. Because (X " Supp(A’ —FY)
is log smooth over Z; \ P;, we may assume that the morphism X — Z; and divisors A — F, P, satisfy
the standard normal crossing assumptions. Hence the corresponding moduli b-divisor descends on Z;.
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Because (X, A) — Z has the same generic fiber (X, Ap) as f: (X, A) = Z, and « (X, Kx, +Ay) =0,
the moduli b-divisor M of (X, A) — Z descends on Z;. Also because ¢ : Z' — Z; is a birational
morphism, we have Mz = ¢*Mz,.

Step 6: We show that the boundary part is (QD-linearly equivalent to the difference of two Q-divisors on Z;
both with bounded degrees. Therefore, the boundary part is bounded up to Q-linear equivalence.

By Theorem 2.5, there is a rational number e < 1 depending only on Z, d, and [ such that both
Kz 4+ Bz +Mz and Kz + Bz +eMyz are big divisors. By Theorem 2.4, there is an integer 7 depending
only on Z, d, [ and e such that both |m7(Kz + Bz +Mz/)| and |m7 (K z+ Bz +eMz/)| define birational
maps for all integers m > 1. By assumption, /M z, is Cartier, so we may choose 7 = r’l for some integer
r’ > 0 such that both Mz and FeMy are Cartier divisors and both |F(Kz + |FBz |/F + Mz/)| and
|F(Kz 4 |FBz'|/F +eMyz)| define birational maps. Let

[FBz |

- rBy
r(KZ/+ ;1 +MZ/) L ZJ

Di e r (Kz/ +—+ eMz/)
F

, Dje

be general members. Define two effective Q-divisors

Kz +FBz)/F+ My

Kzf+ LFBZ/_]/F—FeMZ/
Q .
1—e

D) ~
e 1—e

/
Dz'\'

It is easy to see that the coefficients of D} and D) are in a discrete set that depends only on r, 7, e, 7.
Let D = ¢*Di and D, = ¢*Dé. It is easy to see the degrees of D; and D, with respect to A in W are
bounded. Because the coefficients of D and D, are in a finite set and Mz = D; — D;, by Lemma 3.1,
up to replacing the family, there are finitely many divisors My, k € A, on Z such that Mz, = M|z, for
some k € A. 0

Theorem 3.3. Suppose (Z,P) — T is a family of projective log smooth pairs, where T is of finite type,
and let M be a Q-Cartier Q-divisor on Z. Fix an integer | > 0 and a DCC set T C [0, 11N Q. For a
closed pointt € T, let S(Z, Z, P, M, T, t) denote the set of generalized pairs (Z', By + Myz/) such that

e (Z', Supp(Bz)) is log smooth,

coeff(Bz) € Z,
e there is a birational morphism ¢ : Z' — Z;,
* ¢.Bz < 7P|z,
o M descends on Z;, and
* Mz =¢*(Mlz).
LetS(Z,Z, P, M, T):=,cr S(Z, 2, P, M, T,t). Then the set

{vol(Kz'+ Bz +Mz) | (Z', Bz + Mz) € S(Z, Z, P, M, T)}
satisfies the DCC.
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Proof. Let T' C T be the subset such that M|z, is nef for every 7 € T'. Fix a closed point 0 € 7’. For any
closed pointt € T’ and (Z', Bz + Myz) € S(Z, Z, P, M, T, t), because (Z;, P;) is log smooth, by the
proof of [Filipazzi 2018, Theorem 1.10], we may assume that ¢ : Z’ — Z, only blows up strata of P;.
On the other hand, by the proof of Lemma 3.1, after replacing 7' by an étale cover, we may assume
every stratum of (Z, P) has irreducible fibers over T. Therefore, we may find a sequence of blowups
g: 2’ — Z such that Z' = Z]. Tt is easy to see that there is a unique divisor 3 supported on the strict
transform of P and the exceptional locus of g such that Bz = Bz/|z/. Let Y = Z be the fiber over 0 of
Z' — T and By := Bzz. By Theorem 2.7, we have that

vol(Kz + Bz +¢*M|z,) = vol(Ky + By + (" M) z).
Then the set
{(vol(Kz'+ Bz +Mz) | (Z', By + Mz) € S(Z, 2, P, M, T, t)}

is independent of t € T. Now apply Theorem 2.6. O

Proof of Theorem 1.6. Fix an arbitrary constant v > 0, let
Dn,Z,1,r,v):={(X,A)eDn, LI, r),Ivol(Kx + A) <v}.

We only need to prove {Ivol(Kx + A) | (X, A) €e D(n, Z,1,r,v")} is a DCC set.

Fix (X, A) €e D(n,Z,1,r,v"). Because Z is the canonical model of Kx 4+ A, by Theorem 2.12, there
is a generalized pair (Z’, Bzs + Mz/) and a birational morphism & : Z' — Z such that Z is the canonical
model of Kz + Bz + Mz. Let Bz be the pushforward of B/; then Kz + Bz + M  is ample.

By Theorem 2.4, there is an integer r’ > 0 which only depends on Z and [ such that |r'(Kz+Bz+Mz')|
defines a birational map. Choose a general member H' € |r'(Kz + Bz + Mz/)|, and let H := h, H'.
Then H is ample and the coefficients of H are bounded below by a positive number §’. By definition of
the canonical model, h*H < H’, by Theorem 2.12 (3),

HY(X, Ox(ml(Kx + A))) = HY(Z', Oz(ml(Kz + Bz + Mz))),
and we have that

Ivol(Kx + A+ f*H) < (1 +r)¢ Ivol(Kx + A). (3-5)

Then (X, A) and H satisfy the conditions in Theorem 3.2.
Let (£, P) — T be the bounded family, let M, k € A, be the Q-divisors defined in Theorem 3.2,
and let D’ be the set of generalized kit pairs (W, By, + My) such that

o (W', Supp(Byw)) is log smooth,

o there is a morphism ¢ : W' — Z, for a closed point ¢ € T,
o My = ¢*(My|z,) for some k € A, and

o coeff(By) is in a fixed DCC set and ¢, (Bw') < P.
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Since Z is the canonical model of (X, A), we have Ivol(Kx + A) = vol(Kz + Bz + Mz). Let
(Z', Bz + M) be a generalized pair as in Theorem 2.12 such that there is a birational morphism
Yy : Z' — Z, for aclosed point ¢ € T. By Theorem 2.12 (3), vol(Kz+ Bz + M) = vol(K 77+ Bz + M),
and, by Theorem 3.2, ;. Bz <P, and Mz = ¢ M. Then (Z', Bz + Mz ) € D' and

{Ivol(Kx +A) | (X, A) e D(n, Z,1,r,v )} C{vol(Kz+Bz +Mz) | (Z', By +Mz) € D'}.

Because A is a finite set, by Theorem 3.3, the set {vol(Kz + Bz +Mz) | (Z', Bzs+ Mz/) € D'} satisfies
the DCC, and hence {Ivol(Kx + A) | (X, A) e D(n, Z, L, r, v™)} satisfies the DCC. O

4. Boundedness of canonical models

In this section, we follow the method of [Hacon et al. 2018, Chapter 7].
Definition 4.1. Let (Z, B) be a pair. Define a b-divisor Mg by assigning to any divisorial valuation

Mg (u) = multr(B) if the center of w is a divisor I" on Z, -1
B = 1 otherwise.

Theorem 4.2. Let v be a positive rational number, and let T C [0, 1] be a DCC set of positive rational
numbers. Suppose (2, P) — T is a family of projective log smooth pairs, where T is of finite type, and
M is a Q-Cartier Q-divisoron Z. Let S(v, Z, Z, P, M, T) be the set of generalized pairs (Z', Bz +My')
such that

e (Z', Bz + My) is generalized klt,

vol(Kz + Bz +Myz) = v,

e coeff(Bz) C Z,

e there is a closed point t € T and a birational morphism ¢ : Z' — Z;,

* ¢* BZ, S Pl‘v

o M descends on Z;, and

s Mz =¢*(M|z).

Let (Z, Bz + M) be the canonical model of (Z', Bz + Myz/). Then Z is in a bounded family depending
onlyonv, Z, (Z,P) > T and M.

Proof. 1t suffices to show that, for any generalized pair (Z', Bz +Mz)C S(v, Z, Z, P, M, T), there is an
integer N > 0 such that if (Z, Bz + M) is the canonical model of (Z’, Bz/+M ), then N(Kz+Bz+My)
is Cartier and very ample.

Suppose this is not the case: let {(Zlf, %,I, + MZ;), i>1}cSWw, 7, Z,P, M, T) be a sequence and
(Z;, B%,- + M 2_) the corresponding canonical model such that i! (K2, + Bél_ +M éi) is not very ample for
every i > 1. Let {#; € T, i > 1} be the corresponding sequence of closed points, and let ¢; : Z! — Z;, be
the corresponding morphisms. By the construction, we have ¢,-*B;{ <P, and M %{ = ¢ (M| z,). After
replacing T by a closed subset, we assume that {t; € T,i > 1} is dense in 7.
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Step 1: We prove that there exists a birational morphism g : Z' — Z such that

« g is obtained by blowing up the corresponding strata of Mp, and
« vol(Kz + ®'|z +g*M]|z )= forevery i > 1, where &' is the Q-divisor supported on Mp =
such that &' |z; =Mpi, z .

Applying [Filipazzi 2018, Proposition 5.1] to (Z;,, P;, + M|z, ), we obtain a model 2, — 2, and the
morphism g: (2, P := Mp z)— Z obtained by blowing up the corresponding strata of Mp. We define
=M BYy.2; . Passing to a subsequence, we may also assume that, for any irreducible component P of
the support of P’, the coefficients of ®,, along P, are nondecreasing. Let ®' be the Q-divisor supported
on P’ such that &' | z, = ®y,. Then the coefficients of &' are nondecreasing.
We claim that, forlany i > 1, we have

VOI(KZt/i + th,- +g*./\/l|2t/l) = .

To prove this, we may fix i. Applying the above cited result to (Z;,, P, + M|z, ), we obtain a model
2 — 2| and the corresponding morphism g’ : (2", P" := Mp z) — 2’ obtained by blowing up the
corresponding strata of Mp. By the above cited result again, we have

vol(K z» + W, +g"g" M|z) =,
where W, := Mpi, z». If W is the divisor supported on Supp(Mp: z+) such that W|z» = W, then

v =vol(Kz + W, +g"g"M|z)
=vol(Kzy + Wz +8"g"M|z)
=vol(Kz +®'|z +g"Miz)
=vol(Kz + @, +g"M|z), (4-2)
where the second and the fourth equalities follow from Theorem 2.7 and the third one follows from
[Filipazzi 2018, Proposition 5.1].

Step 2: We show that, after replacing T by an open subset, Z’ by a resolution and {z;,i > 1} by a
subsequence, there exist effective Q-divisors A and £ on Z’ such that

o Ais ample over T,

o &=+ — D,

o Kz +® +g*M~g A+ &', and

o (Z', Supp(®' + &) is log smooth over T

for every i > 1.
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Because g* M|z is nef for every i e Nand {f; € T,i > 1} is dense in T, we have that g* M|z is nef
for a very general point ¢ € 7. Note that K z t P! z + g*M]| z is big. Suppose
vol(Kz + @' |2, +&" Mlz) =v>0.

Then by [Filipazzi 2018, Theorem 1.12], we have vol(K z + ol z+8"M|z) = for a very general point
t € T. Since sections on the very general fiber agree with sections on the generic fiber by semicontinuity of
cohomology groups, K z'4+®! 4 g* M is big over the generic point of T, and we have that K z/+®' +g* M
is big over T'.

Let A be a general relatively ample Q-divisor on Z’ and £! be an effective Q-divisor on 2’ such that

Kz +®'+g"M~g A+EL
Define £ := &' + &' — ®!; then £ is effective and Kz + &' + g*M ~g A+ &',

After taking a log resolution of the generic fiber and replacing 7' by an open subset, we may assume
that there is a fiberwise log resolution i : Z* — Z’ of P’ + £ over T. By the negativity lemma, there
exists a Q-divisor F on Z* which is supported on the exceptional divisor over Z such that A* :=h*A—F
is relatively ample over 7. Let ®* := Mg, z-. Because (Z', ®) is lc, if we write

Kz + CDI* +h*g*/\/l ~0 A* +51*’
then £'* is effective and supported on the Supp(h; ') plus the h-exceptional divisors. Therefore,
(Z*, Supp(£')) is log smooth over T. Notice that ®' — ®! is effective and supported on P’. Define
E* =% 4+ h1(®' — ®); then

KZ* +<Di* +h*g*/\/l ~0 .A* +51*
and (2*, Supp(£'*)) is log smooth over 7.

Then we replace Z’, o', g, Aand & by Z*, ®* hog, A* and £, respectively. Suppose
k=min{i |t; €T, i > 1}.

Then we pass to a subsequence of {t;, i € N} and replace t;, ®! and £' by 1, ®* and &F, respectively.
Step 3: In this step we construct a Q-divisor ® on 2’ such that

o« & <!,

. (2, &Dlg;_) is kIt for every i > 1,

* vol(Kz; + ci>|z;l +g"M|z) =v, and

e (Zy, B%l + M%l) is the canonical model of (Zt’l, (i"Z{l _|_g*j\/l|g;1 ).

Since (Z, B%l +M %1) is generalized klt, we slightly decrease the coefficients of components of ®!
corresponding to the exceptional divisor of Z; --» Z; to define a Q-divisor ® such that

« D<o,

. (2], lz) sk,
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. vol(Kz + ci>|2;1 +g"M|z)=v, and
e (Z1, B%l + M%l) is the canonical model of (Zt’l, Ci’|z,’1 _|_g*j\/l|g;1 ).

Note we have & <®! <d%<.... Because (Z/, Supp(®’ + £%)) is log smooth over 7 and (Z,’l, dA>|Z;1)
is klt, we have that (Z,’i, <i>| z/) is Klt for every i.

Step 4: We show that there exist a sufficiently small positive number € € (0, 1) and a birational contraction
Y Z' --» W over T such that

e VU is the relative canonical model of (Z’ , FCD + mCD + g*/\/l) and

* ¥, 1 Z; --» W, is the canonical model of (Z, ( (mdﬂ + mCD + g*./\/l)|z,_) for every i > 1.

Because @, = MB,/ 2 for any common resolution Y of Z| and Z’ we have Mo, y > MBl, v
Also because vol(KZ/ —|— B + Ml,) = VOl(Kgf + dD,l + g*/\/llz/ ), by [F111pazz1 2018, Lemma 5. 2]
(Z',B o+ Ml,) has the same canomcal model as (Z; > P+ g*/\/llg/ ), which is (Z1, B1 + M ) In
partlcular there is a birational contraction Z| --+ Z;.

Since (Z] d>|zr ) is kIt and (Z/, Supp(CD’ + A+ &) is log smooth over T, we can choose € < 1
such that (Z] D z + €&l z ) is klt for every i > 1 and g* M + €A is ample over T. We then have that
(2, <D|z’ + eS |z’ + (g*/\/l + eA)er ) is generalized kit with nef part (g* M + E.A)|Z/ for every i > 1.
Because

Kz +®lz +e€llz + (g M+ed)z ~a Kz +Slz +8" Mlz +e(Kzy +0'z +5"Miz)

and Z; is both the canonical model of (Z] ®|Z/ +g*./\/l|z/ ) and (Z; , d! |z’ +g*/\/l|g/ ), we have that
Z, is also the canonical model of (Z] d>|g/ —I—eé’ Ig/ + (g*/\/l +€A)|Z ).

Because g* M + €A is ample over T we can choose a general effectlve Q-divisor H ~g g*M+eA
and replace T by an open neighborhood of #; such that (Z] CDI z +e&l 2 +H| z ) is kit for every i > 1
and (Z’, Supp(CD + €& +H)) is log smooth over T'. Tt is easy to see that Z 118 also the canonical model
of (2], q>|2;1 +eg! |z +Hlz)-

Because 7‘[|z;1 is ample and (Z; , Ci>|2[/1 +e&! |Z£1 +H|Z{1) isklt, (2], &)|Z{1 +eg! |Z[,l +H|Zr’1) has a good
minimal model, according to [Birkar et al. 2010, Theorem 1.2] and [Kolldr and Mori 1998, Theorem 3.3].
Because (Z’, Supp(é + €& +H)) is log smooth over T, by [Hacon et al. 2018, Corollary 1.4], suppose
W 1 Z' --» W is the relative canonical model of (Z’, ® 4+ €£! + #) over T. Then, fiber by fiber,
Yy, © 21 --» Wj, gives the canonical model for (Z/, P z + €&l z + H| z ) for all i > 1. In particular,
W, is the canonical model of (Z] , ‘b|z’ +e&! |z’ —|—7—L|Z/ ), and it is 1somorph1c to Zj.

By the definition of the canomcal model Ky + w*(cb +e&' + 1) is ample over 7. We recall that
Kz +®+e8'+H~g Kz + P+ g*M+e(Kz + D' 4 g*M). Then

Ky + Y (® + e +H) ~q (1 +e)(KW+¢*< ol + %@ +g°M))
and Ky + . (5 @' + 1—+€<I> + g*M) is ample over T. Thus Kyy, + ¥ (
is ample for every i > 1.

1-€+e¢'1 + ﬁ&) +g*/\/l)|w,l.
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Because Z' --» Wis Kz + & + €& + ‘H-nonpositive and

Kzt b+ee +H~a (1+6)(Kz+ 10! +%®+g*/\/1>

T Wis Kz + 150 + 1 1+€ ® + g* M-nonpositive. Also because
T b))

Kw,i+w*(1+€q> + b +em

is ample, ¥, : Z; --» WV, is the canonical model of

1
z ( ol 4y gt )
( fre® Tipe®tsM
Step 5: We show that , is also the canonical model of (Z{i , O z +8" Mgz ) forevery i,k > 1 and

finish the proof of the theorem.
Notice that, by Theorem 2.7,

Wy f

2)

1

v=vol(Kz + q>k|z;k +g" Mlz;) = vol(Kz; + <1>’<|Z;l +8"Mlz)
for all k£ > 1. By the construction of ®, we have
P<o'<?<P’<
and Vol(KZt/1 + &Dlz;l + g*/\/llg;l) = v; hence

€ gty L * ) _
V01<KZ‘1 +(1+eq> + 1+6q>>)z,’1 T Mz ) =v.

Because (Z/, Supp(fiJ + @) is log smooth over T, by [Filipazzi 2018, Theorem 1.12], we have
1 1

(k2 + (752 + @), +emiz,) =vol(Kz, + (T 0!+ d)|, emiz) -
vollRz, +{(1e® T 13 ®)ly to Mz ) =vollKa e ® T e ®)|, T Miz ) =v

for every i > 1.
It follows from [Filipazzi 2018, Lemma 5.2] that v, : Zt’i --+ W, is also the canonical model of
(21, <I>k|3t/_ +g* M|z ) for every k > 1,
‘,, o+ L d)
Vi@l = Y (@' + o
and there is an isomorphism «; : Z; — W, . Let N > 0 be an integer such that

N(KW oy, (f?CD + %CD) + w*g*/\/l)

, 9
z

is very ample over 7. Then

1 =
N( Wi —H//*(l—i-e + 1+€<D)

z - mg*MlWﬁ)

is very ample for every i > 1. Since
1

€
(ot La)
lpt’*(l—l—e + 1+e€

_ i _ . pi
, —wt,-*q) |Z,”, _al*BZl»y
-4

we have that N(Kz, + BZ_ +M éi) is very ample for every i > 1, which is the required contradiction. []
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Proof of Theorem 1.7. Define D(n, Z, 1, r, v) to be the set
{((X,A)|(X,A)eD(n,Z,1,r)and Ivol(Kx + A) = v}.

Suppose (Z, Bz + M) is the canonical model of (X, A) e D(n, Z,1, r, v). Let (Z', Bz/+ M /) be the gen-
eralized pair defined in Theorem 2.12 (3). Then (Z, Bz + M) is the canonical model of (Z', Bz + Mz)).

By Theorem 3.2, there is a log bounded log smooth family of projective varieties (£, P) — T and
finitely many Q-divisors My, k € A, on Z such that there is a closed point # € T and a birational morphism
¢:Z' — Z; such that ¢, Bz <P,. Then we have (Z', Bz +Mz) € Uycp S, I, Z, P, My, T). Because
A is a finite set, Z is in a bounded family according to Theorem 4.2. O

5. Weak boundedness

The definition of weak boundedness is introduced in [Kovacs and Lieblich 2010].

Definition 5.1. A (g, m)-curve is an irreducible smooth curve C° whose smooth compactification C has
genus g and which satisfies the requirement that C \ C° consists of m closed points.

Definition 5.2. Let W be a proper scheme with a line bundle A/, and let U be an open subset of a proper
variety. We say a morphism & : U — W is weakly bounded with respect to N if there exists a function
by : Zio — Z such that, for every pair (g, m) of nonnegative integers, for every (g, m)-curve C° C C,
and for every morphism C° — U, one has deg N < by(g, m), where &c : C — W is the induced
morphism. The function by will be called a weak bound, and we will say that £ is weakly bounded
by bus.

We say a quasiprojective variety U is weakly bounded if there exists a compactification i : U <— W
such that i : U < W is weakly bounded with respect to an ample line bundle A on W. The following
lemma says that if a projective variety U is weakly bounded with respect to an embedding U < W, then
it is also weakly bounded with respect to any other compactification U < W’ and any ample line bundle
on W’ (possibly by a different weak bound).

Lemma 5.3. Let U be a weakly bounded quasiprojective variety with a compactification i : U — W
such that i : U < W is weakly bounded with respect to an ample line bundle N on W. Then, for any
compactification i’ : U < W' and any ample line bundle N" on W', i’ : U < W' is weakly bounded with
respect to N'.

Proof. Let g : W’ — W and h : W’ — W’ be a common resolution of W and W’. Let A” be an ample
Cartier divisor on W”, A a Cartier divisor on W such that Ow (A) = N/, and A’ a Cartier divisor on W’
such that Oy (A") = N".

Suppose C° C C is a (g, m)-curve for a pair of nonnegative integers (g, m) and C° — U is a morphism
that extends to a morphism & : C — W. By definition, there exists a function by : Zio — Z such that
deg €N < by (g, m). .

Because A is ample, g*A is big, and there exist an effective divisor F on W” and [, n € N such that
lg*A~nA"+ F". Write Supp(F") = J;;, W/, where the W/ are reduced divisors.
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Suppose C° — U extends to a morphism £” : C — W”. Then & := g 0 &”. We claim that there exists a
positive number ¢ depending only on U < W” and A” such that deg §”*A” < cb(g, m), which means
i"” : U — W" is weakly bounded.

We argue by induction on the dimension of U. If dim(U) = 1, then W” is the normalization of W,
g*A and F” are ample, and

degg"* A" = degg" (Lgra— 1r7) < Laegra < Loye, m).

Thus we may assume the claim is true in dimension one less.
Suppose dim(U) > 1. We have the following two cases.

(1) If£"(C) ¢ Supp(F"), then
deg&E™(nA") =deg™(Ig*A — F) <deg&™ (Ig*A) =deg&*(IA) <lbyx(g, m).

Let ¢ :=[/n; then we have
deg&™ A" < cobp(g, m).

(2) If £"(C) C Supp(F"), let W/” be the irreducible component of Supp(F) that contains £”(C). Define
W; = g(Wi/ "y and U; :== U N'W;. Itis easy to see that U; < W; is naturally weakly bounded with respect to
Alw, by bar(g, m). Also because dim(U;) < dim(U) and we assume the claim is true in lower dimensions,
there exists ¢; > 0 such that

deg "™ A" < cibn(g, m).

Because Supp(F) = |J; ;< W/ has only finitely many components, let ¢ = max{c;, 0 <i < k}. Then
in both cases we have
deg £ A" < cbpr(g, m)

and i”: U — W” is weakly bounded with respect to Ox~(A”).

Next we use the weak boundedness of i’ : U < W” to show that i’ : U < W’ is weakly bounded.
Because A” is ample, there exist d, r € N such that dA” ~rg™ A"+ H”, where H" is an ample Cartier
divisor. Let &' := g’ 0&” : C — W’. We have

deg&™(rA") =deg&" (rg” A’y < deg&"(rg"A’+ H") =deg&"*(dA") <dcbn (g, m).

Thus
dc

degs/*A/ =< Tb/\/(gv m)s

and i’ : U < W’ is weakly bounded with respect to Ox/(A’). O

Lemma 5.4. Let T be a quasiprojective variety. Then we can decompose T into finitely many locally
closed subsets, T =\ T;, such that each T; is weakly bounded.

Proof. By the definition of weakly bounded, if a variety U is weakly bounded, then any open subset
U° C U is also weakly bounded. Therefore, we may replace T with a stratification and assume that 7 is
smooth and projective; we only need to show that T has a weakly bounded open subset.
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Fix an integer n > 2, and let A be a general very ample divisor on 7. such that Kp ;7 + A is also
very ample. Then Supp(A) is smooth and dominates 7" and, by the generic smoothness theorem, there is
a normal open subset 77 C T such that Supp(Ar,) is smooth over 71, where A7, := Al7,.

Since K[p»;/T + A is ample and A is smooth, by the adjunction formula, K4, = (K[pz'}/T + A)|a is
very ample, and we have that A7, — T is a family of canonically polarized smooth varieties. We may
assume that 7 is irreducible and every fiber of A7, — 77 has Hilbert polynomial 4 (m) = x (wi’").

Write M, for the (Deligne-Mumford) stack of canonically polarized smooth varieties with Hilbert
polynomial 4 and M|, for its coarse moduli space. It is easy to see that g maps Ar, to T} € M} (T). Let
Y : Ty — M) be the induced moduli map.

By [Kovacs and Patakfalvi 2017, Corollary 6.20], there is a diagram

A A Ay
T'+—T'—— T

with Cartesian squares such that

o T” — Ty is finite surjective, and

e A’ — T’ is a family of canonically polarized smooth varieties for which the induced moduli map
V' T" — M is finite.

Since the diagram is Cartesian,

KA///T// = g*KA//T/ = h*KATl/T] .

Because £ is finite and K A, /Ty is ample, K 4»/7» is ample and T” — T’ is quasifinite. It is easy to see
that both
T" — T’ﬂ) My and T"—T % M,

give the moduli map v : T” — My induced by A” — T"”; thus we have that ¢ : T; — M is quasifinite.

By [Kovdcs and Lieblich 2010, Lemma 6.2], the stack M} is weakly bounded with respect to M), and
A € Pic(M),) by a function b(g, d), where M}, is a compactification of M} and A is an ample line bundle
according to [Kovacs and Patakfalvi 2017]. Let fl be a compactification of 77 such that ¢ : Ty — M}
extends to a morphism f"l — M,. Let T} be the Stein factorization of f"l — M, and denote the finite
morphism by ¥ : T\ — M,,.

Suppose C° € C is a (g, d)-curve. Let C° — T be a morphism, and let § : C — T be its closure.
Then € o0& : C — Mj, is the closure of C° — T} YoM - By the definition of weakly boundedness,

deg(Y“0&)* A <b(g,d),

and hence T; is weakly bounded with respect to T} and ¥*A. Because v is a finite morphism, ¥*1 is
ample, and hence T} is weakly bounded. O
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Theorem 5.5 [Kovécs and Lieblich 2010, Proposition 2.14]. Let T be a quasicompact quasiseparated
reduced C-scheme, and let U — T be a smooth morphism. Given a projective T -variety and a polarization
over T, (M, Onq(1)), an open subvariety M° — M over T , and a weak bound b, there exists a T -scheme
of finite type Wj’w and a morphism © : Wj’wo X U — M° such that, for every geometric pointt € T and
for every morphism & : Uy — M7 C M, that is weakly bounded by b, there exists a point p € Wﬁ/l? such
that & = ®|{p}><1/{,-

In particular, if M° is weakly bounded and M is the compactification, by definition, every morphism
& Uy — M7 C M, is weakly bounded by a weak bound b; hence § = ® |y, for a closed point p € Wﬁ/[?.

6. Hilbert scheme and the moduli part

6.1. Parameter space. A class of polarized log Calabi—Yau pairs is a set % consisting of triples (X, A, H)
such that

e (X, A) is a pair,

e H is an effective ample divisor,

e Kx+ A ~g0, and

e (X, A+e€H) is Ic for a positive number € < 1.

A family of polarized log Calabi—Yau pairs over a normal base scheme S consists of a flat, proper
morphism f : X — §, a Q-divisor A on X and a Q-Cartier divisor H such that Kx,s + A is Q-Cartier
and all fibers (X, Ay, H,) are polarized log Calabi—Yau pairs. We denote it by (X, A, H) — S.

Given a class of polarized log Calabi—Yau pairs %, we define .Z % (S) to be the set of families of polar-
ized log Calabi—Yau pairs over S, (X, A, H) — §, such that Kx + A is Q-Cartier and (X;, As, Hy) € €
for every closed point s € S.

Suppose ¢ is a class of n-dimensional polarized log Calabi—Yau pairs. We say ¥ is bounded if the
following two equivalent conditions hold:

» There exists a positive number C and a positive integer d such that, for every (Y, D, H) € ¢, dH is
very ample without higher cohomology, (dH)" < C, and (dH y=1 red(D) < C.

 There is a flat projective morphism Z — § over a scheme of finite type, two divisors P, £ on Z
which are flat over §, and a positive integer d such that, for every (¥, D, H) € €, there is a closed
point s € § and an isomorphism ¢ : (Y, dH) — (Z;, L) such that ¢, D < Ps.

If the first condition holds, then there is a (nonunique) natural choice of the scheme S in the second
condition. By boundedness of the Chow variety, see [Kollar 1996, §1.3], we may assume that ¥ has a
fixed Hilbert polynomial H (¢) with respect to d H. Let P be the projective space of dimension H(1)—1
with a fixed coordinate system. By the proof of [Kovacs and Patakfalvi 2017, Proposition 6.11], because
normality is an open condition, we may choose ' to be the locally closed subset of the Hilbert scheme
of P which parametrizes all irreducible normal subvarieties of [P with Hilbert polynomial H (¢), and we
let .7 : X3y — H’' be the universal family.
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Let A be a finite set, and let p;(¢), i € A, be |A| polynomials such that deg p; () = deg H(¢) — 1 for
every i. Let
H; :=Hilb,, (1) (Xy /H)

be the locally closed subset of the relative Hilbert scheme which parametrizes closed pure dimensional
subschemes D; C X3y such that D; — H’ is a flat family of varieties with Hilbert polynomial p; (r). Let
D; — H; be its universal family. For simplicity of notation, we define H :=H; x4y - - - X3 H|a| and

(XH, DH) = (XH/ Xy H, ZD,‘ X, H)

Remark 6.1. Let ¥ be a bounded class of polarized log Calabi—Yau pairs. With the same notation as
above, let (X, A) be a klt pair and L be a divisor on X, and suppose a general fiber of a contraction
f:(X,A,L)— Zisin %, that is, there is an open subset U C Z such that, for every closed point u € U,
(Xu, Alx,, Llx,) €¢.

Write A =) A; as the sum of irreducible components and define A; , := A;|x,, A; := A;|x, fora
closed point u € U. Because the degree of Supp(A; ;) is bounded from above, by boundedness of the
Chow varieties, the Hilbert polynomial of A; , is in a finite set {p;(¢), i € A}; see [Kollar 1996, §1.3].

u’

Let (X4, Dy) — H be the family constructed as above. By the construction of H, every closed point
u € U corresponds to a closed point in H, and there is a morphism U — H.

Notice that A; , may not be irreducible for every u € U, and two irreducible components of A, may be
considered as two divisors or just one divisor, depending on the divisor A; on X. That means, given two
contractions (X’, A') - Z!, i =1, 2, satisfying the given conditions, even if (Xllll’ A}”) = (Xﬁz, Aiz),
u1 and uy may corresponds to different points in #.

Since dL is very ample without higher cohomology and f : X — Z is flat over U, we have that
J«Ox(dL) is locally free over U. Replacing U with an open subset, we may assume that f,Ox(dL) is in
fact free. Fixing a basis in the space of sections then gives a map U — H’, and Xy — U is isomorphic
to the pullback of the universal family X3, — H’. Similarly, each irreducible component A; of A gives a
map U — H;. Hence there is a morphism ¢ : U — H such that f : (Xy, Supp(Ay)) — U is isomorphic
to the pullback of (X3, Dy) — H by ¢.

Suppose @ = (¢, ..., o) is a vector of rational numbers and

Ay =aSupp(Ay) =Y a; Supp(A; ).

By the construction of Dy, (Xy, Ay) is isomorphic to the pullback of (X, aDy) — H by ¢. If there
is a point u € U such that (X, A,) is a log Calabi—Yau pair, then (X ), Dy y)) is a log Calabi—Yau
pair. If coeff(A) C Z is a DCC set, then, by [Hacon et al. 2014, Theorem 1.5], @Dy, is in a finite set and
there are only finitely many oDy .

Moreover, by Lemma 7.4 in the first arXiv version of [Birkar 2023], after replacing # by a stratification
of a locally closed subvariety, we may assume that 7 is smooth and (X%, ®Dy) is kit log Calabi—Yau
over H, and hence (X4, «Dy) — H is an Ic-trivial fibration.



2146 Junpeng Jiao

6.2. Moduli part. In this section, we deal with algebraic fibrations whose general fibers are log Calabi—
Yau pairs. We claim that such a contraction naturally induces an Ic-trivial fibration, and then any such
fibration has a moduli b-divisor by the canonical bundle formula.

Theorem 6.2. Let (X, A) be a projective Ic pair, and let f : (X, A) — Z be a contraction to a projective
normal Q-factorial variety. Suppose that a general fiber (X,, A,) is a log Calabi—Yau pair. Assume there
is a subpair (X', A'), a crepant birational morphism g : (X', A’) — (X, A) and a divisor D on Z such
that the morphism h := f o g : X' — Z is smooth over Z \ D and Supp(A') is simple normal crossing
over Z\ D.

Then there is a Q-divisor A" on X' such that

o« (X7, A’Xn) = (X7, A/Xn)’ where 1 is the generic point of Z,

o Supp(A’) is log smooth over Z \ D, and

e (X', A) — Z is an lc-trivial fibration.
Proof. Since (X, A,) is a log Calabi—Yau pair, we have K x, + A/n ~@ 0, and hence there exists a vertical
Q-divisor B’ such that Kx: + A’ + B’ ~¢g 0.

Suppose B’ = R + G, where Supp(R) ¢ h! (Supp(D)) and Supp(G) C h! (Supp(D)). Because R
is vertical, 2 is smooth over the generic point of 4 (Supp(R)) and Z is (Q-factorial, 2 (R) is a well-defined

Q-Cartier divisor on Z; denote it by Rz. Also because & is smooth over Z \ Supp(D), there exists a
Q-divisor Fg supported on 2~! (Supp(D)) such that R + Fr = h*R. Hence

Kx + A"+ B — (R+ Fg) ~q.1 0.

Let A":= A"+ B’ — (R + Fg); then Kx' + A" ~qg; 0 and A; = A}. Write A"= AL j — AL ,. Because
A’_, is g-exceptional, it is easy to see that (X', A") — Z is an lc-trivial fibration. Because Supp(A’) is
loé smooth over Z \ D, Supp(Fg) C h~!(D) and Supp(B’ — R) C h~'(D), we have that Supp(A’) is log
smooth over Z \ D. O

Proposition 6.3. Let f : (X, A) — Z be an lc-trivial fibration between normal projective varieties,
0 Z' — Z a surjective morphism from a projective normal variety Z' and f': (X', A') — Z' the lc-trivial

fibration induced by the normalization of the main component of the base change.

(X, A) <2 (x', N)

o,k

Z+"l 7

Let M and M’ be the moduli b-divisors of f and f'. Then the following hold:

(1) If M descends on Z and M' descends on Z', then p*Mz = M’,,.
(2) If p is finite, then p*My = M,,. In particular, M descends on Z if and only if M’ descends on Z'.
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Proof. Result (1) is [Ambro 2005, Proposition 3.1].

For (2),let g’ : W — Z’ and g : W — Z be birational morphisms such that M’ descends on W’ and M
descends on W and p : Z’ — Z lifts to a morphism pw : W' — W. Then pj, My = My, by (1). Because
p is finite and any g-exceptional divisor is only dominated by g’-exceptional divisors, the pushforward of
pyy My = My, to Z' gives p*Mz =M., O
Theorem 6.4. Let (X, A) be an Ic pair, and let f : (X, A) — Z be an lc-trivial fibration to a smooth
projective variety Z. Suppose X' — X is a log resolution of (X, A) and (X', A') is a subpair such that
g: (X', A" — (X, A) is a crepant birational morphism. Suppose D C Z is a smooth divisor on Z such
that (X', Supp(A")) is log smooth over the generic point np of D. Let Y be the normalization of the
irreducible component of f~'(D) that dominates D, and let Ay be the Q-divisor on Y such that

Ky +Ay=(Kx+ A+ f*D)ly.

Let M7 denote the moduli part of (X, A) — Z. Suppose there is a smooth divisor B on Z such that
B + D is a reduced simple normal crossing divisor and the morphism h : X' — Z and N', B satisfy
the standard normal crossing assumptions. Then (Y, Ay) — D is an lc-trivial fibration and its moduli

b-divisor N is equal to the restriction of M up to Q-linear equivalence.

Proof. By assumption, & is smooth over Z\ B, D is smooth and the singular locus of 2~ (D) is contained
in A=Y (B)Nh~1(D). After blowing up a sequence of smooth subvarieties whose centers are contained in
the singular locus of h=1(D), we may assume that (X', Supp(A’ + h*(B + D))) is log smooth. It is easy
to see that the morphism 4 : X’ — Z and A’, B also satisfy the standard normal crossing assumption.
Let E’ be the irreducible component of 2*D that dominates D, and let A’;, be the Q-divisor on E’
such that
Kp+ Ay =(Kx +A"+h*D)|g.

It is easy to see that the generic fiber of (E’, A’;,) — D is crepant birationally equivalent to the generic
fiber of (Y, Ay) — D, which means the two lc-trivial fibrations have the same moduli part. Then we only
need to prove the result for (E’, A%,) — Z.

By the canonical bundle formula, there is a divisor Bz supported on B such that

Ky +A +h*D ~g h*(Kz+ Bz + Mz + D) (6-1)
and

Kx+A+ f*D~q f*(Kz+Bz+ Mz + D). (6-2)

Because B + D is reduced and (Z, B + D) is log smooth, (Z, B + D) is an lc pair. By the canonical
bundle formula,
Ky +A +h*D+h*(B—Bz)~qgh*(Kz+ B+ D+ Mj).

Because i : X’ — Z and A’, B satisfy the standard normal crossing assumptions, the moduli part M
descends on Z and (Z, B+ D + M7 ) is generalized Ic. Thus, by [Ambro 2004, Theorem 3.1],

(X', A"+ h*D + h*(B — By))
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is sub-lc. Because Z is smooth and B— By is effective and Q-Cartier, after replacing A’ by A’+h*(B—By),
A by A+ f*(B—Bz) and Bz by Bz + (B — Bz) = B, we can assume that B = Bz and every irreducible
component of B is dominated by an irreducible component of A" which has coefficient 1, and (X, A) is
still a pair. Since Kx' + A"+ h*D = g*(Kx + A + f*D), we have that (X, A+ f*D) is lc.

Let g(E’) = E, and suppose h*D = E'+ E| and f*D = E + E|. Recall that Y is the normalization
of E. Restricting (6-1) to E’ and (6-2) to E, by the adjunction formula, there are a Q-divisor A’E, and an

effective Q-divisor Ay such that
(Kx'+ A'+h*D)|p ~q Kpr + A
~g hy(Kp+ Blp+Mz|p),
(Kx +A+ f*D)ly ~a Ky + Ay
~a f£(Kp+ Blp+ Mz|p).
It follows that A%, = A'|p + E{| g/, (E', Ap) is sub-lc, Ay is effective and K+ Ay, ~q g5 (Ky +Ay),

where gp' : E' — Y is the birational morphism induced by g|g' : E" — E. It follows that A, _ is
ger-exceptional, and hence (E’, A’;,) — D is an lc-trivial fibration.

(E/’ A/E’)(_> (X/a A/)

-

Y, Ay)—— (X, A) |

]

D——— 7

By the canonical bundle formula for (E’, A%,) — D, we have
Kg + A ~ag hly (Kp+ Bp + Np). (6-3)

To prove Np ~g Mz|p, we only need to prove that Bp = B|p.

Since the morphism X’ — Z and A’, B satisfy the standard normal crossing assumption, M descends
on Z. Similarly, because B + D is snc, (D, Supp(B|p)) is log smooth and (E’, Supp(A’;,)) is log smooth
over D\ BN D, we have that N descends on D. For the same reason, the morphism E’ — D and A’E,,
B|p satisfy the standard normal crossing assumption. By the construction of the boundary divisor, Bp is
the unique smallest Q-divisor supported on B|p such that

A/E’,v +h%/(Blp — Bp) <red(h}/(B|p)),

where A%,,U is the vertical part of A’,,. Because every irreducible component of B is dominated by an
irreducible component of A’ which has coefficient 1 and every irreducible component of B|p is dominated
by an irreducible component of A, = A'|g + E i | e7 which has coefficient 1, we have B|p = Bp and the
result follows. U
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Theorem 6.5. Let S be a normal projective variety and § : (Vs, Rs) — S be an lc-trivial fibration such
that the corresponding moduli b-divisor M descends on S. Suppose there exists an open subset H — S
such that (Vs, Supp(Rs)) is log smooth over H. Let Z be a projective normal variety and ¢ : Z — S be a
morphism which maps the generic point of Z into H. Assume (X, A) — Z is an lc-trivial fibration whose
generic fiber is crepant birationally equivalent to the generic fiber of (Vs, Rs) Xs Z — Z. Let M be the
moduli b-divisor of f. If M descends on Z, then we have

M7z =¢*"Ms.

Proof. Let (Vy(z), Rep(z)) — ¢(Z) be the contraction induced by the restriction of (Vs, Rs) — S on
¢(Z). Because (Vs, Supp(Rs)) is log smooth over H and the generic point of ¢ (Z) is in H, we have that
(Ys(z)» R(z)) = ¢(Z) is an Ic-trivial fibration over an open subset of ¢ (Z). We denote the corresponding
moduli b-divisor by N. Let Sz — ¢ (Z) be a birational morphism such that N descends on Sz. We have
the following two cases:

Case 1: Sz =S. Because ¢ is surjective, M descends on Z and M descends on S, by Proposition 6.3,
we have ¢* Mg ~g Mz.

Case 2: Sz is a subvariety of S of codimension > 1. Consider the diagram

b, Rp) (575, 7Aé§)

T~
l (Vs,, Rs,)

= =

T~

Vs, Rs)

| —

where
e S>Sisa log resolution of (S, S\ H),
« D is a divisor on S that dominates S,
e« (S,D+h"I(S \ H)) is log smooth, and
* Vs, Rs,) = Sz, (¥Yp,Rp) — D and (33, ﬁ) — & are induced by the pullback of (J, R) — S.

It is easy to see that O, Supp(ﬁ)) - Sis log smooth over §\ h=Y(S\H).

After replacing Z by a higher birational model and (X, A) — Z by the corresponding pullback, we
may assume that Z — Sy is surjective. Because the generic fiber of (X, A) — Z is crepant birationally
equivalent to the generic fiber of the pullback of (Vs, Rs) — S via ¢, it is also crepant birationally
equivalent to the generic fiber of the pullback of ()s,, Rs,) — Sz. Then, by Proposition 6.3, we have
Mz = ¢*Ns,.

Because the generic point of ¢ (Z) is in H, we have D ¢ Y S\ H). By Theorem 6.4, the induced
morphism (Vp, Rp) — D is an lc-trivial fibration, and the corresponding moduli divisor M is equal to
Mz|p = (h*Ms)|p. By Proposition 6.3, Mp = g*Ms,, and hence Mz = ¢*Ms, = ¢* Ms. O
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Theorem 6.6 [Ambro 2005, Theorem 3.3]. Let f : (X, A) — S be an lc-trivial fibration over a variety S
such that the geometric generic fiber Xj is a projective variety and Aj is effective. Then there exists a

diagram Co
(X, A) (X, &)

such that
(1) £ (X', AY — S is an lc-trivial fibration,
(2) t and 1 are generically finite and surjective morphisms and p is surjective,
(3) there exists a nonempty open subset U C S and an isomorphism
X, A) xsU ——— (X', Ay xg U
— U —
4) ®: 8 --+ 8" is an extension of the period map defined in [Ambro 2005, Section 2], and

(5) i :S' --» S is a rational map such that the generic fiber of f' is equal to the pullback of f via i.

Furthermore, if S is proper, then one can choose S, S' and S* to be proper. Let M and M' be the

corresponding moduli b-divisors of f and f'. Then we have
(6) M' is b-nef and big, and
(7) if M descends on S and M' descends on S', then t* Mg = ,o*Mfg,.
Although it is not written in [Ambro 2005], (4) and (5) are implied by its proof.

Theorem 6.7. Let (X3, aDy)— H be the lc-trivial fibration defined in Remark 6.1. Then, after passing to
a stratification of H and replacing (Xy;, aDy) — H by the corresponding pullback, we have the diagram

(X3, aDy) (X,,,aDs,)
]-‘l L l}“
HE——H FH T W
where ¢
o T is finite,

o 1T Is étale,

o @ is a morphism on H,

o H* is weakly bounded and smooth,

o (X3, D) xy H=(X,,, D) xqp H, and

o (Xy, Dy) — H and (z’\,’;{!, D;_l,) — M’ have fiberwise log resolutions.
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Furthermore, there exist a smooth compactification H* — S* and a positive integer | such that if
f (X, A) — Zisan lc trivial fibration, where

o Z is smooth and projective,

o there is a rational map ¢ : Z --+ H, and

e the generic fiber of f is isomorphic to the generic fiber of the pullback of (Xy, aDy) — H by ¢,
then there exists a b-divisor M™ on birational models of Z such that

o MHx g effective,

. Mg’f ~q My for every birational map Z' — Z,

o IM"™ js b-Cartier, and

o if ® o ¢ extends to a morphism Z — S*, then Supp(ng) D Z\U, where U = (P o)~ ' H*.

Proof. Step 1: We construct the stratification of 7, define 7 and #*, define the lc-trivial fibration
Fe (X;{!, aD;{,) — ' and construct the diagram satisfying the requirements.
Because oDy is effective, by Theorem 6.6, we have the following diagram:

(X3, aDy) (X, aDs,)
fl ; l}‘!
HE T H— L3 T
e

We replace H by an open subset such that
o F has a fiberwise log resolution.
Then we replace #* by an open subset, and 7' and # by the corresponding preimages such that
e 77 1S étale,
o H* is weakly bounded and smooth, and
. (X;_[,, D;{,) — ' has a fiberwise log resolution.
Next we replace # by an open subset and A by the corresponding preimage such that
e 7 is finite,
e ® is a morphism on H,
o (X3, D) xy H=(X,,, D,,) x4 H, and
o (Xy, Dy) — H has a fiberwise log resolution.

Then we repeat this construction with the complement of #. By Noetherian induction, we have a
stratification of H satisfying the properties.
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Step 2: We construct smooth compactifications # < S, H' < &', and H* < S*, a Q-divisor M
on S, and a ()-divisor Mg‘!" on S' such that

. Mg" ~q Mg, where M is the moduli b-divisor of F,

. Mgl," ~Q MES,, where M is the moduli b-divisor of F",
e Supp(MI¥) D 7 ~1(8* \ H*), and

« 7(Supp(p* M) C Supp(MI).

Let (Vy, Ry) — (X, aDy) and (y“!rt” R!H,) — (X;L[!, aD;L[!) be crepant birational morphisms which
are fiberwise log resolutions of F and F'. After taking smooth compactifications of the bases H, #, H'
and #H*, and choosing extensions of the fibrations, we have the following diagram:

Vs, Rs) Vg Rig)

Recall that H* is weakly bounded. By Lemma 5.3, we may assume that H* — S* is weakly bounded
with respect to an ample divisor H on S&*.

Furthermore, by choosing the compactification appropriately, we may assume that the moduli part
M' of F' descends on S' and the moduli part M of F descends on S. By Theorem 6.6, we have
T"Ms = p*Mig,.

Because Mfs, is big, we can fix a section of M?ﬁ‘ € |M‘!s! |g such that Supp(M?,") O (S*\ H).
Because 7* Mg = p*MES,, we can choose Mg" such that t(Supp(p*M?,x)) C Supp(Mg").

Step 3: We show that, to construct M X satisfying the requirements, we are free to replace Z by a higher
birational model.

Let h: Z' — Z be a birational morphism such that M descends on Z’. Suppose there exists a b-divisor
M™ satisfying the requirements. Because Z is smooth, M%" is (D-Cartier. Note M%’,‘ ~g My is nef. By

the negativity lemma, M%’,‘ <f *Mg", and we have

Supp(M5Y) C f~" Supp(M3").
Then Supp(M5¥) > Z'\ h=!(U) implies that Supp(M%*) > Z \ U, so we can replace Z by a higher
birational model such that M descends on Z.

Step 4: We construct M and finish the proof.
We have the following two cases:

Case 1: The generic point of ¢(Z) is contained in Supp(MgX). We stratify S further to the disjoint
union of the irreducible components of Supp(Mg") and its complement, then replace (X, «Dy) — S by
its restriction and repeat this process. By Noetherian reduction, this will stop.
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Case 2: The generic point of ¢(Z) is not contained in Supp(Mg"). Because (Vs, Supp(Rys)) is log
smooth over #, the generic fiber of (X, A) — Z is crepant birationally equivalent to the generic fiber of
the pullback of (s, Rs) — S via ¢, and the generic point of ¢ (Z) is contained in H, by Theorem 6.5,
we have ¢* Ms ~g M. We define the b-divisor M1 by

o M :=¢* MM and
. ng = h* M5 for any birational morphism 4 : Z' — Z.

Suppose [ Mg" is Cartier and /M* is b-Cartier.
Because Supp(M?,") S N S*\HY), r(Supp(,o*Mgi,X)) C Supp(Mg"), and mop = ®ort, we have
SUPP(MEX) D t(Supp(p*Mgllx)) > &~ 1(8*\ H*), and thus

® o ¢(Z\ Supp(p* M) c H*.
Also because (/5*./\/12" ~0 ng and (® 0 @)~ (H*) = U, we have Supp(MgX) DZ\U. O

Suppose there is a family of bases &/ — T of log Calabi—Yau fibrations whose fibers are parametrized
by the Hilbert scheme defined in Remark 6.1. That is, every fiber U is the base of a log Calabi—Yau
fibration whose fibers belong to the moduli defined in Remark 6.1. Then, for a closed point ¢ € 7', we have
a moduli map ¢ : Uy — H. Let ¢* : Uy — H* be the composition of ¢ : Uy — H with & : H — H*. We
define U, := U, x 3+ H' (possibly not connected). Because H X! (X;{!, ozD;{!) = H x4 (X, aDy), there
exists a finite cover V — U, such that V x4, (X}, aD;{!) =V x4 (Xy, aDy). The next theorem says:
if there exists a morphism ® : &/ — H* such that ¢* = ®[,,,, then we can find a relative compactification

of U < Z over T, so that the moduli b-divisor of the log Calabi—Yau fibration over U/, descends on Z,.

Theorem 6.8. Consider the diagram

Vs Rig)
S—r s8¢
H! H*
ﬂl'H!

where

o S* and S' are smooth schemes,

o H* < S* and H' — S' are dense open subsets,
o |4 is étale,

. (yé,!, Supp(RES!)) is log smooth over H', and

. (y;_[;, R!H,) — H' is an lc-trivial fibration whose moduli b-divisor M' descends on S', where
Vs Ryp) = Vi Rig) x50 H
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Suppose there is a family of smooth quasiprojective (possibly not proper) varieties U — T, where T is
of finite type, and a morphism ® : U — H*. Let U := U x 3 H'. Then, after passing to a stratification
of T, there is a family of projective varieties Z — T and a Q-Cartier Q-divisor M on Z such that Z; is
a compactification of U for every closed point s € T and, for any closed pointt € T, if (X, A) - Z is
an lc-trivial fibration such that

e there is a closed point t € T together with a birational morphism Z — Z,, and

o there exist a scheme V and a finite cover V. — U, such that, for every irreducible component V; of V,
the generic fiber of (X, A) xz, V; — V; is crepant birationally equivalent to the generic fiber of

Yy Rip) Xap Vi > Vi,
then the moduli part M of (X, A) — Z descends on Z; and Mz, = M|z,

Proof. To prove the result, we may assume S* is irreducible.

After passing to a stratification of 7, we may assume that 7 is smooth and U/ — T is a smooth
morphism. Because H' — H* is étale, Y — T is smooth and U — U is étale. Let K(Zjl)/K(Z/{) be the
Galois closure of K(U)/K (U) and U — U be the Galois cover with group G. After replacing U/ by an
open subset and passing 7 to a stratification, we assume that U, — U, is an étale morphism for every
closed point ¢ € T'. Note the fiber of U—T may not be irreducible.

The composition of i — U and base change of © : I — H* via Y — U defines a morphism
o° U — H. Suppose U Z'isa compactification over T such that ®° extends to a morphism
Z' — S'. Because U is smooth, we may let Z—>Zbea G-equivariant log resolution of (2, g’\ )
which is an isomorphism over . Note ®° extends to a morphism d:Z— S After replacing T by a
finite cover, we may assume every strata of (Z,Z \ ) is irreducible over T By the generic smoothness
theorem, after passing to a stratification of 7', we may assume~ that (2’:i s (FZVS \ Z:'{S)| Zw) is log smooth
for every closed point s € T and every connected component Z; ; of Z;.

Let Z be the quotient of Z by G. Because Zisa compactification of U over T and the quotient
of U by G is U, we have that Z is a compactification of ¢/ over 7. Next, we show that Z satisfies the
requirements.

Suppose (X, A) — Z is an lc-trivial fibration that satisfies the conditions, let Z — Z; be the corre-
sponding birational morphism and V — I/, the corresponding finite cover, and denote its moduli b-divisor
by M. We replace V by V x7; U, and assume V — U, factors through V — U,. Because V — U, and
U ¢ = U, are finite covers, we can choose a compactification V < W such that the induced morphisms
W — 5, and W — Z, are finite covers.

Write

!

Vi Rig) = Vg Ryy) a0 Ui,

where the morphism L{, — H'is <I>°|u Because (y ' Supp(R 1)) is log smooth over H', we then
have that (y Supp(R )) is log smooth over Z/{t Let Z,l be any irreducible component of Z,,
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and let ZT{,J' = 27, N Z,,-. Because (334,,1', (Et \ Zjlt)lgti) is log smooth, the moduli b-divisor M of a
compactification of (3/7!_[,, R!H!) X! Z’:{t,,- — Z’:{,,i descends on ZJ according to Definition 2.9. We define
M to be the b-divisor on Z, whose restriction on Z, ; is M".

Let V; be an irreducible component of V which dominates u +.i- By assumption, the generic fiber of
(X, A) xz, V; = V; is crepant birationally equivalent to the generic fiber of (y;{!, R’H!) Xqp Vi = Vi3
hence the generic fiber of (X, A) x z, W; — W, is crepant birationally equivalent to the generic fiber of
(ybt, R!LNA) X g, Vi = Vi, where W; is the irreducible component of W corresponding to V;. Note that
the moduli b-divisor only depends on the crepant birational equivalence class of the generic fiber. By
Proposition 6.3, because the moduli b-divisor M descends on Z ¢i and z i — W, is a finite cover, the
moduli b-divisor of a compactification of (X, A) x z, V; — V; descends on W;. Also because W; — Z; is
a finite cover, M descends on Z;. By considering every irreducible component of Z,, we have that M z,
is equal to the pullback of Mz,.

Recall that ®° extends to a morphism ®: Z — S'. Because (y;{!, Supp(RfH!)) is log smooth over 7',
the generic point of Z,; maps into H' and M' descends on Z +.i for every irreducible component z fi
of Z,. Then, by Theorem 6.5, we have

Mz, = (3]z)" M.
Let M := CTD*M:S, Because Z — Z is the quotient by G and dec g*ﬂ is G-invariant,
*
|G| Zg M
geG

is equal to the pullback of a Q-Cartier Q-divisor M on Z.
Because Mz z, is equal to the pullback of Mz, and M3z z, = = M|z %,, we have that M|z z, 1s equal to the
pullback of a Q-divisor on Z,. By the construction of M, we have Mz, = M|z,. O

7. Proof of Theorem 1.1

Proof of Theorem 1.1. We use the same notation as in Remark 6.1 and Theorem 6.7.

Let C > v be any fixed number. To prove the DCC, we only need to prove that if Ivol(Kx + A) < C,
then Ivol(K x + A) is in a DCC set. By Theorem 2.12, we can construct a generalized pair (Z’, Bz +Myz')
and birational morphism Z" — Z such that

o coeff(Bz) belongs to a DCC set 7',

o the moduli b-divisor M of f descends on Z’,

e Ivol(Kxy + A) =vol(Kz + Bz + M), and

e (X, A) has the same canonical model as (Z’, By +M7z).

After replacing Z by Z’, and Bz and Mz by Bz and M, respectively, we only need to prove that
vol(Kz + Bz + M) belongs to a DCC set. To this end, we add {1 — 1/k, k € N} into Z’ and assume that
{1—1/k,keN}CT.
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By Remark 6.1, we have an lc-trivial fibration (X, aDy) — H corresponding to the class € of
polarized log Calabi—Yau pairs. Consider the diagram

(X3, aDy) (X,,,aDs,)
]-'l i ~ l]—"
O]

constructed in Theorem 6.7. Because # has only finitely many irreducible components, to prove the results,
we may assume H is irreducible. Let S* be the compactification of H*, / be the positive integer defined
in Theorem 6.7, and (Vx, Ry) — (Xy, aDy) and (y;{!, R’H,) — (X;{!, oaD;{,) be crepant birational
morphisms which are fiberwise log resolutions of F and F'.

Since a general fiber (X4, Ag, L,) is in ¢, by Remark 6.1, there is an open subset U < Z such that
(Xv. Alx,) is crepant birationally equivalent to the pullback of (3, R%) — H by a morphism U — H.
Let h : Z' — Z be a birational morphism such that U — #H & ‘H* extends to a morphism ¢ : Z' — S*.
Let k be a sufficiently large integer such that Kz + h;lBZ +(1=1/k)E+ Mz > h*(Kz+ Bz + M),
where E is the exceptional divisor of 4. Then we replace Z by Z', Bz by h 'B,+(1 -1 /k)E, and M,
by M7/, and assume that there is a morphism ¢ : Z — S*. Note that we keep the facts that coeff(Bz) is
in the DCC set 7, the moduli b-divisor M of f descends on Z, Ivol(Kx + A) =vol(Kz + Bz + M7),
and (X, A) has the same canonical model as (Z, By + M7y).

Because dim Z < dim X = n, to prove the results, we may assume dim Z = d is fixed. Let M be the
b-divisor defined in Theorem 6.7. Then

. M%" is effective and nef,
. M%ﬁ‘ ~q My for every birational map Z’ --» Z, and
o IM* is Cartier.

By Step 1 of the proof of Theorem 3.2, there is a positive integer r depending only on d, [, and Z’ such
that, after replacing Z by a birational model and B by the strict transform plus (1 — 1/k)E, where E
denotes the reduced exceptional divisor and & is a sufficiently large integer, there is a birational contraction
g:Z — W and a very ample divisor A on W such that g*A+ F' ~r(Kz + Bz + ng) for an effective
Q-divisor F’ > 0. Because

vol(A) < vol(r(Kz + Bz + M%) = rf Ivol(Kx + A) < rC,

W is in a bounded family YW — § and there is a relative very ample divisor .A on W such that A|y, ~ A,
where 0 is a closed point of S such that W = W),.

After passing to a stratification of S, we may assume VW — S has a fiberwise log resolution W' Lw-s.
Because A is relatively very ample, we can stratify S further, so that there exists a sufficiently large
integer r’, a relative very ample divisor A" on W’ and an effective divisor £ ~ r'%4* A — A’ such that £y,
is effective for every closed point s € S. Then we replace W by W, A by A'lyy, F' by r'F' + &y,
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Z by a birational model, and By by the strict transform plus (1 — 1/k) E, where E denotes the reduced
exceptional divisor and k is a sufficiently large integer. We have

e A is very ample,

e W is smooth, and

e g*A+F ~r(Kz+ Bz + ng) for an effective Q-divisor F’ > 0.
We define F := F'+r((2d + 1)l — )M 5. Then F is effective, Supp(M %) C Supp(F), and g*A + F ~
r(Kz+ Bz + Qd + 1)IMY).

Next, we construct a birational open subset of Z which maps into #* via ¢ and belongs to a bounded
family of quasiprojective varieties. This is similar to Step 2 of the proof of Theorem 3.2.

Recall that H* — S* is weakly bounded with respect to an ample Cartier divisor A on S*. Let
Z --» Z, be the canonical model of Ky + Bz + (2d + l)lMgX 4+ 2d + 1)¢*A + 2d + 1)g*A. By
[Birkar and Zhang 2016, Lemma 4.4], Z --» Z. is ng—, g*A- and ¢* A-trivial. Then there are two
morphisms g’ : Z, — W and ¢ : Z, — S*. Let Bz, and F, be the pushforward of Bz and F on Z.. Then
Kz .+ Bz + (2d + l)lMgf + Q2d+ 1)¢™*A + (2d + 1)g"™* A is ample: note lMgf‘ is nef, effective and
Cartier. Because Kz, + Bz, + (2d + l)lMgf ~q (g*A+ F.)/r, we have

L(g At B+ d + 13" A +(2d + g A

is ample. We denote it by A’; clearly A’ is effective.

Because coeff(Bz) is in a DCC set Z' and r (K7 + Bz + (2d + 1)lM§") ~ g*A+ F, with
{r(Kz+ Bz + (2d + DIM}")} = {rBz} = {F},

coeff(F) isinaDCC set Z’=7"(Z', d, r). In particular, there is a positive number § such that coeff(F) > §.
The proof of the following claim is deferred until after the main proof.

Claim: (W, Supp(g.(A’+ Bz,))), which is equal to (W, Supp(A+ g, (¢"* A+ F.+ Bz.))), is log bounded.
Because A’ is ample and effective and W is smooth, we have that g’ (Supp(A”)) is pure of codimension 1
Ik 7

and g’ (Supp(A”)) = Supp(g,A’). By the negativity lemma, A’ = g g’ A’— E’, where E’ is an effective ex-
ceptional Q-divisor such that Supp(E") =Exc(g’). Because A’ >0, we have that Exc(g’) C Supp(g™*g.A”)
and
W\ Supp(g,A) = Z. \ Supp(g"g.A").
By Theorem 6.7, ¢(Z\Supp(M§X)) C H*. Since Supp(ng) C Supp(F) and ¢(Z\Supp(M§X)) CH*,

we have Supp(Mg’C‘) C Supp(F,) C Supp(A’) and ¢'(Z. \ Supp(Mg’c‘)) C H*. Let
Uc:=Z. \ Supp(g™g,A’) = W\ Supp(g,A).
It is easy to see that U, C Z. \ Supp(Mg’:) and ¢'(U,) C H*.
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Because (W, Supp(g, (A’ + Bz.))) is log bounded, there is a family of varieties &/ — T over a scheme
of finite type T and a closed point ¢ € T such that

U =W\ g, (A" + Bz,) CU..

Because 7* is weakly bounded, by applying Theorem 5.5 with M := #{* x T, there exists a finite type
scheme # and a morphism # x U — H* x T over T such that, if we let ® : # x U — H* be the
composition of #' x U — H* x T with the projection #* x T — H*, then ¢'|y, = O|(,)x 1, for a closed
point p € #'. Wereplace U > T by # xU — ¥ xT.

Let V := U x4 H; then V — U is a finite cover. By Theorem 6.6 and the fact that (X, Alx,) is
crepant birationally equivalent to the pullback of (Vs, Rs) = S via U — H — S, for every irreducible
component V; of V, the generic fiber of (X, A) xz V; — V; is crepant birationally equivalent to the
generic fiber of (y;{!, R!H!) x4 Vi = V;. Then, up to passing to a stratification of 7', by Theorem 6.8,
there is a compactification &/ < Z/T and a Q-Cartier Q-divisor M on Z such that the moduli b-divisor
M of (X, A) descends on Z; and Mz, = M|z,.

Let P := Z\ U; then P, = Supp(g, (A’ + Bz.)). After passing to a log resolution of the generic fiber
and passing to a stratification of 7', we may assume that (Z, P) — T is a projective log smooth morphism.
We also replace M by its pullback. Note: we still have that M descends on Z, and Mz, = M|z,.

Let h:Z'— Z be alog resolution of (Z, Bz) such that the isomorphism U, = U, extends to a morphism
7' — Z;. We replace Z with Z’ and Bz with its strict transform plus (1 — 1/k)E, where E denotes the
reduced exceptional divisor and k is a sufficiently large integer. Note that we keep vol(Kz + Bz + M)
and the canonical model of (Z, Bz + M7), and we still have coeff(Bz) C T'.

Since Supp(g«Bz) = Supp(g.Bz.) and Supp(g, (A’ + Bz,)) C P,, the pushforward of Bz on Z; is
contained in P;. Also because M descends on Z;, we have that M descends on Z’; hence (Z', Bz +Myz)
is a generalized Klt pair and coeff(Bz/) C 7’ is a DCC set. Then, by Theorems 3.3 and 4.2, conclusions
(1) and (i1) follow. Il

Proof of claim. We use the same notation as in the proof of Theorem 1.1.

Because W is bounded by the construction, A and A are integral divisors, coeff(Bz,) is in a DCC set,
coeff(F,) is bounded from below, and A is very ample on W, by boundedness of the Chow variety, we
only need to prove that the intersection numbers

AT g ¢ A, ATl ¢/B; and A%l glF,
are bounded from above.

First we show that there is a constant C such that

vol(Kz + Bz + (2d + 1)IM%) < C.

By Theorem 2.5, there is a rational number e € (0, 1) such that K7+ Bz +eM7 is big. By the log-concavity
of the volume function, we have that

vol(Kz + Bz + M) > 39 vol(Kz + Bz +eM%) 4+ (1 = 0)? vol(Kz + Bz + (2d + DIME),  (7-1)
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where
Q2d+ 1l —1

T dti—e

By assumption, vol(Kz + Bz + ng) < C, and hence vol(K7z 4+ Bz + (2d + l)lng) <C/( - 2.
Second we prove that A?~!.g/¢™* A is bounded from above, which is equivalent to proving that
A1 g.¢* A is bounded from above. The idea is to show that A9~!.g.¢*A is equal to the degree of a
divisor on a (g, m)-curve, with g + m bounded, then apply weak boundedness.
Let Ay,...,Ag—1 € |g*A| be d — 1 general members of the linear system. Because g* A is base point
free, the elements of {Supp(4;),i = 1,...,d — 1} are smooth divisors and intersect along a smooth
curve C. By the adjunction formula,

(g* A" (K7 4+ Bz 4+ Qd 4+ DIMY> + (d — 1)g* A) = deg(K¢ + Bz|c + 2d + 1)IM¥| ).

Consider the diagram
Z +——
\
/ | /
4
— 27

where Z, is the canonical model of Ky + Bz + (2d + 1)lM§x 4+ (2d+1)g*A and Z is a resolution of
indeterminacies of Z --+ Z,. By [Birkar and Zhang 2016, Lemma 4.4], Z --+ Z; is g*A-trivial, so there
is a birational morphism g; : Z; — W. By the projection formula,

(g*A) ' (Kz + Bz 4+ Qd + DIM> + (2d + 1)g* A)
= (h*g* )™ .(h* (K7 + Bz + 2d + 1)IMY + (2d 4 1)g* A))
= (gT AL (hyh* (K7 + Bz + (2d + DIMY 4 2d + 1)g* A))
= (g1 A" (K7, + Bz, + 2d + DIME + (2d + 1)g} A),
where Bz, is the pushforward of Bz. Since Z; is the canonical model of
Kz + Bz +Qd+ DIMY + (2d + 1)g*A,
Kz + Bz, + (2d + 1)IM®* + (2d + 1)g* A is ample. By the binomial theorem, we have
1 1 Z 81 p y
(Kz, + Bz, +Qd+ DIMS + (2d + 1)gf A + g} A)*

=> (‘.’)(gTA)d*f.(Kz, + Bz, + (2d + DIMY + (2d + 1) g} A).

i
0<i<d
Because g{A and Kz, + Bz, + (2d + l)lMrlx + (2d + 1)g7 A are both nef, we have

(gAY (K7, + Bz, + (2d + DIME + (2d + 1)g; A) > 0
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for every 0 <i <d. Then
(8F A (K7, + Bz, + 2d + DIMY + (2d + 1)g} A)
d
< (1) @A Kz, + By, + Qd+ DIME + 2d + DgiA)
<(Kz, + Bz, + Qd + DIMJ* + (2d + 1)gi A+ g A)?
=vol(Kz, + Bz, + (2d + DIM5* + (2d +2)g} A).
Since Z --+ Z; is g* A-trivial and Z; is also the canonical model of KZ+BZ+(2d+1)lM§X+(2d+2)g*A,
we have
vol(Kz, + Bz, + (2d + DIMY* + (2d +2)g} A) = vol(Kz + Bz + (2d + )IMY* + (2d +2)g* A)
<vol(Kz+ Bz + Q2d + 1)IMY + (2d +2)(g* A+ F))
= vol((1 4 (2d +2)r)(Kz + Bz + (2d + 1)I M)
14+ @d+2)r\*
- < +(2d + )r> c..
r
Then we have
deg(K¢ + Bzlc + Qd + 1)IMY¥|c) = (g* A (K7 4+ Bz + 2d + DIMY 4+ (d — 1)g*A)
< (g AT (K7 + Bz 4 2d + DIME + 2d + 1)g*A)
1+ @Qd +2)r\?
S( + (2d + )r) Ci. (7-2)
r
By the construction of M%", we have that Z \ Supp(Mg") maps into H*, so C \ Supp(M%"lc) maps
into H*. Suppose C° :=C\ Supp(nglc) is a (g, m)-curve. Then m < degc(lnglc) and
2g — 2+ (2d + Dm < deg(Kc + Bzlc + 2d + DIM5*|c)

is bounded. Because H* is weakly bounded with respect to A and C° is a (g, m)-curve with 2g+(Q2d+1)m
bounded, we have that (g*A)4~!.¢* A = C.¢* A =deg(¢* A|c) is bounded and, by the projection formula,
A4 g .p* A is bounded.

Third we show that A4~!. g, Bz. is bounded from above, which is equivalent to proving that Ad-1, g+Bz
is bounded from above. Because coeff(Bz) C 7" isina DCC set, IM g" is nef and Cartier and Kz+Bz+M»
is big, by [Birkar and Zhang 2016, Theorem 8.1], there exists ¢ depending only on d and Z’ such that
Kz +eBz + My is big. Thus we have

_ 1 _ 1 N
Al g By < m(g*A)d '((1—e)Bz+Kz+eBz+Mjz) = E(g*A)" "(Kz+ Bz +Mp).
Since ng and g* are effective, we have
(AT (K7 4+ Bz +Mz) < (A (K7 + Bz + (2d + DIMY 4 2d + 1)g* A).

We then apply the last inequality of (7-2).
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Finally we prove that A?~!.g/ F. is bounded from above, which is equivalent to proving that AY~!.g, F
is bounded from above. Because Kz + Bz + (2d + I)ZMSX ~q (g*A+ F)/r, we have

A g F = (g* AL F < (g* A r(Kz 4+ Bz 4+ Qd + DIMY),
which is also bounded by (7-2). |

Proof of Corollary 1.3. After replacing X with a Q-factorization and A with its strict transform, we may
assume X is Q-factorial. Let § be a sufficiently small positive rational number such that (X, (14+§)A) is klt.
Since Kx + (1 4+8)A ~q,z 8A is big over Z, by [Birkar et al. 2010], there exists the relative canonical
model X --» X’ of Kx + (1 +38)A over Z, and hence Kx' + (1 +8)A’ is ample over Z, where A’ is the
pushforward of A. For a general fiber (X7, A}) of f: X" — Z, we have that Kx, +(1+ 8) A is ample.
Because X --» X’ is a birational contraction and Ky + A ~q,z 0, we have Ky + A’ ~g 7 0, which
implies Ky, + A} ~g 0. Thus

1
—Kx, ~0 A ~a 5 (Kx, + (1 +8)4))

is ample. Note K x + A is crepant birationally equivalent to K x+A’. Then Ivol(K x +A) =Ivol(Kx +A”)
and (X, A) and (X', A’) have the same canonical model. We replace (X, A) with (X', A).

Because coeff(A) is in a DCC set Z, by [Hacon et al. 2014, Theorem 1.5], there exists a finite subset
7' C T such that coeff(A,) C Z'. Furthermore, there is a positive rational number € € (0, 1) depending
only on Z’ such that (X,, A,) is e-Ic. By the Birkar-BAB theorem [Birkar 2021b, Theorem 1.1], X, is
in a bounded family only depending on € and dim X,. Because dim X, < dim X = n, by boundedness,
there exist positive integers / and C depending only on € and n such that —/Kx, is very ample without
higher cohomology and vol(—/Kx,) = (—[Kx, )™ ¥« < C.

Since coeff(A,) is in a finite set 7', there exists 8’ > 0 such that coeff(A,) > §’. Because Ag ~g —Ky,,

we have
red(A ) (—1K )1 < (=Ko ) (1K x )N < o (1K )X < £
Because —/ K, is very ample without higher cohomology,
(1K) ™% <€ and  red(Ag).(—1Kx )N < 2
we have that (X, Ay, —IKy,) is in a log bounded class of polarized log Calabi—Yau pairs. We define
L := —I[Kx, then apply Theorem 1.1. O
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Geometry of PCF parameters
in spaces of quadratic polynomials

Laura DeMarco and Niki Myrto Mavraki

We study algebraic relations among postcritically finite (PCF) parameters in the family f.(z) = z> +c.
It is known that an algebraic curve in C? contains infinitely many PCF pairs (cy, ¢») if and only if the
curve is special (i.e., the curve is a vertical or horizontal line through a PCF parameter, or the curve
is the diagonal). Here we extend this result to subvarieties of arbitrary dimension in C" for any n > 2.
Consequently, we obtain uniform bounds on the number of PCF pairs on nonspecial curves in C? and the
number of PCF parameters in real algebraic curves in C, depending only on the degree of the curve. We
also compute the optimal bound for the general curve of degree d. For d = 1, we prove that there are only
finitely many nonspecial lines in C? containing more than two PCF pairs, and similarly, that there are only
finitely many (real) lines in C = R? containing more than two PCF parameters.

1. Introduction

For each ¢ € C, let f.(z) = z>+c. Recall that the polynomial f is postcritically finite (PCF) if the critical
point at zop = 0 has a finite forward orbit. In this article, we study algebraic relations among the PCF
parameters ¢ € C.

Our starting point is the following theorem of Ghioca, Krieger, Nguyen, and Ye, which continued a
study of dynamical orbit relations initiated in [Baker and DeMarco 2011]. Generalizations to algebraic
curves in other polynomial families were obtained in [Favre and Gauthier 2022].

Theorem 1.1 [Ghioca et al. 2017]. Let C be an irreducible complex algebraic curve in C2. Then C
contains infinitely many PCF pairs (cy, ¢2) if and only if C is either

(1) avertical line {x = c1} for a PCF f.; or

(2) a horizontal line {y = c2} for a PCF f.,; or

(3) the diagonal {x = y}

in coordinates (x, y) on C2.

Note that a real algebraic curve in R? passing through a PCF parameter cq in the Mandelbrot set
(identifying R? with C) gives rise to a complex algebraic curve in C? passing through the PCF pair (c, o).
So the above result also controls PCF points on real curves in C. See Figure 1 and Section 5.

MSC2020: 11G50, 37F46.

Keywords: Mandelbrot set, postcritically finite maps, quadratic polynomials, special points, unlikely intersections, uniformity,
bifurcation measure, equidistribution.
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Figure 1. The Mandelbrot set with PCF parameters marked in yellow. There are only finitely
many real lines in C containing more than two PCF parameters; see Theorem 1.8.

Theorem 1.1 was motivated by analogies between the PCF maps in the space of quadratic polynomials
and the elliptic curves with complex multiplication (CM) in the space of j-invariants; see, for example,
[Silverman 2012, Chapter 6; Jones 2013, Conjecture 3.11]. It was known that the only algebraic curves in
C? with infinitely many CM pairs are the modular curves (together with the infinite collection of vertical
or horizontal lines through a CM point) [André 1998; Edixhoven 1998].

Our first result is an extension of Theorem 1.1 to arbitrary dimensions, exactly analogously to the
classification of special subvarieties in the CM case [Pila 2011; Edixhoven 2005]:

Theorem 1.2. Let n > 2. Let X be an irreducible complex algebraic subvariety in C". There is a Zariski
dense set of special points in X if and only if X is special.

By definition, a parameter c € C is special if f, is PCF. For any positive integer n, a point (cy, ..., c;)€C"
is special if c; is special for all i = 1, ..., n. We say that an irreducible curve C C C? is special if it is
one of the three types listed in Theorem 1.1. The special subvarieties of C" are the preimages of special
curves from projections to C2, and their intersections. More precisely, an irreducible subvariety Z of C"
is special if and only if there exist a partition SoU---U S, of {1, ..., n}, where r > 0 and S; # & for
each k > 0, and a collection of PCF parameters ¢; € C for i € Sy such that

-
Z= <m{x,' =Ci}) N <m ﬂ{xj =Xik}>,
i€So k=1 jeSi
where (x1, ..., x,) are the coordinates of C" and i; := min S for each k > 0. Note that the dimension of
Z isequal to r.

Although Theorem 1.2 is worded the same as statements about modular curves, the proof methods
are (necessarily) very different. As in the proof of Theorem 1.1, it is important that the PCF parameters
are a set of algebraic numbers with bounded Weil height, which is not the case for singular moduli, and
in fact of height 0 for a dynamically defined height on P'(Q). This allows the use of certain arithmetic
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equidistribution theorems for points of small height; we rely on the recent equidistribution result of
[Yuan and Zhang 2023] (though we could have used the older result of [Yuan 2008] as we explain in
Remark 2.5). Focusing then on an archimedean place, and via the slicing of positive currents, we reduce
the proof of Theorem 1.2 to Luo’s theorem on the inhomogeneity of the Mandelbrot set [Luo 2021].

As an application of Theorem 1.2, we obtain uniform versions of Theorem 1.1, in the spirit of Scanlon’s
automatic uniformity [Scanlon 2004] (though we give a direct proof, not relying on [Scanlon 2004,
Theorem 2.4]).

Theorem 1.3. Fix d € N. There is a constant M (d) < oo such that
#{special points in C} < M (d),

for all complex algebraic curves C C C? of degree d without special components.

It is natural to ask how many special points can lie on a nonspecial curve in C>. We obtain an explicit
bound for the general curve of degree d:

Theorem 1.4. Fixd € N, and let X4 denote the Chow variety of all plane curves with degree < d. There
exists a Zariski-closed strict subvariety Vg C X4 such that

#{special points in C} < %d(d +3)
for all curves C € X4\ Vy.
The upper bound in Theorem 1.4 is optimal:

Theorem 1.5. There is a Zariski-dense subset S; C X, such that

#{special points in C} = %d(d +3)
for all curves C € Sg.

Note that %d(d + 3) is the dimension of the space X, and this is no accident. It is well known that
there exists a curve of degree d through any collection of N; = %d (d + 3) points in C2. Choosing those
points to be special, we can build a Zariski-dense collection of curves in X4 containing at least N, special
points. The upper bound of Theorem 1.4 is obtained by showing there are no unexpected symmetries
among general special-point configurations, as a consequence of Theorem 1.2 and the explicit description
of the special subvarieties.

Our proof does not give a complete description of the exceptional variety V,; in Theorem 1.4, though the
methods can be used to classify its positive-dimensional components. For example, in the case of d =1,
we show:

Theorem 1.6. All but finitely many nonspecial lines in C* contain at most 2 special points.

In other words, the subvariety V| of Theorem 1.4 can be taken to be the union of the 1-parameter
families in X of horizontal and vertical lines, together with a finite set of points in X;. A more detailed
result about lines in C? is stated as Proposition 4.4. The analogue of Theorem 1.6 in the setting of CM
points in C? was proved in [Bilu et al. 2017].



2166 Laura DeMarco and Niki Myrto Mavraki

Note that the finite set of nonspecial lines in C? containing at least 3 special points is not empty. For
example, the line {y = —x} passes through (0, 0), (i, —i), and (—i, i); the line {y = ix} passes through
(0,0), (—1, —i), and (i, —1); and {y = —ix} passes through (0, 0), (—1, i), and (—i, —1).

Question 1.7. How many nonspecial lines in C* pass through at least 3 distinct special points, and what
is the optimal value of M (1) in Theorem 1.3?

As mentioned after Theorem 1.1, a real algebraic curve in R? = C passing through a given parameter
c in the Mandelbrot set gives rise to a complex algebraic curve in C? passing through the point (c, ¢)
(see Section 5). Moreover, the subset of such curves is Zariski dense in X, for each degree d > 1.
Theorems 1.3 and 1.4 therefore apply to bound PCF parameters on real algebraic curves of a given degree

in R? = C. For example, we have:

Theorem 1.8. There is a uniform bound on the number of PCF parameters on any real algebraic curve in
R? = C depending only on the degree of the curve (as long as the curve does not contain the real axis).
Moreover, there are only finitely many real lines in C that contain more than two PCF parameters.

Note that the finite set of real lines in C containing more than two PCF parameters is not empty: the
real axis contains infinitely many and the imaginary axis contains at least 3 (at c =0 and ¢ = =£i).

Remark 1.9. Finiteness results analogous to Theorem 1.6, upon replacing “lines” with “curves of degree d”’
and the bound of 2 with %d (d+3), donot hold for d > 1. For example, for algebraic curves of degree d =2,
we know there is a conic through any 5 given points in C2, and 5 is the optimal bound on special points in
general conics (by Theorems 1.4 and 1.5), but there is a Zariski-dense set of curves in the 3-dimensional

space of conics
x4y 4+ Axy+B(x+y)+C=0

in C? containing at least 6 special points. Indeed, 3 given special points in C> (generally) determine the
coefficients A, B, C, and the (x, y) — (y, x) symmetry of the curve (generally) guarantees an additional 3
special points. For real conics in R* = C, one can do the same with symmetry under complex conjugation;

see Figure 2.

Outline. In Section 2, we prove Theorem 1.2. Section 3 provides a brief review of the Chow variety
X4 and basic results on families of curves passing through points. Section 4 contains the proofs of
Theorems 1.3, 1.4, 1.5, and 1.6. Finally, in Section 5, we look at real algebraic curves passing through
PCF parameters in the Mandelbrot set and prove Theorem 1.8.

2. Proof of Theorem 1.2

In this section we prove Theorem 1.2. In fact we prove a stronger result, showing that our classification
theorem remains true if we treat small points in addition to the special points. Our notion of size is given

by a height function "
het(1s -y €)=Yy, (0)=0 2-1)
i=1
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I 1 1 1 1 1 [
-2.0 -15 -1.0 -0.5 0.0 0.5 1.0

Figure 2. A general real conic in R? contains no more than 5 PCF parameters, but there are
infinitely many symmetric conics with at least 6 special points.

for (ci, ..., cn) € @". Here h 1., 1s the canonical height associated to the quadratic polynomial 2+,
introduced in [Call and Silverman 1993]. We say that a sequence {x;} C Q" is small if hee(xg) — 0
as k — oo. Notice that our special points of C" are precisely the zeros of Ayi.

Let Y C C" be a variety. A sequence {xx} C Y is called generic if no subsequence lies in a proper

subvariety of Y.

Theorem 2.1. Let n > 2. Let X be an irreducible algebraic subvariety in C" defined over Q. Then X

contains a generic sequence of small points if and only if X is special.

The idea of considering points that are small with respect to some height function originates in
[Bogomolov 1980]; in a dynamical context, see, for example, [Ghioca et al. 2015, Conjecture 2.3]
or [Zhang 2006].

Remark 2.2. In Theorem 2.1 we have assumed that X is defined over @, which is not the case in
Theorem 1.2. However, our special points are defined over @ so that a subvariety that contains a Zariski
dense set of special points is automatically defined over Q. Therefore, Theorem 1.2 follows from
Theorem 2.1. Note here that the structure of the special subvarieties ensures that they contain a Zariski
dense set of special points.

Remark 2.3. Assuming X is a curve in C?, the conclusion of Theorem 2.1 is not contained in [Ghioca
et al. 2017] but follows immediately from the proof of Theorem B in [Favre and Gauthier 2022].

2.1. Arithmetic equidistribution. The first key ingredient in our proof is the following equidistribution
theorem. Let M denote the Mandelbrot set in C. Let w4 denote the bifurcation measure on M. As
computed in [DeMarco 2001, §6], p ¢ is proportional to the harmonic measure supported on dM for
the domain C \ M, relative to the point at co. The support of 1 is equal to the boundary of M; it has
continuous potentials and total mass equal to %
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Theorem 2.4. Let n > 2 and H C C" be an irreducible hypersurface defined over a number field K.
Assume that the projection p; : H — C"! omitting the j-th coordinate is dominant. Then for any generic

sequence {x;} C H(K) of small points, their Gal(K / K )-orbits equidistribute to the probability measure

wii=c@lm) (Ua) A A1) (ad) A Gt (ad) A A @l ) ()

on H(C), where r; : C" — C is the projection to the i-th coordinate, (7t;|g)* s is the pullback as a
(1, 1)-current, and ¢ > 0 is a positive constant. That is, for any continuous function ¢ on H with compact
support in the smooth part of H, we have
1
#Gal(K /K) - xi

Z (p(y)—)/(pd,uj as k — oo.

yeGal(K /K)-xy

To prove Theorem 2.4, we rely on the recent theory on adelic line bundles developed in [Yuan and
Zhang 2023]. We let f : Al x P! — A x P! be the algebraic family of unicritical quadratic polynomials

flt,2) =, 22 +1),

defined over @. Let L be the line bundle on A! x P!, isomorphic to @(1) on fibers P! and such
that f*L = 2L. We denote by Zf the f-invariant extension of L as defined in [Yuan and Zhang 2023,
Theorem 6.1.1]. Let i : A' — Al x P! be defined by i (¢) = (¢, 0) and define

Ecrit = i*if.

This is an adelic line bundle on A! as in [Yuan and Zhang 2023, §6.2.1]. Furthermore, by [Yuan and
Zhang 2023, Lemma 6.2.1], the height associated to L. is given by

hicril (t) = };ft (0) = hCl‘it(t) (2_2)
for each t € A!(Q), where /i, is the height defined in (2-1) with n = 1. By construction, we have

C1 (L_crit) = UM (2-3)

at the archimedean place of Q.

Remark 2.5. To prove Theorem 2.4, we use the recent equidistribution theory in quasiprojective varieties
developed in [Yuan and Zhang 2023]. However, it is known that Lt extends to define an adelic metrized
line bundle on the projective line P! see, for example, [Favre and Rivera-Letelier 2006, §6.5]. Arguments
similar to the ones in [Mavraki et al. 2023] would allow us to use the equidistribution result established in
[Yuan 2008] instead, applied to a projective compactification of the H in Theorem 2.4 and a modification
of the metrized line bundles M ;7 we define in (2-4) below, but the results from [Yuan and Zhang 2023]

considerably simplify the exposition here.

Proof of Theorem 2.4. Fix j as in the statement of the theorem. As w4 has continuous potentials,
we deduce that 1; does not put mass on the singular locus H sing of H, so we may replace H with
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H \ H*"¢ and assume that H is smooth. We define a metrized line bundle on the smooth, quasiprojective
hypersurface H by

M; = Q) (il 1) * (Leri)- (2-4)

i#j

This defines an adelic line bundle on H, so that M i € f’i\c(H ) in the notation of [Yuan and Zhang 2023].
By [Yuan and Zhang 2023, Theorem 6.1.1] we know that L ¢ is nef in the sense of [Yuan and Zhang
2023] and by the functoriality of nefness we also have that M ; 1s nef; see [Yuan and Zhang 2023, page 8].
In what follows we work with the standard absolute on C. As in [Yuan and Zhang 2023, Lemma 6.3.7],
we know from (2-3) that the curvature form associated to L (at the archimedean place of Q) is equal
to . Since ¢ (Lerit)? = 0, we thus see that

(M) D = (= D) Gy | 1) () A+ A1) ) A= A Tl 1) (pn)

where the = means the j-th term is omitted and the pullbacks are defined in the sense of currents. Our
assumption that the projection p; is dominant ensures that this measure is nontrivial. By [Yuan and
Zhang 2023, Lemma 5.4.4], we infer that M ; is nondegenerate as defined in [Yuan and Zhang 2023,
§6.2.2]. In other words, the adelic line bundle ZVI j satisfies all the assumptions of [Yuan and Zhang 2023,
Theorem 5.4.3]. Thus, if {yx} C H(Q)isa generic sequence with hMj (k) — hMj(H), then its Galois
conjugates equidistribute with respect to the probability measure associated to ¢ (M j)“”_l).
Now let {x;} C H (Q) be a generic sequence of small points, as in the statement of the theorem. Note
that
hig,(¥) = Y herit(i (x))
i#]

for x € H(Q) so that by (2-2) we have

lim hjy; (x¢) =0. (2-5)

k— 00 J

Therefore, by the number field case of the fundamental inequality [ Yuan and Zhang 2023, Theorem 5.3.3],

we have that
hMj (H) <0. (2-6)

Note that here we have used the fact that M ; 1s nef and nondegenerate. By the nefness of M ; we also
have that & i (H) = 0 by [Yuan and Zhang 2023, Proposition 4.1.1]. Thus,

h u,(H) = 0.
Therefore, the result follows by the equidistribution theorem [Yuan and Zhang 2023, Theorem 5.4.3]. [J

2.2. Inhomogeneity of M. To deduce Theorem 2.1, we will combine Theorem 2.4 with the following
result of Luo that the Mandelbrot set has no local symmetries.

Theorem 2.6 [Luo 2021]. Let U be an open set in C with U N oM # &. Suppose ¢ : U — V is a
conformal isomorphism such that o(U N OM) =V NIM. Then ¢ is the identity.
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We begin by proving Theorem 2.1 for a certain class of hypersurfaces.

Proposition 2.7. Let n > 2. Assume that H C C" is an irreducible hypersurface, defined over Q, which
projects dominantly on each collection of n — 1 coordinates and which contains a generic sequence of

small points. Then n =2 and H C C? is the diagonal line.

Proof. Let H be a hypersurface as in the statement defined over a number field K. In particular H
contains a generic small sequence. Since H projects dominantly on each collection of n — 1 coordinates,
we may apply Theorem 2.4 to deduce that the Gal(K /K )-orbits of our sequence equidistribute with
respect to p ; for all j (for the 1 ; in the statement of Theorem 2.4). In particular

T A (n1lm)* (pm) = o - T A (1) () (2-7)

for some constant o > 0, where T' = (11 |g)*(Up) A -+ A (Th—2|g)* (uaq) is an (n — 2, n — 2)-current
on H.

For n = 2, equation (2-7) means that (771 |g)* (urq) = & - (2| ) *(1ea4) on the curve H in C*. But the
projections are locally invertible away from finitely many points, so the measure equality induces a local
isomorphism between a neighborhood of a point in 9 M C C and its image. Theorem 2.6 then implies that
this local isomorphism is the identity. That is, the curve H must be the diagonal line in C? as claimed.

Assume now that n > 3. Let = : H — C"~2 be the projection to the first n — 2 coordinates. Observe
that 7 = w*(v) for the measure v = p(ur) A--- A pr_5(up) On C"2, where p; : C"~2 — C is the
projection to the i-th coordinate.

By our assumption, 7 is dominant and the fiber-dimension theorem yields that the fibers

H,:=HN{x1=2z1,..., X, 2=2,2} CH

are curves for z = (zy, ..., z,) in a Zariski open and dense subset of C"~2. Note that each (1, 1)-current
p;‘f g has continuous potentials on C"~2, so the measure v does not charge pluripolar sets. Thus the fiber
H. is a curve for v-almost every z, and, by the characterization of slicing of currents as in [Bassanelli and
Berteloot 2007, Proposition 4.3], equation (2-7) implies that

/ (/ ‘pdﬂn—lﬁjz(ll/\/l)(x))dv(z)=0{f (/ ¢d”n|ZZ(MM)(x)>dV(Z), (2-8)
Ccr—2 H, Cn—2 H,

for every continuous and compactly supported function ¢ on H. It follows that we have equality of
measures
a1l () = & - 7y (1) (29)

for v-almost every z := (z1, ..., 2,—2) in C"~2. In detail, suppose there exists a point z in the support
of v, where H,, is a curve such that

Tt [z, () # 0 Tal g, ()
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Then we can find a continuous function y,, on H;, such that
/ wz()ﬂn—1|>|1<-17 (MM) 7& O(/ wz()nnr]ﬁ-[, (/»LM)
H, 0 H, 0
20 <0

Note that the measures 7; |*;,Z (mam) vary continuously as functions on z on a neighborhood of zg, by the
continuity of the potentials. We thus infer that

fsznn1|>;12(ﬂM)7éa/ Vo Ton |y, (M)
H, H,

for all z in a small open neighborhood U of zy. We can therefore find ¢ = & - v, where h is a continuous
function supported on U and for which the equality (2-8) fails.

Again by Theorem 2.6, equation (2-9) yields that H, is special for v-almost all z. Since T does not charge
pluripolar sets and since H projects dominantly on each n — 1 coordinates, we infer that H C n(zl_l’n)(A),
where 7(; ;) : C" — C? is the projection to the i-th and j-th coordinates. Repeating the argument using
the equalities of all measures u ;, we get

Hc () =ik
i#£je(l,...,n)

But since H has dimension n — 1 and n > 3 this is impossible. This completes our proof. U

2.3. Proof of Theorem 2.1. We can now complete the proof of Theorem 2.1 (and so also of Theorem 1.2)
by reducing it to Proposition 2.7. This argument is inspired by [Ghioca et al. 2018].

First we show that if Theorem 2.1 holds for hypersurfaces X, then it holds in general. So assume
that the theorem is true when X is a hypersurface and let X be an irreducible subvariety of C" with
dimension d < n — 1 which contains a generic sequence of small points. Permuting the coordinates if
necessary, we may assume that X projects dominantly to the first d coordinates. Now let 7r(;) : C" — caHl
denote the projection to the first 4 and the j-th coordinates. Let X; denote the Zariski closure of
n(_,)l (7r(j»(X)) in C". Each X; is a hypersurface in C" and contains a generic sequence of small points.
Therefore by our assumption X; must be special. If X C X; is special, then our claim follows. Otherwise
X; = {(x1,...,x,) € C": x; = ¢} for a special point ¢; or X; = {(x1,...,x,) € C" : x; = x}
for some k € {1,...,d}. From the precise form of each X;, it is easy to see that ﬂ?:dﬂ X; has
dimension d =dim X. But X C ﬂ,l}:dﬂ X;, so we must have X = ﬂ’}:dﬂ X; and our claim follows.

Therefore, it suffices to prove Theorem 2.1 for hypersurfaces X. Arguing by induction on n, we may
further assume that X projects dominantly on each n — 1 coordinates. Indeed, if n = 2 and the curve X is
vertical or horizontal then since it contains a generic sequence of small points, it must be special. Assume
now that n > 3, and that X does not project dominantly on, say, the last n — 1 coordinates. Then it has
the form X = C x X, for a hypersurface Xo C C"~! (see, e.g., [Mavraki et al. 2023, Lemma 3.1]). By
induction, Theorem 2.1 follows by Proposition 2.7. As explained in Remark 2.2, Theorem 1.2 also holds.
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3. Maximal variation and the lower bound

In this section, we provide some basic background on the Chow variety X, of curves of degree < d in C2,
and we prove lower bounds on the number of special points in families of curves.

3.1. Chow and maximal variation. Fix integer d > 1. We work with the Chow variety X, of algebraic
curves in the plane C?, defined over the field C of complex numbers, of degree < d. As a variety, Xy is
simply the complement of a single point in a projective space PN where

wi=(137) 1=
Indeed, each curve is the vanishing locus of a nonzero homogeneous polynomial F(x, y, z) of degree d,
uniquely determined up to scale, and evaluated at points of the form (x, y, 1) for (x, y) € C?. We exclude
the polynomial F(x, y, z) = z%.

Let C — V be a family of plane algebraic curves, parameterized by an algebraic variety V defined
over C. There is an induced map from V to X, for some degree d. We say that the family C — V is
maximally varying if the induced map V — X, has finite fibers. For each integer m > 1, we let

vi=Cxy---xyC (3-1)
denote the m-th fiber power of C over V. There is a natural map
Pm : Cl — C"
defined by sending a tuple of m points xy, ..., x,, on a curve C € V to the m-tuple (xy, ..., x,) in (CH™.

Proposition 3.1. Suppose that V is an irreducible quasiprojective complex algebraic variety of dimen-
sion £ > 1. If C — V is a maximally varying family of curves in C* of degree < d, then the natural map
P 1s dominant for all m < £ and generically finite for m = L.

Proof. The result is clear for m = 1, because the image of C in C? cannot be contained in a single
algebraic curve if the image of V in X, is not a point. For m > 1, it suffices to show that the image of
Pm contains the union of subvarieties of the form {(z1, ..., zu—1)} X U,,... z,_1), Where U, o 1y 1S
Zariski open in C?, over a Zariski dense and open subset of points (71, ..., Zn_1) € (C*)"~!. Indeed,
the dominance follows because the maps are algebraic, and the generic finiteness for m = ¢ follows
because dimCy; = £ +m.

We proceed by induction. We have already seen that the result holds for m = 1 and any £ > 1. Now
assume £ > 1, and fix 1 < m < £. Assume the result holds for p,,_;. Then, as the smooth part V*™ of
V is Zariski open and dense, the image of p,_; restricted to C"’}_] over V™ contains a Zariski open
set U ¢ C2"=D_ Choose any point (z1, ..., Zm—1) in U. Suppose that 1o € V*™ is a parameter for which
C), contains the points z1, ..., z,—1. There is a subvariety V| of V containing Ao and with codimension
< m — 1 consisting of curves C, that persistently contain the points zy, ..., z;,—1. In particular, the
dimension of V] is at least 1. Maximal variation implies that the image of p; on C over V; is dominant
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to C2. Tt follows that p,, on C"Z’l is dominant to {(z1, ..., zm—1)} x C%. Letting the point (21, ..., Zm—1)
vary over the image of p,_1, we use the induction hypothesis to see that p,, is dominant from Cy/
to C". |

3.2. A lower bound on the number of special points. For a family of plane algebraic curves C — V
parameterized by V, recall the definition of Cy; in (3-1).

Proposition 3.2. Suppose that C — V is a maximally varying family of irreducible, complex algebraic
curves in C2, over an irreducible quasiprojective complex algebraic variety V of dimension £ > 1. Then
the preimage p, L) of the set of special points S C C** is Zariski dense in Cé. In particular, there is a
Zariski dense set of curves . € V for which the fiber C,_ contains at least £ distinct special points of C2.

Proof. By maximal variation, we know that the fiber product Cf, maps generically finitely and dominantly
by p¢ to C*. The special points are Zariski dense in the image. This implies that the set of points
P=0O,x1,...,x0) € p[l(S) C Cé 1s Zariski dense in Cf,, where A € V and {x, ..., x/} is a collection
of special points on the fiber C;, of C over A. In particular, the x; must be generally all distinct. 0

4. Optimal general upper bounds

In this section we prove Theorems 1.3, 1.4, 1.5, and 1.6. For each integer d > 1, let X; denote the Chow
variety of all algebraic curves in C? of degree < d defined over C.

4.1. The uniform bound of Theorem 1.3. Let C — V denote a family of algebraic curves in C2,
parameterized by an irreducible, quasiprojective variety V over C of dimension ¢ > 1, for which the
general curve in the family is irreducible. As introduced in Section 3.1, there is a natural map

p1:C— C?,
sending each curve to its image in C2. Recall the definitions of Cy and
Ol — C2

given there, for each integer m > 1. Recall also that the family is maximally varying if the induced map
V — X, has finite fibers. From Proposition 3.1, we know that maximal variation implies that the maps
P are dominant for all m < dim V.

Proposition 4.1. Suppose that C — V is a maximally varying family of curves in C* with £ = dim V > 0.
Assume the general curve in the family is irreducible. Then the Zariski closure of the image in C2*+D of
the fiber power Cf,'H by pey1 is not special, unless £ = 1 and C is a family of horizontal or vertical lines
in C.

As a consequence we have:

Theorem 4.2. For any family C — V of curves in C* — irreducible or not, maximally varying or not —
there is a uniform upper bound M = M (C) on the number of special points on C,, for all A € V over
which the fiber C, of C has no special irreducible components.
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Proof of Theorem 4.2. Assume Proposition 4.1. If V or the generic curve is reducible, we work with
irreducible components. If the family fails to be maximally varying, it is convenient to factor through
the image of V in the Chow variety X, for some degree d. So we now assume that V is an irreducible
subvariety in X4 of dimension > 1 and the associated curve family C — V consists of generally irreducible
curves and not exclusively of horizontal or vertical lines.

Consider the fiber powers C; — V for each m > 1. Suppose there is a generic sequence of points
C, € V for which the number of special points of the curves C,, C C? is larger than n, for each n € N. This
implies that the special points of C*” are Zariski dense in the images p,, (Cy)) for every m > 1. Indeed,
this is clear for m = 1 because p; maps C dominantly to C?. For each positive integer m > 2, the set of
special points in o, (Cy}) includes the m-tuples formed from the n distinct special points on C,; note that
this set of m-tuples in C*” is symmetric under permutation of the m copies of C2. Let Z,, be the Zariski
closure of these special points within p,, (Cy;); note that Z,, is also symmetric under permutation of the m
copies of C2. Because {C,} is a generic sequence in V, note also that p,; 1(Z,,) must project dominantly
to V. If Z,, is not equal to all of p,,(Cy;), then p,, 1(Z,,) is contained in a subvariety H C Cy; which is
a family of hypersurfaces over V that are symmetric with respect to permutation of the components in
each fiber C x --- x C. Now consider the projections from Cj; — C";’_l forgetting one factor, restricted
to the hypersurface H. By the symmetry of H, each of these projections is generically finite and of the
same degree, say r(m). So over a Zariski open subset of V, this bounds the number of points on a given
curve C; in particular this contradicts the assumption on the sequence of curves C,. So the special points
of C?" must be Zariski dense in p,, (Cy)) for every m > 1.

From Theorem 1.2, the density of special points in p,, (C};) implies that (the Zariski closure) of p,, (Cy/)
is special. But taking m = dim V + 1, this contradicts Proposition 4.1.

So there is a uniform bound on the number of special points in the curve C C C? for all curves C
in a Zariski open subset U of V. We then repeat the argument on each of the finitely many irreducible
components of V \ U. We continue until we are left with families of vertical or horizontal lines. O

Proof of Proposition 4.1. From Proposition 3.1, we know that the map p,, : C/ — C?" is dominant for all
m < ¢ and generically finite for m = £. Note that dim Cf,“ =20+ 1 < 2¢+2, so the map

e+1 2(+1
/0€+1:CV+ _)C(+)
cannot be dominant. Consider the projections 7;; from C€+1 to C? defined by composing p¢1 with

(X1, vy X2042) > (X7, X)

foreachpair 1 <i < j <2¢+2.

Assume ¢ > 1. The projections 7;; are dominant for all pairs i < j, because they factor through the
dominant maps Cf,“ — Cf, — C?¢, where the first arrow forgets the k-th factor of C over V for some
choice of indices {2k — 1, 2k} not containing i or j, and the second arrow is p,. In view of the structure of
special subvarieties from Theorem 1.2, we see immediately that oy (Cf,“) cannot be special in C2¢*2,
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Now suppose that £ = 1, and assume that C is not a family of vertical or horizontal lines. We aim to
show that p; (C%,) is not a special hypersurface in C*. Note that a general curve C in the family C projects
dominantly to both coordinates in C2. It follows that p, (C‘z,) cannot be contained in the hyperplane
{x; = c;} for a special parameter ¢; and any i € {1, 2, 3, 4}. Because the curves over V are not all equal
to the diagonal line in C?, the space p» (C‘Z,) also cannot be contained in the special hypersurfaces defined
by {xx = xx+1} for k € {1, 3}. Recalling the definition of special subvarieties, it remains to check that
pz(C%,) does not lie in any of the hypersurfaces {x; = x3}, {x; = x4}, {x2 = x3}, or {xp = x4}. But for a
general choice of curve C in the family, the product C x C ¢ C* maps dominantly to the spaces of pairs
with coordinates (x, x3), (x2, X4), (x2, x3), or (x1, x4). This proves that pz(C‘z,) is not special.

Finally suppose that C is a family of vertical or horizontal lines. For concreteness, we can take V = C
and A € V corresponding to the vertical line {x = A} for A € V. Then the image of C‘Z, in C* is the set of all
4-tuples (A, x2, A, x4) for any (A, x2, x4) € C3. In other words, the image of C‘z, is the special hypersurface
defined by {x; = x3}. Similarly for families of horizontal lines. 4

Proof of Theorem 1.3. The theorem is an immediate consequence of Theorem 4.2, taking V = X;. U

4.2. Optimal general bound over Chow; proof of Theorems 1.4 and 1.5. Let V = X, be the Chow
variety of all affine curves of degree < d in C?> and C — V the universal family of such curves. Recall

from Section 3.1 that
Ny :=dimV = 1d(d +3).

Consider the fiber power Ce"i 1 v and its image under the natural map

p = pnypr i Cod T — €2t

Suppose that S is a special subvariety of C>Ve*D that is contained in the Zariski closure of the image
,o(Cy“H) for which p~1(8) projects dominantly to V. We aim to show that S must lie in the union of
special diagonals

Aij =11, Xang+2) € CNY2 L (g xi) = (x, Xj41)) (4-1)

for odd integers i and j satisfying 1 <i < j <2Nyz+ 1.

This classification will imply the two theorems. Indeed, if there were a generic sequence of elements
C, € V for which the curve C,, C C? contains at least Ny + 1 distinct special points of C?, then the
(N4 + 1)-tuples of such points will be special in C2¥¢*+1 and will lie outside of the special diagonals A;. j-
From Theorem 1.2, each irreducible component Z of the Zariski closure of these special points in C>Ve+1
is itself a special subvariety, and by construction is contained in the closure of p(CCf"H). As {C,} is
a generic sequence of points in V, the preimage p~'(Z) of each component will project dominantly
to V. In other words, this Z is a special subvariety of the type described, but not contained in the special
diagonals A, ;, leading to a contradiction. This will prove Theorem 1.4. The equality of Theorem 1.5 is
then a consequence of the lower bound in Proposition 3.2.
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For the proof, suppose that S is a special subvariety of C>Ve*D that is contained in the Zariski closure

of the image ,O(Cy‘ﬂrl

) for which p~!(S) projects dominantly to V. Recall that our goal is to show that §
must lie in the union of the special diagonals A; ;. We begin with a few important observations. First,
note that dim p~!(S) > dim S, so the dominance of the projection to V implies that a general fiber of
this projection has dimension > dim § — Ny. In other words, the intersection of S with C x --- x C in

C2NatD has dimension at least
dimS - N; =Ny+2—codim S,

for a general curve C in V. Moreover, as the image p(CC[dH) is not itself special in C2Ne+D) by

Proposition 4.1, we have that § C p(Cy"H) C C?WatD) | Therefore, the codimension of § in C2Ve+D) jg
at least 2. We begin by working case by case through some examples of special subvarieties, as classified
in Theorem 1.2, to see that they either cannot be contained in p(Cy" H) or that p~1(S) cannot project
dominantly to V, unless S is contained in one of the special diagonals. We then handle the general case.

e S={x; =cyand xp = c3}: A general curve C € V does not pass through the point (ci, c3) € C?, so
p~1(S) cannot project dominantly to V.

e S={x;=cy and x3 =c3}: A general curve in C? of degree d projects dominantly to its first coordinate,
so p~!(S) does project dominantly to V in this case. However, the intersection of S with a general fiber
C x---x C C C?Nat2 has dimension only Ny — 1 <dim § — Ny, so this S could not have been contained

in the closure of ,o(Cde).

e S ={x; =c; and xp = x3}: Again this S has codimension 2, while the intersection with C x --- x C
for a general curve C € V has dimension only Ny — 1.

e S = A13={x; =x3and x, = x4}: These relations again impose conditions on two of the Ny + 1
components of C x - -- x C. But note that any collection of N4 4 1 points (x1, x2), ..., (X2n,+1, X2n,42)
in C? satisfying (xi, x2) = (x3, x4) lie on some curve of degree d, because at most Ny of the points are
distinct. So all of Ay 3 is contained in ,o(CC"’H). The intersection of A 3 with a general C x - -- x C has

dimension N4, which is the expected dimension.

e S={x; =cj and x, = x3 = x4}: Again we impose relations on only two of the N; + 1 components
of C x ---x C, but there are too many relations; a general curve does not intersect both (c;, y) and (y, y)
for any choice of y € C. Consequently, the preimage p~'(S) in Cy“’ 1 does not project dominantly to V.

e S={x; =c; and xp = x3 and x4 = c4}: These three relations are imposed upon only two of the Nj+ 1
components of C x - - - x C. As in the previous example, a general curve C does not intersect both (¢, y)
and (y, ¢4) for any choice of y € C. The preimage p~!(S) in C‘]Yd 1 does not project dominantly to V.

In general, recall that since S is special it is defined by imposing “special relations” of the form x; = ¢;
for a PCF parameter c; or x; = xo for i, k, £ € {1, ...,2N; + 2}. In general, we see that if we define §
by imposing up to Ny + 1 special relations on the coordinates of the N; 4+ 1 components of a general
product C x - - - x C in C*™¢+1D a5 Jong as no one point is constant (as in the first example) nor that there
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are three relations on coordinates of two components (as in the last two examples), nor that two of the
coordinates are required to agree (so as to be a subvariety of a special diagonal A; ;), then the preimage
p~1(S) in C{Y" 1 will project dominantly to V, but the general intersection of S with C x - - - x C will not
have sufficiently large dimension. That is, this S will not lie in ,o(Cyf’ 1y in C2WNa+D If we specify that
one of the components is a fixed special point, or if there are at least three relations imposed upon a pair
of components of C x --- x C (as is the case if codim S > N; + 1), then the preimage p~1(S) will not
project dominantly to V. This completes the proofs of Theorems 1.4 and 1.5.

4.3. Lines and the proof of Theorem 1.6. The classification of special subvarieties (Theorem 1.2) and
the proof strategy in Section 4.2 for Theorem 1.4 suggest that the general curve in a “generically chosen”
maximally varying family C — V of curves in C? with dimension £ = dim V, in any degree, intersects at
most £ distinct special points. Here we show this is indeed the case in degree d = 1. Before doing so, we

give an example where this expectation fails.

Example 4.3 (an exceptional family of lines). Consider the pencil of lines in C? passing through a given
special point P, parameterized by V ~ P!; for example, take P = (—1, —2) € C2. Because we can
connect any special point in C? to P with a line, there are infinitely many lines in this family containing
at least 2 special points, though dimV = 1.

Less obvious is the fact that the general bound on the number of special points in a line, for the family
of lines in Example 4.3, is also 2. That is, there are at most finitely many lines in C? through the special
point P containing more than 2 distinct special points of C2. On the other hand, if we consider the pencil
of lines in C? passing through a nonspecial point such as P = (1, 1), then all but finitely many lines in
the family have at most 1 special point. These facts are contained in the following proposition:

Proposition 4.4. Let V C X| be an irreducible curve in the Chow variety of lines in C?, not consisting
exclusively of vertical or horizontal lines. Then, outside of finitely many parameters ) € V, the lines of the
family intersect at most 1 special point in C*, unless V is

(1) the family of all lines through a special point P = (p1, p2) € C%;

(2) the family of lines defined by L) = {(x,y) € C?:x+y=2a}, for \ € C;

(3) the family of lines L, containing (c1, 1) and (7, ¢3) for special parameters c| # ca, for ) € C.
In each of these 3 cases, outside of a finite set of parameters A € V, there are at most 2 special points on

the line L, ; moreover, there are infinitely many parameters ). € V for which the line L) contains exactly 2
special points of C>.

Proof. Let V C X be an irreducible algebraic curve defined over C, not consisting of vertical or horizontal
lines. Let C — V denote this family of lines over V. Consider the special points in p, (C‘Z,) in C*, for the
map p, defined in Section 3.1. Note that their Zariski closure must contain the special diagonal surface

Arz={(x1,x2, %3, x4) € C*: (x1, x2) = (x3, x4)},



2178 Laura DeMarco and Niki Myrto Mavraki

because p; is dominant to C? (in which special points are Zariski dense). The general bound on the
number of special points on lines L € V is 1 unless either

(S) there is a special surface contained in the Zariski closure ,oz(C‘z,), other than the diagonal A 3,
intersecting L x L in a curve for general L € V; or

(C) there is a special curve contained in the Zariski closure p; (C‘Z,), not contained in A1 3, intersecting
L x L in a nonempty finite set for general L € V.

Indeed, if an infinite collection of lines L in V had at least 2 special points, then the Zariski closure of

those pairs of points would not be contained in A; 3 and would form a special subvariety lying in p (C‘Z,).
Some irreducible component Z of this Zariski closure is positive dimensional (because it contains an
infinite collection of points), and it must have dimension < dim ,(TCZV) = 3 because the hypersurface
,(TC%,) in C* cannot be special by Proposition 4.1. Thus, Z is either a curve or a surface. Because the
collection of lines L containing these special points was infinite in the curve V, some component Z
must have preimage o, Y(Z) that projects dominantly to V. The dimension of the intersection of Z with
the general L x L, as described in cases (S) and (C), then follows by dimension count, exactly as in
Section 4.2.

We will see that cases (1) and (2) of the proposition correspond to the existence of special surfaces of
type (S), and case (3) of the proposition gives rise to special curves of type (C). For each of the families
(1), (2), and (3), it is clear that there are infinitely many lines in the family containing at least 2 distinct
special points. It will remain to show that there are at most 2 special points on all but finitely many lines
in each of these families.

We work case by case, considering each type of special surface or curve in C*:

(S1) {xeC*:x; =c¢; and x; = cj}fori < jin{l,2,3,4}: If {i, j} is {1, 2} or {3, 4}, then this special
surface is contained in p; (C‘z,) if and only if V is the pencil of lines through the special point P = (¢;, ¢;),

and we denote these surfaces by

Sp1:={P} x C*> and Spari= C? x {P}.
If i, j} is {1, 3}, {2, 4}, {1, 4}, or {2, 3}, then the intersection with L x L is finite for general L € V, so
this surface cannot be of type (S).

(S2) {x eC*:x; =c¢; and x; = xi} for three distinct indices i, j, k: If {j, k} is {1, 2} or {3, 4}, then the
surface is not contained in pz(C‘Z/) because the intersections of L with {x = y} and {x = ¢;} are finite for

general L € V. If {i, j} = {1, 2}, the intersection of the special surface with L x L is again generally
finite; other cases are similar, and none can be of type (S).

(S3) {x; =x; and x; = x,,} with disjoint pairs of indices {i, j} and {k, m} in {1, 2, 3, 4}: If the pairs are
{1, 2} and {3, 4}, then the intersection with L x L is finite for general L € V, so it cannot be of type (S).
If the pairs are {1, 3} and {2, 4}, then the special subvariety is the special diagonal surface

A1z ={(x1,x2) = (x3, x4)}.
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If they are {1, 4} and {2, 3}, then the surface lies in p; (C%,) if and only if the points on L come in symmetric
pairs (so (x, y) € L if and only if (y, x) € L) for general L € V. In other words, the family of lines is of
the form

x+y=b

for a nonconstant function b on V, and we denote this special surface by
D = {xl = X4 and X2 IX3}.
For this family of lines, a point (x, y) on the line is special if and only if (y, x) is special, so there are

infinitely many such lines with at least two distinct special points.

(S4) {x; = x; = x;} for three distinct indices i, j, k: There is at least one pair of indices which is either
{1, 2} or {3, 4}. But then the intersection with L x L is finite for general L € V, so this surface cannot be
of type (S).

We now consider the existence of special curves of type (C). We work case by case again, considering
each type of special curve in C*.

(Cl) {xeC*:x; = ci,xj=cj,xk =ckyfori < j <kin{l,2,3,4}: There is a pair of indices equal to
{1, 2} or {3, 4}. So the product L x L intersects this curve for a general L € V if and only if the family of
lines persistently contains a special point P. In other words, the family must be case (1) of the proposition,

and the Zariski closure p; (C‘z,) also contains the surfaces Sp 1 and Sp; of type (S1).

(C2) {xi =ci,xj =cj, x; = x,} for disjoint pairs {7, j} and {k, m}: If {i, j} = {1, 2}, then the general
intersection with L x L is empty unless the lines contain P = (cy, ¢;) for all L € V. In particular, this

family of lines must be case (1) of the proposition, and the Zariski closure p; (C‘Z,) also contains the
surfaces Sp,; and Sp o of type (S1). Similarly for {i, j} = {3, 4}. If {i, j} = {1, 3}, then the equality
xp = x4 in L x L would imply that ¢; = c3 because L is degree 1 and not horizontal for all L, making
this special curve lie in the diagonal A 3. Similarly for {i, j} = {2, 4}. So, for each of these cases, the
curve cannot be of type (C).

For {i, j} = {1, 4} with ¢| = c4, the relation x, = x3 implies that the general line in the family must
intersect points of the form (c¢y, y) and (y, ¢;) for some y € C (where the y value can vary with the
line). If y = ¢ for a general line, then the family of lines must be case (1) with P = (¢, ¢1), and the

Zariski closure ,02(6‘2,) also contains the surfaces Sp ; and Sp» of type (S1). If y # c; for a general line
in the family, then the pair of points (¢, y) and (y, c¢) determine the line uniquely; the family must
be of the form x + y = A, and the Zariski closure /TCZV) also contains the surface D of type (S3). For
{i, j} = {1, 4} with ¢| # c4, the relation x, = x3 implies that the general line in the family must intersect
points of the form (¢, y) and (y, c4) for some y € C (where the y value must vary with the line). The

family of lines is therefore case (3) of the proposition, and the Zariski closure p» (C‘z,) contains the curve
of type (C) defined by
Cei.cs1 ' =1{x1 =c1 and x4 = ¢4 and x3 = x3}.
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By the symmetry of pz(C%,), we see that the curve

CC1,C4,2 = {XQ = C4 and X3 = Cq and X1 = X4}

is also contained in ,oz(C%,), for the same family of lines. The case of {i, j} = {2, 3} leads to the same
conclusion.

(C3) {xi =ci, xj = xx = X, }: Assume first that i = 1. The relations determine a curve of type (C) if the
lines of the family contain both (cy, y) and (y, y) for some y € C (where the value of y can vary with
the line). If the general line intersects the point P = (¢, ¢1), then the family is case (1), and the Zariski

closure py (C‘z,) also contains the surfaces Sp ; and Sp; of type (S1). If y # ¢ for a general line, then the
lines must be horizontal, and this case has been ruled out by assumption. Similarly for i =2, 3, 4.

(C4) {x1 = xp =x3 =x4}: This curve is contained in the diagonal surface A 3.

The case-by-case analysis shows that the three types of families of lines listed in the proposition are
the only families of lines that give rise to special subvarieties of type (S) or type (C). Thus, any other
1-parameter maximally varying family of lines has at most 1 special point on the general line in the family.

To see that the bound is at most 2 on the three types of exceptions (1), (2), and (3), we look again
at the cases and the structure of the Zariski closure of the special points in o, (C‘Z,). Suppose we are in
case (1), and assume there are at least 3 distinct special points on infinitely many lines L in the family.
Then, considering pairs of special points on a line L, with neither equal to the given special P € C2, we
build a component of the Zariski closure of special points in p; (C%,) that is neither in Aj 3 nor in the
surfaces Sp 1 or Sp» of type (S1) above. Similarly for case (2), choosing pairs of distinct special points
that are not symmetric (as (x, y) and (y, x)) leads to a component of the Zariski closure of special points

in pp (C‘z,) that is neither in A 3 nor in the surface D of type (S3). And finally, for case (3), the existence
of pairs of points that are distinct and not equal to the pair (c1, A) and (X, c¢4) as described in case (C2)
leads to a special component not contained in Aj 3 nor in the curves C¢, ¢,.1 or C¢; ¢, 2.

Thus, it remains to observe that a family of lines C — V over a curve V cannot be exhibited as a family
of the form (1), (2), or (3) in two distinct ways. For example, as there is a unique line through distinct
points P and Q in C?, there cannot be a family of lines exhibited as case (1) of the proposition for two
distinct special points P # Q. It is also clear that there is no point P € C? in every line of the family of
case (2), so cases (1) and (2) cannot coincide. Given a family as in case (3), we can easily compute that
there are at most two lines in the family containing any given point P € C2, so cases (3) and (1) cannot
coincide. The family of lines in case (2) has constant slope, while those of case (3) have slopes varying
with A because c¢| # c¢3, so the cases (2) and (3) cannot coincide. Finally, we check that a family of lines
cannot be exhibited as case (3) for distinct special pairs (ci, ¢2) and (¢, ¢}) with ¢1 7 ¢; and ¢} # ¢5. If
so, there would be a quadratic relation that must be satisfied for all parameters A € C, namely

c1A? — cad® = A%y + APch 4 2eacih = 2¢1chh F ¢ich — ciea + c1c3 — ¢3¢y =0,

which implies that (c1, ¢2) = (¢}, ¢)).
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This proves that the bound is at most 2 for each of these exceptional families. To see that the bound is
optimal, we observe that the families are constructed to have infinitely many lines containing at least 2
special points. U

Proof of Theorem 1.6. The Chow variety of lines X| has dimension 2. From Theorem 1.4, we know that
there is a finite union V; of irreducible curves and points in X; such that there are at most 2 special points
on each line L ¢ V|. Now fix an irreducible curve C C Vi, and assume it is not the family of vertical or
horizontal lines in C2. From Proposition 4.4, there is again a bound of 2 on the number of special points
for all but finitely many L € C. This completes the proof. U

5. Real algebraic curves in R?

In this section, we observe that Theorems 1.3, 1.4, 1.5, and 1.6 apply to real algebraic curves in R?
passing through PCF parameters in the Mandelbrot set, in particular providing a proof of Theorem 1.8.

Suppose P(x, y) € R[x, y] is a polynomial with degree d > 1. Writing x = %(c—l—E) and y = zil.(c —0),
we obtain a polynomial of ¢ and ¢ of degree d with complex coefficients. In this way, any real algebraic
curve in R? passing through a collection {ci, . .., ¢,,} of PCF parameters in C gives rise to a complex
algebraic curve in C? passing through special points {(c1, ¢1), ..., (Cm, ¢m)}. (Recall that the set of special
parameters is symmetric under complex conjugation.)

For example, if we begin with the line in R? defined by

{(x,y) eR*:ax +by =r}
with a, b, r € R, then this line contains ¢ € C if and only if the complex line
[, eC:ja—ibx+ja+ib)y=r}

contains the point (c, ¢) in C2. In particular, taking » = 1 and a = r = 0 shows that the real axis in C
corresponds to the diagonal line x = y in C2. Note that the vertical and horizontal lines in C? cannot
arise by this construction.

Example 5.1. The imaginary axis in C contains the three PCF parameters {i, 0, —i} and corresponds
to the complex line y = —x in C2. Other than the real and imaginary axes in C, we do not know any
examples of real lines with more than two PCF parameters.

We see immediately that Theorem 1.3 applies to real algebraic curves in each degree d > 1, implying
there is a uniform bound on the number of PCF parameters on any such curve, depending only on the
degree. And so does Theorem 1.6, as the real axis in C is the only line containing infinitely many PCF
parameters, implying that there are only finitely many real lines in C passing through more than two PCF
parameters. This completes the proof of Theorem 1.8.

Note that the set of all complex algebraic curves of degree d built from real curves in the above way is
Zariski-dense in the Chow variety X, of all complex curves of degree < d in C2. Therefore, Theorem 1.4
also holds for real algebraic curves. Finally, observing that there always exists a real algebraic curve of
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degree d through any collection of %d (d +3) points in C, we see that Theorem 1.5 also holds by choosing
the curves to pass through collections of PCF parameters, so the bound of %d (d 4 3) is optimal for a
general real curve in degree d.

Example 5.2. Holly Krieger pointed out to us that Theorem 1.6 also implies there are only finitely
many horizontal real lines in C that contain more than one PCF parameter. Indeed, if two distinct PCF
parameters, say ¢ and ¢, have the same nonzero imaginary part, then ¢, —c; = c¢» —¢; € R, and the four
pairs (c1, ¢2), (€2, c1), (c2, 1), and (cy, c2) are on the complex line

X+y=a:=c1+0c

in C2. We do not know of any examples of horizontal lines, other than the real axis in C, containing more

than one PCF parameter.
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An asymptotic orthogonality relation for GL(n, R)
Dorian Goldfeld, Eric Stade and Michael Woodbury

Orthogonality is a fundamental theme in representation theory and Fourier analysis. An orthogonality
relation for characters of finite abelian groups (now recognized as an orthogonality relation on GL(1)) was
used by Dirichlet to prove infinitely many primes in arithmetic progressions. Asymptotic orthogonality
relations for GL(n), with n < 3, and applications to number theory, have been considered by various
researchers over the last 45 years. Recently, the authors of the present work have derived an explicit
asymptotic orthogonality relation, with a power savings error term, for GL(4, R). Here we extend those
results to GL(n, R), n > 2.

For n <5, our results are contingent on the Ramanujan conjecture at the infinite place, but otherwise
are unconditional. In particular, the case n = 5 represents a new result. The key new ingredient for
the proof of the case n = 5 is the theorem of Kim and Shahidi that functorial products of cusp forms
on GL(2) x GL(3) are automorphic on GL(6). For n > 5 (assuming again the Ramanujan conjecture
holds at the infinite place), our results are conditional on two conjectures, both of which have been
verified in various special cases. The first of these conjectures regards lower bounds for Rankin—Selberg
L-functions, and the second concerns recurrence relations for Mellin transforms of GL(n, R) Whittaker
functions.

Central to our proof is an application of the Kuznetsov trace formula, and a detailed analysis, utilizing
a number of novel techniques, of the various entities — Hecke—Maass cusp forms, Langlands Eisenstein
series, spherical principal series Whittaker functions and their Mellin transforms, and so on — that arise
in this application.
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1. Introduction

1.1. Brief description of the main result of this paper. Let n > 1 be a rational integer, s € C, and
Ag =R x A¢ denote the ring of adeles over Q, where A ; denotes the finite adeles. The family of unitary
cuspidal automorphic representations 7w of GL(n, Ag) and their standard L-functions

L(s.7) = Loo(s, 1) - [ [ Lp(s. )
p

were first introduced by Godement and Jacquet [1972] and have played a major role in modern number
theory. In the special case of n = 1 the Euler products [ | » Lp(s, ) are just Dirichlet L-functions.

In this paper we focus on the unitary cuspidal automorphic representations of GL(n, Ag) with trivial
central character which are globally unramified. For n > 2, these can be studied classically in terms of
Hecke—Maass cusp forms on

SL(n, Z)\ GL(n, R)/(O(n, R) - R),
where
h" :=GL(n, R)/(O(n, R) - R™)

is a generalization of the classical upper half-plane. In fact h? := {(g )1‘) | y>0,xe IR{} is isomorphic to
the classical upper half-plane.

For n > 2, Hecke—Maass cusp forms are smooth functions ¢ : h” — C which are automorphic for
SL(n, Z) with moderate growth and which are joint eigenfunctions of the full ring of invariant differential
operators on GL(n, R) and are also joint eigenfunctions of the Hecke operators. Such globally unramified
Hecke—Maass forms can be classified in terms of Langlands parameters which (assuming the cusp form
is tempered) are n pure imaginary numbers (o1, @2, ..., ®,) € (i - R)" that sum to zero. Further, the
Hecke—Maass cusp forms ¢ with Langlands parameters (¢, ..., «,) can be ordered in terms of their
Laplace eigenvalues A (¢) given by

Aa(@) =5 —n) — J@f + a3+ +ap),

as proved by Stephen Miller [2002].
Let ¢ be a Hecke—Maass cusp form for SL(n, Z) for n > 2 and set

(. ¢) = f $(9)P@) ds

SL(n,2)\b"
to denote the Petersson norm of ¢. The Hecke—Maass cusp forms form a Hilbert space over C with

respect to the Petersson inner product.

Definition 1.1.1 (L-function of a Hecke—Maass cusp form). Let ¢ be a Hecke—Maass cusp form for
SL(n, Z). Then for s € C with Re(s) sufficiently large we define the L-function L(s, ¢) := Z,fil MRS,
where A(k) is the k-th Hecke eigenvalue of ¢.
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Definition 1.1.2 (asymptotic orthogonality relation for GL(n, R)). Let {¢;};—12,... (with associated
Langlands parameters a) = (ozgj ), aéj ), el a,(lj )
forms for SL(n, Z) with L-function given by L(s, ¢;) := Z,fozl Aj(k)k—*. Fix positive integers £, m.

Then, for T — oo, we have
X OAm b @D)/L) 1401 ifE=m.
T—o0 2 hr(@WD)/L; o(1) if e #£m,

where L; = L(1, Ad¢;) and hy(«Y) is a smooth function of the variables o), T (for T > 0), with
support on the Laplace eigenvalues A (¢;), where 0 < Ap(¢;) K T.

)) denote an orthogonal basis of Hecke—Maass cusp

Remark 1.1.3 (power savings error term). The asymptotic orthogonality relation has a power savings
error term if o(1) can be replaced with O(T~?) for some fixed 6 > 0. The error terms o(1), O(T ) will
generally depend on L, M. This type of asymptotic orthogonality relation was first conjectured by Fan
Zhou [2014].

Remark 1.1.4 (normalization of Hecke—Maass cusp forms). The approach we take in proving asymptotic
orthogonality relations for GL(n, R) is the Kuznetsov trace formula presented in Section 4, where
Aj (E))Tm) /{¢j,@;) (which are independent of the way the ¢; are normalized) appears naturally on the
spectral side of the trace formula leading to an asymptotic orthogonality relation of the form

[ it ki (OR mhr @ D)9, ¢5) {1+0(1) if £ = m,
Tooo Y ihr@D)/ (g5 lo)  ife#Em.

If we normalize ¢; so that its first Fourier coefficient is equal to 1 then it is shown in Proposition 4.1.4 that

(0. 05) =cal(1,Ad) [] TGEU+e =) (ca #0).

1<i#k<n

(1.1.5)

This allows us (with a modification of the test function /7) to replace the inner product (¢;, ¢;) appearing
in (1.1.5) with the adjoint L-function £; as in Definition 1.1.2. The main reason for doing this is that
there are much better techniques developed for bounding special values of L-functions, as opposed to
bounding inner products of cusp forms. So having E;l in the asymptotic orthogonality relation instead
of (¢, ¢ j)_l will allow us to obtain better error terms in applications.

Orthogonality relations as in Definition 1.1.2 have a long history going back to Dirichlet (for the case
of GL(1)) who introduced the orthogonality relation for Dirichlet characters to prove infinitely many
primes in arithmetic progressions. Bruggeman [1978] was the first to obtain an asymptotic orthogonality
relation for GL(2), which he presented in the form

i i Aj(O)h;(m) - dm2e*a@D/T {1 if €=m,
1m = .
T—00 = Tcosh(n Aa (@) _%) 0 ifel#m,

where {¢;}—12,... goes over an orthogonal basis of Hecke—Maass cusp forms for SL(2, Z). This is not
quite in the form of Definition 1.1.2 but it can be put into that form with some work. Other versions of
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GL(2)-type orthogonality relations with important applications were obtained by Sarnak [1987], and, for
holomorphic Hecke modular forms, by Conrey, Duke and Farmer [Conrey et al. 1997] and J. P. Serre [1997].

The first asymptotic orthogonality relations for GL(3) with power savings error term were proved
independently by Blomer [2013] and Goldfeld and Kontorovich [2013]. Goldfeld, Stade and Woodbury
[Goldfeld et al. 2021b] were the first to obtain a power savings asymptotic orthogonality relation, as in
Definition 1.1.2 for GL(4).

A major breakthrough was obtained by Matz and Templier [2021] who unconditionally proved an
asymptotic orthogonality relation for SL(n, Z), as in (1.1.5), for a wide class of test functions for all n > 2
(with power savings) but without the harmonic weights given by the inverse of the adjoint L-function at 1.
Their results were further strengthened in [Finis and Matz 2021]. The principal tool used to prove the
asymptotic orthogonality relation in [Matz and Templier 2021] was the Arthur—Selberg trace formula,
whereas our approach is the natural generalization of the earlier results [Blomer 2013; Goldfeld and
Kontorovich 2013; Goldfeld et al. 2021b], which were based on the Kuznetsov trace formula.

Blomer [2021] presented a very nice exposition comparing the Arthur—Selberg and Kuznetsov trace
formulae, which we now briefly summarize for the application to asymptotic orthogonality relations.

» The first key difference between these trace formulae is that the spectral side of the Kuznetsov trace
formula has harmonic weights L;l, while the Arthur—Selberg trace formula does not have these harmonic
weights. For GL(n) with n > 3 it is not currently known how to remove these weights (see [Buttcane and
Zhou 2020] for how to remove the weights on GL(3)). Blomer [2021] remarked that “ for applications to
L-functions involving period formulae it is often desirable to have an additional factor 1/L(1, Ad ¢) in the

>

cuspidal spectrum, but in other situations one may prefer a summation formula without an extra L-value.’

» The second major difference between these trace formulae is that the spectral side of the Kuznetsov trace
formula does not contain residual spectrum, while the Arthur—Selberg trace formula does. As pointed
out by a referee, the bulk of the work in [Matz and Templier 2021] consists in bounding the unipotent
contribution on the geometric side of the Arthur trace formula so that it stays in line with the error term
coming from the residual Eisenstein contribution on the spectral side given by Lapid and Miiller [2009].
These residual Eisenstein series do not appear in the Kuznetsov trace formula, which leads to a very
strong conjectural error term in Theorem 1.5.1. In fact, the largest error term on the spectral side of the
Kuznetsov trace formula arises from the tempered Eisenstein series coming from the maximal parabolic
having (n — 1, 1) Levi block decomposition. For explicit comparisons between our main theorem and
the results of [Matz and Templier 2021], see Remark 1.5.4.

o There are certain applications of our results using the Kuznetsov trace formula approach that go beyond
the results in [Matz and Templier 2021; Finis and Matz 2021]. Recall that A ;(p) denotes the p-th Hecke
eigenvalue of the Maass form ¢ ;. Fan’s thesis concerns the so-called vertical Sato—Tate problem, which
is a conjecture about the distribution of A ;(p), where p is fixed and j varies. This problem was studied
by Bruggeman [1978] and Sarnak [1987] (for Maass forms), and Serre [1997] and Conrey, Duke and
Farmer [Conrey et al. 1997] (for holomorphic forms), who showed by fixing p and varying j that A ;(p)
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is an equidistributed sequence with respect to the Plancherel measure which depends on p. Strikingly,
as observed by Fan Zhou [2014], if we give each Hecke eigenvalue A ;(p) the weight ﬁ;l, then the
distribution involves the Sato—Tate measure which is independent of p. Jana [2021] generalized the results
of Zhou, but he only obtained an asymptotic formula without a power savings error term. A problem for
the future would be to combine Jana’s approach with the methods of this paper. Jana also obtains bounds
toward Sarnak’s density hypothesis using this strategy that are stronger than anything known using the
Arthur—Selberg trace formula.

The main aim of this paper is to explicitly work out an asymptotic orthogonality relation for SL(n, Z)
via the Kuznetsov trace formula for a special choice of test function h(T'% whose form is that of a Gaussian
times a fixed polynomial. We do not address applications in this paper and leave that to future research. See
[Blomer 2021] for various applications of the Arthur—Selberg and Kuznetsov trace formulae and how they
compare. We also point out that the Kuznetsov trace formula was generalized by Jacquet and Lai [1985]
who developed the relative trace formula which has had a wide following with new types of applications.

See Theorem 1.5.1 for the statement of our main theorem. The proof we give assumes the Ramanujan
conjecture at oo but it is possible to prove a weaker result by dropping this assumption. Otherwise the
proof is unconditional for n < 5. In particular, the case n = 5 represents a complete, new result. For
n > 5, our result is conditional on two conjectures.

1.2. Ishii-Stade conjecture. The Ishii—Stade conjecture (see Section 8.2) concerns the normalized
Mellin transform Wn,a(s) of the GL(n, R) Whittaker function W, o (y) defined in Definition 2.3.3. Here,
5 =(51,52 .., 5n—1) €C" L and & = (o1, 2, . . ., ) = C" ! satisfies Y/, o = 0.

Suppose integers m and &, with 1 <m <n — 1 and § > 0, are given. The Ishii—Stade conjecture
expresses Wn,a(s) as a finite linear combination, with coefficients that are rational functions of the s;’s
and «’s, of shifted Mellin transforms

Wia(s + 2,

where X € (Zzo)"_l and the m-th coordinate of X is > é. In other words, for such § and m, the conjecture
expresses the Mellin transform Wn,a(s) in terms of shifts of this Mellin transform by at least § units to
the right in the variable s, .

Much as recurrence relations of the form

) =[s+8—D(+8—=2)---(s+ Ds]"'T(s+6)

for Euler’s Gamma function imply concrete results concerning analytic continuation, poles, and residues
of that function, so will the Ishii—Stade conjecture allow us to obtain explicit information about the
behavior of Wn,a (s) beyond its original, a priori domain of definition. This explicit information will
be crucial to the analysis of our test function 47, and consequently, to our derivation of an asymptotic
orthogonality relation as in Definition 1.1.2.

We have been able to prove the Ishii—Stade conjecture for GL(n, R) with 2 <n < 5. See Section 8.2
below.
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1.3. Lower bound conjecture for Rankin—Selberg L-functions. Fix n > 2. Letn =n;+---+n, be
a partition of n with n; € Z.o (i =1, ...,r). The second conjecture we require for the proof of the
asymptotic orthogonality relation for GL(n, R) is a conjecture on the lower bound for Rankin—Selberg
L-functions L(s, ¢; x ¢r’) on the line Re(s) = 1, where ¢y, ¢y (for 1 <k < k' < r) are Hecke—Maass
cusp forms for SL(ng, Z), SL(ny, Z), respectively. For a Hecke—Maass cusp form ¢ with Langlands
parameters (o, ..., a,), let

c(@) =0+ o DA+ laz]) - - - (1 + |an ) (1.3.1)
denote the analytic conductor of ¢ as defined by Iwaniec and Sarnak [2000].

Conjecture 1.3.2 (lower bounds for Rankin—Selberg L-functions). Let ¢ > 0 be fixed. Then we have the
lower bound

IL(L+it, ¢ X g)| e (c(p) - (@) (It +2)7°.

Remark 1.3.3. Conjecture 1.3.2 follows from Langlands’ conjecture that ¢ x ¢ is automorphic for
SL(ny-ny, Z). This can be proved via the method of de 1a Valée Poussin as in [Sarnak 2004]. Interestingly,
Sarnak’s approach can be extended to prove Conjecture 1.3.2 if ¢y is the dual of ¢ (see [Goldfeld and Li
2018; Humphries and Brumley 2019]). Stronger bounds can also be obtained if one assumes the Lindelof
or Riemann hypothesis for Rankin—Selberg L-functions.

If n, = n; = 2, it was proved by Ramakrishnan [2000] that ¢x X ¢y is automorphic for SL(4, Z), thus
proving the lower bound conjecture for n < 4. Further, for n; =2 and n; = 3, it was proved by Kim and
Shahidi [2002] that ¢y x ¢ is automorphic for SL(6, Z), thus proving the lower bound conjecture for n <35.

1.4. Constructing the test functions. Fix an integer n > 2. We now construct two complex-valued test
functions on the space of Langlands parameters

{a=(ar,...,0) €C" o)+ -+, =0}

that will be used in our proof of the orthogonality relation for GL(n, R).
We begin by introducing an auxiliary polynomial that is used in constructing the test functions.

Definition 1.4.1 (the polynomial ]—'I(e") (@)). Let ReZ.pandleta = (1, ..., o,) be a Langlands parameter.
Then we define

n—2 g
]-";en)(ot) :=1_[ 1_[ <1+Zak—2(xg> .

j=1K.L<(1.2,..n) kek el
#K=#L=]j
Note that if @ € (iR)", then F 1(")(04) is the square root of a polynomial in « of degree 2D (n), where

n721 n\ //n 1/2n nn—1) _,_,
o= E 3004w s

j=1
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By abuse of notation, we refer to ]-"1(3") as a polynomial, although this is not strictly the case unless R is
even. For o with bounded real and imaginary parts, say |Re(ct;)| < R and [Im(a;)| < T'+¢, we have

with an implicit constant depending on n, ¢, R.

Definition 1.4.4 (the test functions p’}’ﬁe(a) and h(") (a)). Let R € Z.y and T — +o00. Then for a
Langlands parameter o = (q, . . ., &), we define

" 1+2R+4a; —«
Pfle) = et 1Y i (2) T F( . k)’
I<j#k=<n

|pT R(a)lz
1oy aron T 0 —a)/2)

We observe that, by Stirling’s formula for the Gamma function and by (1.4.2) and (1.4.3), we have

h(Tn)R( )=
B (e)] < TR -2 (14.5)

whenever |[Re(;)| is bounded and [Im(«x;)| < T'%¢ for 1 < j < n. The implied constant in (1.4.5)
depends on #, ¢, and R.

Remark 1.4.6 (positivity of h(T"R) Writing o = (a1, a2, ..., a,) with o; =it; and ¢; € R for each
j=1,2,...,n, the function h(T)R(a) is positive. This is the case because F(1+’”)F(1_2i”) = |F(1J5i”)|2
for u € R.

Remark 1.4.7 (Whittaker transform of the test function). The symbol # in the test function p’}”’: means

this function is the Whittaker transform of p . See Section 8.

1.5. The main theorem.

Theorem 1.5.1. Fixn > 2. Let {¢;}j=12,... denote an orthogonal basis of Hecke—Maass cusp forms for
SL(n, Z) (assumed to be tempered at 00) with associated Langlands parameter

eV =@ e .. d) e R

and L-function L(s, ¢;) =Y poy & (k)k ™.
Fix positive integers £, m. Then assuming the Ishii—Stade conjecture (Conjecture 8.2.3) and the lower
bound conjecture for Rankin—Selberg L-functions (Conjecture 1.3.2), we prove that for T — oo

B (o) n—1 y
Zx 0 xj(m) 5 —= TR( ) e TR o, o ((em)" 2 T RACD=2) ey

Jj=1 J i=1

where 8 ,, is the Kronecker symbol, L; = L(1, Ad ¢;),and ¢y, ..., ¢,—1 > 0 are absolute constants which
depend at most on R and n.

Because Conjectures 1.3.2 and 8.2.3 are known to be true for 2 < n <5 (see Remark 1.3.3 and
Section 8.2), the above result is unconditional for such n.
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Remark 1.5.2. Qiao Zhang [2023] recently proved the lower bound
IL(L4it, X )| > (e(e) - c(p) 0w (o] 42) 72 (=1 Gnetmn—e (1.5.3)

with 6y = ny +np + €. This improves on the bound of Brumley [2006; 2013, Appendix], who obtained
nearly the same result but with the term ngny /2 replaced by ngng . Assuming (1.5.3) we can replace the
error term in Theorem 1.5.1 with

2n (n—2) 8
O mtom (TR D=2V 11142552 (=5

So if one could prove (1.5.3) with 6 r» < 8/n? this would give a power savings error term in our main theo-
rem and would remove the assumption of the lower bound conjecture (Conjecture 1.3.2). In fact, the proof
establishes a black box by which improvements to bounds on Rankin—Selberg L-functions result in better
power savings error terms for the continuous spectrum contribution to the asymptotic orthogonality relation.

Remark 1.5.4. A variant of Theorem 1.5.1 is obtained unconditionally in [Matz and Templier 2021; Finis
and Matz 2021], without the arithmetic weights C;l and with different test functions, which are indicator
functions of a/) € T, where € is a Weyl group invariant bounded open subset of i - a*, where a is the Lie
algebra of the subgroup of diagonal matrices with positive entries. Additionally, the results of [Matz and
Templier 2021; Finis and Matz 2021] do not give the polynomial weights of size TR(C)=2)=n(r=1)/2
coming from h(T"’)R (@) (see (1.4.5)).

The error term obtained in [Finis and Matz 2021], in the present setting of SL(n, Z), is < T=D+2)/2-1
as T — oo. Here, (n—1)(n+2)/2 is the dimension of the generalized upper half-plane h", and the error term
obtained by Finis and Matz has exponent equal to that dimension minus 1. By comparison, if one removes
the polynomial weights 7R(C)=2")=n=1/2 from the error term in Theorem 1.5.1 above, then one obtains
an error term that is < T""~1D/2+¢ Algo note that our main term is of a stronger form than that of [Matz
and Templier 2021; Finis and Matz 2021], in that ours gives a sum of n — 1 different high-order asymptotics.

More recently, Jana [2021] obtained a proof of the asymptotic orthogonality relation defined in
Definition 1.1.2, using the Kuznetsov trace formula and not the Selberg trace formula, with applications
to the equidistribution of Satake parameters with respect to the Sato—Tate measure, second-moment
estimates of central values of L-functions as strong as Lindelof on average, and distribution of low-lying
zeros of automorphic L-functions in the analytic conductor aspect. The paper of Jana does not contain

a power savings error term.

Remark 1.5.5. It is possible to remove the assumption of Ramanujan at the infinite place with more
work, which results in a weaker power savings error term in Theorem 1.5.1. For a Maass form ¢ with
Langlands parameter «, note that the test function &7 g(«) is positive. This is true because, even if « is a
Langlands parameter of an element in the complementary spectrum, —¢ is a permutation of &. A weaker
version of Theorem 1.5.1 can be proved if one assumes that almost all (except for a set of zero density)
are tempered. Such results have been obtained in [Matz and Templier 2021; Finis and Matz 2021].
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Proof of Theorem 1.5.1. Computing the inner product of certain Poincaré series in two ways (see the
outline in Section 1.6 below), we obtain a Kuznetsov trace formula relating the so-called geometric and
spectral sides. The geometric side consists of a main term M and a Kloosterman contribution K. The
spectral side also consists of two components: a cuspidal (i.e., discrete) contribution C and an Eisenstein
(i.e., continuous) contribution &.

The left-hand side of the theorem is precisely C. The first set of terms on the right-hand side comes
from the asymptotic formula for M given in Proposition 5.0.1. The power of T in the error term comes
from the bound for & given in Theorem 7.1.1 (which also gives a factor of (£m)!/2=1/®*+D) A bound
for K, which is a (finite) sum of terms Z,,, with the same power of 7 but with the given power of ¢m
follows as a consequence of Proposition 6.0.1. O

1.6. Outline of the key ideas in the proofs. Fix n > 2. The GL(n, R) orthogonality relation appears
directly in the spectral side of the Kuznetsov trace formula for GL(n, R), which we now discuss. The
Kuznetsov trace formula is obtained by computing the inner product of two Poincaré series on SL(n, Z)\h"
in two different ways. The Poincaré series are constructed in a similar manner to Borel Eisenstein series
by taking all U, (Z)\ SL(n, Z) translates of a certain test function which we choose to be the p(Trf )R test
function in Definition 1.4.4 multiplied by a character and a power function (see Definition 2.3.7).

The first way of computing the inner product of two Poincaré series is to replace one of the Poincaré
series with its spectral expansion into cusp forms and Eisenstein series and then unravel the other Poincaré
series with the Rankin—Selberg method. This gives the spectral contribution which has two parts: the
cuspidal contribution and the Eisenstein contribution. The second way of computing the inner product
is to replace one of the Poincaré series with its Fourier Whittaker expansion and then unravel the other
Poincaré series with the Rankin—Selberg method. This is called the geometric contribution to the trace
formula, which also consists of two parts: a main term, and the so-called Kloosterman contribution. The
precise results of these computations are given in Theorems 4.1.1 and 4.2.1, respectively.

Bounding the Eisenstein contribution. The key component of the Eisenstein contribution to the
Kuznetsov trace formula is the inner product of an Eisenstein series and the Poincaré series PY
given in Definition 2.3.7. By unraveling the Poincaré series in the inner product (see Proposition 4.1.2)
we essentially obtain the M-th Fourier coefficient of the Eisenstein series multiplied by the Whittaker
transform of p% )R. The explicit formula for the M -th Fourier coefficient of the most general Langlands
Eisenstein series given in Proposition 4.1.5 allows us to effectively bound all the terms in the integrals
appearing in the Eisenstein contribution except for the product of adjoint L-functions

-
[1L:. Adgp 2 (1.6.1)
k=1
ni#l1

appearing in that proposition. When considering the Eisenstein contribution to the Kuznetsov trace

formula for GL(n, R), all the adjoint L-functions in the above product are for cusp forms ¢; of lower
rank n; < n. Now in the special case that £ = m = 1, our main theorem, Theorem 1.5.1, for GL(n, R)
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gives a sharp bound for the sum of reciprocals of all adjoint L-functions of lower rank. This allows us to
inductively prove a power savings bound for the product (1.6.1).

Asymptotic formula for the geometric contribution. We prove that the geometric contribution is a sum
of expressions Z,, over elements w in the Weyl group of SL(n, Z). The Z,, are complicated multiple sums
of multiple integrals weighted by Kloosterman sums (see (4.2.2)). If wy is the trivial element of the Weyl
group then we obtain an asymptotic formula for Z,,, (see Proposition 5.0.1), while for all other Weyl
group elements Z,,,, with i > 1, we obtain error terms with strong bounds for |Z,, | (see Proposition 6.0.1)
which are bounded by the final error term on the right side of our main theorem.

The key terms in (4.2.2), the formula for Z,,, are the Kloosterman sums and two appearances of the test
function p(T'f )R: one that is twisted by the Weyl group element w and one that is not. For the Kloosterman
sums, we rely on bounds given by [Dabrowski and Reeder 1998]. The task of giving strong bounds for
pgff )R(y) occupies Sections 8, 9 and 10. We deal with the combinatorics of the twisted pgf )R—function, and
we combine the bounds for it, the other p(T"’ )R—function and the Kloosterman sums in Section 6.

The function p% )R is the inverse Whittaker transform of the test function p’}’j; given in Definition 1.4.4
above. Thanks to a formula of [Goldfeld and Kontorovich 2012], we can realize this as an integral of the
product of p'T"f;, the Whittaker function W, (see Definition 2.3.3), and certain additional gamma factors.
We then write the Whittaker function as the inverse Mellin transform of its Mellin transform: Wn,a (s).

This leads to the formula (valid for any ¢ > 0)

a%+a%+---+a% r ( 1+2R+aj —Ok )
(n) _ = e (1)) 4
prr(Y) = o1 e T Fpia) 1_[ =
1<j#k<n (=57)

Re(e;)=0  Re(atn—1)=0

n—1 J—j) .
/ / (Hij (nyj)_zsj)Wn’a(s)dstt.

Re(s)=¢  Re(s,_)=e J=!

To estimate the growth of p(T'f )R (y) uniformly in y and T as T — 400, we shift the line of integration in
the s-integrals to Re(s) = —a, witha = (a1, ...,a,—1), where a; > O fori =1,...,n— 1. We remark
that this is precisely where the Ishii—Stade conjecture is required. It is well known that

Waa(s) =T(s + )T (s —a),

and hence understanding the values of Wz’a(s) for Re(s) < 0 is straightforward by applying the functional
equation for the Gamma function or, equivalently, using an integral representation of the Gamma function
valid for Re(s) < 0. A similar strategy can be used when n = 3. However, for n > 4, the analogous method
seems intractable because the Mellin transform is not just a ratio of Gamma functions, but an integral of
such. To overcome this difficulty, we apply the Ishii—Stade conjecture to describe the values of Wn,a(s)
in terms of sums of the Mellin transform of shifts of the s-variables. See also Remark 8.2.11 below.
The Cauchy residue formula allows us to express p(Trf )R as a sum of the shifted s-integral (termed the
shifted p(T'f )R term and denoted by p(T’f )R(y; —a)) and many residue terms. The description of the shifted
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p% )R and residue terms is given in Section 8.3. In order to bound p(T'f )R (y; —a) it is convenient to introduce
the function Zr g(—a) := p(T’f)R(l; —a).

The next step is to use a result of Ishii and Stade (see Theorem 8.1.5) which allows us to write the Mellin
transform V’(V/n,a(s) as an integral transformation of Wn_], p(2) against certain additional gamma factors. It
is important to note that 8 = (81, ..., Bn—1) € C"! can be expressed in terms of o = («y, ..., «,). By
carefully teasing apart the portion of o which determines 8 and that which doesn’t, we are able to separate
out the gamma factors that don’t depend on 8 and bound I;'%(—a) by the product of a power of T and
I(Trfgl) (—b) for a certain b = (b1, ..., b,—1) € R"~2 This gives an inductive procedure, therefore, for
bounding the shifted p% )R term.

In Section 10.2 we set notation for describing the (r—1)-fold shifted residue terms. This requires
generalizing a result of Stade (see Theorem 10.1.1) on the first set of residues of VT/n,a(s) (i.e., those
that occur at Re(s;) = 0) to, first, higher-order residues (i.e., taking the residue with respect to multiple
values s;), and second, to residues which occur along the lines Re(s;) = —k for k € Z>(. This result,
together with a teasing out of the variables similar to that described above, allows us to bound an

(r—1)-fold residue term as the product of certain powers of 7" and the variables yy, ..., y,_ times

’
1_[1;-123(—(1(1))’ Wheren:nl+...+nr'
j=1

Applying the bounds on I;n}; that we inductively established for bounding the shifted p(T’f )R term, and

keeping careful track of all of the exponents and terms a/), we eventually show that the bound for the
shifted main term is in fact valid for every residue term as well.

Remark 1.6.2. In comparison to the results of [Goldfeld and Kontorovich 2013; Goldfeld et al. 2021b],
we are using a slightly different normalization of the Gamma functions and the auxiliary polynomial ]-'g’)
in the definition of the test functions p'}’ﬁe and h(T'f)R (see Definition 1.4.4). Adjusting for this difference the
results obtained here when applied to n = 3 and n = 4 recover the previously proven asymptotic formulae.

2. Preliminaries

2.1. Notational conventions.

Definition 2.1.1 (hat notation for summation). Suppose that m € Z and x = (xy, ..., x,,) € C™. For any
0 <k < m, define

Xpi=x14 -+ xk.
Note that empty sums are assumed to be zero.

Definition 2.1.2 (integration notation). Let n > 2. We will often be working with n- and (n—1)-tuples

of real or complex numbers. We will denote such tuples without a subscript and use subscripts to refer

to the components. For example, we set y = (y1,..., Ya—1) € [Ri';_ol, s =(s1,...,5.—1) € C"" ! and
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o= (o, ...,a,) € C" such that
ar+---+a, =0.
In such cases, we denote integration over all such variables x = (xy, ..., x;) subject to condition(s)
C=(,...,C) via
/F(x)dx :=/---fF(x1,...,xk)dxldxz--- dxg.
C C Cr
For example, given 8 = (B, ..., Ba—1) € C"~! with ,BAn,l =0, we denote integration over all such 8 with

Re(Bj) =bj foreach j=1,...,n—2 via

/ F(B)dp .= / / F(B1,....Bn2)dB1dBy--- dBy—2.

Br1=0 Re(B1)=b1 Re(fy—2)=by2
Re(f)=b

We extend this notation liberally to integrals over s, z and o and apply it also to integrals over the
imaginary parts in the sequel.

Definition 2.1.3 (polynomial notation). Our analysis will often require us to bound certain polynomials
in a trivial way. Namely, for complex variables x;, with j = 1,2,...,k, if |x;| < T't¢ for each j
and P(xy, X2, ..., x¢) is a polynomial, then | P(x1, x2, ..., x;)| < T¢T9€P So, the relevant information
about P is its degree. This being the case, we will use the notation Py(x) (with x = (x1, ..., x;)) to
represent an unspecified polynomial of degree less than or equal to d in the variable(s) x. Note that this
notation agrees with the commonly employed practice (also used throughout these notes) of using ¢ to
represent an unspecified positive real number whose precise value is not specified and may differ from
one usage to another.

Definition 2.1.4 (vector or matrix notation depending on context). Given a vectora=(ay,...,a,—1) €R"~ !
we shall define the diagonal matrix

t(a) :=diag(ayar - - - ap—1,a1a - - -ap—2, ..., ap, 1).
2.2, Structure of GL(n). Suppose n is a positive integer. Let U, (R) € GL(n, R) denote the set of upper
triangular unipotent matrices.

Definition 2.2.1 (character of U,(R)). Let M = (my, ..., m,_;) € Z"~'. For an element x € U, (R) of
the form

I x10 x13 -+~ X1,
I xp3 --- X2,
X = : , (2.2.2)
1 Xn—1,n

1

we define the character

Yy (X) :=myxi2+moxo3+- -+ my_1Xp—1,n- (2.2.3)



An asymptotic orthogonality relation for GL(n, R) 2197

Definition 2.2.4 (generalized upper half-plane). We denote the set of (real) orthogonal matrices O(n, R) C
GL(n, R), and we set

h" := GL(n, R)/(O(n, R) - R™).

Every element (via the Iwasawa decomposition of GL(n) [Goldfeld 2015]) of h” has a coset representative
of the form g = xy, with x as above and

YViY2: - Yn-1
YViY2: - Yn-2
y= .. , (2.2.5)

1
1

where y; > 0 for each 1 <i <n — 1. The group GL(n, R) acts as a group of transformations on §” by left
multiplication.

Definition 2.2.6 (Weyl group and relevant elements). Let W,, = S, denote the Weyl group of GL(n, R).
We consider it as the subgroup of GL(n, R) consisting of permutation matrices, i.e., matrices that have
exactly one 1 in each row/column and all zeros otherwise. An element w € W, is called relevant if

W = Wny,ny,...n,) = J
I,

where I,,, is the identity matrix of size n; X n; and n =n; + - - - +n, is a composition (a way of writing n
as a sum of positive integers; see Section 8.3). The long element of W), is Wiong := w(1,1,....1)-

Definition 2.2.7 (other subgroups of GL(n, R)). We define
Upi=(w""U,R) - w) NU,[R),
Tyi=(w U2 - w)NU,(Z) =SL(n, Z)N T,

where 'U, denotes the transpose of U,,, i.e., the set of lower triangular unipotent matrices.

2.3. Basic functions on the generalized upper half-plane h".

Definition 2.3.1 (power function). Let @ = (¢, ..., ay) € C", with &, =0. Let p = (p1, ..., pn), Where
pi = ”TH —ifori=1,2,...,n. We define a power function on xy € h" by
n n—1 . )
Ixy, o) =[[df " =T Ty, (2.3.2)

i=1 i=1
where d; =[] jen—i Vi is the j-th diagonal entry of the matrix g = xy as above.

Definition 2.3.3 (Jacquet’s Whittaker function). Let g € GL(n, R) withn >2. Leta = (a1, oy, ..., a,) €C”,
with &, = 0. We define the completed Whittaker function WO(i :GL(n,R)/(O(n, R) - R*) — C by the
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integral
14a;—oy
r—— S—
W@ = [] ﬁ f I (Wiongug, &) Y1141 (u) du,

1<j<k<n Us(R)

which converges absolutely if Re(o; — ;1) > 0 for 1 <i <n — 1 (see [Goldfeld et al. 2021a]), and has
meromorphic continuation to all « € C" satisfying @, = 0.

Remark 2.3.4. With the additional gamma factors included in this definition (which can be considered as
a “completed” Whittaker function) there are n! functional equations, which is equivalent to the fact that
the Whittaker function is invariant under all permutations of oy, oo, ..., ®,. Moreover, even though the
integral (without the normalizing factor) often vanishes identically as a function of «, this normalization
never does.

If g is a diagonal matrix in GL(#n, R) then the value of Wfa (g) is independent of sign, so we drop
the £. We also drop the =+ if the sign is +1.

Definition 2.3.5 (Whittaker transform and its inverse). Assume n > 2. Let o« = (a1, a2, ..., o) € C?
with &, =0. Set y := (y1, ¥2, ... V,—1) and #(y) as in Definition 2.1.4. Let f : [R{’jr_l — C be an integrable
function. Then we define the Whittaker transform ¥ : H" — C (where H" := {a € C" | &, = 0}) by

n—1

) = / f f(y)W(t(y))]_[ k(n T (2.3.6)

yl—O Yn— 1=0

provided the above integral converges absolutely and uniformly on compact subsets of [R{’_fl. The inverse
Whittaker transform [Goldfeld and Kontorovich 2012, Theorem 1.6] is

Fly) = 1 fH)W_a(t(y) o
-t Hlsk#Sn F(ak;w)

b=

Re(a)=0

provided the above integral converges absolutely and uniformly on compact subsets of (iR)".

Definition 2.3.7 (normalized Poincaré series). Let M = (my, mo, ..., my—1) € Z"~" with m; # 0 for
eachi=1,...,n—1. As with y, we may think of M as a matrix. Let g € h". Then we define
k(n
P (g, a) = Y. Umre) pr(Myg) - 1(yg, ), (23.8)

Y €Un(D\SL(n,2)
where ¢, is the (nonzero) constant given in Proposition 4.1.4. We extend the definition of ¥y, and p(”)
to all of " by setting Y (xy) := ¥y (x) and p{g (xy) := Py g (¥).
Remark 2.3.9. This definition, up to the normalizing factor /¢, [[;_, 1 i("_k)/ 2, of the Poincaré series
agrees with that used in [Goldfeld et al. 2021b] with the minor caveat that pr g takes on a slightly different
normalization in terms of the polynomial }'I(e”) and in the gamma factors appearing in Definition 1.4.4.
The normalizing factor is inserted so that in the Kuznetsov trace formula the cuspidal term is precisely
the orthogonality relation in Theorem 1.5.1.
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2.4. Fourier expansion of the Poincaré series.

Definition 2.4.1 (twisted character). Let

v
V, =3v= 2.. Vi, ..., €{El}, v, =1

Un

Let M = (my, ..., m,_1) € Z"!, and consider y; the additive character (see (2.2.3)) of U,(R). Then
for v € V,,, we define the twisted character ¥}, : U,(R) — C by ¥},(g) := ¥y (v'gv).

Definition 2.4.2 (Kloosterman sum). Fix L = (¢1,...,€,_1), M =(m1,...,mu_1) €Z" . Let 1, ¥y
be characters of U, (R). Let w € W,,, where W, is the Weyl group of GL(n). Let

I/Cn_]
Cn—l/cn—Z

C2/C]
C1
with ¢; € Z-¢. Then the Kloosterman sum is defined as
Sw(WL, Y, €) = > YL (B) Y (Ba),
y:Un(Z)\rﬁGw/Fw

y=Bicwhz
with notation as in Definition 11.2.2 of [Goldfeld 2015]. The Kloosterman sum S, (¥, ¥', ¢) is well-

defined (i.e., independent of the choice of Bruhat decomposition for y) if and only if it satisfies the
compatibility condition Y (cwuw™") = ¢/ (u). It is defined to be zero otherwise. (See [Friedberg 1987].)

Proposition 2.4.3 (M-th Fourier coefficient of the Poincaré series PL). Let L = (¢, ..., ¢,_1) and
M= (my,...,m,_1)€Z" " satisfy ]_[;’;11 ¢; =0 and ]—[l’.‘;]l m; #0. If Re(ay — oy 1) is sufficiently large
foreachk=1,...,n—1, then

o0 o0
R S (va wvvc)'] (g; a’ ’([/L’ ’wv’c)
P (ug. o) - Y (m) d*u = E : § : E: Z - M,l T ax—a +:VI ’
Un(@)\Uyn (R) weWoveVuai=1  cm=l G [[21( * ¢ )

where

Igaviio= [ [ v pfkteous) g, 0 TG d'u
U @D\Uw([®R) 7, (®R)
Up(R) = (0™ Uy(R) - w) NURR), Uyp(R) = (w''Up(R) - w) NU,(R),

and 'm denotes the transpose of a matrix m.

Proof. See Theorem 11.5.4 of [Goldfeld 2015]. O
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3. Spectral decomposition of £*(SL(n, Z)\h")

3.1. Hecke-Maass cusp forms for SL(n, 7).

Definition 3.1.1 (Langlands parameters). Letn >2. A vector o =(«jq, ..., ;) € C" is termed a Langlands
parameter if &, = 0.

Definition 3.1.2 (Hecke—Maass cusp forms). Fix n > 2. A Hecke—Maass cusp form with Langlands
parameter o € C" for SL(n, Z) is a smooth function ¢ : h"* — C which satisfies ¢ (yg) = ¢(g) forall y €
SL(n, Z), g € b". In addition ¢ is square integrable, is an eigenfunction of the algebra of Hecke operators
on h”, and is an eigenfunction of the algebra of GL(n, R) invariant differential operators on h”, with the
same eigenvalues under this action as the power function / (x, o). The Laplace eigenvalue of ¢ is given by
n®—n _ a%+a%+---+a5

24 2
See Section 6 in [Miller 2002]. The Hecke—Maass cusp form ¢ is said to be tempered at oo if the
Langlands parameters «q, ..., o, are all pure imaginary.

Proposition 3.1.3 (Fourier expansion of Hecke—Maass cusp forms). Assume n > 2. Let ¢ : h" — C be a
Hecke—Maass cusp form for SL(n, Z) with Langlands parameters a € C". Then for g € ", we have the
Fourier—Whittaker expansion

S S Ay (M) sen(m,— 0
o= Y Yy y e (1))

YU 1(DNSLy 1 (@) mi=1  my =1 my 120 | Li=1 Ik

where M = (m1,ma, ..., my,_1), t(M) is the toric matrix in Definition 2.1.4 and Ay(M) is the M-th

Fourier coefficient of ¢.
Proof. See Section 9.1 of [Goldfeld 2015]. Il

Definition 3.1.4 (L-function associated to a Hecke—Maass form ¢). Let s € C with Re(s) sufficiently
large. Then the L-function associated to a Hecke—Maass cusp form ¢ is defined as

o0

Lodm Y Ag(m, 1,.... 1)

mS

m=1
and has holomorphic continuation to all s € C and satisfies a functional equation s — 1 —s. If ¢ is a
simultaneous eigenfunction of all the Hecke operators then L (s, ¢) has the Euler product

Ap, 1. 1) AL p,1,....1) AQ,1,p,....1)
L(S, ¢) = H(l - p’ + pZS o p3s
P —1
LA, ..., Lp) (=D
1
+ (=D PIT Pz .

3.2. Langlands Eisenstein series for SL(n, 7).

Definition 3.2.1 (parabolic subgroup). For n > 2 and 1 < r < n, consider a partition of n given by
n=ny+---+n, with positive integers ny, ..., n,. We define the standard parabolic subgroup
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GL(ny)  * -0 %

0 GL(ny) --- *

P :Pnl,nz ..... ny — : : 2 .. :
0 0 --- GL(n,)

Letting I, denote the r x r identity matrix, the subgroup

I”l k  ee. %
N |
0 0 --- I,
is the unipotent radical of P. The subgroup
GL(n) 0 e 0
VS | IR
0 0 - GL(n,)

is the standard choice of Levi subgroup of P.

Definition 3.2.2 (Hecke—Maass form & associated to a parabolic P). Let n > 2. Consider a partition n =
ni+---+n,,withl <r <n.Let P: =Py, n,..n, CGL(n,R). Fori=1,2,...,r,let¢; : GL(n;, R) - C
be either the constant function 1 (if n; = 1) or a Hecke—Maass cusp form for SL(n;, Z) (if n; > 1). The
form ® :=¢; ® - - - ® ¢, is defined on GL(n, R) = P(R) (where K = O(n, R)) by the formula

®(nmk) :=[[¢i(mi) (neN” . meM” kek)
i=1

where m € M? has the form

m 0 - 0
0 my --- 0
m = . .. .
0 0 --- m,

with m; € GL(n;, R). In fact, this construction works equally well if some or all of the ¢; are Eisenstein

series.

Definition 3.2.3 (character of a parabolic subgroup). Let n > 2. Fix a partitionn =ny+ny+---+n,

with associated parabolic subgroup P := Py, n,.....n,. Define
1 N
: 5(n—ny), j=1
pr(N =12 . (3.2.4)
sm—nj))—ni—--—njy, j=2.
Let s = (sq, 52, ..., s,) € C" satisfy er: 1 nisi = 0. Consider the function (see Definition 2.3.1)
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on GL(n, R), where

n terms
1—n; 3—n ni—1
a = sl_pp(1)+T’sl_pp(l)+ 2 ’---,Sl_pp(l)+ 2 ’
ny terms
1—1’12 3—n2 I’l2—1
52_,07:(2)+ 2 ,SZ—PP(2)+ 2 ,---,52—,07:(2)+ 2 3 ey
n, terms
1—n, 3—n, n,—1
Sr_pp(r)+ 2 9sr_p73(r)+ 2 ""7sr_p73(r)+ 2 )

The conditions er: 1 nis;i =0 and er: 1 i pp (i) = 0 guarantee that a’s entries sum to zero. When g € P,
with diagonal block entries m; € GL(n;, R), one has

)
1815, = [ Jidet(m:)|*,
i=1

so that | - |7, restricts to a character of P which is trivial on N P,

Definition 3.2.5 (Langlands Eisenstein series twisted by Hecke—Maass forms of lower rank). Let I' =

SL(n, Z), with n > 2. Consider a parabolic subgroup P =P, ., of GL(#n, R) and functions ¢ and |- |§)

.....

as given in Definitions 3.2.2 and 3.2.3, respectively. Let

-
s =(s1,82,...,8)€C", where Zn,-s,- =0.
i=1
The Langlands Eisenstein series determined by this data is defined by
s+
Epo(g.s):= Y @) -lvel ~ (3.2.6)
ye(PNDAD

as an absolutely convergent sum for Re(s;) sufficiently large, and extends to all s € C" by meromorphic
continuation.

Fork=1,2,...,r, let «® := (k.15 - - -, Ok,n, ) denote the Langlands parameters of ¢;. We adopt
the convention that if ny =1 then o 1 = 0. Then the Langlands parameters of Ep ¢(g, s) (denoted by

ap 4 (s)) are

n terms np terms n, terms

(a1,1+s1,...,a1,n1—|—s1, a1 +s2, .. 00 82, ... ,ar’l—l—sr,...,aryn,—{—sr). 3.2.7)

Definition 3.2.8 (the M-th Fourier coefficient of Ep ¢). Lets = (s1, 52, ..., s,) € C', where Zle n;s; =0.
Consider Ep ¢(*,s) with associated Langlands parameters o, ., (s) as defined in (3.2.7). Let M =

(my,my,...,my_1) € Z’i‘ol. Then the M-th term in the Fourier—Whittaker expansion of Ep ¢ is
— Agp (M, s)
Ep o(ug,s)Yu(m)du = n—?(b—k(n—k)ﬁ We, () (M8),
[Teci my

Un(D\Un(R)
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3.3. Langlands spectral decomposition for SL(n, 7).

Definition 3.3.1 (Petersson inner product). Let n > 2. For F, G € £*(SL(n, Z)\h") we define the
Petersson inner product to be

(F.G):= / F()G(g) ds.

SL(n,Z)\h"
For g = xy € b”, with
1 xi2 x13 -+~ Xin Yiy2 e Yoot
I x3 --- X2, Y1y Yn-2
1 Xn—1,n Y1
1 1

the measure dg is given by dx dy, with

d J =
1_[ Xij» y= 1_[ PR+
I<i<j<n k=1

The Langlands spectral decomposition for SL(n, Z) states that
L2 (SL(n, Z)\h") = (cuspidal spectrum) @ (residual spectrum) & (continuous spectrum).

We shall be applying the Langlands spectral decomposition to Poincaré series which are orthogonal to the
residual spectrum.

Theorem 3.3.2 (Langlands spectral decomposition for SL(n, Z)). Let ¢y, ¢2, ¢3, . .. denote an orthogonal
basis of Hecke—Maass forms for SL(n, Z). Assume that F, G € L2(SL(n, Z)\W'") are orthogonal to the
residual spectrum. Then for g € GL(n, R) we have

o0

F(g)= Z 2}”(2 ZZ / (F. Ep.o(x.5)Ep.o(g . 5)ds,

= nysy4--+n,5,=0

Re(s)=0
F )
(F. Gy =3 0 0.6) Lo 2.0 +E Y [ (R EratErot.s). G ds
Jj=1 7 j nysi+---+n,s,=0
Re(s)=0

where the sum over P ranges over parabolics associated to partitions n = Y _, ng, while the sum
over @ (see Definition 3.2.2) ranges over an orthonormal basis of Hecke—Maass forms associated to P.

Furthermore, cp is a fixed nonzero constant.

Proof. For proofs see [Arthur 1979; Langlands 1976; Mceglin and Waldspurger 1995]. U

4. Kuznetsov trace formula

The Kuznetsov trace formula is derived by computing the inner product of two Poincaré series in two
different Ways More precisely, let L = (1, ...,4pm—1), M = (my,...,mu—_1) € 7", with ]_[?:_11 m; #0
and [, e # 0, and consider the Petersson inner product (P%, PM).
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In particular since PX, PY e L2(SL(n, 2)\bh") (see [Friedberg 1987]), the inner product can be
computed with the spectral expansion of the Poincaré series. The geometric approach utilizes the Fourier
Whittaker expansion of the Poincaré series which involve Kloosterman sums.

The trace formula takes the form

C+E& = M+K. (4.0.1)
;\f_/ ——

spectral side  geometric side

Here C is the cuspidal contribution and £ is the Eisenstein contribution. See Theorem 4.1.1 for their
precise definitions. The geometric side consists of terms corresponding to elements of the Weyl group.
The identity element gives the main term M, and the Kloosterman contribution K is the sum of the
remaining terms. See Theorem 4.2.1 for their precise definitions. The Kloosterman term K and the
Eisenstein contribution £ will be small with the special choice of the test function pr g, and they constitute
the error term in the main theorem.

4.1. Spectral side of the Kuznetsov trace formula. The first way to compute the inner product of the
Poincaré series uses the spectral decomposition of the Poincaré series.

Recall also the definition of the adjoint L-function: L(s, Ad¢) := L(s, ¢ x $)/¢(s), where L(s, ¢ X ¢)
is the Rankin—Selberg convolution L-function as in Section 12.1 of [Goldfeld 2015].

Theorem 4.1.1 (spectral decomposition for the inner product of Poincaré series). Fixn > 2 and L =
(U1, ly1)y M= (my,...,my_1) € 2"\ Then for ag:= (=25 + j — 1)j:1 _, we have

(PL(x, ap), PM (%, a0)) = C+ €.

With the notation of the spectral decomposition theorem (Theorem 3.3.2) the cuspidal contribution to
the Kuznetsov trace formula is

i Dy (Mg, (L) - | Py ()
= LALAdG) T2yt T+ =) /2)

and the Eisenstein contribution to the Kuznetsov trace formula is

S—ZZcP / Abpo(L.8) Apy (M, 8) | P} (@ g ()P ds

nysy+-- +nm 0
Re(s;)=0

for constants cp > 0.

Proof. The proof follows from the Langlands spectral decomposition theorem (Theorem 3.3.2) with the
choices F = PX and G = PM. We have

o L
et piy =y f’dj Z” +ZZcP / (F, Ep.o(+.9))(Ep.o(+.5). G)ds
j=1 J» J

nisi4-- +nr3r 0
Re(s;)=
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We then insert the inner products given in Proposition 4.1.2 below. Doing so, we see that the cuspidal
spectrum is

i (PL. i) (gi. PM) G Ag (M)A, (L)
(bis di) ¢ - (@i, Hi)

From Proposition 4.1.4, we see that

PR @),

i=1 i=1

¢ (@, @) - Ap(M)Ag(L)
L1, Ad®) [Ti<;x<n F(Haﬁ-iak)

The cuspidal part is now immediate. The contributions from the Eisenstein series are computed in like

Ap(M)As(L) =Agp(1)[*2g(M)ry(L) =

manner using Proposition 4.1.5. (|

Proposition 4.1.2 (the inner product of PM with an Eisenstein series or Hecke-Maass form). Let M =
(my, moa, ..., my_1). Consider the Eisenstein series Ep ¢ (*, s), with associated Langlands parameters

a, . (5). Let ¢ denote a Hecke—Maass cusp form for SL(n, Z) with Langlands parameter a and M-th
Fourier coefficient Ag(M). Then for ap := (—— +j— 1) _

(@, PM(x, a0)) =

1
NG
1
(Ep.o(x,5), PY(x,00)) = —=App o (M, 5) - piiy(cy ,(5)),

S

where the inner products on the left are defined by analytic continuation and ¢, is the nonzero constant

(depending only on n) from Proposition 4.1.4.

Proof. We outline the case of the Hecke—Maass forms. The series definition of the Poincaré series
converges absolutely for sufficiently large Re(e; — o ;) (1 <i <n —1). It follows that for such &’ we
may unravel the Poincaré series P¥ (x, «’) in the inner product (¢, PM) with the Rankin—Selberg method.
The inner product picks out the M-th Fourier coefficient of ¢ multiplied by a certain Whittaker transform
of p(") (My)-I(y,a’). This Whittaker transform has analytic continuation in &’ to a region including .
For sufficiently large Re(a; — e, ;), we have from (2.3.8) that

n—1

A (M) o dyy
(@, PM(x,0)) = O / / PYRMY)I(y, o) Wo(MY) [ | - (4.1.3)
\/GH k( k) T,R l!:ll yl];( k)+1

Note that 7 (y, ag) = 1. The integral in (4.1.3) converges (as a function of «’) to a region which includes «y.

=0 y,—1=0

It follows that the analytic continuation in &’ to «g of the inner product satisfies

(@, PM (%, a0)) = —= - Ap(M) - pp(@0).

1
NG
The proof for Ep ¢ is the same. U

For n > 2, consider a Hecke—Maass cusp form ¢ for SL(n, Z) with Fourier Whittaker expansion given
by Proposition 3.1.3. Assume ¢ is a Hecke eigenform. Let Ag(1) := Ay (1,1, ..., 1) denote the first
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Fourier—Whittaker coefficient of ¢. Then we have

Ap(M) = Ayp(1) - 1p(M),
where A4 (M) is the Hecke eigenvalue (see Section 9.3 in [Goldfeld 2015]), and A4(1) = 1.

Proposition 4.1.4 (first Fourier—Whittaker coefficient of a Hecke—Maass cusp form). Assume n > 2. Let
¢ be a Hecke—Maass cusp form for SL(n, Z) with Langlands parameters « = (aq, . .., o). Then the first
coefficient Ay (1) is given by

- (9, )
L1, Ad®) [Ti<;zx<n F(Haé_ak)

|Ag(D)? =

where ¢, # 0 is a constant depending on n only.

Proof. See [Goldfeld et al. 2021a]. Ol

Proposition 4.1.5 (the M-th Fourier coefficient of Ep ¢). Lets=(sy, $2,...,5,) €C’, where Z;: 1 nisi =0.
Consider Ep ¢ (*, s) with associated Langlands parameters a, , (s) as defined in (3.2.7). Assume that each
Hecke—Maass form ¢y (with 1 <k <r) occurring in ® has Langlands parameters a® .= (k15 - Okomy)
with the convention that if ny = 1 then ay,1 = 0. We also assume that each ¢ is normalized to have
Petersson norm (¢, ¢r) = 1.
Let L*(1+s; —s¢, ¢j X ¢¢) denote the completed Rankin—Selberg L-function ifn; # 1 # ny; otherwise
define
L*(1+s;—s¢,¢;) ifng=1landn; #1,
L*(1+s;—s0,¢0; x¢pp) = § L*(1 +sj—s8¢,P0) ifnj=1landng #1,
(1 +s5 —s¢) ifnj=ng=1,

where £*(w) = n*w/zF(w/Z)g(w) is the completed Riemann ¢ -function. Also define

1 R .
L*(1,Ad¢) =L(1, Adgp [ F(M)
L 2
I<i#j<ny
with the convention that L*(1, Ad1) = 1.
Let M =(my,mp,...,m,_1) € Z’;_Ol. Per our convention (Definition 2.1.4), we may think of M as a

vector or a diagonal matrix. Then the M-th term in the Fourier—Whittaker expansion of Ep ¢ is

AEP,<1> (M’ S)
EP,@(Mg, S) WM(I’H) du = m W(YPW(P(S)(Mg),
Un(D)\Un(R) k=1

where Ag, (M, s) = Ag, ((1,...,1),5) - App (M, 5),

Mepa((m 1. 1) )= Y Ap(c) Ay (cr) el e (4.1.6)

Cl,...,Cn€Z>()
C1C2-Cp=m
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is the (m, 1, ..., 1)-th (or more informally the m-th) Hecke eigenvalue of Ep ¢, and

Appo((L .. 1)) =do [[ L*(LAdg ™ [] L +sj—s0.j x 90~

k=1 I<j<t=r
np#l1
for some constant dy # 0 depending only on n.
Proof. See [Goldfeld et al. 2024]. O

4.2. Geometric side of the Kuznetsov trace formula. In this section, we obtain explicit descriptions of the
terms M and K appearing on the geometric side of the Kuznetsov trace formula. In order to do this, we
introduce Kloosterman sums for SL(n, Z), which appear in the Fourier expansion of the Poincaré series.
In the inner product (PL, PM) we replace P with its Fourier expansion and unravel PM following the
Rankin—Selberg method.

Theorem 4.2.1 (geometric side of the trace formula). Fix L=({y, ..., €,—1) and M=(my,...,m,_1) ez
(¢, is a nonzero constant; see Proposition 4.1.4). It follows that for o := (—% +j— 1),':1

(PE(x, ), PM (%, 00)) = M+ K.

sl

For wq the trivial element in the Weyl group W,, we define

M:=1, and K:zZIw,

weWw,
wF#w]

ad = Su(, Y. o)
2P )IED> LM‘w/ [

vt g o TIz mid) =0 Uy@\Uu®) 7,(R)

dyy---dyn—
1 (wuy) Yy () pyp(Lewuy) pylp(My) d*u W (42.2)
=1 Yk
Proof. We compute the inner product
lim (P*(x, @), PM (x, @))
oa— o
= lim / Pl(g,a) - PM(g, a)dg
a—>ao
SL(n.2)\b"
1 : L 2
T alggo P(g,a) Yym(g) pr r(Mg) I(g,a)dg
\/G [Ti= lmk U, (2)\h?
L (e L )
:JG(H m, )0}520 / P (uy, a)- wM(m)du)p rRMy) I(y,a)dy.
k=1 yeR1 Up@\Un(R)
y>0
Note that, as o — «p, the function 7 (g, ) — 1 (for any g € h") and [],_ } ,‘:" 1t It follows

from this and Proposition 2.4.3 above that
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n—1
¢ | [Omicti) 072 algg (PEGe, ), PM (%, )
k=1
oo
. Sw(r, Yy, ©)
=ali>l'130 Z Z Z n—1 ’(" i) n—1 og—agy1+1
weW, veV, ;=1 1= 16 [z omil) 7 [Tz o

/ / / / W1 (wuy) §5, G0 pP (Lewuy) p&(My)

=0 yu1=0 Up@\Uuw(R) T, (R) o dyn—1
I (wuy, ) (y, o) d*u n_l k(n_nk)+1
=& S (va,x/f;g,c) k=t
=2 22l o
weWw, veV,, =1 o= 16 | Lz (i)
dyy---dyn—
/ / f f Vi (wuy) lPM(M)P (LCWMY)P (MY) dum
=0 yui1=0 Uy@\Us® 7, (R) k=1 Vi
=2 T
weWw,
as claimed. O
5. Asymptotic formula for the main term
Proposition 5.0.1 (main term in the trace formula). Let L= (€1, ..., €u_1), M =(my, ..., mp_1) €Z""!

satisfy [1/Z, Ly, # 0 and ]_[l | m; # 0. There exist fixed constants ¢y, ..., ¢,—1 > 0 (depending only on R
and n) such that the main term M in the Kuznetsov trace formula (4.0.1) is given by

n—1
M= 8L,M X <<Z ¢ - TR(2~D(I1)+n(n—l))+I’l—i> + O(TR(ZD(H)-Q-I’!(n—l))))’
i=1
where

_2n—1

D(n)zl(Zn)_n(n—l)

2\ n 2
and &y, p is the Kronecker symbol (i.e., 6, y =0if L # Mand 51 1 = 1).
Proof. It follows from the definition M = Z,,,, making the change of variables y — M ~'y and noting
that Uy, (Z) = U, (Z) and Uy, (R) = U, (R), that
o0 oo
1 — ~dyn—
= VL) Yy (m)d u ) pr.r(LM™ 'y pr, R(y)w
n IRy

y1=0 - =0 U,l<Z>\U ®) =1

dyn—1
=08L,m 0 / / P RO - 1 l(nn,)H—fSLM 0,(p1,R, PT,R)
M=0  yui1=0 =i
5 > |PT R(Ot)|2
=31,M " On "
o Thejma TET)
Re(o)=0

n,# n,#
=38L,MOp <pT,R’ pT,R>’



An asymptotic orthogonality relation for GL(n, R) 2209

where the representation in terms of the norm of p’%’je follows from the Plancherel formula in Corollary 1.9
of [Goldfeld and Kontorovich 2012] and 9, is a nonzero constant depending only on n. Hence the main
term for GL(n) is thus

et T FD () iz ot 2 D (=)

H15j;ek5n F(aj;ak)

do.

M =45p y0, - /

a,=0
Re(a;)=0

Let o; =it; with 7; € R. It then follows from Stirling’s asymptotic formula that

. 2
1T
M~ 8L 10y - / e<—f?—"'—f3>/T2(f,(;”(—2 )) [T a+iy—uh*Rar.

2,=0 1<j<k<n

If we now make the change of variables 7; — 7;T for each j = 1,...,n, and we use the fact that

the degree of }'1(") is D(n) (see Definition 1.4.1) it follows that, if L = M, as T — 0o we have M ~

(T R-CDm+n(=1)+n—1 where

. 2
c:an./e—f?—---—f3<f§")<%>> [l a+ly—uh*®dr,

2,=0 1<j<k<n

and otherwise, the main term is zero. This gives the i = 1 term in the statement of the proposition. The

method of proof can be extended by using additional terms in Stirling’s asymptotic expansion for the
Gamma function to obtain the additional terms. U

Remark 5.0.2. Note that this doesn’t agree with [Goldfeld et al. 2021b] in the case of n = 4 because we
have used a different normalization. Namely, the linear factors of ]-',(en) agree with those defined previously,
but we take a different power of each. Also, the gamma factors which appear in p’}”#; have a different R:
namely, what was 2 + R in each gamma factor previously has been replaced by 2R + 1 here.

6. Bounding the geometric side

The goal of this section is to use the bound given in Theorem 10.0.1 to prove the following, i.e., to
bound K, the geometric side of the Kuznetsov trace formula.

Proposition 6.0.1. Let 7., be as above. Let M = (my, ..., my_1),L=&,...,ly_1) € (Z-0)""\. Let
pE % +7Z. Let D(n) = %(2") — @ — 2" as in (1.4.2). Then for R sufficiently large and any & > 0,

n
we have
n—1

|Iw| <Le,R TS+R(2D(n)+n("_1))+%—|_%J —pn—>(w) | l_[(ﬂimi)zp'f‘"z:l >

i=1

where if W = Wy, ,...n,) Withr > 2,

.....

d(w) :=d(ny,...,n,) =

| —

r—1
Z(nk + 1) (n — )i
k=1
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Remark 6.0.2. Assuming the lower bound conjecture for Rankin—Selberg L-functions, the resulting
bound for the Eisenstein series contribution to the Kuznetsov trace formula (see Theorem 7.1.1) is of the
magnitude T to the power R(2D(n) +n(n — 1)) 4+ ¢. Therefore, given Proposition 6.0.1 and Lemma A.13
(which says that ®(w) > &(1,n—1) = @), in order for the bound from the geometric side of the
trace formula to be less than the Eisenstein series contribution, it suffices that

n—Dn+4) \‘n—lJ nn—1)
_ —pn—

2 2
o |

Since we require that p € % + Z, we find that it suffices to take p = % universally, meaning that the

<0,
) =

which simplifies to give

if n 1s odd,

if n 1s even.

W W
3 [
=5 |w

exponent of each term £;m; can be taken to be ”2113 In particular, for the case of n =4, we see that this
exponent is 22, which is an improvement on the bound of 3 obtained in [Goldfeld et al. 2021b].

As remarked above, the main result that we will need is Theorem 10.0.1 or, more specifically,

Remark 10.0.5, which states that for any 0 < ¢ < 5, and for a = (ay, a2, . . ., a,—1) satistying |a;| + ¢ <
aj <[aj]l—¢eforeach j=1,...,n —1,wehave
PRI € 873 (y) - [ly|P - 7ot R (D005 =0y Ba), (6.0.3)

(The terms 8§~ /2(y), || y[|> are defined in Section 6.1 below. The function B is defined in Theorem 9.0.2.)

This bound for p(") (y) is obtained via an integral representation denoted by p(”) (v; b) (see (8.1.4))
over variables s = (s1, ..., s,) valid for any b = (b1, ..., b,) withb; > 0 foreach j =1,...,n—1. The
integral is taken over the lines Re(s;) = b;. Essentially, the bound is then obtained by moving the lines
of integration to Re(s;) = —a; for some a = (ay, ..., ay,) € (Rog)" L

The strategy for proving Proposition 6.0.1 will be to, first, introduce notation to rewrite Z,, in a
simplified form. We do this in Section 6.1. Then, in Section 6.2 we give bounds for Z,, obtained by
applying (6.0.3) to |pr r(Lcwuy)| (with a parameter a = (ay, ..., a,—1)) and to |pr r(My)| (with a
parameter b = (by, ..., b,_1)) for general a, b € (Rog)*!. In particular, we establish (6.2.2), bounding
|Z,,] in terms of the product of three independent quantities K (¢, w; a), X (u, w; a) and Y (y, w; a, b).
In Section 6.3, we will show that K (¢, w; a) will converge provided that a satisfies certain conditions
(independent of w), and that for this choice of a, X (u, w; a) also converges. We then determine b
(dependent on w and a) for which Y (y, w; a, b) is also convergent. Finally, in Section 6.4, we complete
the proof of Proposition 6.0.1 by simplifying the expression for the given choices of a and b.

6.1. Rewriting Z,,. Let T,(R) and U, (R) be the subgroups of GL, (R) consisting of diagonal matri-
ces (with positive terms) and upper triangular unipotent matrices, respectively. Recall that if r =
diag(ty, ..., t;) € T,(R) and u € U,(R), the modular character § : 7,(R) — R is defined to satisfy
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d(t~'ut) = 8(t) du. Explicitly, it is given by

n
say=[]# """
i=1

More generally, if a = (ay, ..., a,—1) € R"!, for
Y=O1 -y Y1) :=diag(yr - Yn—2Yn—1, .-+ Y1¥2, y1, 1),
with y1, ..., y,—1 > 0, we define

n—1
Iyl =TT v
k=1
One checks that in the special case of a; = @ forj=1,...,n—1,
_1
§72(y) = lIyll“. (6.1.1)
Similarly, if ‘U, (R) is the subgroup of GL, (R) consisting of lower triangular unipotent matrices and
Uy =™ "Uy(R)w) N Uy(R),

then we can consider the character 8,, on T,,(R) which satisfies d(tut~') = 8,,(t) du upon restricting the
measure on U, (R) to U, . It can be checked that

1 1
Su(y) =82 (y)- 872 (wyw™ ). (6.1.2)
Recall from Theorem 4.2.1 that for L = ({1, ..., £,_1), M = (m1, ..., m,_1) € (Z-9)" ' and
1/cn—l
Cn—l/cn—Z
Cc = s
/el
cy
where ¢; € Z-o fori =1, ...,n — 1, the Kloosterman contribution to the Kuznetsov trace formula is
given by
K=Y 1T,
weW,
WHW]

where, using the notation defined above and letting dy* denote the measure ]_[Z;ll dyi/yi,

Ty=c,' Y Y o > Su(Yr. iy 0)

veV, c1=1 cp—1=1

f 87 (LM)-8(»)-Yrr (wuy) ¥y (@) pi (Lewuy) pie(My)d*udy*.  (6.1.3)

y=1,-s¥n-1) U (@D\Uw (R) 7, (R)
YiseosYno1>0

We recall that by [Friedberg 1987], Z,, is identically zero unless w is relevant (see Definition 2.2.6).
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6.2. Bounds for T, in terms of a and b. Since p(") (g) is determined by the Iwasawa decomposition
of g, we first make the change of variables u +— y luy. Then (6.1.3) implies that

Zul < YD o Y 1Su (WL, Y O

veV, 61:1 C,,,1:1

f f f 5 (M)-8E ()80 (5)-5) | p P (Lewyu) | | pL oy (My)| d*u dy*.  (6.2.1)

y:(yl ----- yn—l) UuJ(Z)\Uw(R) ﬁ,‘)(R)
Viseeos Yn—1>0

For the purposes of our analysis, we break up the integral in the y-variables. To this end, let
lp:= (0,11, I =(l,00).
For t = (11, ..., Ta—1) € {0, 1}"!, define

ILhi=1) x---x1I .

Hence,

Y=1s+e0sYn—1)
V1sees Yn—1>0

and (6.2.1) becomes
T < D |Tw (D),

where

Zo@ =YD Y ISu (L, Yy )]

vEV C1_1 Cpn— 1—1

/ / / / / 53(M) -8} (L) - 8u(»)-5(»)

yely el i€l Uo@Uu® Tu® | p (Lewyw)| | py e (My)| d*udy™.  (6.2.2)

Our strategy is now to, for each choice of 7, replace the terms with p(T’f )R with the bound from (6.0.3)
(in the first instance using a choice of @ = (a1, ..., a,—-1) € R"*~! and in the second instance using
b= (by,..., by_1) € R* ). Then we need to find choices of a and b for which the corresponding
integrals converge and give good bounds.

Recall that if g = utk is the Iwasawa decomposition of an element g € GL, (R), then p(") ()= p(T" )R ().
With this in mind, consider the Iwasawa decomposition wu = ugtk, where ug € U, (R), t € T,(R) and
k € O(n,R). Then

Lcwyu = Lc(wyw_l)uotk = uch(wyw_l)tk (u; = (Lcwyw_l)_luo(Lcwyw_l))
is the Iwasawa form of Lcwyu; hence

Py R (Lewyw)| = | i p (Lewyw ™).
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Recall that the Iwasawa form of wu is assumed to be ugtk, meaning wu = ugtk, where ug € U, (R),
t € T,(R) and k € O (n, R). It can be shown [Jacquet 1967] that

l/gn—l
snfl/%_an
2= , (6.2.3)
&/6
&1

where & = & (wu) > 1 for any u € U,. For example, in the case n =4 and w = Wiong = W(1,1,1,1), W€

find that U ,,,, = U4(R) and, for
I x12 x13 X14
0 1 x3 x4
u= ,
0 0 1 X34
00 0 1
that

E1(Wiongtt) = 1+ x7, + x75 + x4,
& (Wiongut) = 1+ x§3 + X3, + (X12X04 — x12)? + (x12%23 — X13)% + (X13%24 — X14%23)%,
& (Wiongut) = 1+ x324 + (X23234 — X24)% + (X12X23X34 — X13X34 — X12X24 + X14)°.
In general, the values &; are always of the form 1 plus a sum of squares of functions consisting of the

entries of u.
From (6.0.3), replacing a with b, we see that | p(T’f )R (My)] is bounded by

CSM) T M- 5(y)~2 - [y - Ter AR (D) =3 By

To similarly bound | p% )R (Lcwyw™'1)|, we first remark that since

didy---dy_y
didy---dy Cio1C;
c=c =:c;d, Wwhere d[:'—z'ﬂ,
di i
1
setting co = ¢, := 1 (and ap = a, := 0 as usual), we see that

n—1

2a; n—1
_1 2 _1 Ci—1Ci+1 —142a;_1—4a;+2aq;
572(e) - [lel® = () 2]‘[(—2 = [ [ oo
¢ k=1

i=1 i
Therefore, it follows that

S(L)™2 - ||| - 8(1)"2 - [1£]|2

1-2a; 1 +4a;—2a; 1,

=1
— S (wyw™")~2
k=1Ck

PR Lewyw ™" 1) <

(4 (n=1) | p. n=)\_ -1 po
wyw= V|2 T +R(Dm)+"72) =31 Blay)
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Recall that if 7 = ¢ (u) is as in (6.2.3), if we define, fora = (ay, ..., an—1), b= (b1, ..., by_1) € R* 1,

o0 o0
. |Sw('¢‘L7 WX,[,C”
K(w;a):= Z Z T Z n—1 1-2a;_1+4a;—2a;4’

veVyei=1  cp_1=1 Hi:l ¢

X (w; a) = / / 54 1P d*u,

Un(D\U»(®) T ,(R)

and for a given choice of t = (ty, ..., 7,—1) € {0, 1yt
vewaby= [ [P ey Py
ylelrl y2€112 )’n—lelrn_l

then the bound on |Z,,(t)| given in (6.2.2) can be replaced by

1T, (7)| < TET 2+ R QD +n(ni=1)= Y7 (Bla))+B(b))
‘K (w; a)- X(w; a)-Y(z,w;a,b)-|L|*- |M|*. (6.2.4)

We remark that in simplifying/finding Y (7, w; a, b), we have used (6.1.2). The basic strategy to prove
Proposition 6.0.1 is now clear: we first find a such that both K (w; @) and X (w; a) converge; then given
this choice of a, we determine a particular value of b for which Y (t,w; a, b) converges as well; finally,
we work out the corresponding bounds on || L||*, ||M|?** and Z'};}(B(aj) + B(bj)).

6.3. Restrictions on the parameters a and b. The trivial bound (see [Dabrowski and Reeder 1998]) for
the Kloosterman sum is given by

S, 1,¢) K 82(c) =ci1ca- - Cuoi.

Hence K (w; a) is convergent whenever a is chosen such that

n—1

el = e 20 « 5727 o).
k=1
From (6.1.1), if we set a; = “'12—‘”(1+g), then ||c]|?* =817 (c) « 8~1/27%(c). More generally, K (w; a)
converges in the case
, Jn—j) .
aj.zp—i—T(l—i-e), p>0,j=1,...,n—1. (6.3.1)

That this choice of a makes K (w; a) converge is a consequence of the easily verifiable fact that
el = (erea—1) ™ - 87175 (0).

We assume henceforth that a satisfies (6.3.1).
We next consider the convergence of X (w; a). Recall that the Iwasawa form of wu is assumed to be
uoptk, meaning wu = ugtk, where ug € U,(R), t € T,(R) and k € O(n, R). Indeed, ¢ is given by (6.2.3).
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Then
. _ -1 2a j% -3 ¢ *
X(w; a) = 572 - |1t d*u < 8727 (t) d*u.
U @\U.®) T, (R) U @\U.®) T, (R)

The fact that the right-hand side converges is a consequence of [Jacquet 1967].
We now turn to the convergence of Y (7, w; a, b). Applying Lemma A.1 (which describes || wyw_1 [174),

we see that
SR 7A 2 +a;,) e
. (n—nj+j) e\ @iy ) — Q@G _y+)j) TR X .
Yz, w;a,b) =/<1_[1_[yn—ﬁ,-+lj o Yy =TT Ysisi(x wia. b).
I, i=lj=l i=1j=1
where

2y +j—2aq,_ —aq, +j+aq) AYn_p 4
Yn—ﬁ,‘-i-j(.[’w;a’b) = / yn_ﬁi_;_j ! ' ' ——

Tn—h;+j

Yn—hi+j

Hence, in order to bound Y (t, w; a, b) (and thereby show that Z,,(t) converges), we must choose

b= (by,...,by—1)suchthat,_; ,;(t, w;a,b) converges. Clearly
Bu_ij = Gh,_, — Qi+ i+ an +(_1)fn—ﬁi+f.§ G=1,....s, j=1,....n) (6.3.2)
suffices, since making this choice implies that, foreachk=1,...,n—1,

Jhye@dyly)  if =0,

Yi(t,w;a,b)= ~
8 : [y dy)y) ifn=1,

which converges (and gives the same value %) in either case.

6.4. Proof of Proposition 6.0.1. We have now shown that if w = w,,,....»,) and we choose a as in (6.3.1)

and b via (6.3.2) accordingly, the right-hand side of (6.2.4) converges, and hence gives a bound for |Z,,|.
Therefore, in order to complete the proof of Proposition 6.0.1, we need to first show that
n—1

n2
LI - M < T im0,
i=1

and second that the given choice of a and b gives the claimed bound for the power of T appearing
in (6.2.4).

To complete the first of these tasks we note that, by (6.3.1) and the fact that j(n — j) is maximized
(in j) when j = 5, we have
i(n—j n? n?+1
](—])(1+s) <p+—-U+e)<p+

2 8 8

fore < 1/n”>and 1 < j <n — 1. Similarly, using (6.3.1) and (6.3.2) we compute that, for 1 <i <s and

1<j<n,

aj=p+ 6.4.1)

by_irj=p+ 3G+ jQAi —n)+h;(n—h)) +e (6.4.2)
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for € sufficiently small. Note that the right-hand side of (6.4.2) is a concave up parabola in j, and therefore,
on the interval 1 < j <n;, can attain its maximum only at j =1 or j =n;. So, if we can show that b, _; ;1
and b,,_;, ,; both satisfy a suitable upper bound, then the same bound will hold for all 1 < j < n;.

We consider first the endpoint j = n;. Using (6.4.2) and the fact that n; —n; = n;_, we find that

1A ~
bn—ﬁ,-—i—ni =p + zni_](l’l - ni—]) +e.

Again, j(n — j) is maximized when j = 7, so we conclude that

2 2
n n-+1
by_p;4n, <P+ 3 +e<p+ 2 (6.4.3)
for ¢ sufficiently small.
Next we consider the endpoint j = 1. From (6.4.2) we find that
by—ps1=p+3(L—n+i;(n—i;)+24;1) +¢
< p+y(=1=n+ii(n—ip)+20) +e, (6.4.4)

where the last step follows because n;_; = n; —n; <n; — 1. We find using calculus that, as a function
of n;, the right-hand side of (6.4.4) is maximized when 7; = 142 o

R
1 n+2 n+2
b,,_;,,-+1§,0+§ —1—n+ > n— > +n+2)+e¢
n® n?+1
=p+—+e<p+ (6.4.5)
8 8
for & small enough. From (6.4.3) and (6.4.5) it follows, again, that
n?+1
bn—fzi-l-j S 1% + 8
forall 1 <i <sand 1 < j <n;. This and (6.4.1) yield the desired bound on ||L|%* - | M ||?".
The second task is accomplished using Lemma A.9. U

7. Bounding the Eisenstein spectrum £

Recall thatif L=(¢y,...,¢,—1), M=(my,...,m,_1) eZ" ! with ]_[?:_l1 £;m; #0, then, by Theorem 4.1.1,
the Eisenstein contribution to the Kuznetsov trace formula is given by

£=).) &
P @

where
Ep.o = cp / Agy (L) Apr a5 - [P (@) ()P ds.
nysy+-+n,s,=0
Re(s;)=0
In this section we give bounds for £ in the case that L = (¢, 1,...,1) and M = (m, 1, ..., 1), with

£, m #Q.
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7.1. The Eisenstein contribution £ to the Kuznetsov trace formula. The main result of this section is
the following.

Theorem 7.1.1 (bounding the Eisenstein contribution £). Fix n > 2 and a sufficiently large integer
R>0.LetL=(,1,....,),M=(m,1,...,1)eZ" " witht,m # 0. Then, assuming the lower bound
conjecture for Rankin—Selberg L-functions (see Conjecture 1.3.2), for T — oo we have the bound

1 1 n n
YN iepol < (m)? TR TR(CH-2)+e 0
P @

7.2. Proof of Theorem 7.1.1.

Proof. We proceed by induction on n, beginning with the case n = 2. In this case, the only parabolic
subgroup is the minimum parabolic, or Borel, subgroup B = P; 1, and the only function ® corresponding
to BB (see Definition 3.2.2) is the constant function ® = 1. The Eisenstein contribution in this case, then,
is simply the quantity &g ;.

By Theorem 4.1.1 in the case n = 2, we have

Ep1=cp f Ak, (€,5) Apy, (m. ) |7 (e, ()7 dsi,
Re s;=0
where s = (s1, —s1). Now note that, by (3.2.7), «
]-'1(3) = 1, so by Definition 1.4.4, we have

272 2R+ 1+ 2s 2R+ 1 — 25
p%ﬁe(“w,w(s)) =/t F( 4 )F< )

.1 (8) = s. Moreover, by Definition 1.4.1, we have

4

Furthermore, we see from Proposition 4.1.5 that

—1

Ap, (@) <A +2s)7 Y e < €

c1,62€250
cier=L

F(l +22s‘ )4(1 +25)

Then )
| r (2R+‘11+251 )F (2R+‘11—2sl ) |

T (H20) (1 +25p) [

E5.1] < (Em)* f e \ds|.

Re(s1)=0

We may restrict our integration to the domain | Im(s)| < 7, since st/ decays exponentially otherwise.
On this domain, we use Stirling’s bound (9.2.1) for the Gamma function, as well as the Vinogradov bound

cA+in]T <A+ @ eR).
We get

IEp.1] K (Em)* f [T+ 5128714 sy,

Re(s1)=0
Im(s1)<T

from which it follows immediately that |5 1| < T2R+¢ S0 our desired result holds in the case n = 2.



2218 Dorian Goldfeld, Eric Stade and Michael Woodbury

We now proceed to the general case. For n > 2, in order to establish bounds for £p ¢, we need to
know that our main theorem is true for all k < n. The reason this is needed is because we have to bound
Rankin-Selberg L-functions L(s, ¢ X ¢y), with 2 < k, k" < n. This will require knowing the Weyl law
with harmonic weights (Theorem 7.2.3) for 2 < k, k' < n. We may assume by induction, however, that
this is indeed the case, i.e., the Weyl law with harmonic weights holds for all 2 < k < n.

Now recall that, for the parabolic P associated to a partition n =n; + - - - +n,, we have

Ep.0 = / Apyo(L.S) Apr g O 5) - | P (e o) ()P ds
nysy+--+n.s,=0
Re(s})=0

where a, . (s) is given by (see (3.2.7))

n terms ny terms n, terms

(or 1485, o +51, @1 +82, . 0y +52. oo Ul S, O, S ).

Since Y ¥ a,; =0 for all 1 <k <r we see that

roong roong

Z Z(ak’i —i—sk)2 = Z Z(O‘l%,i +s,3).

k=1 i=1 k=1 i=1
Now, for any 8 = (81, ..., Bn) € (iR)", where Bn =0, we have

n :32+:82++:33 n
pff}(ﬂ)::(l L )-FEJ(%) [1

1<i<j<n

2

4

F(2R+1+ﬁi—ﬁj)

It follows that

it XL O + 5% )fm) ( <s>)

Py (0 () = exp( M

272 2
lL[ 1—[ F(ZR—l—l—i—ak,i—ak,j)r
k=1 1<i<j <ny 4
ng#El T -
1%

T

]§k<k’§r i=1 ]:]

F<2R+1+Sk_sk’+olk,i _ak’,j)'z
1 )

By Proposition 4.1.5, the m-th coefficient of Ep ¢ is given by

.
1 _
Appo(m. 1, D) =[] L*1LAdg) 2 [ L*(A+si—s. ¢ x))""
,5;51] I<i<j=zr ) Z Mgy (C1) =+ hg, () - cil oo

1<cy,c2,...,cr€Z
c1C--Cr=m

up to a nonzero constant factor with absolute value depending only on n. To bound the divisor sum
above we will use the bound of Luo, Rudnick and Sarnak [Luo et al. 1999] for the m-th Hecke Fourier
coefficient of a GL(«) (for « > 2) Hecke—Maass cusp form ¢ given by

hp(m, 1, ..., 1)] < mz1/&+Dte,
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(A slightly stronger result has been obtained by Kim and Sarnak [Kim 2003]. However, the stated result
above is sufficient for our purposes.) We immediately obtain the following bound for the divisor sum:

Z A (c1) -+ Rg(cr) ey -y | K mi— /@ +D+e

1<cy,c2,....,cr €Z
C1Cy-Cr=m

It follows that

11 N 02
Ep.0l < (me)? " (Z“g—k
2< r

) [ %p.0) (5)
[ (s
k=1 1<i<j <ny

r 2R+ 14 g — oy
4
nysy+--+n,s,=0 Py

Re(s;)=0.Im(s ) <T
( 1_[ ﬁﬁ F(2R+1+sk—sk/+oek,,' —Olk’,j>‘4)
4

I<k<k'<r i=1 j=1

: (1‘[ IL*(1, Ad¢k>|l> : ( [T 1270 +sc—se. e x i)l 2 |ds|)

)

k:;ﬁll 1<k<k'<r
nk
1 1 r az —|— e + az
< (me)? 2 ] exp( L
k=1 T2
nk;él
2 r 2R+ 14y i—ag j\ |14
/ }-(")<°‘(7>.<1>> (s)) 1—[ 1 1—[ r(————)|
R o i\ 12
2 L(1,Ad It i —a
n1sy+--+n,s,=0 k:11| ., 2 I<i<j<ni ‘F( 2 )‘
Re(s;)=0.Im(s ) <T ni#
ng Ny 2R+1+Sk Sk’+akz*ak’ )|4
1_[ | (1 —+ Sk — S/, ¢k X ¢k’ |2 1_[ 1_[ 1+Sk—s'k/—iotk,,-—ak/J 2 |dS|
I<k<k'<r i=1 j=1 5 )|

Lemma 7.2.1. Assume |si| < T and |oy j| K T'** for 1 <k <rand 1 < j <ny. Thenfor o :=a,, , (s)
and a® as in Definition A. 16, we have

7 @y OO < (l_[ |f§{’“(a<k>>|2) TRBO

k=1
ng#l1
where B(n) =2D(n) — ZZZ:Lnk#D(nk).
Proof. This follows immediately from Lemma A.27. O

It follows from Lemma 7.2.1 that for [«®|> = af | +-- -+, , we have

(k)lz (ng) (a® IT(QR+1+ay i —on )/ DI
|€ | < ( Z)z +5TR B(n)+e¢ 11[ eXp( )’}— ( )| l_[1<z<] <ng \F((1+ak_i—ak_j);2)|2
P.® m n*
U IL(1, Adgy)
ng#1 ng Ny r (2R+1+5k*5k’+ak,i*ak’,j ) |4

1 3
/ l—[ |L (145 —sk, i X Prr) |2 1—[1_[ (1+sk—sk/+ozk,»—ak,

/ S
nisi+otns=0 1=k<k’=r =1j=1 2
Re(s;)=0,Im(s;)| KT

|ds|
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r h(’lk)(a(k))l
2 TE . R-B(n)+te |T,R
<<(m£)2 n? -T _—
1:[1 IL(1, Adgy)|
ni#l QR+ 14sp—sp 4o i—ays ; \ |4

N G |

1 ni Ny
/ 1_[ |L (145 —Sk’, i X Prr) Izr!jl_[l (‘“k—sk’;"‘k,f—“kc/)f

nysi+---+n,s,=0 I<k<k'=r
Re(v,) 0,Im(s;) [T

a®)? (k)\? 2Rt 1oy i—on )2
(nk)(a(k))—exp<| | )-FI(enk)<aT> 1—[ F( = /) .

1+Olk.,‘—()lk_j
I<i#j <ny F( 2 )

\ds|.

where

Next

ny (2R+1+Sk Sk’+ak17ak’ .

4
4 )| (2R—1) Zl<k<k/<r Rp-Nyr
1_[ 1_[ l—[ l+sk—sk/+ak,f—0tk/,,- LT o )

I<k<k'<r i=1 j=I 2 )|2

‘We obtain the bound

1 1
1Ep.0l < (me)F T+ TREWTEHCRD By gz min

lL[ W—a(k))' f 1—[ |ds|
o [L(L Ad gl IL(1 4 sk — sy P X i) |?

nysy+---+n,s,=0 l<k<k'=r
Re(s;)=0,[Im(s;)| KT

Next, we bound the s-integral above. It follows from Langlands’ conjecture (see Conjecture 1.3.2) that
for |Im(sy)|, [Im(sy’)| < T we have the bound

IL(L+ s = s, ¢k X gi)| 2 < T°.
This together with the bound

/ lds| <« T,

nisy+--+n,.s,=0
Re(s;)=0, [Im(s;)|<T

implies that

=2 —+& R-B()+QR—1) Y r—1) : |h(TnkIg(°‘(k))|
1Ep 0| € (me)2 w21 TRBWTER=D 2 i +r=Dte ( —) (7.2.2)
,El L1, Adgp)]
Since each ny < n (for k =1,2,...,r), we can apply our inductive procedure together with the

following theorem to bound ) 4 [Ep ol

Theorem 7.2.3 (Weyl law with harmonic weights for GL(ny) with ny < n). Suppose ny € Z with2 <nj <n.
Let {¢1, @2, ...} be an orthogonal basis of Hecke—Maass cusp forms for GL(ny) ordered by eigenvalue. If

o) are the Langlands parameters of ¢ j» then

y I

j=l1

) ()
hy'g (@ ) <, T2R(DU+"D) -1 (7.2.4)
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Proof. In [Goldfeld et al. 2021b], all that was needed to prove this statement for n = 4 was to have it be
true for ny =2 and n; = 3, which was already known. A similar induction argument works in general. [

It immediately follows from the bounds (7.2.2) and (7.2.4) that

Z 1Ep o] < (mg)%_nzlﬁ“ TRBO+CR=D) Xy ey +r=Dte | p Xisy QR(DO+%5=2) 4mi—1)
®

Recall that B(n) =2D(n) —2Y_;_, D(nx), which implies that

11 =)
E 1Ep o] < (ml)? ,72+1+€T2R'D(”)+2R(Zlgk<k’§r ngng Y gy %)JrZZ:lnk—Zlgm/g nieng —l+te

0]

Next, 3| yprey Mk -1 + Yy 4= = 202D by Lemma A.22 and Y7}, ni = n. It follows that

1 1 _
Z 1Ep.0 < (me)2~ e T PRR(DW+ME) tn=1=F g vz meny e
[

To complete the proof, we need to sum over all parabolics P. It suffices, therefore, to consider the “worst
case scenario” among the possible partitions n = n; + - - - + n, for which the expression

E 93494
1<k<k'<r

is minimized. It is easy to see that this occurs when r =2 and {n|, n,} = {n — 1, 1}, giving the bound
n — 1. It follows that

SN Ip ol < (me)? T RO e
P @

Using (1.4.2), this immediately implies the desired result. (|
Remark 7.2.5. Jana and Nelson [2019] proved the bound
i' < T”z_"’ (7.2.6)

c@j<Tn "/

where c(¢) is the analytic conductor given in (1.3.1). This is an unsmoothed version of Theorem 7.2.3.
Our result is a smoothed version, and it doesn’t seem possible to derive a bound as in (7.2.6) with a sharp
cutoff without using a different approach.

8. An integral representation of p(T"’ )R )

Recall (see 1.4.4) that

n# (@) = @ttt /T ) (& o 1H2R+o) —a
prr(a)=e i (5 l_[ ’ ‘
1< j#k <n
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Using the formula for the inverse Lebedev—Whittaker transform given in [Goldfeld and Kontorovich
2012], it follows that

@) 1 Pr(e) Woa(y)

Pr, R(Y) = 7 —a o
A oty iz T(F77)
Re(a)=0
1 ofte3+tai ) [ @ aj — O \ ——
= g / e 2r? - Fp (E) 1_[ FR( > )Wn,a())) da,
G, =0 1< j#k <n
Re(a)=0

where

The strategy in this section for giving a representation of p% )R (y) follows the same general outline
as was used to obtain the results for GL(3) and GL(4) given in [Goldfeld and Kontorovich 2013] and
[Goldfeld et al. 2021b], respectively. As in the prior works, we express the Whittaker function as the
inverse Mellin transform of its Mellin transform. (See Section 8.1.) Plugging this into the above formula

(n) . .. . _
gives an integral representation of p; »(y) in terms of an additional variable s = (sq, ..., s,—1).

8.1. Normalized Mellin transform of Whittaker function. We introduce (as in [Ishii and Stade 2007])
the following Mellin transform and its inverse.

Definition 8.1.1 (normalized Mellin transform of Whittaker function). LetneZ anda=(«y, ..., a,)€C”
such that &, = 0. Let W, ,(y) be the Whittaker function of Definition 2.3.3. The Mellin transform is
dy;
na(S) =2"" 1/ / W, za(y)l_[(r[y])zsf 1+/({' = (812)
and the inverse Mellin transform is given by
1 =l g g S
Wn,a(y): -1 / (1_[)/] 2 (Tl'y]) f) %(E)ds (8.1.3)
S=(1,08p 1) =1
Re(s)=2b

As a consequence of this definition, we have

24 4a?

n 1 oo .
p(T)R()’) = QT / e 122 '-7:1(e )(oz)( 1_[ Cr(e; —Olk)>
a,=0 1<j#k<n
Re(@=0 Jn=j

§=(51,.-8n—1) j=1
Re(s)=b

where b = (by, ..., b,—1) with each b; > 0.
We use the following theorem to make (8.1.4) explicit and to begin setting up an inductive method to
(n)
bound p; % (y) forall n > 2.
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Theorem 8.1.5 (Ishii—Stade). Let m > 2 and ¢ > 0. Fix a Langlands parameter o € C™. Let s € C"!
with Re(s) > ¢. Then

m—1 . . nd
17 - m m Win—
Wi, (s) = f (]‘[ r(s,—zj_1+%>r(sj—zj—nﬁ1)). (hil)’f;(zz) dz, (8.1.6)

j=1

2=(21,-,Zm-2)
Re(z)=¢

where 0 |
- m— 1)
"0, g may - D g
m—1 m—1

z0:=—0+

and

ﬁ=(ﬂ1,...,ﬁm_1>:=<a1+“—’" Oy )

m—1"" m—1
8.2. A shifted p(T"’ )R term and the Ishii—-Stade conjecture. Our goal is to insert (8.1.6) into (8.1.4) and
then shift the lines of integration in s to Re(s) = —a, to the left of some of the poles of Wn,a(s), which
(see Theorem 10.1.1) occur at Re(s;) = —§ forevery 1 <i <n —1and § € Z>¢. By Cauchy’s residue
formula, this allows us to describe p(T'f )R (y) in terms of a the sum of a shifted p(T'f )R term and finitely many
shifted residue terms.

Definition 8.2.1 (shifted p(T'f )R term). Let n > 2 be an integer and a = (ay, ..., an—1) € R"~! The shifted
p% )R term is given by the same formula as (8.1.4) but with b replaced by —a:

2 2
1 ety
Py (y: —a) = QT / e 'fl(%n)(a)< [1 FR(“j_ak)>
8, =0 1<j#k<n
Re(a)=0

L TP ) -
(]‘[ ¥, T (nyj)—zsf) Woo(s)dsda. (82.2)

S=(81,.0,8n—-1) J=l
Re(s)=—a

One might be tempted to insert (8.1.6) into (8.2.2), but this is invalid if n > 3, because Theorem 8.1.5
requires that Re(s;) > ¢ foreachi =1, ..., n — 1. To overcome this difficulty, we use shift equations as
given in the following conjecture. This allows us to evaluate Wn,a(s) for Re(s) < 0.

Conjecture 8.2.3 (Ishii—Stade). Letm,n e Zwith1 <m <n—1;let § € Z>. Let

I'x+n)
I'(x)
Then there exists a positive integer r and, for each i with 1 < i < r, a polynomial P;(s,«) and an

(n — 1)-tuple %; € (Z=0)""", such that

X)), = =x(x+1---(x+n-—1).

r

-1
van,a(s>=[ 1 (sm+aj1+ajz+---+a,-m>5} Y Pils,a)Waals + %), (824)

1<ji<jp<-<jm=n i=1

where the mth coordinate of each %; is at least §. Moreover, for each i, we have

deg(P;(s, @) +2I%i =5()) ).

n
m
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Proof of conjecture for 2 < n < 5. Note that the case § = 0 of the conjecture is trivial. Moreover, for a
given m and n with 1 <m <n — 1, it’s enough to prove the conjecture for § = 1. The case § > 1 then
follows by applying the case § = 1 to itself iteratively.

For § =1 and n =2 or n = 3, the conjecture follows immediately from the explicit formulae

Wau(s) =T(s + )l (s — ),
I'(si + o)l (s1 + o) (51 +a3) (52 —a) (52 — )T (52 — 3)
[(s1+52) ’

respectively, together with the functional equation I'(s + 1) = s['(s). Thecase § =1 andn =4 is a
consequence of [Stade and Trinh 2021, equations (21), (29), and (31)].

We now consider the case § = 1 and n = 5. Note that it suffices to derive the appropriate recurrence

W3a(s) =

relations for m = 1 and m = 2 (that is, for the variables s; and s,); the cases m = 3 and m = 4 then follow
from the invariance of VT’ia (s) under the involution

(51, 52, 83, 54, 01, @2, 03, A4, &05) —> (84, §3, 52, §1, —0(], —Q2, —Q3, —0l4, —0O5).

We follow an approach developed by Taku Ishii (personal correspondence). First, consider the case

m = 1: we wish to show that
5

|:1_[(51 + ai)] Ws o (5) (8.2.5)

i=1
is equal to a finite sum of terms P; (s, a)v’f/n,a(s + X;), where the first coordinate of each X; € (220)4 is
at least 1, and deg(P; (s, «)) +2|X;| = 5 for each i. To this end, let

o = (01, 02,03, 04,05) = (—S1, 51 — 52, 52 — 53, 53 — 54, 54); (8.2.6)

note that ), 0; = 0. Since 51 + o7 = 0, we have
5 5 5

[]‘[(sl +a,-)]v75,a(s> = []'[(sl +a;) =[] +a,-)]vas,a<s). (8.2.7)

i=1 i=1 i=1

But for indeterminates 7', xi, x2, X3, X4, X5, we have

5
l_[(T +x) =T’ +T*Pi(x) + T3 Pa(x) + T? P3(x) + T Ps(x) + Ps(x), (8.2.8)
i=1

where Py (x) is the elementary symmetric polynomial of degree k in x1, x7, X3, x4, x5. So by (8.2.7) above,

5
[]‘[(sl +a,-)] Ws o (5)
i=1
= [57 + 57 P1(@) + 57 Pa(@) + 57 P3(@) + 5 Pa(@) + Ps(@) ] Ws o (s)
—[57 + 51 P1(0) + 57 P2(0) + 57 P3(0) + s Pa(0) + Ps(0) | Ws o (5)
= [s1{Pa(@) — P2(0)} +5}{P3(0) — P3(0)}+51{ Pa(cr) — P (o)} +{P5(ct) — P5(0)} | Ws o (5),  (8.2.9)
since Pi(a) = P1(0) =0.
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Now let e, for 1 < k < 4, be the four-tuple with a 1 in the k-th place and zeroes elsewhere. By [Ishii
and Oda 2014, Proposition 3.6], we have
Pr(a) — Pr(0) = Zi — Cy
(as operators acting on functions in the variable s = (s1, 2, 53, 54)), where the “Capelli elements” Cy
annihilate Ws,a (s), and
Zrf(s) = f(s+e)+ f(s+e)+ f(s+e3)+ f(s+es),
Z5 f(s) = P1(03, 04, 05) f (s+e1)+ P (01, 04, 05) f (s+e2)+ P1 (01, 02, 05) f (s +e3)
+Pi(01,02,03) f(s+esq),
Z4f(s) = P2(03, 04, 05) f (s+e1)+ Pa(01, 04, 05) f (s+e2)+ P2(01, 02, 05) f (s +e3)
+P2(01,02,03) f(s+es)+ f(s+er+e3)+ f(s+er+eq)+ f(s+ertes),
Zsf(s) = P3(03, 04, 05) f(s+e1)+ P3(01, 04, 05) f (s+e2)+ P3(01, 02, 05) f (s +e3)
+P3(01,02,03) f(s+eq)+ Pi(05) f(s+e1+e3)+Pi(03) f(s+er1+es)+ Pr(o1) f(s+ex+eq).
So by (8.2.9),

5
[H(sl +a,-)] Ws o (s) = [s
S

i=1

Y7o+ sTZy 5124+ ZS]WS,a(S)

= 457 Py (03, 04, 05) + 51 P2 (03, 04, 05) + P3(03, 04, 05)]W5,a(s +ey)

+ [s7 + 51 Pi (01, 04, 05) + 51 P2 (01, 04, 05) + P3(01, 04, 05)]W5,a(s +e2)
+ [s7 + s P1(01, 02, 05) + 51 P2 (01, 02, 05) + P3(071, 02, 05)]W5,a(s +e3)
+[53 + 57 P1(01, 02, 03) + 51 Pa(01, 02, 03) + P3(01, 02, 03) | Ws o (s + es)
+[s1+ P (05)]W5,a(s +ei+e3)
+[s1+ P (03)]W5,a(s +e1+es)
+ [51+ Pi(01) | Ws o (s + €2+ ea). (8.2.10)
Recalling that the P;’s are the elementary symmetric polynomials of degree k in their arguments, we see
si +stPi(a, b, c)+s1Pya, b, c)+ Ps(a, b, c) = (si +a)(s; +b)(s; + ),

for indeterminates a, b, c. So (8.2.10) gives
5

[H(sl +ai)} Ws o (5) = (514 03) (51 + 02) (51 + 05) Ws o (s + €1)
=l + (51 +01) (51 +04) (51 + 05) Ws 4. (5 + €2)
+ (514 01)(s1 +02) (51 +05) Ws o (s +€3)
+ (51 +01) (51 +02) (51 4 03) Ws 4 (5 + e4)
+ (51 4+ 05) Wao(s +e1 +e3)
+ (51 4+ 03) Ws o (s +e1 +es)
+ (51 +01) Ws o (s +e2+es)
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= (51 + 52 —53)(s1 + 53 —54) (51 + S4)VT’5,a(S +ep)
+ (51 +52)Ws o (s +e1+e3) + (51 + 52— 53)Ws5 o (s +e1 +es),

where we have the last step by the definition (8.2.6) of the o;’s. This is our desired shift equation in s;.

The shift equation in s, is derived analogously. A fundamental difference in this derivation is that, in
place of (8.2.8), we use the following expression involving Schur polynomials s, (see [Macdonald 1979,
Section 1.3], especially Exercise 10 of that section):

T\ 10— (itpottis)
l_[ (T+xl~—|-xj)= Z (—) dusﬂ(xl,xz,...,xs).

2
I<i<j<5 =1, 425, 45)ES
Here,

S={(i,pa, ... pus) € (@00 i <5—i (1<i <S5 and py = o = - = s,

and d,, is the determinant of the matrix

2(5—1)
<<Mj+5l_j>>1§i,j§5.

The Schur polynomials are symmetric polynomials in the x;’s and are therefore expressible in terms of
the elementary symmetric polynomials in the x;’s. Techniques like those employed above, in the case
m = 1, therefore apply. We omit the details. 0

Remark 8.2.11. The above proof, in the case m = 1 (that is, for the variable s;—and therefore also for
the variable s,,_1), generalizes to the case of GL(n, R) for any n > 2. For 2 <m <n — 2, we do not yet
have a proof that works for all n > 2, though we expect that the above ideas and techniques should prove
relevant. Indeed, using the above methods, and applying Mathematica to help with the more arduous
calculations, we have been able to verify Conjecture 8.2.3 in full generality for n < 7.

We further note that, alternatively, one might continue Wn,a (s) in the s;’s by shifting or deforming the
lines of integration in (8.1.6). Unfortunately such an approach has, thus far, failed to yield suitable results.
In particular, the residues that one obtains in moving these lines of integration past poles of the integrand are
quite complicated, and do not seem to lend themselves to bounds of the type required to estimate p(T'f )R (y).
8.3. p(T"’ )R (y) is a sum of a shifted term and residues. Besides the shifted p(T'f )R—term (because we cross
poles of VT/,W (s) upon shifting the lines of integration) there are also many residue terms. The residue
terms will be parametrized by compositions of n. Recall that a composition of length r of a positive
integer n is a way of writing n =n;| 4 - - - +n, as a sum of strictly positive integers. Two sums that differ
in the order define different compositions. Compare this, on the other hand with partitions which are
compositions of n for which the order doesn’t matter.

Definition 8.3.1 (a-admissible compositions). Let a = (ay,...,a,_1) € R*~\. A composition n =
ny+---+n, is termed a-admissible if

ap >0 foralli=1,...,r—1.
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The set of a-admissible compositions of length greater than 1 is
Cq :={compositions n =ny +---+n, |2<r <n, az, >0foralli=1,...,r—1}.
Remark 8.3.2. At times we may also notate a composition n = nj + - - - +n, as an ordered list C =
(ny,...,n,).
Definition 8.3.3 ((r —1)-fold residue term). Suppose that7 >2and C €C, is givenbyn=n+- - -+n,. Let
S = (81,82, 8rm1) € (Z0)
with 0 <§; < |a;, ] foreachi =1, ..., r—1. If C has length 2, we write 6c = §. We define the (r—1)-fold

residue term

a2 tad
1 n
PR (yi —a, 8¢) == / e TR -f,(;’)(a)( I FR<aj—ak>)
6 =0 1<j#k=n
Re(a)=0
i TS ANV BRI Py
() (I )
i=1 Re(sj)=—a; JEAL-lir—1}
j¢{ﬁ1v-~~sﬁr71}
Res ( Res (++(  Res  Wya(0)::))dsda. (334)
$hy=—qa; =81 \sa, ==&, =52 Sp,_ =0, _ —r-1

Remark 8.3.5. In the shifted integral (8.3.4), if —a; > 0 for some i, there will be no residues coming
from the integral in s; because we are not shifting past any poles. For this reason, one only obtains residue
terms p% )R (y; —a, 8¢) in the case that C is a-admissible. That said, (8.3.4) makes perfect sense even if
C is not a-admissible. In this case, p(T'f)R(y; —a, §¢) is identically zero.

Proposition 8.3.6. Suppose that a = (a1, . .., an—1) € R"~\. Then there exists constants « (C) such that

PR = pRi—a) + Y k(€)Y piR(yi—a.8c).
CceC, 5C:(51,.A.,5r,1)
0<8;<laz, ]
Before giving the proof, we make some preliminary remarks and observations.

Remark 8.3.7. Notice that an element o of the symmetric group S, (i.e., the group of permutations of a
set of n elements) acts on « = («y, ..., &,) and, by extension, on & via

oA =01y F )+ 0ok

We can consider the analog to (8.3.4) obtained by replacing each instance of &, with o - &,:

a2+~-+ot2 i(n—i 2~
/ . 172/24' __7:1({!)(0{) . ( 1_[ Tr(a; —Olk)>< l_[ yi’(lz')+2(c-a,-+8;)>
&, =0 1<j#k=n i€{fl,ir_1)
Re(a)=0 LD s, ~
. 1_[ Y ) Res (  Res -+« Res W, q(s))dsda
Siy=—08jy —8i; Siy=—0&ir —3i, Sip =—0 -0y —0;

Re(s;)=—a; JEL-tr-1}
Jelin, i1}
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We make two observations:

* As C varies over all compositions of length r and o varies over all possible permutations and 8¢
varies over all (Zzo)r_l, one obtains all possible (r—1)-fold residues coming from shifting the lines of
integration in p(T'f )R (y). This is a consequence of Theorem 10.1.1 below.

e The action of S, on ordered subsets of {a1, a2, ..., a,} given by permuting the indices is trivial on
Wn,a(s), i.e., VT/n,g(a)(s) = VT/,l,a(s), and on the function

2 2

oy ety
e T2 .]:I(en)(a) ) < H Tr(a; —O!k)>-
1<j#k=n
This implies that relabeling the variables oy, aa, ... &y by a5 -1(1), @g-1(2), - - -, Uy-1(,) EVErywhere doesn’t

change the value of the integral, and recovers the original integral given in (8.3.4).

Remark 8.3.8. The constant « (C) is the size of the (generic) orbit of the action of S, on the set
A=A, ....a5 }

Hence, defining the stabilizer of A to be

Stab(A) :={oc € S, |0 -y =a, foreachm =nq,...,n_1},

we see that
#S, n!

- #Stab(A) - 1‘[:1‘ ;)

Since the exact value of « (C) is irrelevant to our application, we omit its proof below and leave it instead

k(C)

to the interested reader.

Proof of Proposition 8.3.6. Beginning with (8.1.4), we see that pgf)R(y) = p(T’f)R(y; b) for any b =
(b1, ...,by—1) with b; > 0foreachi =1,...,n— 1. In order to compare this with p?’)R(y; —a), wWe suc-
cessively shift the lines of integration in the variables sy for each k such that —a; < 0 (in descending order).
If —ay > 0 then shifting the line of integration from Re(s) = by to Re(s;) = —ay doesn’t change the value
of the integral in si. In other words, there is a residue term if and only if the composition C is admissible.

Beginning with the fact that
p%)R(y) = p%)R(y; b) forany b= (b1, ..., b,_1) for which b; > 0 for all j,

we may shift the line of integration in s,_; to Re(s,—1) = —a,—1. In doing so, provided that a,_; > 0,
we pass poles at s, = —o - @ — & for each 0 < § < |a;]. Hence, taking into account Remark 8.3.7,
and considering n = (n — 1) + 1 (denoted by (n — 1, 1)), it follows that

P () = p(; (b1, ba b3, .., —au_1))
+K((7’l N 1’ 1)) ' Z p;ily)R(y’ (bl’ bz’ ceo _an—l)’ 8(n—l,])), (839)

Sn-1.1)

where k ((n—1, 1)) is a constant (which can be verified to agree with the description given in Remark 8.3.8.)
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We now shift the line of integration in s,_, to Re(s,_2) = —a,—_». As before, provided that a,,_, > 0,
the Cauchy residue theorem and Remark 8.3.7 give

Py () = YR (b1, ... bu—3, —an—2, —an-1))

+e((1=2.2) Y PR (b1, .o bas3, —Gn—2, —an—1)., 8—2.2))

8(n—2,2)
+K((n - 1’ 1)) Z P%}e(y, (bls e bn—?)a —ap-2, _an—l)a 8(n—1,1))
8-1)
e =2,1,1) Y pyRi (b1, bu3. —an—2, —@y-1). Su—21.)  (8.3.10)

S(n-2,1,1)

for constants « (C) foreachof C=(n—1,1), (n —2,2), (n —2,1, 1) as claimed.

We next repeat this process shifting the integrals in s,,_3 for each of the terms on the right of (8.3.10),
and then again for s,_4 and so forth (skipping those s, for which a,, < 0) until all of the lines of integration
have been moved to Re(s,;,) = —a,, for every possible integral. The claimed formula is now evident. [

8.4. Example: GL(4). We now consider the special case of VT/4,a(s) where

el ~
a= (a1, a2, a3,a4) € (IR)*, a4=0.

Fix ¢ > 0. Recall that p(T4’)R(y) = p(TAt)R(y; (g, &, £)). If we now shift the lines of integration to Re(s) = (—a)

where a = (a1, az, a3) € R?, then we get additional residue terms corresponding to each composition
4=n;+---+n, and each 8¢ € (Z>p)" as follows.
In general the composition n = n; + - - - + n, (by abuse of notation, we also think of this as a vector

(n1,...,n,) so that ay = ny + - - - + ny) corresponds to taking an (r—1)-fold residue in the variables
Siy> iy -+ Sh,_,- Here is a table of the residues corresponding to the different compositions:
composition C residues in s-variables d¢
143 s1=—o1 — 8 (1)
242 §)=—01 —ay— & (62)
341 S3=—Ol1—0[2—0[3—33 (53)
1+1+42 S]=—a1—081, S =—a] —or— &2 (81, 62)
1+2+1 s1=—a) =81, s3=—a1—ax—0a3—3 |(81,63)
24141 |so=—o1—ay—38, s3=—a; —ax—a3—83|(52,83)

In each case 0 < §; < |a;]. Not included in the table are the triple residues in s; = —&; — §; for each
i =1,2,3. These correspond to the composition4=1+1+4+ 141 and é¢ = (61, 62, 63).

8.5. The integral I;’:lz)e(_a) in terms of an explicit recursive formula for Wm,a (s). At first glance, the
following definition appears to be relevant only for the shifted p(T'f )R—term, as it is essentially equal to
pgf)R((l, ..., 1); —a), and not for the shifted residue terms. However, it will turn out to be pivotal to

bounding the residue terms as well.
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Definition 8.5.1 (the integral I;""I)e). Letm >2be anintegerand a=(ay, ..., a,_1) € R"~!. Then we define

ot2+-->+a2
1 m ~
Iy (—a) = / o T ]-‘I(en)(a)( I1 rR(aj_ak)> f (Wi ($)|ds da.  (8.5.2)
— l<j#k=m S=(S10rrrSm_1)
Re(a)=0 Re(s)=—a

As alluded to above, inserting the result of Theorem 8.1.5 into (8.2.2), we find that

-2
PRy, —a) < (1_[ vt ”’)I%’fk(—ay

j=1
Hence, giving a bound for p(") (y) requires only that we bound I(Tm,)e (—a) in the case of m = n. However,

much more is true: we will show that if C is the composition n =n +- - - +n,, then p(") (y; —a, 8¢) can
be bounded by the same product of y;’s as above times a certain power of 7" and a product of the form

r—1

[1Z77(=a")

=1
for certain values a® = (afg), . (Z) ’ ) which depend on the value of a = (ay, ..., a,—1) € R

The significance of this fact should not be understated. Without it, we would be required to treat nearly

every possible composition C (hence each possible residue term) individually. Indeed, returning to the case
of n =4, as noted in Section 8.4 above, there were seven residue terms. The only symmetries that we were
able to exploit in [Goldfeld et al. 2021b] to help were that the (1, 3) and (3, 1) residues were equivalent, and
the (1, 1, 2) and (2, 1, 1) residues were equivalent as well. This left five individual distinct cases, each of
which required several pages of work to bound. So, although the method of this paper does require dealing
with some tricky notation and combinatorics, it eliminates the need to treat each residue on its own terms.

9. Bounding I;‘IT’I)R

Recall that for « = («y, ..., ;) € C" satisfying &,, =0 and a = (a1, az, ..., dy—1) € R 1,
a%-%— +mm
Iy (—a) = / e 72 @) [ ITk(e; -l / | Win.o(5)| ds da. 9.0.1)
= I=j#k=m Re(s)=—a
Re(a)=0

Theorem 9.0.2. Let I;"fl)e(—a) be as above and set D(m) = deg(F, (m)(oz)) Then, forany 0 < ¢ < ;

T (—q) « T HR(De+ MR )T B

where
0 if c <0,
B(c)=le]+2(c—lc)) if0<lc]+e<csle]+y,
[c] if 3<lcl—3=<c<fc]l—e

The implicit constant depends on ¢, R and m.
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Theorem 8.1.5 allows us to write VT/m,a (s) in terms of an integral of the product of several Gamma
functions and the lower-rank Mellin transform Wm_l,g (z), where

ﬁ::(ﬂlw--,ﬂm—03=:<él+' L A ).

m—1"" m—1
Using this, we are able siphon off the contribution to the integrand of (9.0.1) that is independent of the
variable 8. This in turn allows us to relate I(T'Tl,)e to I(T"fR_ D and prove the result inductively.

9.1. Symmetry of integration in . Since the integrand of (9.0.1) is invariant under the action of o € S,
acting on @ = («q, . .., &), We may restrict the integration to a fundamental domain. A choice of such a
fundamental domain is

Im(ay) > Im(ap) > -+ - > Im(ayy,). 9.1.1)

Hence, (9.0.1) is equal, up to a constant, to the same integral but restricted to « satisfying (9.1.1). In the
sequel we will always assume that (9.1.1) holds.

9.2. Extended exponential zero set. Recall that Stirling’s asymptotic formula (for o € R fixed and t € R
with [t| = o0) is given by
T(o +if) ~ 21 -|t]° 2 e 311, 9.2.1)

Definition 9.2.2 (exponential and polynomial factors of a ratio of Gamma functions). We call |£|°~!/2
the polynomial factor of T' (o +it), and e~ /2l is called the exponential factor. For a ratio of Gamma
functions, the polynomial (respectively, exponential) factor is composed of the polynomial (respectively,
exponential) factors of each individual Gamma function.

Lemma 9.2.3 (extended exponential zero set). Assume that o € C" is a Langlands parameter satisfying
Im(a1) > Im(ap) > -+ - > Im(etpn)-

Then the integrand of I(T'% (as a function of s) has exponential decay outside of the set I = I} x I x
-+ X Iy, q, where . _
J J
—ZMMKMWK—ZMMHM}

Ij = {Sj
k=1 k=1

Remark 9.2.4. See [Goldfeld et al. 2021b] for the definition of the exponential zero set of an integral.
The extended exponential zero set given in Lemma 9.2.3 contains the exponential zero set for I;’T’}Q.

Proof. We first prove Lemma 9.2.3 in the case that m = 2. In the formula (9.0.1) for I;IT)R, replace
Wa.o (s1) with T'(s; + 1) (s; 4 ). Then assuming (9.1.1), the exponential factor is e@/2€6:®), where

E(s, ) = |Im(sy) +Im(eq)| + [Im(sy) + Im(an)| — 2 Im(exy).
We see, therefore, that the exponential factor £(s, ) is negative unless
Im(s;) +Im(ex;) >0 and Im(sy) +Im(an) <0 <<— —Im(xq) <Im(s;) < —Im(ap),

as claimed.
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Let us suppose that m > 3 and ¢ = (c1, ¢2, ..., ¢pu—1), Withc; >0(j=1,2,...,m—1). In order to
prove Lemma 9.2.3 using induction on m, we make use of the change of variables
Qm

i=ait+——, j=1,...,m—1.
'B] % m—1 I
Observe that

Bt +Pu1=0.

By Lemma A.19 in the case that k =m — 1,

m
af - dap =i+ B+ ——a
m—1
Then in the integrand for I;'Z)e (c) we may substitute the formula for Wm,a (s) given in Theorem 8.1.5. We

also use the fact (see Lemma A.26) that

m—1

I1 F(aj—ak)z( 1 F(ﬁj—ﬁk))-(]‘[F(am—af>r(ai—am)),

1<j#k<m 1<j#k<m—1 i=1

and, via Stirling,
m—1
1_[ T(am — )T (e — ) < ™ M),
i=1

Note that (9.1.1) implies that Im(c,,) < 0; hence,

( ) m_ % ﬂ12+~-+ﬂ)27171
ITr,nR(C)<< / e / e T2 | PDum-Dm-1)R@n, B)|

Re(‘xm):() ,ém71=0
Re(8)=0
1 W
FD gy 1_[ ITR(B; — Br)l / |Win—1,8(2)]
1<j#k<m—1 Re(z;)=b;

l<j<=m-2

(m — j)am J%m
R A Ui

—m m
-I'g _IO{m—,Bj I'r ,Bj—f‘mam dedZdOl.

m

ii |

leRe(s_,-):c'j

By the induction hypothesis, the second row of this expression has exponential decay outside of the set

J k
- Z ﬁk = Im(Z]) =- Z ﬁm—j} (925)
k=1 j=1

foreachk=1,2,...,m —2. (Recall that zo = z,,_1 =0.)
The assumption Im(cr;) > Im(c,,) and the definition of B; above imply that

{Z == (Z]a ey Zm—Q)

Im(aj—am)zlm(ﬂjJr 7 lan> >0 (j=1,2.....,m—1)
o
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n—1

Thus, the exponential factor coming from the final line in the expression above is e™/2€(:2.8.an) \where
n—j j n
o=l b o) )
J:
a,,)

n—1 .
:Z(‘Im(y +‘Im<sj—zj—%an) >—nIm(an).
n —
j=1

We know the integral defining I; z(—a) is convergent. Therefore, it must be the case that £(s, z, B, ) <0.

In order to find where £ = 0, i.e., where there is not exponential decay, we seek values

€1,1, €215+ €l,m—1, €2,m—1 € {£1}
for which
m—1 . .
Z €1 ;Im s~—z-_1+m_]ozm +e iIm|s; —z; —Lam =mIm(a,,). 9.2.6)
— JJ J J m—1 JJ J I T
]:
In order for the s-variables to cancel it is clear that for each j =1,2,...,m — 1 it need be true that

€j:=¢€1,j = —ep ;. With this assumption, (9.2.6) simplifies:

m—1
m
Z(ej Im(zj —Zj1+ o 10{,,,)) =mIm(,,).

j=1

In order for this to hold true, it is necessary that €; = 1 for all j, since otherwise, the coefficients of a,, on
each side of the inequality wouldn’t match. On the other hand, €; =1 for all j is sufficient as well since

m—1

Z Im(z;—1 —z;) =Im(z0 — Zm-1) =0
j=1

This unique solution to (9 2.6) implies, therefore, that there is exponential decay in the integrand of I;'f’l)e

above unless Im(z;_; — {am) <Im(s;) <Im(z; + mJ -t ). The inductive assumption (9.2.5) implies

J
U )_am :_Zaj,
! k=1
): zak,

i—1

m—j —
Im(zj_1 — am> > —Z(
m—1 P

. j
Im(zj—i-mj_lam) < Z(ﬂ

k=1

thus yielding the desired bounds on Im(s;).

To complete the proof, we remark that if —a < 0, in order to use the result of Theorem 8.1.5, we need
to first apply the shift equations given in Corollary 9.2.8 below. This will allow us to rewrite I; r(—a) as
a sum over terms all of which have the same basic form as that for I;'Z)e (c) with ¢ > 0. Each of these
terms has precisely the same exponential factor since this depends only on the imaginary parts of the
arguments of the Gamma functions; hence the same exponential zero set is determined in general. [
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Foreach j =1, ..., n, we define

Bi(sj. )= [] (sj+zak). (9.2.7)
Kc{l1,...,n}
#K=j
Using this, the following corollary is easily deduced. (See [Goldfeld et al. 2021b] for the case of n =4.)
Corollary 9.2.8. Letr = (ry,...,1p—1) € Zgl. There exists a sequence of shifts o0 = (01, ...,0,—-1) €
Zgl and polynomials Qg (s, @) such that

IQa,r(s,a”

W (5)] < - |Wyo(s +740)],
; [TiZ11B;(sj, )"
where
n—1 n
Qor(s.0) = Payur G0, deg(Po,r 5.0 =r;((}) =2) ~2;.
j=1

9.3. Proof of Theorem 9.0.2 in the case m = 2.

Proof. As in the proof of Lemma 9.2.3, we can replace Wz,(a,—a) (s) with I'(s + o)I" (s — @) and estimate
using Stirling’s bound. We may, moreover, restrict s to the exponential zero set — Im(«) < Im(s) < Im(«)

to see that

2

o= [ e raaraca) [ W w)dsda

a,=0 S=(81,.00s Sn—1)
Re(a)=0 Re(s)=—a
()t2
< / ¢7 - (14 2Im(@) )R+ / (14 [Im(s) — Im(a) )=~}
&, =0 Re(s)=— . —a—1
Re()=0 —Im(a)ééir)n(s)(;lm(a) (I + [Im(s) +Im(e)[)~" "2 ds da.

T

2 2
Due to the presence of the term e“ IT° we may assume moreover that Im(x) < T1*¢. Thus, we have the

bound

ISk (—a) < / (14+2]a)f+2 / (I4a—s5)"""2(1+a—s)"2dsda
Re(a)=0 Re(s)=—a
0<Im(a)<T*+! — Im(@)<Im(s) <Im(@)
< / (1 +2|a|)R+%—min{a+%,2a} da < T8+R+%—min{a+%,2a}.

Re(a)=0
0<Im(a)<Tet!

In the statement of Theorem 9.0.2, the claimed bound is I;%)IQ(—a) & TEHRH3/2=B@) \where B(a) is as
defined in Theorem 9.0.2. We have in fact proved that I}%)R(—a) & TETRT3/2-B'@) here

2¢  ife<ax<i,

1

B'(a) =max{a+ 1,24} =
(@) { 2 } a—f—% ifa> 3.
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If, a < 0, then we may shift the integral over Re(s) = —a to be as close to Re(s) = 0 as desired; indeed,
we may make the shift to the point that the error can be absorbed into the ¢-term in the power of 7.
Therefore, since B(a) < B’(a) for all a > 0, the theorem follows. Il

9.4. Proof of Theorem 9.0.2 for general m.

Proof. Let m > 3 and assume that Theorem 9.0.2 has been shown to be true for all integers 2 < k < m. It

follows from Corollary 9.2.8 with r; = [a;] that

o(l+ +O€
4. =0 1<j#k<m
Relo)=0 Paon-211 - O\ 554t o) ds d
— ] m,a :
[T} 1B (s, ]
S=(S81,.vesSm—1)
Re(s)=—a
By Theorem 8.1.5,
a%+*--+0172ﬂ |7)
d(m)—2]o| (5, &)
caes [ o ] o | st
7 ay=0 I<j#k<m Re(s):—anjzl |Bj(sj, )|
Re(a)=0 m—1
m—j o,
/ (]_[ F(Sj+faﬂ+<’j—21—l+%>)
Z:(Z| ..... Zyg 2) ]:1
Re(z)= o (7
F(sj +laj1+oj—2; — J_m1>)' AWi-1,5(2)| dzds da.

Next, we use the functional equation for the Gamma function to rewrite

m— j)a o
F(Sj+faﬂ+0j—Zj—1+ﬂ)F(Sj+faﬂ+Gj—Zj— : m)

m—1 m—1

=P20j(S,Z,a)F(Sj+raj-| —Zj_l+%>r<sj+|—aj-| —zj— JOm, >

m—1

Additionally, we use the fact that the integrand has exponential decay unless |a1], ..., |om]| < T'%¢ and
by Lemma 9.2.3, each of the variables s; are bounded in terms of «. This means that we may replace the
polynomials Py,; with the bound T ¢+29;_ Note that in doing so, the dependence on o is removed:

7"y (—a)
m—l - ot2+ +am
« 7T a1 (()-2) / e 77 F@ [ ITr@ -l
& =0 1<j#k<m
Re(a)=0
/ (m_l T (sj + a1 —zj1 + P D)0 (s + a1 — 2 — njf'"l)i)
1B, (s en)| 1]

S=(81,.00s8m—1) 2=(21,..0,Zm—2) j=l

Re(s)=—a Re(z)=b . |VT/m,1,ﬁ(z)| dzds da.
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Notice that the conclusion of Proposition 9.4.2 follows from the last several steps by simply replacing s
by s + L in the integrand (or, equivalently, replacing Re(s) = —a by Re(s) = —a 4 L in the domain of
integration), and then at the step where the functional equation of Gamma is used to remove o from the
Gamma functions, we remove L in the exact same fashion.

We deduce that

T} R(-a)

Pt
m—1 m 1 m
< TEHi5 ra;10(7)-2) . / e 1212 ,]:1(?’”)(05) | | ITr(j—ap)]|

1<j#k<m—1

&m =0
Re(a)=0

(s =21 =220 (s, -2+ | no m
/ H / 1B (s, )|/ ‘FR<n—1“‘ﬁf)FR<ﬂf‘_m_1)

=1 mzm) = Re(s))=[a;1-a;

Re()=b AWn-1.5(2)|ds; dzda.
Note that we have also made the change of variable s — s; — [a;] foreach j =1,2,...,m — 1, and we
are using the notation & := —a,,. (Using the terminology of Lemma A.19 in the case of k =m — 1, we

have & = &,;,_1.) As in the case of n = 2, due to the presence of the exponential terms, we see that the
integral has exponential decay unless |o ;| < T'+e,

Lemma 9.4.1. Let o = (ay, ..., ) and B; = aj — ﬁ be as above. In particular, they are purely

imaginary with | By, || < T4 Suppose, moreover, that « is in j-general position. Then

IT(sj—zj-1 —%)F(W _Zf+%)‘ ‘FR< " 1&_’31)”( a = 1&>
— _

1B (s, a)| 4]
ITEDD

lel keK

de

—la;]
o ) |

Re(s]-):]'aﬂ—aj

< e+ R+5+max{0.2(fa;1~ap)—1) Z 1_[ (H—

m} KC{l,...,m}
#L j #K=j
K#L

Proof. Let I; denote the integral we are seeking to bound.
The polynomial part (see Definition 9.2.2) of the Gamma functions in Z; is

n e+R+5 .
1Q;(s, 2, )| K <1 +Im<,3j - 1&)) (1+ [Im(s; — z;) )41 —Ree)=3
(14 [Im(s; — z;_p))[@1=a—Re@-0=3

and the exponential factor (when taking all Z; in unison) is negative for any s; outside of the interval /;
defined in Lemma 9.2.3. That lemma together with the presence of the other exponential terms in our
integral allow us to take trivial bounds for the polynomial part, namely that

Qj(s.z.0) < e+ R+5+max(0.2([a;1—a))~1}
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(Recall that 0 < Re(z;).) Thus we see that

—la;]
L B § O 72 3
Nt . IS, en) keJ
Re(sj)=[a;j]—a e
msjer; =
The desired result now follows easily from this and the statement of Lemma A.3. O

Combining Lemma 9.4.1 with the bound for I(T’f}? (—a) given immediately before the statement of the
lemma, and applying Lemmas A.19, A.26 and A.27 (in the case that k =n — 1 and y; = 0), we now have
the bound

— m m_ &2
o< S Te+(R+;)<m—1>+z;-"=l‘(max{o,z(ra,«w—a,»>—1}+raﬂ((,-)—2)),/ enTar7

LS{l,....m)

il Re(@)=0
M (m—1)
/ e TR PR pemn@ B - Fi VB[] Tk — B0
Bn1=0 1<j#k<m—1
Re(8)=0

ﬁ l_[ (l—i— Zaz—Zak

—la;] N
) / [Wi—1,8()|dzdB dé.
j=1 K<{l,....m} tel kek

FK_ 2=(215+,Zm—2)
K#L

To be more explicit, the polynomial Pg(m)f D(mfl)(&, B) is the portion of ]:1(?m) (o) which involves the
terms oy,.

At this point, we combine each of the terms in the final row with the corresponding term in ]-'fem)(a).
Strictly speaking, what is actually happening here is that this has the effect of reducing the power of each
factor of ]-"I(em)(a) by at most

max{[ai], ..., [an_1]}-

Since each of the corresponding exponents remains positive, the net result is to reduce the overall power
of T by

m—1

8—1—;[61]-1((’7)—1).

Using this, and accounting for the integration in & (which may be assumed to take place only for
IIm(&)| < T'*%), we now may write

7 (—a) < et (R+3) (1= D+R(D(m) =D (m—D)+1+ 377 (max(0.2([a;1~a,)~1}~Ta;1)

Pty

—— it _1 ~
/ e FVB) ] Itk - B f |Wn—1,5(2)| dz d.
fr1=0 1<j#k<m—1
Re(B)=0 Re(2)=b

Obviously, at this point we want to apply the inductive hypothesis. Since at this point we only need to
do so in the case that b; > 0 (i.e., —a; < 0) forall j =1,...,m — 2, the reduction in the powers of
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the exponents of any one of the factors of ]:1(;”) (v), as occurred above, leaves the overall power positive.
Therefore, there is no issue, and we can assert (additionally applying Lemma A.5) the bound

I(Tmz)e(—a) < Te+(R+5) m=1)+R(D(m)=D(m—1)+1+A(m—1) TR(D(m—l)—Q—W)—Z'}:f B(aj)

_ et R(Dm)+"00) 415+ Am—1) =Y} B(aj)

Taking A(m) = @ + A(m — 1) gives the claimed bound. Since A(2) = %, it follows that
AB) =3 +AQ) =5A+3), ..., Am) = 5((m+ D +m+---+3) = z0m+4H(m - 1),
as claimed. O

In the course of proving Theorem 9.0.2 we also established the following result that we record here
since it will be useful in its own right.

Proposition 9.4.2. Suppose that L = (£1, €2, ..., Lm—1) € (Z50)""'. Then

af+otod, ~
/ e or? '}—I(Qm)(a) 1_[ |FR((Xj—ak)| / |Wm,oz(s+L)|dea

. 1<j#k<m

&, =0 §=(S1,--+» Sm—1)
RC(C{)=0 Re(s):—a
2ot
Te+2IL| T Fm Tra; — W, dsd
< : e F@ [ ITr(e;—a)l | Wn.o ()| ds dar.
65m:0 lij#kfm §=(51,+-sSm—1)
Re(a)=0 Re(s)=—a

As a shorthand for this result, we write I;"fl)e(—a + L) « T2 -I;'Z)e(—a).

10. Bounding p§" ()

In this section we prove the following.

Theorem 10.0.1. Letn >2 and s € (0, }‘) Suppose that a = (a1, aa, . .., a,—1) satisfies |a;| +¢& <a; <
[aj]1—¢foreach j=1,...,n—1. Let C be the set of compositions n =ny +- - -+n, withr > 2. Then, for

Ay(C):={8c=1,....8,_) €Z7"|0<8; <az, (j=1,....,r =D},
and B(c) as defined in Theorem 9.0.2, we have

PR <K PR =)+ > Y IpF (i —a. 8c), (10.0.2)
CeCSceAy(C)
where
n—1 .
PO —a) < [[ o) 7 T2 e e (G -2) - ey (10.0.3)
j=1
and

n—1 ;
n(n—j) X n n— n n n— r—
PR —a, 80y < [y ™ 2 e+ S (D=2 -E5) #e—d Bl owtnes)n =50 (10,0.4)

j=l1

The implicit constant depends on both ¢ and n.
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Remark 10.0.5. Note that (10.0.4) is bounded by (10.0.3). Therefore, letting D (n)
as in (1.4.2), Theorem 10.0.1 implies that

4(0r) - a -

n—1 .
nn—j) n n— nn n—
P < [y, = . et R Do) - B

j=1

10.1. Explicit single residue formula. In order to bound the terms p(Trf )R (y; —a, 8¢) we need an explicit
formula for the residues of the Mellin transform of the GL(n) Whittaker function. The following result
establishes this for the case of single residues (i.e., when the composition C has length 2) as a corollary of
Conjecture 8.2.3 combined with a theorem of Stade [2001] for the “first” residues, i.e., for those residues
corresponding, in the notation of the theorem, to § = 0.

Theorem 10.1.1. Let VT/m,a (s) be the Mellin transform of the Whittaker function on GL(n, R) with purely

imaginary parameters o = («y, . .., &) in general position. Let o € S, act on o via
o= (Ola(l)s Ug(2)s v aa(n))-
The poles of Wn,a (s) occur, foreach1 <m <n—1, at

Sm €{—0-Qn—238|0 €8y, 8 €Z>p)}.

The residue at s,, = —Q,,, — 8 is equal to a sum over shifts L = ({1, {2, ..., £,_1) of terms of the form
-1, m n
I1 ((Zal)—&m—é) (]_[ I1 F(aj—ai—3)>
Kc{1,2,...,n} ick 8 Ni=l j=m+1
#KN{1,2,...,m})#£m—1 - N
#K=m : P((;Z),2)§,2|L| (s, ) Wm,ﬂ(s/ +L) Whom.y (s"+L"),
where ) .
n—m—
s = (s,- + i&m) 8= (sm+j + —’am> , (10.1.2)
m 1<j<m n—m l<j<n—-m

with L' = £y, ...,€yp_1) and L" = (€41, ..., £,_1) being the portion of L corresponding to s’ and s”
respectively. It is the case that £,,_| = £,,+1 = 0. Note that we take as definition that Wl :=1. The same

formula holds for the residue at s, = —0 - &,, — 8 by replacing each instance of o j with o (j).

Remark 10.1.3. Another way of writing the above expression for the residue would be to take the product
overall K C{1,...,n} with #K =m and replace I'(o; — o;; — ) with I'(a; — o;). The two versions are
equivalent because if K \ {1,...,m}={j}, then {1,...,m}\ K = {k} and

-1
(<Za,~) — G, —3) T(a; —ay) =T(a; —oax —9).
ieK 8

Sketch of proof. In the case that § = 0, this result (for L = (0, ...,0) e C"1) agrees with [Stade 2001,
Theorem 3.1]. If § > 0, we need to first apply Conjecture 8.2.3 to rewrite the expression for VT/,,,O,(S)
around s,, = —a,, — 6 as a sum over shifts L = ({1, ..., ¢,_1) € (Zzo)”_1 (with ¢,, > § for each L) of
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terms Wn’a(s + L). Of all of these terms, the only ones for which there is a pole at s, = —&,,, — § are
those for which £,, = §, in which case we can use the above-referenced theorem of Stade to write down
the residue. Doing so, we obtain the alternative expression referenced in Remark 10.1.3. U

10.2. Explicit higher residue formulae. In order to generalize Theorem 10.1.1, we first establish notation
related to the (r—1)-fold residue of Wn’a (s) at

Sp, = —Qp, — 8z, €=1,...,r—1
To this end, let sV := ( (/) (J ) ), where W _ s, By abuse of notation, we write
Jet sV = (577, .. 4 s = Si;_+k- By ,
(D (D) (1 @ @ 2 (k) (k) (k)
s._(sl B RTINS s SR M TIRPIINE T SN I)E(D” r
=5 =:5@ =:5®)
which agrees with the original s = (s1, ..., s,—1) but removes s;,, ..., s4._,.
Similarly, if ¢« = («y, ..., «,), we define
¢ {4 {4 {4 N N
C(() (O{() ...,Olé ))e(]:ne’ () —Ol,” 1+j = e(aﬁz_aﬁ[—l)’
and
If a € R"~! then by Re(s) = —a we mean that Re(s;) = —a; for each j # iy, ..., A,—1.

With this notation in place, we can now state a generalization of Theorem 10.1.1.

Corollary 10.2.1. Letn=n{+---+n, (r >2), and set ny := Zf’:l njas above. Foreacht=1,...,r—1,
let bO = b\", b, ... b ) with

ng—

b(g) =a;, i(&ﬁz —@&;, ) foreachl<j<ny—1.
ng
Let §; € Z>o for j = 1,...,r — 1. There exist positive shifts L = (LW, ..., LMY with L® =
(L(E), .. L(e) ) E (Z>o)’ such that the iterated residue of Wn «(s) at
Sp,_, = —0p,_, =8¢ —1,...,8, =—& — 01

is equal to a sum over all such shifts of

r—1 —1
Pals, a)(l_[ a0 (59 +b® +L“>)) I1 ] ((Z ai) — &y, — 8 j>
j=1  KC(1,2,...,4j41) i€k 8j
#(KN{1, n]});én]—l
#K =n;
ng Ny

(m) _ (k) | N N 1 . N
1_[ 1_[1_[ < " +n (oz;z,,,—oz,am_])—a(aﬁk—aﬁk_])_(sm),

I<k<m=<ri=l j=1 "
where

Proof. This follows easily by induction with the base case being Theorem 10.1.1. O
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Remark 10.2.2. Although it is possible to rewrite each of the terms (Zl cK a,') — &, — 8¢ appearing in
the statement of Corollary 10.2.1 in terms of the variables &/ and &/’ for various j and m, the exact

description is unnecessary for our purposes.

10.3. Proof of Theorem 10.0.1. As a first step, note that Proposition 8.3.6 implies that (10.0.2) follows
from (10.0.3) and (10.0.4).
As shown in Section 8.5, the shifted p(T’f )R—term satisfies
" o= g,
PR, —a)] < (H v’ ”J)Iéfie(—a).
j=1
Combined with the bound from Theorem 9.0.2, this gives (10.0.3).
To complete the proof, we need to show that (10.0.4) holds. We do this in Section 10.5. Although this
proof is valid for any r > 2, as a warmup, we first prove the special case r = 2 (i.e., the case of single
residues) in Section 10.4. U

10.4. Bounds for single residue terms. In this section! we bound p% )R (y; —a, 8¢) in the case that
C = (m,n —m). Since C is a composition of length 2, we may take (see Definition 8.3.3) ¢ = € Z>o.

Proof of (10.0.4) when r = 2. Using Lemmas A.19, A.26 and A.28, we can rewrite

oc12+---+ot%

e 77 F(a) 1_[ Tr(a; — o)
I<j#k=n

in terms of B, y and «,. Thus, together with Theorem 10.1.1, we see that Definition 8.3.3 in the case of a
single residue term (i.e., r = 2) satisfies the bound

pr}",)R(y; —a, éc)

52 2 2

m(n—m) | A n %mn 181 Iyl
———4a,+s 5=

< / Y 2 HO gmmm 72 / e / el

Re(é)=0 ,én1=0 )7n—m:0
Re(B)=0 Re(y)=0
: (f,(;")(ﬁ) - J] ree:- ﬁ,~>> (f;"mw) - [I reei- m)
I<i#j<m I<i#j<n—m
ﬁﬁr Bi — ‘—l—&f’ ._ﬂ,_&p ._ﬂ._ﬂ_g
i=1 j1 R\Pi=Yi m(n —m) R\Yi ' m(n —m) Vi ! m(n —m)
./(’12—/) —s;
l—[ Yj PRD ()~ Dm)—D(n—m))~8(() ~m(n—m)—1) (5, &)
TEMRe (s j)=—a,;
j#m

Py -2)5-21) 8> @) - Wan g (8" + LYWo (s + L") ds dy dB déy,.

INote that this section will be superseded by Section 10.5, which will prove the bound for any admissible C with length(C) > 2.
This section treats the case length(C) = 2.
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In order to have the correct power of y,,, we need to shift the line of integration in &, to Re(&,,) = a,, — 3.
Note that by Lemma A.14, no poles are crossed in doing so, and by Lemma A.15, taking 8 = B; — y; and
7 = ndy, /(m(n —m)), we may replace the third-to-last line by

Pm(n—m)R—n(a,,, —8)—m(n—m)s (s, U, B,v).

Let |8]%:= [312 4.+ ,3,%1, and define |y|? similarly. Replacing the integral over &,, by 7¢*! and factoring

out the powers of y;, we see that

n—1
J

m%(y; —a,80)| < (1‘[ y _'("z_"”“f) e+ (()=2)8+R(D )= Dm)=D(n—m) =8 ((;,) ~m(n—m)—1)

J
j=1

1812 Iy 2
. T—2|L\-‘rm(n—m)R—n(am—5)—m(n—m)8+1 . f eTTﬂ f eTyT/z

lém:O );n—m:()
Re(B8)=0 Re(y)=0
-(f,?%ﬁ)- ] Fk(ﬁi—ﬁ») (f,(;’m(y)- I1 ka—yj))
1<i,j<k 1<i,j<n—k

|Win.p(s" + L) - [ W, (8" + L") ds dy dB.

RC(S j):—aj
I<j<n—1
J#m
Note that by Proposition 9.4.2 we may remove the dependence on the shift L. Hence

Jn=j)

n—1
(Hy - +aj)‘Ts-‘,—R(D(n)—D(m)—D(n—m)—‘rm(n—m))—i-S(n—1)

(n)

lpr r(y; —a,éc)l K f

j=1
B +-Bi yEdety
. T nam+1 / e T2 / e T2
ﬂAWZO )}”—mZO
Re(8)=0 Re(y)=0
- (F;’”)(ﬂ) - J] rei- ﬂ») <f,<;’—”’>(y> - [T Teti— y,~>>
I=<i#j=<k I<i#j<n—k
/ |Wm,ﬁ(s/)|'|Wn—m,y(5//)|d5dyd,3-
Re(sj)=—a;
1<j<n-—1
J#Em
By (10.1.2),
J oA n—m-—j .
=8 — a(am —8) and 7 =spi;— T(am —9).

Thus the integrals in B and y above are essentially the product of I;'T’I)e(—a/ ) and I;’f;m)(—a/ ). The only
issue is that because, as seen in the fact that the variables s’ and s” are shifted, we have

Cg

_ " __ n—m-—yj
aj—aj P=

(ay —6) and a; Ay j — ———(am —95).
n—m
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Therefore, we can rewrite the previous formula as

n—1 . .
1= .
PR (v —a, )] < (1_[ v +a’>  TE+RDE)=D(m)=D(r=m) +m(a=m))
j=1 X T(S(n—l)—nam-‘rl . I;”:’l;(_a/) i I;l’fl—em)(_a//)

By Theorem 9.0.2, we have

n—-1 . .
J(n—Jj) ;
s —a.s0 < (o, 744 pesseom-in-pin-msmv-m

j=1
. 8(=D—nan+1 T£+C(m)+R~(D(m)+@)fzy’;ll B(d))

e+ Cn=—m)+R-(D(n—m)+ 0G0 37070 B(af)
9

Recall that C(k) = W&. Hence, using the elementary identity

C(m) +C(n—m)=C(n) — @ —1
together with Lemma A.6,

n—1 .
J(n—=Jj) . m(m— n—m)(n—m—
Py R (v —a. 80)| < (l_[ vj +aj)'T”R(DW*’"(”"")Jr )
) T8(n—1)+C(n)—M—nam—Z'}:]] B(aj)+"32 (am—8+1)+B(an)

j=1

n—1 . .
< (l—[ y'_’("{’“raj) EFCE+R(D+0) — 31 Ba))
J
j=1 TS G+ 1) =T —n (8 —ay) +B(am) 5

This gives the desired bound provided that the exponent of the final 7 is negative. Using the facts that
—M is maximized when m =1 orm =n — 1 and B(a,,) < a,, + %, we see that the final exponent is

sy L _mmm) e (10.4.1)
2am 2 2 = 2am , 4.

as claimed. O

10.5. Bounds for (r—1)-fold residues. We consider a composition C of n of length r > 2 given by
n=n;+---+n,. Wemay also write C = (ny, ..., n,). Let iy = Zf’:l nj as usual.
As a final piece of notation, let 8 = (81, ..., B,) be defined via

,3,' = (3{;1‘. — &;l‘._l.
Note that Y '_, f; = 0 and more generally, defining ,ém =>" B, Gy = ﬁi. Since (assuming that
&, = 0) the Jacobians of the changes of variables

(¢)) @

N N N .
ar (', ap,a ,aﬁz,...,aﬁH,a( ))

and
(&ﬁla ""&ﬁrfl)'_) (ﬁla ""ﬁr—l)

are trivial, we see that (for 8; +---+ 3, =0)

do =dBdaV da® . da®. (10.5.1)
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Proof of (10.0.4) when r > 2. Note that

b;e) =a;, , + L(&;,e —&;, ) =Pe1+ L,Bg foreach1 <j <n,—1.
ng ng

Recall that by Definition 8.3.3,

2 2
oy +tay
PR (v —a. 8¢) ¢=/ e " 'fl(?n)(a)< [ FR(aj_ak)>

« 1<j#k<n

-1 . .
r Aj (n Aj )+Oln 'Hs l_[ /(nz—j) —sj
(11 Vi Y

i=1 i, i

Re(sj)=—a; Jé{nn,...n 1}
JEAL i1}

Res ( Res ( .- ( Res Wn,a(s)) e )) dsda.

Sy =0y —081 \Sj, =—0h, —02 Si,_

1 =%, =81

Using Remark A.29 and Corollary 10.2.1, we can bound | p(") (y; —a, d¢c)| by a sum over certain
shifts L each of the form

B Bye (LA ) ) 2
f e(ﬂ+"'+# ﬂ( Vs, +ﬁ’+8 / e 122 )
j

X 1
B.=0 J A (/) -0
Re(A)=0 Re(a(f)) 0

Jjn—j)

“Pa,—21L1 (o) ( 1_[ : S‘)'sz(S,Ol)

Re(s)=—a J#10iir1}
ne np

Dl e M-) [T ro(e(o o520

I<k<m<ri=l1 j=1 ee{£l}
'l_[(fé"%(“)( [[ rre) -« ))) mae)(s<@+b“>+L“>>)dsda“)da@)---da<”dﬂ,
=1 I<j#k<ng

where

a=3((5)-2)
=1
=R (D(n) 53 D(m)) E i[se((ﬁgj) —nesiiie — 1)}
=1

=1
are the degrees coming from Remark A.29 and Corollary 10.2.1 respectively and 5 is as in Corollary 10.2.1.
Note that, in addition to using the change of variables (10.5.1), we have used Lemmas A.18 and A.20 to

break up e2/7* and rewrite the product of I'(ar; — a) in terms of @, ..., & and .
The next step is to shift the lines of integration in the variables 8; for j =1, ..., r —1 (or, equivalently,
ﬁj for j =1,...,r — 1) such that the real part of the exponent of each term y;, is M +aj. In

particular, this implies that we must shift the line of integration of ,3 ; to
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Re(B)) = a; —8j <= Re(B;)= Re(B; — Bj_1) = (an, —8;) — (aq,_, —8;-1). (10.5.2)

Provided that R is sufficiently large, Lemma A.14 implies that this shift can be made without passing any
poles. Moreover, Lemma A.15 implies that

ng Ny
l_[ HHF al,(k)_a(m)_i_ﬂ_ﬁ_m_(gm l_[ Te(e ai(k)_a(_m)_i_&_,g_m
: . / ng Ny J ny A
I<k<m=ri=1 j=1 ee{£l}
g Np

= l_[ 1_[1_[(1 + ‘Im(ozi(k) —ozﬁ-m)—i-&— ﬁ—m)

n n
l<k<m<ri=1 j=1 ke Tm

Bk __ Bm
k

R—Re (T_ﬁ)_‘sm
) (10.5.3)

Note that the presence of the term e(i/n1+-+67/m)2/T% implies that there is exponential decay for
Im(B;)| > T'*¢. As we will see momentarily, besides the polynomial terms Pa, (@), Py, (s, ) and
(10.5.3), we just get a product of Z;rfjg (—c) for some (to be determined) values —c®). The upshot is
that all of these polynomials can be bounded by T to the degree of the polynomial plus €. Hence, we can
bound the expression above by

n—1

Jn=J)

e+r—1+d—2|L| 7t
r (I %)

j=1
d w2
11 /em F0 (o0
a0 ©_ O\ 0 (e ¢ 0

ROy / [] Tr@}’—e ))|W,W@>(s< J+bO+LO)| ds® da )), (10.5.4)

Re(s©)=—q® l<js#k=<n,

where d = d; + d» + dsz, with d; and d, as above and

r r—1
dy=R-Y nofg— Y (00 +ni1) (@i, — 8 + Seny1i)
=1 k=1

is the bound coming from the terms described in (10.5.3), simplified using Lemma A.21. Combining
everything, we find that d equals

r—I1

> nknm> =3 (8 + O+ i) (@, — 80).

R- (D(n) —> D@+
=1 1<k<m=<r k=1

Recall that the bound on p(Trf )R (y; —a, 8c) is a sum of expressions of the form given in (10.5.4) for

various shifts L. However, using Proposition 9.4.2, we can remove the dependence on the shifts. Hence,
(n)

|pr.r(y: —a,éc)l
e+d+r—1 (ﬁ KD tay
T T Yi )
J
j=1
r N
‘l_[ e T2/2 ‘fR 14 (a( ))
= g [T e =)W, g0 O+6O)ds@da®). (1055)
Re(a®)=0 R\ k ne,a® . D.

Re(s®)=—a® 1=j#ksne
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Thus, setting ¢(© = a® —Re(b'?), where

pO =0, b0y, b =i+ L,
j ng

we find that

-
|p(n) (y; —a, 8¢)| K (l_[ v +a; ) Lpetr=l+d HI;[,)R(_C“))-

=1

Let C(m) := w We now apply Theorem 9.0.2 to each I(T”Q to obtain

P (s —a. 8¢)] < T =P EiL (R(DG0+242) 10015 ). 1‘[ yj(n By,

Now we generalize the proof of Lemma A.6, keeping in mind that a < B(a) < a + % to simplify the

expression
rong—1 r ne—1
3D BLCEED b B (OB SCIEFANTA)
=1 j=1 (=1 j=1
n—1 r—1 r
= (Zw) - (Z Clﬁk> Z[(ng —1)Re(Be—1) + Re(ﬂ@)}
j=1 k=1 =1
n—1 r—1 r
>3 (Bl — 1) =Y as — Y [ — DRe(Be— 15)]
Jj=1 k=1 =1
_1 n—1 r—1 r
=_”2 +§:Bmﬂ_§:mn—§:ww—UQi—%M[—Apoﬂ
j=1 k=1 =1

1 r
> ai =5 D L = D(Ar+ A
k=1 =1
Next, we write the sum over £ as

Y M= DA+ A )] =) (e — DA+ Y (g — 1A
=1 =1

(=1

r r—1
=Y (e — DA+ (nep1 — DA

=1 =0 1
= (n1— DAo+ (n, — DA, + Y (ne +nep1 —2)Ag
r—1 =1
=+ ni1 — 2) (@i, — &)
k=1

We plug this back in to get

r ng—1 n—1

EDIDIIGREL=S ZB(ae)+Zank+ Z(nk+nk+1 2)(aq, — 8,

=1 j=1
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from which it follows that the exponent of 7" in the bound for | p(”) (y; —a, 8¢)| above is

r ne—1
e+r—1 +d+Z((R<D(ng) + @) +C(ng)) Z B(c") )

=1

n—1
=s+d/+R(D(n)+@> +C(n) —ZB(aj),

j=1
where
d=r—14+d" +"=14 2 Z(nk+nk+1 2)(az, — &) — <n>+ZC(ne>+Zank
=1 k=1
1
a4+ Z(nk + i —2) (@i, — ) + Zank ~5 D M
k=1 I<k<m<r
and
r r—1
d"=d—R- (D(n) =) D+ nknm) == 2B+ (uc+ i) @i, —8).
=1 l<k<m<r k=1
Hence,
n—1 r—1
d'=—— = (S Ouc+nen) @i, —80)
k=1 = r—1 |
5 D Otk = 2) (@, =80+ Y Jan =5 Y mnm
k=1 k=1 1<k<m<r
n—1 r—1 r—1
= = D i) @i — 8 + 5 Z(nk )@ =00 = 5 D it
k=1 k 1 1<k<m§r
| _
= 5(n — 1= +mg)az =8 — Y nknm).
k=1 l1<k<m=<r
Note that if » =2 and ny = m and §; = §, then this expression becomes
n—1 n( 5) m(n —m)
— — a — — —’
2 2- " 2

which agrees with (10.4.1).

Therefore, to complete the proof, we need only show thatn — 1 — Zl<k<m<r ngny < 0. Indeed,

r—1 r
n—1- Z nknm—n—l—z Z nknm—n—l—an(n—nk)<n—1—n1(n—n1) <0,
l<k<m<r k=1 m=k+1 k=1
(with the final inequality being equality if and only if n;y =1 or ny =n — 1), as desired. 0

Remark 10.5.6. A critical step in the proof of (10.0.4) (either in the case of single residues, as is proved in
Section 10.4 or higher-order residues, as in Section 10.5) is to shift the lines of integration in the variables
Q,y, or ,@ ;. A feature of this work that is quite different from the case of GL(4) as proved in [Goldfeld et al.
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2021b], is that no poles are crossed when making these shifts. This represents a major simplification.
Recall from the discussion of Section 8.4 that in the case of n = 4 there are two fundamentally different
types of single residues, two different types of double residues and a triple residue. As it turned out, when
making the additional shift for each of the single and double residues, one ends up with five additional
residue terms. Taken all together, it was necessary to complete the analysis of writing down explicitly
what the residues are in terms of Gamma functions, finding the exponential zero set, applying Stirling’s
formula and then obtaining a bound for ten(!) separate residues integrals. All of this was in addition to

performing these steps for the shifted pgff )R—term.

Appendix: Auxiliary results

In an effort to avoid obstructing the flow of the argument in the main body of this paper, we will include
here the many technical results that are used throughout. We remind the reader that the notational
conventions that are used throughout the paper and this appendix are given in Definition 2.1.1.

Lemma A.1. Suppose that w = W, n,,...n,) fOr some composition n =ny + - - - +ny with r > 2. Then, if

Y =1, Yu_l), it follows that wyw™!

n—1 -1
(yn—;l|+1’ yn—ﬁ1+2,~~-7yn71, ( 1_[ )’k> LI}

is equal to

ny — 1 terms k=n—nj
n—ni_n—1 1 n—i;_1—1 -1
( 1_[ yk) ’ynfflri»l’ ynfﬁri»z’ ---,}’nfﬁ,-,l—l, ( l_[ )’k) PRI
k=n—#; n; — 1 terms k=n—fit1
n_ﬁx72_l —1
( 1_[ yk) 9yl’l—fl1+17 yn—ﬁl+27'~»)’nl>-

k=1

. ny — 1 terms
In particular,

r n;
—1yax : Gy T+~ iy
lwoyw™ 1% =] [ v, 23, '
i=1j=1

.....

This notation implies that y = diag(x,—1, x,—2, ..., X1, 1). Now, let us think of the matrix y as a block
diagonal of the form y = diag(A, As, ..., A;), where

Ai = diag(xnfﬁi,1717 'xl’l*ﬁl‘,lfz’ R ] xnfﬁl‘,lfnl‘) € GL(”!’ R)
Thus,
y =wyw ! =diag(A,, A,_1, ..., A)) = x,_,, diag(B,, B,_1, ..., B).

Letl <i<rand0<j<n; —1 and set
z L xn—flﬁ-j
Aitj = T -
' Xn—n

Then (¥}, y5, ..., y,_,), the Imasawa y-variables of y’ satisfy y/ = z;/z;_1. For j # 0, therefore, we see
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n—n;+j
y! i A § U R Yooi
Aii+j T T T T i L e U A
'xn*ni'i’,]*l =1 I y(
and, for j =0,
n—i; ni+nii1—1 -1
R e PR | Ve 1
Vi = . - R P - l_[ Yn—hjp1+k >
xn—n;+1—l xi’l—i’l,‘—}—l’l,‘—] Z=1' Ye k=1
from which the statement of the lemma follows directly. O
Definition A.2. We say that o« = («y, ..., ®,) € C" is in j-general position if the set
{}:% Jgupnﬁm#Jzﬂ
keJ

consists of (;’) distinct elements. We say that « is in general position if it is in j-general position for each
j=1,...,n—1.

Lemma A.3. Suppose that there exists € > 0 such that for each j =1, ...,n — 1, the real part of s
is bounded by at least € from any integer. Assume that o is in j-general position, Re(«;) = 0 for each
i=1,...,n—1,andr; € Z>¢. Assume that

Im(ay) = Im(az) = - - - = Im(ery),

and let I} = [—Im(a; +---+aj), —Im(a, +- - +ou—jy )] If rj > 2, then

l_[ Sj+ZOlk jdsj<< Z (1+ Zag—Zak
LC

—r

3

If rj = 1 there is an extra power of ¢ in the exponent (in which case the implicit constant will depend

. JS{,.n) keJ c{l,..,n} K<S{1,...,n) el kek
Re(s))=0; " %11 #L=j = #K=j
Il’l’l(Sj)E[j K#L

on¢), and if rj =0, the integral is bounded by

J J
(1 + Zak - Zan+1—i)~
k=1 =1
Remark A.4. The implicit <—constant depends on o, but in applications this will always be bounded.

Proof. The bound in the case of r; = 0 is obvious, so we may assume henceforth that r; > 1. Consider

the set
.Aj = {Zak

keJ

Jg{L“”nL#sz}

For a fixed choice « in j-general position, let A; be the element of A; that has the greatest imaginary
part, A, the next greatest imaginary part and so on. Hence —Im(A;) < —Im(Ap) <--- < — Im(A(n_)).
J
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Write s; =0 +it;. Note that /; =[—Im(A), — Im(A ())]- Upon applying Lemma A.3 from [Goldfeld
J
et al. 2021b], one obtains the bound

/ 1_[ s‘,~+Zak
1 JEl

c{l,...,n} keJ
#I=j

j ()1
dsj < (1+1Im(A) —Im(Aey))* [ ] (1 +Im(Ax — A1) ™.
k=1

—r

This is one of the possible summands on the right-hand side of the statement of the lemma. Hence,
regardless of the specific ordering which may arise for the given choice of «, the claim follows. g

Lemma A.5. Leta € R. Then

—[a] if a € ([al—3,[al],
—la) —2(a—la)) ifac(la).la)+3]

Proof. First, let us assume that a € (|'a'| — %, |'a'|]. Then [a] —a < %; hence

max{0, 2(fa] —a) — 1} —[a] < {

max{0, 2([a] —a) — 1} — [a] = —[a].
On the other hand, assuming that a € (|a], |a] + 5], we see that

max{0,2([a]l —a)—1}—[al=[a]l —2a—1=|a] —2a = —|a] —2(a — |a]),

as claimed. O
Lemma A.6. Suppose that ay, ..., a, € R.. Let
0 if a <0,
B(a):={lal+2@a—la)) if0<lal+e<a<l|al+31,
[a] if <lal—3<a<[al—e.

Then, for any §,, € Z>o with 0 < ay, — 6,

m—1 n—m—1

J n—m-—j
Z B(aj - n_1(am _(Sm)) + Z B(am-i-j - ﬁ(am _8m))
/=l J=l n—1
-2
> (Z B(a») — 55 (an = 8n + 1) — Blan).
j=1
Proof. We consider first the case of r — % <aj<rforsomere€Zandall j=1,2,...,n~— 1. For any
a € R, note that
a<B@<a+l; (A7)
hence
m—1 J m—1 m—1 m—1 1 m—1
2 B(a,- —Z(am—am) > (;aj) — (=) = (; B(a,-)—z) == (an = )

m—1
— (ZB(aj)) —mz_l(am—am+1).
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Figure 1. Comparing graph of B(x) (thick black) to B4(x) (dotted red) and B;3(x) (dotted blue) bounds.

Combining this with the other terms (which are easily shown to satisfy the analogous bound), the desired
result is immediate. O

Remark A.8. The function B(x) appears prominently in Theorem 10.0.1 and is critical in bounding the
geometric side of the Kuznetsov trace formula. Its graph is shown in Figure 1 in comparison to two other
functions B4 and Bj.

In the case of GL(4), the function B, appears [Goldfeld et al. 2021b] (see Theorem 4.0.1) as a bound
for the pr g function. Indeed, making necessary adjustments due to a different choice of normalization
factors (see Remark 1.6.2), the result of [loc. cit.] is that

3
|p¥")R(1; _a)l < T€+27R+12_Zi:1 B4(a,~)‘

Theorem 10.0.1 establishes the same result but with B, replaced by B. Although the improvement is
slight, we remark that it is essential in Lemma A.6 and evidently allows the inductive method of the
present paper to lead to the same asymptotic orthogonality relation as was established directly in [loc. cit.].

With a bit of work, one can show that the function B3, also graphed in Figure 1, appeared in [Goldfeld
and Kontorovich 2013] as a bound for

(P15 —a)|  THHORET =0 o),

Although this looks to be an improvement on our result here, the method of [Goldfeld and Kontorovich
2013] contained an error which the present method (and the method of [Goldfeld et al. 2021b]) corrects.

Lemma A.9. Let & > 0. Then for any p € % + 7 there exists 0 < &' < % sufficiently small such that, setting
§= 28//112, ifa=(ay,...,a,_1), where

i
aj = ,o—I-J(—ZJ)(l +4),
and, for w = W), bla, w)=b=(by,...,b,—1), where
)
bn—ii+j 7= Gy — @ay g F a4 £ 5



2252 Dorian Goldfeld, Eric Stade and Michael Woodbury

(meaning that a and b satisfy (6.3.1) and (6.3.2), respectively), then, letting B be the function defined in
Theorem 9.0.2,

n—1
n—1

> (B(aj)+ B(b;)) = LTJ +np+ (1, n) e,
j=1
where

r—1

O, ...ony) =) (e +ngen)

k=1

Proof. We first note that although the bound B(x) > x holds for any x € R, forany ¢ > 0, B(x) > x+ % —&

provided that x is sufficiently close to a half integer. Lemma A.11 (as justified in Remark A.12) asserts

(n — Ag)ng
2

that if n is odd then n — 1 elements from the set of all the possible values of a; and by are indeed within
¢ of a half integer, and if n is even then n — 2 of values have this property. Hence,

n—1 n—1 n—1
D (Bl + BB = | —— [+ ) (@+b)—e. (A.10)
k=1 k=1

Since b,_j, 4 = ap, | — ap, 4j+as L % we see that

ni
D buiiprj + @i+ ~ niaq, , +ai,).
j=1
Therefore, summing over i, we see (making use of the fact that ag = a, = 0) that
n—1 r r—1
D et a) =) nilay_, +aq) =Y (i +nis)a;,
k=1 i=1 i=1

r—1 r—1

(n —ng)ig (n — ng)ig
=D Ao+ ——— +€ )~ p@n—ni—n) + Y+ )
2 2
k=1 k=1
=:®(ny,...,n;)
Combining this with (A.10), the desired result is now immediate. Il
Lemma A.11. Let C = (ny, ..., n,) be a composition of n with r > 2. Suppose that p € %+Z. Set ap:=0,
a, :=0and foreach 1 <k <n—1we have ay ::p+@andf0reach 1<i<randl<j<n;welet
bl',j =, — Ay j T A,
Then

2n—ny—n, — 1 if nisodd,

r—1

n_ m nr il

2 1+L2J+L2J+Z;[2] if n is even.
1=

Remark A.12. Note that the quantity given in Lemma A.11 in the case of n odd is 2n —ny —n,—1>n—1

#lk|ax & 2y +#{(, j) | bij ¢ L} =

for any composition C (with equality precisely when r = 2). If n is even then
r—1 r—1
n ni ny n; n ni ny n;
——1 — — — |24+ =—4+=-2 —=n-2.
2 +{2J+L2J+§{2—‘—2+2+2 +;2 "

Equality in this case occurs precisely when n; and n, are both odd and all other n; are even.
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Proof. For notational purposes, set
An):=#{l <k<n-—1|a; ¢ 7},
B(C):=#{(,j), 1<i<r, 1<j<n;|b;¢Z}.

We first consider the case of n odd, for which k(" k)

€ Z for all integers k. Therefore, A(n) =n — 1.
As for B(C), note that b; ; is equal to p plus an 1nteger as long as i # 1, r. Otherwise, by ;, b, ; € Z.
Hence B(C) =n—n| —n,.

k(n k)

In the case of n even, € Z exactly when k is even. Hence A(n) = 5 — 1. To the end of finding

B(C), we introduce the notatlon
Bi(C):=#{l1<j=nilbi¢Z}

for which it is clear that B(C) = Zle B;(C).
The cardinality of B;(C) depends, obviously, on the integrality of b; ;. To determine this, we first

assume that i = 1. Then
Jn—j) n ni(n—np)
2 2 '
Therefore (since n is even), b; ; € Z if and only if j =n; (mod 2). This implies that

bl’jZ—

m=lif n, is odd,

B1(C) ::: 2

5 if ny is even,

or more concisely, #B|(C) = |_”7'J The determination of B, (C) is similar: #B,(C) = |_"7’J
For 1 <i < r, we see that

ni—i(n—ni—)  (Aic1 + ) —nizi — ) 4 (Nj—1 +n;)(n —nj—1 —n;)

bi’j=,0+

2 2 2
A S i1+ ) —ni—1—Jj) +ni(n—ni)
2 2
E%_i_(fli—1+j)(”12—fli—1—j)+ni(n2—ni) (mod 2).

We see again that the integrality of b; ; depends on the parity of n;. If n; is odd,

i1+ j)(n—nj—1 —
2

Bi(C)Z#{lfjfni ¢Z}

and if n; is even,

B,-(C):#{lfjfn,- (nil+])(n_nil_J)€Z}.

2

One can check, arguing case by case as above, that in any event, the answer is B; (C) = (%] O

Lemma A.13. Suppose that (ny, ...,n,) € C". The function
r—1

Q(ny,....m) = (ni+nisr)

k=1

(mi+--- ) +---+n)
2
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is invariant under permutations, i.e., for any o € S;, we have ®(ny,...,n,) = @y, ..., e@)). In
particular, if P =n|+- - - +n, is a partition of n then ®(P) := ®(ny, ..., n,) is well-defined. Moreover,
among all partitions P of n (withr > 2),
—1
OP)>Ddn—1,1)=d(,n—1)= %

Proof. Suppose thatn =ny+---+n, =m| +---+m,, where
nj if j £k, k+1,

mJ-: Mi+1 ifj=k,
ni if j=k+1.
Then one can show by an elementary (albeit tedious) computation that ®(ny, ..., n,) = ®(my, ..., m,).

In other words, & is invariant under any transposition T € S,, hence invariant under all of S,.
Suppose thatn =n;+---+n,. lfny = n}( +”;</ for some 1 <k <r, then one shows via a straightforward

computation that

! L,

D1y ey Mgy My MY Mgt 1y -y 1) — P (01, .o y) = %
Ifn=ny+---+n, with r > 2, it then follows, setting ng := min{ny, ny, ..., n,}, that
oy, ...,n) > d(ng,n—ng) = w
Among all 1 <ng < 5, the right-hand side is minimized when ng = 1. O

Recall that
L(3(; +R+2))

r =
r(2) re ,

as defined at the beginning of Section 8.

Lemma A.14. If § € Z and B € iR are fixed, then the function T'r(B + 2)['g(—B —2)['(—B —2z—38) is
holomorphic for all z with |Re(z)| < R.

Proof. The fact that |z| < R implies that I'g(£z) is holomorphic is immediate, so the only question is
what happens at the (simple) poles of I'(—f — z — §). But these occur at z = —f + k for some integer k
which corresponds to zeros of I'gr(8 +2) or ['g(—8 — 2). O

Lemma A.15. For § € Z fixed and z, B € C and |Re(z + B) + 8| < R, we have the bound
Tr(B+)TR(=B =T (=B —2—8) < (1 + [Im(B +2)) P92,

Proof. This follows immediately from the Stirling bound |I" (o + it)| ~ /27 |t| 2 €™ I1V/2. O
Definition A.16. Let @ = («y, ..., ,) € C" be Langlands parameters satisfying &, = 0. Let n =
ny 4+ ---+n, be a partition of n with ny,...,n, € Z,. Then for each £ = 1, ..., r we define «¥ :=
(oz(e) .. a,”)) e C", where

1
{4 - “ 14 042
o\ =,y — G R N e Z(a( 2.
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Remark A.17. Note that Z i1 a@) 0 for each £. In particular n, = 1 implies oz( ) =0.
Lemma A.18. We have |a|*> =) ", al.z = ZZ=1(|(X(Z)|2 + nl—l(&;”Z — &;1571)2).

Proof. Computing directly, and using the fact that Z - a“) =0, we find that

RSN ICRIE B3 i s ~n.)

=1 j=1 ‘= lj 1
1
¢ AP N N R
= Z Z((a( )2 + (- @, — b, )+ — @, —%_.f)
=1 j=I1 1y
L. N
= Z(m“)F + — (@, — amf),
=1 e
as claimed. O
Lemma A.19. Suppose thatn>2 and ay, ay, . . ., ay, € C satisfies a1+az+- o, =0. Set o =Z';:1 o

for fixed k € {1,2,...,n}, and define B; == aj — ,iozk, Vi =kt kozk Then

n k n—k
2 2 2 n A2
D= B+ i TG

i=1 i=1 i=1

Proof. This is easily deduced as a special case of Lemma A.18 in the case that r =2, ny =k, np =n —k,
B=a® and y =a®. UJ

Lemma A.20. We continue the notation of Lemma A.18. Then

,
{4 ¢
1_[ FR(ai—(xj):l_[< 1_[ FR(ai()_a; )))
I<i#j<n =1 “1<i,j<ng

Nk Nm

1T T rofe(o o4 = e —.0))

I<k<m=ri=l j=1ee{xl}

Proof. Note that if kK # m, then forany 1 <i <mngpand 1 < j <n,,,

g _gm Lo WA
Oy +i = Xy +j = & j + n_k(ank _ank—l) - n_(anm - O‘nm—1):
m

and forany 1 <i # j <n, we have o, ,1; — a3, 4; = oz(z) (.Z). This immediately implies the desired

formula. O

Lemma A.21. Suppose that (B, ..., B,) satisfies ,3, = 0. Suppose that n = n; + --- + n, and set
ng = 21;21 nj. Then 321 ot ey 2oiny 2o 1my (Bk/nk — B /1im) = Z;;i (nj+njp)p;.
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Proof. We calculate

ng Ny r m—1 ng r m—1
DI CELEED 3 3 3 (HETAED B »UL RS
1<k<m=<r i=1 j=1 m 2 k=1 i=1 m=2 k=1

= Z(nmﬁm—l _ﬁm—lﬁm) = Z(nmﬁm—l - ﬁm—l(,ém - ,ém—l))
m=2 m=2

r r
=Y A+ Am1)Bn1 = Am-1Bn) =Y AmPm—1 — fim—1Bn).
m=2 m=2
This final sum telescopes to give Z l(fl]+1 ﬁj_l)/éj. Since 7ij 41 —nj—1 =nj+njiq, this implies
the claimed result. Il

The following result can be interpreted as a consequence—by counting (half) the number of gamma
factors on each side of the equality—of Lemma A.20. Alternatively, proving it independent of Lemma A.20
gives further evidence that the product decomposition is correct.

Lemma A.22. Letn=ny+ - +n, Wehave Y | o, nk-np + Yy, = = 202l

Proof. We use induction on r. If r = 1, the formula obviously holds. Let n = m + n,, where m =
ny+---+n,_1. Then, by induction,
nn—1) . m+n)im—+n,—1) . m(m—1) n mn, +(m — )n, nf

2 2 2 2 2
r—1
—1 F(n,—1
ZZ%—F Z nk.nk,_i_mnr_i_%‘
k=1 1<k<k'<r-—1
Since mn, = nn, +non, +---+n,_1n,, it is evident that the desired formula holds. Il

Lemma A.23. Supposen =ny+---+n,. Then

" ne(ng—1 R nin—1
nz+z<%_nenﬁ>:¥,
=1

Proof. If r = 1 the result is obviously true. Suppose that the result holds for r = k. Write n =
n1+"'+nk+nk+l :ﬁk+nk+l Then

—1 —1 —1

ne(ng—1 R n n —1
—nz—ng ("HZ(% WW)‘F%—’%HH)

=1
e (g + 1 -1
—n?— 2+ nk(”k2+ ) nk+1(n;+1 ) —_—
o (g +1 n—ng)(n—ng—1 .
24 k(M )+( i) ( k )—(n—nk),
2 2
which can easily be shown now to simplify to #, as claimed. O
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Remark A.24. Note that Lemmas A.22 and A.23 are equivalent provided that

.
n>— anﬁg = Z NEngr. (A.25)
=1

1<k<k'<r

This can be verified by expanding the left-hand side as follows:

r r

n’ =Y = (i n)ihe— Y neie =Y (ne(n—hg) —neie) =y ne(n —ny).
e=1 e=1 =1 e=1
That this final expression is equal to right-hand side of (A.25) is clear.
Lemma A.26. Let oy, a, ..., a, € C satisfy o1 +ay +---+a, =0. Set qy := lezl aj, and let B;
(I1<i<k)andy; (1 < j<n—k)beasin the previous lemma. We have

1_[ FR(Oti—Olj)=( l_[ FR(ﬂi—ﬂj))( l_[ FR(Vi—Vj)>

I<i#j<n I<izj<k 1<i#j<n—k
n

k n—k
n n

. r i — Vi + i | T i — Pi — o ).

1:”:[1 R<ﬂ Vi k(n—k)ak> R<y" g k(n—k)“">

Proof. This is easily deduced as a special case of Lemma A.20 whenr =2, n1 =k, np=n—=k, = a
and y = a®. O

We recall the definition of the polynomial given in Definition 1.4.1:

n—2 R
2
o= T (+Ta-Ya«).
j=1 K,L<(1,2,...,n) keK Lel
#K=#L=]j

Also, we remind the reader of the polynomial notation P given in Definition 2.1.3.

Lemma A.27. Letn =n,+---+n,, a, and «'© be as in Definition A.16. Set D(n) = deg(]-'l(") (). Then

Fil@)=Par(@) [[ 7R @), whered =d(ni.....n,) =D(m) =Y _ D(ny).
ngz:?éll '1[;&11

Proof. This follows from the fact thatif 7, J C {1, 2, ..., ny} with # = #J then
0) 0)
() (54)- (S ) ()
iel jelJ iel jelJ
Therefore, each ]-'I(Q"‘)(a“)) constitutes a unique factor of ]-"1(3") (a) foreach=1,...,r. O

Lemma A.28. Suppose that § € Z>y and R > 6. Then

~1
- ] ((Z a,.> — G — 5) K FIB) - FE () - Pa@),
} ieK 8

K<{1,2,....n
#(KN{1,2,....m})#m—1
#K=m

where d = R(D(n) — D(m) — D(n —m)) —§((") —m(n —m) —1).

n
m
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Proof. Let M :={1,2,...,m}. Then
#K C 12, [#K =m, #(KOM) £0, 1) = (1) =m(n—m) — 1.

From the definition of F (")(oz) given in Definition 1.4.1, we see that for each such K there are factors
R/2
(14—20{1‘—20{]') (I—Zai—l—Zaj)
iekK jeM ieK jeM

of F4(@)/[FY" (B)F4™™ ()] for which

R/2

R-§

; .
(ZieK o; _ZjeM aj _5)5 icK jeM !

This bound holds because the degree of the Pochhammer symbol in the denominator is §, and by

assumption, the degree of the numerator is R > §. Combining all such terms with the remaining factors
of fl(en)(a)/[fl(em)(ﬂ)f}en_m)(y)] gives a polynomial of degree d. O

Remark A.29. Letn=n|+ny+---+n, andn, = Zle n;. The result of Lemma A.28 clearly generalizes
to the case of taking multiple residues at s;, = —a;, — 8¢ foreach £ =1, ..., r — 1 (in reverse order). In
this case, taking the product on the left-hand side over all of the terms we obtain

—1 r
PR @ l_[ I ((Z ai> - 5@) < Pale) [ F& @),
iek 8¢

= KC{1,2,....0041} =1
#(Kﬂ{l ..... ng})#n[ 1
#K=n,

where
1

d=R- (D(n)—ZD(W)) N [Z«ﬁgl)_wﬂﬁg—l)].
=
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On the equivalence between
the effective adjunction conjectures
of Prokhorov—Shokurov and of Li

Jingjun Han, Jihao Liu and Qingyuan Xue

Prokhorov and Shokurov introduced the effective adjunction conjecture, also known as the effective
basepoint-freeness conjecture, which asserts that the moduli component of an lc-trivial fibration is
effectively basepoint-free. Li proposed a variation of this conjecture, known as the I'-effective adjunction
conjecture, and demonstrated that a weaker version of his conjecture follows from the original Prokhorov—
Shokurov conjecture.

In this paper, we prove the equivalence between Prokhorov—Shokurov’s and Li’s effective adjunction
conjectures. The key to our proof is establishing uniform rational polytopes for canonical bundle formulas.
This relies on recent advancements in the minimal model program theory of algebraically integrable
foliations, primarily developed by Ambro—Cascini—Shokurov—Spicer and Chen—-Han-Liu—Xie.

1. Introduction

We work over the field of complex numbers C.
Prokhorov and Shokurov famously proposed the effective basepoint-freeness conjecture concerning
the moduli part of lc-trivial fibrations.

Conjecture 1.1 [Prokhorov and Shokurov 2009, Conjecture 7.13]. Let d be a positive integer and
o C [0, 1] a finite set of rational numbers. Then there exists a positive integer I depending only on d and
[g satisfying the following conditions. Assume that

(1) f:(X, B) = Zisan lc-trivial fibration such that dim X —dim Z = d, and
(2) the coefficients of the horizontal/ Z part of B belong to I'y.

Then IM is basepoint-free, where M is the moduli part of f : (X, B) — Z.

Conjecture 1.1 is known for its complexity and has only been proven for the case d = 1, as detailed in
[Prokhorov and Shokurov 2009, Theorem 8.1]. The noneffective version of this conjecture for d = 2 was
recently proven in [Ascher et al. 2023, Theorem 1.4]. However, for d > 3, Conjecture 1.1 remains largely
unresolved.
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The importance of Conjecture 1.1 lies in its close relationship with moduli theory. Specifically, since the
moduli parts of lc-trivial fibrations characterize the moduli space of the general fiber of the family X — Z,
Conjecture 1.1 is crucial for the study of the moduli of varieties, especially log Calabi—Yau varieties; see,
for example, [Ascher et al. 2023].

Recent developments in moduli theory suggest that, instead of considering only pairs with standard
or rational coefficients, it is more natural to include pairs with arbitrary coefficients in [0, 1] or (% 1];
cf. [Kollar 2023, 6.26-6.28]. In particular, pairs with irrational coefficients need to be considered. Since
Conjecture 1.1 only considers lc-trivial fibrations with rational horizontal coefficients, it is natural to inquire
whether a generalization of Conjecture 1.1 for lc-trivial fibrations with irrational coefficients is feasible.
Fortunately, Z. Li has proposed such a variation in [Li 2024, Conjecture 3.5(1)], adopting the notation of
I"-basepoint-freeness. In this paper, we propose a stronger version of [Li 2024, Conjecture 3.5(1)].

Definition 1.2 [Li 2024, Definition 3.4]. Let I' C (0, 1] be a set. A b-divisor D on a normal projective
variety X is called I"-basepoint-free if there exist ay, ..., ar € I' and basepoint-free b-divisors Dy, ..., Dy
such that Zle gi=1land D = Zle a;D;.

Conjecture 1.3 [Li 2024, Conjecture 3.5(1)]. Let d be a positive integer and I" C [0, 1] a DCC set of
real numbers. Then there exist a positive integer I, a finite set I'g C (0, 1] depending only on d, and T’
satisfying the following conditions. Assume that

(1) f:(X, B) — Zisan lc-trivial fibration such that dim X — dim Z = d, and
(2) the coefficients of the horizontal/Z part of B belong to T'.
Then IM is I'yg-basepoint-free, where M is the moduli part of f : (X, B) — Z.

It is evident that Conjecture 1.3 implies Conjecture 1.1. This raises the intriguing question of whether
the two conjectures are, in fact, equivalent. Supporting this possibility, Z. Li introduced a less stringent
form of Conjecture 1.3 in [Li 2024, Conjecture 3.5(2)] and proved that Conjecture 1.1 implies this weaker
version. However, it remains unproven whether [Li 2024, Conjecture 3.5(2)] implies Conjecture 1.1.
Additionally, [Li 2024, Conjecture 3.5(2)] is notably more complex than Conjecture 1.3.

In our paper, we demonstrate that Prokhorov—Shokurov’s Conjecture 1.1 and Li’s Conjecture 1.3 are,
in fact, equivalent.

Theorem 1.4. For any positive integer d, Conjecture 1.1 in relative dimension d (i.e., dim X —dim Z =d)
and Conjecture 1.3 in relative dimension d are equivalent.

As an immediate corollary, we prove Conjecture 1.3 when d = 1:
Corollary 1.5. Conjecture 1.3 holds when d = 1.

Idea of the proof. The idea behind the proof of Theorem 1.4 is to establish uniform rational polytopes
for canonical bundle formulas (see Theorem 3.4 below). Roughly speaking, given an lc-trivial fibration
f (X, B) — Z with moduli part M, we aim to establish a uniform decomposition (X, B) =Y _a;(X, B;),
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where Y a; = 1, the horizontal/Z coefficients of B; are rational, and each f : (X, B;) — Z is an lc-
trivial fibration with moduli part M;, so that M =Y a; M;. By “uniform”, we mean that the a; and the
horizontal/ Z coefficients of B; depend only on dim X — dim Z and the horizontal/Z coefficients of B.

Establishing such a uniform decomposition is a natural idea. In fact, it is straightforward to establish
such a uniform decomposition without the condition “M = ) a; M;” using [Han et al. 2024, Theorem
5.6]. Similar results can be found in [Li 2024] as well. However, proving M = > a; M; is a difficult task.
The existence of such a decomposition with M = )" a; M; is already nontrivial even when uniformity is
not required [Jiao et al. 2022, Theorem 2.23]. This is because the coefficient of the discriminant part of
the canonical bundle formula f : (X, B) — Z and f : (X, B;) — Z are of the forms 1 —Ict,, (X, B; f*D)
and 1 —Ict,, (X, B;; f*D), respectively, yet we only have

Icty, (X, B; f*D) = Y a;lct,, (X, Bi; f*D)

in general. The uniform decomposition shows that not only the inequality becomes equality but also the
equality holds for any X, Z, and any divisor D over Z simultaneously (as M is a b-divisor).

The key new ingredient we need for the proof of the existence of the uniform decomposition is the
minimal model program theory for algebraically integrable foliations, which has been established very
recently [Ambro et al. 2021; Chen et al. 2023].

More precisely, let F be the foliation induced by f : X — Z and B" the horizontal/Z part of B. The
key observation is that if f is equidimensional and (X, F, B") is Ic satisfying Property (x) (see [Ambro
et al. 2021, Definitions 2.13 and 3.5]), then K + B" is exactly the moduli part of f : (X, B) —> Z
[Ambro et al. 2021, Proposition 3.6]. Therefore, if we can decompose (X, F, B") into foliated triples
with Property (x) uniformly, then it automatically induces a decomposition of M. Such a decomposition
is possible (see Theorem 3.2) if we replace “Property (x)” with the condition “weak ACSS” (see [Chen
et al. 2023, Definition 7.2.3]), thanks to the existence of uniform rational Ic polytopes for foliations
[Liu et al. 2024a, Theorem 1.8; 2024b, Theorem 1.3; Das et al. 2023, Theorem 1.5; Chen et al. 2023,
Theorem 2.4.7]. The rest of the proof involves a series of changes of models that preserve the moduli
part of the canonical bundle formula, relying on the fact that for lc-trivial fibrations which are crepant
over the generic point of the base, the moduli parts of the canonical bundle formulas are the same (see
Lemma 2.14).

2. Preliminaries

Notations and definitions. We adopt the standard notations and definitions from [Kollar and Mori 1998;
Birkar et al. 2010] and use them freely. For foliations and generalized foliated quadruples, we follow
[Chen et al. 2023], which generally aligns with the notations and definitions from [Cascini and Spicer
2020; 2021; Ambro et al. 2021], but there may be minor differences. For b-divisors and generalized
pairs, we follow the notations and definitions from [Birkar and Zhang 2016; Han and Li 2022; Hacon
and Liu 2023]. For the canonical bundle formula, we adhere to [Chen et al. 2023], which is generally
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consistent with the classical definitions. For the reader’s convenience, we provide the following notations
and definitions that are either not commonly used in the literature or have minor differences from the
classical definitions:

Definition 2.1. Let m be a positive integer and v € R™. The rational envelope of v is the minimal rational
affine subspace of R” which contains v. For example, if m =2 and v = (%, 1-— 4), then the rational
2

envelope of v is (x; +x2=1) CR; ..

For any set of nonnegative real numbers I", we define

r,.— ({Zyi ) vi eF}U{O})ﬂ[O, 1], D():= {m—mﬂ ’m eNt,y er+}.

For any real number ¢ and R-divisor D = ) d; D;, where D; are the irreducible components of D, we
define D=':=}_, _ d;D; and D”":=} _, _ d;D;.

Definition 2.2 (Ic-trivial fibration [Chen et al. 2023, Definition 11.3.1]). Let (X, B) be a subpair and
f : X — Z acontraction. We say that f : (X, B) — Z is an Ilc-trivial fibration if

(1) (X, B) is sub-Ic over the generic point of Z,

(2) Kx+ B ~pr 20, and

(3) there exists a birational morphism 4 : Y — X with Ky + By = h*(Kx + B) such that —BEO is
R-Cartier and
ke (Y/Z,—B;%) =0.

We remark that the classical definition of an lc-trivial fibration replaces condition (3) with
(3") rank f.Ox([A*(X, B)]) =1

[Kawamata 1998; Ambro 2004; Kollar 2007; Fujino and Gongyo 2014]. It is worth mentioning that, in
this paper, we only consider lc-trivial fibrations f : (X, B) — Z such that B > 0 over the generic point
of Z. In this case, both (3) and (3’) automatically hold, so there will be no confusion in the notation.

Definition 2.3 (discriminant and moduli parts [Ambro et al. 2021, Definition 2.3]). Let (X, B) be a

subpair and f : X — Z a contraction such that (X, B) is generically sub-lc/Z. In the following, we

fix a choice of Ky and a choice of K, and suppose that for any birational morphisms g : X — X and

gz 7Z—Z, K5 and K5 are chosen as the Weil divisors such that g, K5 = Ky and (g2)+K; = K7.
For any prime divisor D on Z, we define

bp(X, B; f):=1—sup{t | (X, B+tf*D) is sub-Ic over the generic point of D}.

Although f*D may not be well-defined everywhere, it is at least defined near the generic point of D,
which suffices for our purposes. We then define the discriminant part of f : (X, B) - Z as

Bz= Y. bp(X.B:f)D.

D is a prime divisor on Z
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Next, we define the trace moduli part of f. By Definition-Theorem 2.6, there exists an equidimensional
contraction f’: X’ — Z' associated with birational morphisms 4’ : X’ — X and h’, : Z' — Z such that
7' is smooth and f oh’ =h', o f'. Write Kx' + B" := h"*(Kx + B), and let Bz be the discriminant part
of f': (X', By — Z'. Define

My = Kx + B — f/*(KZ’ + By).
We then define the trace moduli part of f : (X, B) — Z as
MX = h;MX/.

It is easy to check that Mx does not depend on the choice of f.

By construction, there exist b-divisors B on Z and M on X satisfying the following. For any
contraction f” : X” — Z" associated with birational morphisms 4" : X" — X and h, : Z" — Z such
that f oh” =h" o f”, Bz is the discriminant part of f”: (X", B”) — Z", and M~ is the trace moduli
part of /" : (X", B") — Z", where Kx» + B" := h"*(Kx + B). We call B the discriminant b-divisor of
f: (X, B) —> Z and M the moduli part of f : (X, B) — Z. By construction, B is uniquely determined,
and M is uniquely determined for any fixed choices of Kx and K 7.

Remark 2.4 (base moduli part). The moduli part M defined in Definition 2.3 follows the same notation
as in [Ambro et al. 2021], which is defined on X rather than on the base Z.
For any lc-trivial fibration f : (X, B) — Z, the canonical bundle formula indicates that

Kx+ B ~r f*(Kz+ Bz + M%),

where By is the discriminant part and M7 is a b-divisor. Such M7 is also called the “moduli part” of
f 1 (X, B) — Z in many references. To avoid any confusion, we call such M? the base moduli part
of f:(X,B)— Z.

It is clear that M ~g f*M Z as b-divisors. Moreover, for lc-trivial fibrations, the effective basepoint-
freeness and the effective I"-basepoint-freeness of the moduli part are equivalent to those of the base
moduli part.

Remark 2.5. We can similarly define Ic-trivial fibrations, discriminant parts, and base moduli parts for
foliations. We refer the reader to [Chen et al. 2023, Definition 11.3.1, Definition-Lemma 11.5.1] for
details. We do not need them in the rest of the paper.

Definition-Theorem 2.6 [Ambro et al. 2021, Theorem 2.2; Liu et al. 2023, Definition-Theorem 6.5].
Let X be a normal quasiprojective variety, X — U a projective morphism, X — Z a contraction, and
B an R-divisor on X. Then there exist a toroidal pair (X', £x/)/ U, a log smooth pair (Z’, £/), and a

commutative diagram
x L x
rlo e
h
A/
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satisfying the following:

(1) h and hz are projective birational morphisms.

2) [ (X', Zx)— (Z', £z) is a toroidal contraction.
3) Supp(h;lB) U Supp Exc(h) is contained in Supp Xx'.
(4) X’ has at most toric quotient singularities.

(5) f’is equidimensional.

(6) X’ is Q-factorial klt.

We call any such ' : (X', Zx)) — (Z', £z) (associated with h and hz) which satisfies (1-6) an
equidimensional model of f : (X, B) — Z.

Definition 2.7 (foliated log smooth [Ambro et al. 2021, §3.2; Das et al. 2023, Definition 2.17]). Let
(X, F, B) be a foliated triple such that F is algebraically integrable. We say that (X, F, B) is foliated
log smooth if there exists a contraction f : X — Z satisfying the following.

(1) X has at most quotient toric singularities.
(2) Fisinduced by f.

(3) (X, Xy) is toroidal for some reduced divisor Xy such that Supp B C X x. In particular, (X, Supp B)
is toroidal, and X is Q-factorial Klt.

(4) There exists a log smooth pair (Z, ¥7) such that
(X, 2x) > (Z,%2)
is an equidimensional toroidal contraction.

Definition 2.8 (weak ACSS [Das et al. 2023, Definitions 4.1-4.3]). Let (X, F, B) be a foliated triple, G
a reduced divisor on X, and f : X — Z a contraction. We say that (X, F, B; G)/Z is weak ACSS if the
following conditions hold:

(1) (X, F,B)islc.
(2) (Z, f(G)) is log smooth and G = f~1(f(G)).
(3) f is equidimensional and F is induced by f.

(4) For any closed point z € Z and any reduced divisor £ > f(G) on Z such that (Z, X) is log smooth
near z,

(X,B+G+ f(Z - f(G))
is Ic over a neighborhood of z.

We say that (X, F, B) is weak ACSS if (X, F, B; G)/Z is weak ACSS for some reduced divisor G on X
and some contraction f : X — Z.



On the equivalence between the effective adjunction conjectures of Prokhorov—Shokurov and of Li 2267

Results on foliations with weak ACSS singularities.

Lemma 2.9 [Chen et al. 2023, Lemma 7.3.3]. Let (X, F, B) be a foliated triple such that F is al-
gebraically integrable. Suppose that (X, F, B) is foliated log smooth, associated with a contraction
f (X, 2x) = (Z, Zz) (as in Definition 2.7(3)). Let G be the vertical/ Z part of Xx and B" the
horizontal/Z part of B. Then (X, F, Supp B"; G)/Z is weak ACSS.

Proposition 2.10 (cf. [Ambro et al. 2021, Proposition 3.6; Chen et al. 2023, Proposition 7.3.6]). Let
(X, F, B) be a foliated triple, f : X — Z a contraction, and G a reduced divisor on X such that
(X, F, B; G)/Z is weak ACSS. Let M be the moduli part of f : (X, B+ G) — Z. Then:

() Kr+ B~ My.
(2) Kr+B~z Kx+B+G.
Moreover, we can choose K r depending only on the choices of Kx and Kz such that Kr + B = M.

Proof. This follows from [Ambro et al. 2021, Proposition 3.6] or [Chen et al. 2023, Proposition 7.3.6].
Note that if we choose K = Kx,7 — R as in the proof of [Chen et al. 2023, Proposition 7.3.6], then we
actually obtain the equality Kr + B = M. O

Proposition 2.11. Let (X, F, B)/Z be a foliated triple and G a reduced divisor on X such that Z is
Q-factorial, (X, F, B; G)/Z is weak ACSS, and

ko(X/Z,Kr+B)=k,X/Z,Kr+B)=0.

Then we may run a (K r+ B)-MMP/Z with scaling of an ample/Z divisor, which terminates with a model
(X', F', B")/Z such that Kz + B’ ~r.z 0, where F' and B’ are the pushforwards of F and B on X',
respectively. Moreover, (X', F', B'; G')/ Z is weak ACSS, where G’ is the pushforward of G on X'.

Proof. The main part of the proposition follows from [Chen et al. 2023, Proposition 11.2.1]. The

“moreover” part follows from [Chen et al. 2023, Lemma 9.1.4]. O
Theorem 2.12 [Das et al. 2023, Theorem 1.5; Chen et al. 2023, Theorem 2.4.7]. Let r be a positive
integer, v?, ... vf),l positive real numbers, and vy := (v?, ... USZ). Then there exists an open set U > vy

of the rational envelope of vy depending only on r and vq satisfying the following statement:
Let (X , F, Z'};] v(}B j) be an lc foliated triple such that F is an algebraically integrable foliation of
rank r and Bj > 0 are distinct Weil divisors. Then (X, F, Z'}Ll v; BJ-) is lc for any (v, ..., vy) € U.

Theorem 2.13 (cf. [Chen et al. 2023, Theorem 11.1.5]). Let (X, F, B) be an Ic foliated triple, f : X — Z
a contraction, and G a reduced divisor on X such that (X, F, B; G)/Z is weak ACSS. Let M be the
moduli part of f : (X, B+ G) — Z. Then M descends to X.

Proof. This follows from [Chen et al. 2023, Theorem 11.1.5 and Lemma 5.3.2]. O

Lemma 2.14. Let (X, B) and (X', B) be two subpairs. Let f : (X, B) — Z and f': (X', By — Z' be
two lc-trivial fibrations over U such that f and f’ are birationally equivalent (i.e., there exist birational
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mapsh: X' --+» X and hz : Z' --+ Z such that f oh=hzo '), and (X, B) and (X', B') are crepant over
the generic point of Z. Let M and M? be the moduli part and the base moduli part of f : (X, B) — Z,
respectively, and let M' and M'%" be the moduli part and the base moduli part of ' : (X', B') — Z/,
respectively. Then M = M’ for any compatible choices of Kx and K 7, and M? ~p M’ zZ'

Proof. The proof follows along the same lines as the proof of [Chen et al. 2023, Lemma 11.4.3].

Possibly passing to a common base and resolving the indeterminacy of 4 : X’ --+ X, we may assume
that f = f/, X = X/, and Z = Z'. Replacing f : X — Z with an equidimensional model, we may
assume that f is equidimensional and Z is smooth. Now Kx + B = Kx + B’ over the generic point
of Z, so B— B’ is vertical/Z. Since Kx + B ~g.z 0 and Kx + B’ ~p 7z 0, we have B — B’ ~r 7 0, so
B — B’ = f* P for some R-divisor P on Z (cf. [Chen et al. 2024, Lemma 2.5]).

Let Bz and B/, be the discriminant parts of f : (X, B) — Z and f : (X, B') — Z, respectively. By
the definition of the discriminant part, Bz = B’Z + P. Therefore,

Mx=Kx+B— f"(Kz+Bz)=Kx+B— f"(Kz+B;+P)=Kx+ B — f"(Kz+ By) = My.

Since we may pass to an arbitrarily high model, we have M = M’. By the definition of the base moduli
part, we have M%Z ~p M'Z'. O

Lemma 2.15 (cf. [Han et al. 2021, Lemma 3.8; 2022, Lemma 2.18]). Let ay, ..., a; € (0, 1] be real
numbers such that Zle ai = 1. Let (X, By),...,(X, By) be subpairs and D > 0 be an R-Cartier

R-divisor on X. Then k k

Y ailet(X, B;; D) < lct(X, > aiBi; D>.

i=1 i=1
Proof. We may assume that Ict(X, B;; D) > —oo for any i. For any 1 <i <k, let b; := Ict(X, B;; D)
and s := Zle aib;. Since (X, B; + b; D) is Ic for any i and
k

k
ZaiBi +sD = Zai(Bi +b,‘D),

i=1 i=1

it follows that (X, Zf;l a;B; + sD) is Ic. Thus, the lemma follows. Il

3. Uniform rational polytopes for canonical bundle formulas

In this section, we establish the existence of uniform rational polytopes for canonical bundle formulas. We
present two versions of this uniform decomposition theorem (Theorems 3.3 and 3.4), whose statements and
initial proofs are similar but diverge subsequently. The arguments in Theorem 3.3 are more straightforward
and clear from the perspective of uniform decomposition theorems. However, we will apply Theorem 3.4
to prove Theorem 1.4.

Lemma 3.1. Let X and X' be two normal quasiprojective varieties that are birational to each other. Let
D =Y",vD; be an R-Cartier R-divisor on X and D' =Y """, v? D} an R-Cartier R-divisor on X' such

1
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that D and D' are crepant (i.e., there are projective birational morphisms p: W — X and g : W — X’
such that p*D = g*D"), where D; and le are Q-divisors. Then for any vector v = (vy, ..., vy) in the
rational envelope of vy := (v), ..., v3) in R™, D(v) :=Y_"", v; D; and D'(v) := Y | v; D/ are crepant.
Proof. We may write D =Y _, r;D; and D' =Y _¢_, r; D, where D; and D/ are Q-divisors and r1, ..., 7.
are linearly independent over Q. By [Han et al. 2024, Lemma 5.3], D; and 5; are (Q-Cartier for each i.
Let p: W — X and ¢ : W — X’ be a common resolution. Then

c Cc
Zrip*ﬁi =p'D=q"D'= Z rig* D},
i=1 i=1
SO c

Thus, p*D; = q*5§ for each i. In particular, for any u = (u1, ..., u.) € R, D(u) := i u;D; and
D' (u) := Zle u,-ﬁé are crepant. Since for any vector v in the rational envelope of v, there exists a

unique vector u € R¢ such that D(u) = D(v) and D'(u) = D’ (v), the lemma follows. O
Theorem 3.2 (uniform weak ACSS rational polytope). Let r be a positive integer and v?, s v,% real
numbers. Then there exists an open subset U > vq of the rational envelope of vg := (v(l), ce v%) in R™

depending only on r and v satisfying the following.
Let (X, F, B) be an lc foliated triple, f : X — Z a contraction, and G a reduced divisor on X such
that rank F =r and (X, F, B; G)/Z is weak ACSS. Assume that

e B=)Y", U?B,', where B; > 0 are Weil divisors, and

e« B(v):=)Y 1", v;iB; foranyv=(vy,...,v,) €R™
Then (X, F, B(v); G)/Z is weak ACSS for any v € U.
Proof. We verify all the conditions of Definition 2.8 for (X, F, B(v); G)/Z. Condition (1) follows from
Theorem 2.12. Conditions (2) and (3) are obvious. Therefore, we only need to check condition (4). Note
that this does not directly follow from [Han et al. 2024, Theorem 5.6] because dim X is not fixed.

We only need to show that there exists an open subset U > v of the rational envelope of vy such that
for any closed point z € Z and any log smooth pair (Z, ¥) such that ¥ > f(G), we have that

(X, Bw)+G + f*(Z — f(G)))

is Ic over a neighborhood of z for any v € U. Possibly adding components to X, we may assume that z is
an Ic center of (Z, ¥). Let G, :=G + f*(£ — f(G)). Then G, = f‘l(E), (X, B(vg) + G;) is Ic over a
neighborhood of z, and (X, B(vg) + G;)/Z satisfies Property (x) [Ambro et al. 2021, Definition 2.13]
over a neighborhood of z.

Let Xy, ..., X4imz be the irreducible components of X which contain z and let V be an irreducible
component of f~!(z). Then V is an irreducible component of ﬂ:h:“}Z £~1(=)). In particular, there exist

prime divisors G; C f —1(Z;) such that V is a component of ﬂ?‘zniz G;. Since each G; is a component
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of G, each G; is an Ic place of (X, B(vp) + G.). Thus any component of ()/_, G; is an Ic center of
(X, B(vg) + G;) for any 1 < n < dim Z [Ambro 2011, Theorem 1.1]. In particular, V is an Ic center
of (X, B(vg) + G;), and there exists a sequence of Ic centers

V=Viimz € Vaimz—1 S-S V1:=G;

such that each V,, is an irreducible component of m?:l G;. We let v, : W,, — V,, be the normalization of
V, and let 7, : V,, = V,_1 be the natural inclusions. Then there exist morphisms ¢, : W,, — W, _; such
that 7, ov, = v,_1 o, for any n > 2. Since f is equidimensional, dim V,, = dim W,, = dim X — n for
any n.

For any v that is contained in the rational polytope of vy and any 0 <n < dim Z, we define an R-divisor
B, (v) on W, in the following way:

e Wop:= X and By(v) := B(v) + G,.

» Suppose that we have already constructed B, (v) for some n < dim Z — 1 such that the image of W,,
in W, is an Ic center of (W,,, B, (vy)) for any m > n, and v — B, (v) is a Q-affine function from the
rational envelope of vy to Weilg(W,,). Since the image of W, in W, is of codimension 1, we may
define

Kw,., + Bny1(vo) := (Kw, + B, (v0))|w,,,

by usual adjunction. Since v is contained in the rational envelope of vy, by [Han et al. 2024,
Lemma 5.3], Kw, + B, (v) is R-Cartier for any v that is contained in the rational envelope of vy.
Thus there exist uniquely defined R-divisors B,41(v) such that

Ky, + Bny1(v) = (Kw, + B (v)|w,, -

o By [Koll4r 2013, Theorem 4.9(3)], the image of W,, in W, is an Ic center of (W,,11, B,+1(vg)) for
any m > n + 1. Moreover, since adjunction D — Dly,_, is a Q-affine function from Divg(W,) to
Divg(W,+1), v = B,+1(v) is a Q-affine function from the rational envelope of vy to Weilg(W,+1).
Thus we may repeat this process.

We let W := W4imz and By (v) := Bgimz(v). Let h : Y — W be a (D-factorial dIt modification of
(W, Bw(vg)) and By (v) := h;lBW (v) + E for any v, where E is the reduced h-exceptional divisor. Then

Ky + By (vo) := h*(Kw + Bw (v0)).
By [Han et al. 2024, Lemma 5.4], for any v that is contained in the rational envelope of vy, we have
Ky + By (v) = h*(Kw + Bw (v)).

LetI'g:={0,1, v?, ceey vf,)l}. Then by our construction, the coefficients of By (vg) belong to I' := D(Ty).
Since Y is Q-factorial, by the ACC for Ic thresholds [Hacon et al. 2014, Theorem 1.1], there exists a real
number ¢ < 1 depending only on r and vy such that (Y, B}, (vo) := By (v9)~" + Supp By’ (vp)) is lc.
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For any v that is contained in the rational envelope of vy, we define B;, (v) to be the unique R-divisor
such that for any prime divisor D on Y,

multp By (v) if D is a component of By (vg)~',
multp By (v) := {1 if D is a component of By (vg)~",

0 otherwise.
By our construction, v — By (v) is a Q-affine function from the rational envelope of vy to Weilg(Y).
Since dim Y = r and the coefficients of B}, (vy) belong to a finite set depend only on r and vy, by [Han
et al. 2024, Theorem 5.6], there exists an open set U > vy of the rational envelope of vy depending only
on r and vy such that (Y, By (v)) is lc for any v € U. Possibly shrinking U, we may assume that the
coefficients of By(v) are <1 forany v € U.

By our construction, By, (v) > By (v) > 0 for any v € U, so (Y, By(v)) is Ic for any v € U. Hence
(W, By (v)) = (Wdim z, Bdim z(v)) is Ic for any v € U. Suppose that (W,,, B, (v)) is Ic for some n > 1.
Then by inversion of adjunction [Kawakita 2007, Theorem; Hacon 2014, Theorem 1], we have that
(Wu—1, B,—1(v)) is Ic near the image of W, in W,_; for any v € U. Hence, possibly shrinking to a
neighborhood of the image of W, in W,,_;, we may assume that (W,_;, B,—1(v)) is Ic for any v € U.
Thus we may repeat this process and deduce that, possibly shrinking X to a neighborhood of V, we
have that (Wy, By(v)) = (X, B(v) + G;) is Ic for any v € U. Since V can be any irreducible component
of f~1(2), (X, Bv) + G,) is Ic near f~(z) for any v € U. Condition (4) follows and we are done. []

It remains interesting to ask whether there exists a uniform ACSS rational polytope, although we do
not do this in our paper.

Theorem 3.3 (uniform rational polytope for canonical bundle formula, I). Let d be a positive integer

and v?, ey v,On real numbers. Then there exists an open subset U > vy of the rational envelope of
vy = (v?, e v,%) in R™, depending only on d and vy, such that the following conditions hold. Assume that

e f:(X, B) > Zis an lc-trivial fibration with dim X = d,

e (X, B)islc,

e B= Z;":] v?B,-, where B; > 0 are Weil divisors,

e B(v):=) 1", viB; foranyv=(vi,...,v,) € R™, and

e Bz and M are the discriminant part and the moduli part of f : (X, B) — Z, respectively.
Then:
(1) Foranyv e U, (X, B(v)) islcand f : (X, B(v)) — Z is an lc-trivial fibration.

Lo, vinU and positive real numbers ay, . .., ay such that Zle a =1, we

k k k k
BZ(Zaivi) :ZaiBZ(vi) and M(Zaivi) :ZaiM(vi),
i=1 i=1 i=1 i=1

where Bz(v) and M (v) are the discriminant part and the moduli part of f : (X, B(v)) — Z.

(2) For any vectors v

have
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Proof. Step 1. In this step, we consider an equidimensional model of f : (X, B) — Z. We then run an
MMP to achieve an auxiliary model X” and construct an lc-trivial fibration f”: (X", B""v)+G") — Z..

Let f': (X', Zx) — (Z', £7) be an equidimensional model of f : (X, B) — Z associated with
h:X — Xand hy : Z — Z. Let B = h;'B + Supp Exc(h) with horizontal/Z’ part B, and
B'(v):= h ' B(v)+Supp Exc(h) with horizontal / Z’ part B (v) for any v € R™. Let G’ be the vertical /Z’
part of Xx'. Denote Kx' + B :=h*(Kx + B) and Kx' + B'(v) := h*(Kx + B(v)) for any v € R™.

Let F' be the foliation induced by f’. Then (X', 7, B'") is foliated log smooth. By Lemma 2.9,
(X', F', B, G')/Z' is weak ACSS. Choose Kz as in Proposition 2.10. Then Kx — K = is vertical/Z’
by Proposition 2.10. Therefore,

Ko(X'/Z',Kr+B")=ko(X'/Z', Kz + B') =koe(X'/Z',Kx' + B) =5 (X'/Z', Kx' + B)) =0
and
K (X')Z' , Kr+B"=w,(X')Z',Kr +B)=i,X'/Z', Kx' + B') =k/(X'/Z', Kx' + B') = 0.

By Proposition 2.11, we may run a (K -+ B'")-MMP/Z’ with scaling of an ample/Z’ divisor, which
terminates with a model (X", F”, E”h)/Z/ of (X', F/, E/”)/Z/ such that K7 + B ~r.z 0. Denote
by f”: X" — Z' the induced morphism. For any v € R™, let B""(v) and G” be the strict transforms of
E’h(v) and G" on X", respectively. By Proposition 2.11, (X", F”, B, G")/Z' is weak ACSS.

By Theorem 2.12, there exists an open subset U > vy of the rational envelope of vy, depending
only on d and v, such that both (X", F”, B""(v)) and (X, B(v)) are Ic for any v € U. By [Han et al.
2024, Lemma 5.3], Kx + B(v) ~r.z 0, so f : (X, B(v)) — Z is an lc-trivial fibration for any v € U.
Then f' : (X', B'(v)) — Z’ is an lc-trivial fibration with moduli part M (v) for any v € U. Since
(X", F",B""; G")/Z  is weak ACSS by Theorem 3.2, possibly shrinking U, we may assume that
X", F’, E”h(v); G")/Z' is weak ACSS for any v € U. By Proposition 2.10 and [Han et al. 2024,

Lemma 5.3], ~ _
Kx'+B""(v) +G" ~p 7z Kz + B""(v) ~p 2 0

forany v € U, so f": (X", B""(v) + G") — Z' is an lc-trivial fibration.

Step 2. In this step, we show that we may let M (v) be the moduli part of ' : (X", B""(v)+G") — Z'
and conclude the proof of the theorem.

Let p: W — X and g : W — X” be a common resolution of ¢ : X’ --» X”. By construction,
p*(Kx +B') < p*(Kx + B’y and q* (K + By < P (Kr + B’ = p*(Kx + B'") over a nonempty
open subset Z'° of Z’. Moreover, we can write p*(Kx' + B') — ¢* (K7 + By = Eg — Ej, such
that E4 > 0 is supported on p~L(Exc(¢)) and E; > 0 is supported on p~1(Exc(h)) over Z'°. Since
p*(Kx + B') — q*(Kz» + B"") ~g 2 0, by the negativity lemma, Ey = Ej, = 0.

Thus, we deduce that K 7+ B”" and K x'+ B’ are crepant over the generic point of Z’. By Lemma 3.1,
Kz + B h(v) and Ky + B'(v) are crepant over the generic point of Z’ for any v € U. Therefore,
Kx» + B""(v) + G” and Ky + B'(v) are crepant over the generic point of Z’ for any v € U. We let
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M (v) be the moduli part of f”: (X", E”h(v) +G”) — Z'. By Theorem 2.13, M (v) descends to X" for
any v € U. By Lemma 2.14, M (v) is also the moduli part of f’: (X', B'(v)) — Z' for any v € U. Hence
M (v) is also the moduli part of f : (X, B(v)) > Z forany v € U.

By Proposition 2.10, Mx» = K z» + B"" and M (v)x» = K7 + B""(v) for any v € U. Therefore, for

. .. k
any vectors vl ..., v*in U and positive real numbers a1, ..., a; such that Ziz] a; =1, we have

k k k k
M<Z aivi) =Kz +B"" (Z aivi) = a(Kp+B" () =) a;M@).
i=1 i=1 i=1 i=l1

Since (X", F, B""(v); G")/Z" is weak ACSS for any v € U, by Theorem 2.13, M (v) descends to X”
for any v € U. Thus

X//

k

k
M<Za,-v") = aM@).
i=1

i=1
Let MZ(v) be the base moduli part of f : (X, B(v)) — Z for any v € U. Then for any v € U, M%(v)

descends to Z’ and
" M? ()7 ~p M(v)xr.

Therefore, ' ‘
MZ<Zaivi> ~R Za,’MZ(vi)
i=1 i=1
and X X X
Y ai(Kz +Bz(v)+M*(v)z) ~r Kz + Bz (Z aiv") +M* (Z aiv") :
i=1 i=1 i=1 4
Thus,

k k
ZaiBZ(vi) ~gr By (Z a,-vi>.
i=1 i=1

By the definition of the discriminant part and Lemma 2.15,

k k
Za,-Bz(vi) > BZ(Z aivi>,
i=1 i=1
SO . .
ZaiBz(v') = Bz(Zaiv’),
i=1 i=1
and we are done. O

Theorem 3.4 (uniform rational polytope for canonical bundle formula, II). Let d be a positive integer

and v?, e, v,On real numbers. Then there exists an open subset U > vy of the rational envelope of
V= (v(l), e v%) in R™, depending only on d and vy, such that the following conditions hold. Assume that

e f: (X, B) > Zisan lc-trivial fibration with dim X —dim Z =d,
e B=B"+ B", where B" and B are the horizontal/ Z part and the vertical/ Z part of B, respectively,
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« Bh=X" v ?Bh where Bh > 0 are Weil divisors,

o Bh(v):=Y", viBi”forcmy v=(vy,...,Uy) €R™,

e BV=3"", u?Bi“ for some real numbers u? and Weil divisors B}, and

o Bz and M are the discriminant part and the moduli part of f : (X, B) — Z, respectively.

Then there exist R-affine functions sy, ..., s, : R™ — R satisfying the following.
Let B (v) := Z?Zl si(v)B! and B(v) := B"(v) + BV (v) for any v € R™. Then:

(1) Foranyv e U, f: (X, B(v)) = Z is an lc-trivial fibration.

1

(2) For any vectorsv-, ..., vKinU and positive real numbers ay, . . ., ay such that Zle a; =1, we have

k

BZ(Z > Za,BZ(v) and M(Z > Za,M(v)

i=1 i=1 i=1

where Bz(v) and M (v) are the discriminant part and the moduli part of f : (X, B(v)) — Z.

Proof. Step 1. In this step we construct sy, ..., S,.
Let V be the rational envelope of (v(]), e, v,?l, u?, ey “2) C R™*" and let V,, be the image of V in R™
under the projection 7, : R " — R™: (xq, ..., Xjpin) = (X1, ..., Xp). Then V,, is the rational envelope of

g, and there exists an affine function 7 : V,,, — V such that 7, o7 is the identity morphism. Now t naturally
extends to an affine function B: R"™ — V C R™" Let 7, : R™ ™ — R : (x1, ..., Xpan) = Xty .- Xn)
be the projection and let s := 7, o 8. Then we may write

s(v) = (s1(v), ..., 50(0)),
where s1, ..., s, : R™ — R are R-affine functions.

Step 2. This step is almost identical to Step 1 of the proof of Theorem 3.3, with minor differences. In
this step, we consider an equidimensional model of f : (X, B) — Z, run an MMP to achieve an auxiliary
model X”, and construct an Ic-trivial fibration f” : (X", B""(v)+G") — Z..

Let f': (X', Zx) = (Z', £z) be an equidimensional model of f : (X, B) — Z associated with
h:X — Xand hy : Z — Z. Let B := h'B + Supp Exc(h) with horizontal/Z’ part B, and
B'(v):= h;' B(v)+Supp Exc(h) with horizontal / Z’ part B (v) for any v € R™. Let G’ be the vertical/Z’
part of Xx/. Denote Kx' + B’ := h*(Kx + B) and Ky + B'(v) := h*(Kx + B(v)) for any v € R™.

Let 7 be the foliation induced by f’. Then (X', 7, B'") is foliated log smooth. By Lemma 2.9,
(X', F', B'", G')/Z' is weak ACSS. Choose K z as in Proposition 2.10. Then Kx — K is vertical/Z’
by Proposition 2.10. Therefore,

Ke(X')Z' Kz +B") =1o(X'/Z', Kz + B) =s(X'/Z', Kx + B)) =5 (X'/Z, Kx + B)) =0
and

k(X'/Z'  Kr+B") =x,(X'/Z' ,Kr+B)=k/(X'/Z,Kx +B) =x(X'/Z ,Kx + B) =0
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By Proposition 2.11, we may run a (K -+ B'")-MMP/Z’ with scaling of an ample/Z’ divisor, which
terminates with a model (X", F”, E”h)/Z/ of (X', F/, E”’)/Z/ such that Kz + B ~r.z 0. Denote
by f”: X" — Z’ the induced morphism. For any v € R™, let B””(v) and G” be the strict transforms of
E’h(v) and G" on X", respectively. By Proposition 2.11, (X", F”, B, G")/Z' is weak ACSS.

By Theorem 2.12, there exists an open subset U > v of the rational envelope of vy depending only on
d and vy such that (X", ", B""(v)) is Ic for any v € U. Since (X", F”, B"h: G")/Z' is weak ACSS by
Theorem 3.2, possibly shrinking U, we may assume that (X", F”, §”h(v); G")/Z’ is weak ACSS for
any v € U. By Proposition 2.10 and [Han et al. 2024, Lemma 5.3],

Kx»+B""(v) + G ~p z Krr + B (v) ~p 2 0

for any v € U, so f”: (X", E””(v) + Gy — Z’ is an lc-trivial fibration.

Step 3. This step is almost identical to Step 2 of the proof of Theorem 3.3 with minor differences. In this
step, we show that we may let M (v) be the moduli part of f” : (X", B""(v) +G") — Z' and conclude
the proof of the theorem.

Let p: W — X" and ¢ : W — X” be a common resolution of ¢ : X’ --» X”. By construction,
p*(Kx + B') < p*(Kx + B’y and qg*(Kz + B < pH(Kz + B’y = p*(Kx + B’y over an open
subset Z'° of Z’. Moreover, we can write p*(Kx + B') — ¢* (K7 + By = Eg4 — Ej, such that Eg > 0
is supported on p~L(Exc(¢)) and Ej, > 0 is supported on p~L(Exc(h)) over Z'°. Since

P (Kx'+B') —q*(Krr 4+ B"") ~p 2 0,

by the negativity lemma, Ey = E, =0.

Thus, K 7+ B"" and K- + B’ are crepant over the generic point of Z'. By Lemma 3.1, Kz« + B"" (v)
and K x' + B’(v) are crepant over the generic point of Z' for any v € U. Therefore, K x» + B""(v) + G”
and Ky’ + B’(v) are crepant over the generic point of Z’ for any v € U. We let M (v) be the moduli part of
X, B""(v)+G") — Z.. By Theorem 2.13, M (v) descends to X” for any v € U. By Lemma 2.14,
M (v) is also the moduli part of f": (X', B'(v)) — Z' for any v € U. Hence M (v) is also the moduli
partof f: (X, B(v)) > Z forany v e U.

By Proposition 2.10, Mx» = K z» + B"" and M (v)x» = K7 + B""(v) for any v € U. Therefore, for

any vectors vl ..., v*in U and positive real numbers ay, . .., a; such that Zle a; =1, we have

k k k k
M(Z a,-v") =Kz +B" (Z aivi) = Zai(K]:H + B (v')) = ZaiM(vi).
i=1 i=1 i=1 i=1

Since (X", ", B""(v): G")/Z" is weak ACSS for any v € U, by Theorem 2.13, M (v) descends to X”
for any v € U. Thus

X"

k k
M(Zaivi) = ZaiM(vi).
i=1 i=1
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Let MZ(v) be the base moduli part of f : (X, B(v)) — Z for any v € U. Then for any v € U, M%(v)

descends to Z’ and
[ M* ()7 ~p M(v)xr.

Therefore, P L
MZ(Za,.vf) e Y @M% )
i=1 i=1
and ‘ v ‘
> ai(Kz+ Bz (') + M?(v') ;) ~r Kz + Bz (Z a,»v’) +M? (Z aﬂ)’) :
i=1 i=1 i=l 4
Thus,

k k

ZaiBZ(vi) ~R BZ (Z al-vi).

i=1 i=1
By the definition of the discriminant part and Lemma 2.15,

k k

Za,-BZ(vi) > Bz (Z aivi>,
i=1

i=1
SO

k k
S B () = B(z)
i=1 i=1

and we are done. |

Remark 3.5. The arguments used in Theorems 3.3 and 3.4 also apply to lc-trivial fibrations of generalized
pairs, as all results from [Chen et al. 2023] remain applicable. Due to the technical nature of the arguments,
we omit detailed statements and proofs here.

Remark 3.6. It is also possible to establish uniform rational polytopes for canonical bundle formulas
for lc-trivial fibrations with DCC coefficients, similar to [Li 2024, Theorem 4.1; Chen et al. 2024,
Theorem 1.9; 2025, Theorem 1.1]. The proof follows almost identically to those of Theorems 3.3 and 3.4.
Again, due to the technical nature of the arguments, we omit detailed statements and proofs here.

Since the moduli part is determined by the horizontal part of B, the following direct consequence of
Theorem 1.4 might be useful. Indeed, Corollary 3.7 could also be applied to prove Theorem 1.4 by either
[Li 2024, Proposition 3.3] or [Birkar 2021, Lemma 3.5].

Corollary 3.7. Let d be a positive integer and v?, R v,% real numbers. Then there exists an open subset
U 3 vg of the rational envelope of vy := (v?, cee, vﬂ,) in R™, depending only on d and vy, such that the

following conditions hold. Assume that
e (X, B)— Zisan lc-trivial fibration with dim X —dim Z = d,
e B= Z;":l v?B,-, where B; > 0 are Weil horizontal/Z divisors,
e« B(v):=) 1", v;B; foranyv= (vi,...,vy,) € R", and
e By and M are the discriminant part and the moduli part of f : (X, B) — Z, respectively.
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Then:

(1) Foranyv e U, f: (X, B(v)) — Z is an lc-trivial fibration.

Lo vinU and positive real numbers ay, . . ., a; such that Zf-;l a; =1, we have

k k k k
BZ(Zaiv’) - Za,-BZ(v") and M(Zaiv’) = Za,-M(v"),
i=1 i=1 i=1 i=1

where Bz(v) and M (v) are the discriminant part and the moduli part of f : (X, B(v)) — Z.

(2) For any vectors v

Proof. This is a special case of Theorem 3.4 as there is no vertical/Z part of B. g

When B is a sum of horizontal/Z divisors, Corollary 3.7 is stronger than Theorem 3.3, as Corollary 3.7
requires that dim X — dim Z = d while Theorem 3.3 requires that dim X =d.

4. Proof of the main theorem

Proof of Theorem 1.4. 1t is evident that Conjecture 1.3 in relative dimension d implies Conjecture 1.1
in relative dimension d. Therefore, we only need to show that Conjecture 1.1 in relative dimension d
implies Conjecture 1.3 in relative dimension d.

Under the notations and assumptions of Conjecture 1.3, suppose that Conjecture 1.1 holds in relative
dimension d. By [Hacon et al. 2014, Theorem 1.5], we may assume that I" is a finite set {v(l), R v?n} for
some nonnegative integer m. Let B be the horizontal/Z part of B, and write B" = Yo v?Bl.h, where
v? eI foreachi and Bl.h > 0 are Weil divisors. Let B"(v) := Z;":l v; Bl.h for any v := (v, ..., v,) € R™,
and vy := (v?, - v?n). Let Bz and M be the discriminant part and the moduli part of f : (X, B) — Z,
respectively.

Let U > vg be an open subset of the rational envelope of vy as in Theorem 3.4 which depends only on d
and v, and we let 51, . . ., s,, B"(v), BY(v), B(v) be as in Theorem 3.4 for anyveU. Letk:=dimU +1
and v', ..., v € UNQ" be vectors depending only on d and vy such that vy is contained in the interior
of the convex hull of v', ..., v*. Then there exist unique real numbers ay, ..., a; € (0, 1] such that
S ai=1and Y*_, 4;v' = vo. By Theorem 3.4,

« B"(v') is the horizontal/Z part of B(v') for each i,

e f:(X, B(v')) — Z is an Ic-trivial fibration for each i, and

e By = Zf:l a;Bz(v') and M = Zf-‘zl a;M(v'), where Bz (v') and M (v') are the discriminant part

and the moduli part of f : (X, B(v')) — Z, respectively.

By Conjecture 1.1 in relative dimension d, there exists a positive integer / depending only on d and I"
such that /M (v') is basepoint-free. Therefore, IM is {ay, ..., a;}-basepoint-free. Let I'g :={ay, ..., ax},
and Conjecture 1.3 in relative dimension d follows. O

Proof of Corollary 1.5. This now follows from Theorem 1.4 and [Prokhorov and Shokurov 2009,
Theorem 8.1]. O
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Points of bounded height
on certain subvarieties of toric varieties
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We combine the split torsor method and the hyperbola method for toric varieties to count rational points
and Campana points of bounded height on certain subvarieties of toric varieties.
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1. Introduction

We combine the split torsor method and the hyperbola method for toric varieties to count rational
points and Campana points of bounded height on certain subvarieties of smooth split proper toric
varieties. This line of research has been initiated by Blomer and Briidern [2018] in the setting of diagonal
hypersurfaces in products of projective spaces. Other results in this direction include hypersurfaces and
complete intersections in products of projective spaces [Schindler 2016], improvements for bihomogeneous
hypersurfaces for degree (2, 2) and (1, 2) [Browning and Hu 2019; Hu 2020], as well as generalizations
to hypersurfaces in certain toric varieties [Mignot 2015; 2016; 2018].

The versions of the hyperbola method used in all of these articles are rather close to the original [Blomer
and Briidern 2018] for products of projective spaces. In our recent work [Pieropan and Schindler 2024], we
established a very general form of the hyperbola method for split toric varieties, in which the height condi-
tion can also globally be given by the maximum of several monomials. The goal of this article is to show
applications of our new hyperbola method. We develop a refined framework for the split torsor method on
split smooth proper toric varieties and show that counting results for subvarieties of projective spaces can be
carried over to toric varieties by a direct application of the hyperbola method [Pieropan and Schindler 2024].
With this we can prove new cases of Manin’s conjecture [Batyrev and Manin 1990; Franke et al. 1989] on
the number of rational points of bounded height on Fano varieties for certain subvarieties in toric varieties.

MSC2020: primary 11P21; secondary 11A25, 11G50, 14G05, 14M25.
Keywords: hyperbola method, m-full numbers, Campana points, toric varieties.
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The split torsor method provides a parametrization of rational points on Fano varieties via Cox rings
[Derenthal and Pieropan 2020; Salberger 1998]. The Cox ring of a smooth proper toric variety X is a
polynomial ring endowed with a grading by the Picard group of the toric variety [Cox 1995]. Subvarieties of
toric varieties are intersections of hypersurfaces, which are defined by Pic(X)-homogeneous polynomials
in the Cox ring of X. The subvarieties considered in this paper are defined by homogeneous elements in
the Cox ring of the toric variety such that each polynomial involves only variables of the same degree.
With the split torsor method parametrization, the height is given by the maximum of a set of monomials
and this is the correct shape to apply our generalized version of the hyperbola method [Pieropan and
Schindler 2024]. The hyperbola method reduces the counting problem to counting functions over boxes of
different shapes. An advantage of our method is that it is already adapted to the shape of height functions
appearing. Also, compared to earlier versions of the hyperbola method, we do not need estimates for
lower-dimensional boxes, and with this our proofs are relatively short.

We now illustrate our approach on a number of examples. In a similar fashion, it is possible to
apply counting results such as [Birch 1962; Browning and Heath-Brown 2017; Heath-Brown 1996;
Rydin Myerson 2018; 2019], and many others, to subvarieties of toric varieties defined by elements of
the Cox ring each involving only variables of the same degree.

1.1. Results. Let X be a smooth split complete toric (QD-variety with open torus 7. Let Dy, ..., D €
Pic(X) be the pairwise distinct classes of the torus-invariant prime divisors on X. Fori € {1, ..., s}, let
n; =dimg H°(X, D;). Let H; be the height associated to a semiample torus-invariant divisor L on X as
discussed in Section 2.2.

Our first result concerns subvarieties of toric varieties defined by linear forms.

Theorem 1.1. Let V C X be a complete intersection of hypersurfaces H;j with 1 <i <s, 1 <[ <.
Assume that [H; ;] = D; in Pic(X) fori € {1, ..., s} such that t; # 0. Assume that V NT # & and
t; <n;—2 foralli €{l1,...,s}. Assume that L = —(KX +> Z?:ﬂHi,l]) is ample. For B > 0, let
Ny (B) be the number of Q-rational points on V NT of Hp-height at most B. Then

Ny(B) = c¢B(log B)’~' + 0(B(log B)’2(log log B)*),

where b =1k Pic(V') and c is a positive constant, which is defined by (3-7) with k =b — 1, Cp 4 given by
@-1),and w; =n; —t; fori €{l,...,s}.

We use this result as a toy example to show how to combine the hyperbola method with the universal
torsor method in the context of rather general smooth split toric varieties. We now move on to results
which require a deeper understanding of the underlying Diophantine problems via methods from Fourier
analysis.

We start with a result that concerns subvarieties of toric varieties defined by bihomogeneous polynomials.
It is obtained by combining the framework developed in this paper with the hyperbola method [Pieropan
and Schindler 2024] and preliminary counting results in boxes of different side lengths [Schindler 2016].
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Theorem 1.2. Let V C X be a smooth complete intersection of hypersurfaces Hi, ..., H; of the same
degree e\ D\ + ey Dy in Pic(X). Assume that V N'T # O, that n; —te; > 2 for i € {1, 2}, and that
ni+ny > dim V* +dim V; + 3 - 261t 0513 where Vi, VS C ANt gre affine varieties defined in
Section 5. Assume that L = —([Kx]+[Hi + - - -+ H,]) is ample. Then there is an open subset W C X
such that the number Ny w (B) of Q-rational points on VYW NT of Hy-height at most B satisfies

Ny.w(B) = cB(log B)’~! + O(B(log B)’?(loglog B)*)

for B > 0, where b =1k Pic(V) and c is defined in (3-7T) withk =b—1, Cp 4 given by (5-1), w; =n; —te;
forie{l,2}, and w; =n; fori €{3,...,s}. The constant c is positive if V(Q,) # < for all places v of Q.

Theorems 1.1 and 1.2 are compatible with Manin’s conjecture [Franke et al. 1989], as L|y = — Ky by
adjunction. The proofs in Sections 4 and 5 yield an asymptotic formula even if we drop the ampleness
assumption on L.

Theorem 1.2 as well as work of Mignot [2016; 2018] include the case of certain hypersurfaces
in products of projective spaces. However, in comparison to Mignot’s work, we do not require the
condition that the effective cone of the toric variety is simplicial. An example of a split toric variety with
nonsimplicial effective cone — where our theorem applies —is the blow-up at a torus-invariant point of
P" x P" x Y, where n| and n, are sufficiently large and Y is a split del Pezzo surface of degree 6.

Our last result concerns sets of Campana points in the sense of [Pieropan et al. 2021] for subvarieties
defined by diagonal equations. We introduce the following integral models. Let 2" be the Z-toric scheme
defined by the fan of X. Fori e {I,...,s},let Z; 1, ..., %, ,, be the torus-invariant prime divisors on 2~
of class D;.

Theorem 1.3. Let V C X be an intersection of hypersurfaces Hy, ..., H; such that H; is defined by
a homogeneous diagonal polynomial in the Cox ring of X of degree e; D; in Pic(X) and with none
of the coefficients equal to zero. Let ¥ be the closure of V in . Fori € {1,...,s}, fix integers
2<mi1<---<miy,. Let D=3 :_, Z;”:l (1—=1/m; j)%;.j. Assume that VT # @, thatny, ..., n; >2,
and, fori €{l,...,s}, that Z';’zl 1/m; j > 3, and that

ni—1 n;
‘ 1 d 1

>1 ifee=1 and —>1 ife >2,
; eim; j(ejm; j+1) ]2:; 2s0(eim; ;) l

where so(e;m; ;) is defined in Lemma 6.1. Let L = —(Kx + Pm|x + Hy + - - -+ H;) be ample. For B > 0,
let Ny (B) be the number of 7Z-Campana points on (¥, D |y ) that lie in T and have Hy-height at most B.
Then

Ny (B) = ¢B(log B)>~' + 0(B(log B)’2(loglog B)*),
where b = rk Pic(V) and c is defined in (3-7) with k = b — 1, Cpy 4 given by (6-11), and w1, .. ., w;
given by (6-10).

The order of growth in Theorem 1.3 is compatible with the Manin-type conjecture for Campana points
[Pieropan et al. 2021], as L|y is the log anticanonical divisor of the pair (V, %,|v) by adjunction.
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We now give a number of examples where Theorems 1.2 and 1.3 can be applied. Due to the range of
application of the circle method, we require the Cox ring of the toric variety to have a large number of
variables of the same degree. This holds for toric varieties with several torus-invariant prime divisors of
the same degree and for products of such toric varieties. Here are some concrete examples:

» The projective space P" has Cox rings with n + 1 variables of the same degree.

o The blow-up of the projective space P" at/ < n + 1 torus-invariant points has Cox rings withn +1 —1
variables of the same degree.

o The blow-up of a product of toric varieties each with several torus-invariant prime divisors of the same
degree. Indeed, if X and Y are smooth split toric varieties such that the Cox ring of X has ny variables
of the same degree dy, the Cox ring of Y has ny variables of the same degree dy, and P € X x Y is a
point where mx < nyx variables of degree dx vanish and my < ny variables of degree dy vanish, then the
Cox ring of the blow-up of X x Y at P has my variables of the same degree dx — e and my variables of
the same degree dy — e, where e is the class of the exceptional divisor.

The structure of this article is as follows. In Section 2 we reformulate the height function and the
multiplicative function u for Mobius inversion according to the principle of grouping variables of the same
degree. In Section 3 we combine the new framework with the hyperbola method developed in [Pieropan
and Schindler 2024] to obtain a general counting tool for points of bounded height on subvarieties of
toric varieties. Theorems 1.1, 1.2, and 1.3 are proven in Sections 4, 5, and 6, respectively.

2. Toric varieties setting

Here we introduce the geometric setup and notation for the whole paper. We refer the reader to [Salberger
1998, §8] for a concise introduction to toric varieties and their toric models over Z, and to [Cox et al.
2011] for an extensive treatment of toric varieties.

Let X be the fan of a complete smooth split toric variety X over a number field K. We denote by
{Dq, ..., Ds} CPic(X) the set of degrees of prime torus-invariant divisors of X. Foreachi €{1, ..., s}, we
denote by D; 1, ..., D;,, the torus-invariant divisors of degree D; and by p; 1, ..., p;», the corresponding
raysof X. Let Z:={(i, j) € NZ:l<i<s, 1< J <n;}. Let T« be the set of maximal cones of 2. For
each maximal cone o of X, let 7, :={(i, j) € Z: p;,; C o}, let I, =7 \ J,, and let I, be the set of
indices i € {1, ..., s} such that {(i, 1),..., (i,n;))}NZL, # 2.

Let 2 be the toric scheme defined by X over the ring of integers Ok of K, and, for each (i, j) € Z, let
%;,; be the closure of D; j in 2.

Let R be the polynomial ring over Oy with variables x; ; for (i, j) € 7 and endowed with the Pic(X)-
grading induced by assigning degree D; to the variable x; ; for all (i, j) € Z. For every torus-invariant
divisor D =) ;_, Z’;’:l a; ;D; j on X and every vector x = (x; ;). jez € C*, we write

N n;
D ._ i, j
e =TT

i=1 j=1
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By [Salberger 1998, §8], 2" has a unique universal torsor 7 : % — 27, and % C Ag{ is the open subset
whose complement is defined by x> = 0 for all maximal cones o of X, where D, := Z(i’ jez, Di.j for
all 0 € Eax-

Let r be the rank of Pic(X). Let C be a set of ideals of Oy that form a system of representatives for
the class group of K. As in [Pieropan and Schindler 2024, §6.1], we fix a basis of Pic(X), and, for every
divisor D on X and every tuple ¢ = (cq, ..., ¢,) €, we write clPl.= ]_[f:1 cl.b", where [D]= (b1, ..., b,)

with respect to the fixed basis of Pic(X). Then, as in [Pieropan 2016, §2],
X(K) =2 (0x) = |_| n“(@*(0x)),

ceCr

where 7°: #° — 2 is the twist of 7 defined in [Frei and Pieropan 2016, Theorem 2.7]. The fibers of
T |0y are all isomorphic to (O)", and #(O) C Oﬁ is the subset of points x € @(i’j)ez c[Pij] that

> xPrePl = o 2-1)

0 € Xmax

Let N be the lattice of cocharacters of X. Then ¥ € N ®z R. For every (i, j) € Z, let v; ; be the unique

ni

generator of p; j N N. For every torus-invariant Q-divisor D =3 ;_; >~ i1 @ijDi j of X and for every

satisfy

0 € Ymax, let uy p € Homz(N, Q) be the character determined by u, p(v; ;) = a; ; for all (i, j) € Ty,
and define D(o) :=D —>;_, Z'}’:] us,p(vi j)D; ;. Then D and D(o) are linearly equivalent.
2.1. Torus-invariant divisors. We collect properties of toric varieties and their torus-invariant divisors.
Lemma 2.1. (i) Let 0 € Xpax.
(a) Fori € I, there is a unique index j; , € {1, ..., n;} such that (i, ji.c) € Iy. So #ly, =#I, =r.
(b) Fori € 15, we have (i, j') € T, forall j' € {1, ..., nj}~{jis}
(c) Fori e{l,...,s}~ 1, wehave {(i,1),...,(i,n;)} C Js.
Let D be a torus-invariant Q-divisor on X. For o0 € Xyax, write

K n;
D(o) = Z Z % joDi,j.

_ i=1 j=1
Forie{l,... s} leta;, = Z?'zl A jo-

(i) Let 0 € Xpax. Then D(0) =),y @ioDiji,-

(iii) Let 0,0’ € Zmax. If there are i € I, and j € {1, ..., n;} such that Jy N Ty = T N {(, J)}, then
Iy =1, and oy o = i o foralli’ € {1, ..., s}

(iv) Let 0 € Tk and, foreveryi € Iy, let j; € {1, ..., n;}. Then there exists a unique o’ € T such
that 1,0 = I, (i, ji) €Ly fori € ly, and a; o = oo fori € {l,...,s}.

(V) The relation o ~ o’ ifand only if 1, = I, defines an equivalence relation on X, and the equivalence

class of o has cardinality ]_[iela n;.

(vi) Let J C I be minimal with respect to inclusion and such that J N1, # & for all 0 € L. Let
ie{l,...,s}suchthat {(i,1),...,{,n)}NT #. Then {(i,1),...,({,n;)} C J.



2286 Marta Pieropan and Damaris Schindler

Proof. Part (i) follows from the fact that [D; ;] = D; for all j € {1, ..., n;} and that the set {D; :i € I}
is a basis of Pic(X) by [Cox et al. 2011, Theorem 4.2.8] as X is smooth and proper.

Part (ii) follows from part (i) and the fact that, by construction, «; ; , = 0 whenever (i, j) € J5.

For part (iii) we observe that if o # o’ then 7, = (J, N To)U{(i, j)} and Ty = (To N To) UL (G, Jio)}s
where j; , is the index defined in part (i). Thus i € I, N I,/ and, for every index i’ € {1, ..., s} with
i’ #1i, we have

Jo @ Do, (@ onin} = T G, D, o 0i)} € T N T

Recall that
[D(o)] = Zal +D; and [D(c))]= Z oo D;.
l€1 l€1 /
Now the result follows as [D(o)] = [D(c’)] in Pic(X) and {D; : i € I} is a basis of Pic(X).
For part (iv), we write I, = {iy, ..., i,}. We construct by induction o1, ..., o, such that, for each
le{l,...,r}

(1, Ji)s s Gy Ji) €10y, Iy =15, and @, =0o;, forallie{l,...,s}.

If (i1, ji,) € Iy, let o1 = o. Otherwise, (i1, ji,) € J, and by [Salberger 1998, Lemma 8.9] there is
01 € Xmax such that J,, N J, = J» ~ {(i1, ji,)}. Since i; € I,, by part (iii) we have I, = I, and
o =0 foralli e {1,...,s}. Assume that we have constructed o;_; for given ! <r. If (i}, j;,) € Zs,_,,
let o7 = 0;_;. Otherwise, (ij, j;,) € J5,_, and by [Salberger 1998, Lemma 8.9] there is 07 € Zpax such that
T NIy, = T N1, i)} Since iy € 1, |, by part (iii) we have I, =15, | =1y and ot 5, =i 5, , =i s
foralli € {1, ..., s}. Since (i1, ji,), ..., (=1, Ji_) € Lo, and Ty, = (T, N Ts) UL, Jiyor )} Where
Jir.or_, 1s the index defined in part (i), we conclude that (i1, ji,), ..., (i1, ji,) € Zs,- Take 0’ = o,. The
uniqueness of o’ follows from part (i), as o’ is completely determined by Z,-.

Part (v) is a direct consequence of part (iv).

For part (vi), let j € {1,...,n;} such that (i, j) € J. By minimality of 7, there exists 0 € X
such that 7 NZ, = {(i, j)}. If n; > 1, 1let j/ € {1,...,n;} ~{j}. By [Salberger 1998, Lemma 8.9]
there is 0’ € Tk such that 7, N J, = J, ~ {(i, j)}. Hence I, = (Z, ~ {(i, j)}) U{(i, j')}. Since
TN Ty ~{(, j)}) =@ and J NI, # &, we conclude that (i, j') € J. O

2.2. Heights. Let L be a semiample torus-invariant Q-divisor on X. Let H; be the height on X defined
by L as in [Pieropan and Schindler 2024, §6.3]. For 0 € X,x, write

N n; ni
L(O’) = E E ai’j’o' D,"j and 0o = E ai’j’o'
j=1

i=1 j=I
foralli € {1,...,s}. Let QK be the set of places of K.

Lemma 2.2. For every v € Qi and every x € % (), we have

N

U o
sup |x sup 1_[ sup |x; jlv

0 € Xmax 0 € ax i=1 1<j=<n;

L(0)|v =
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Proof. Fix v € Qk and x € # (K). By Lemma 2.1 (ii), we have

L o;
sup |xE@|, = sup Hlx,Jw e

0 € Xmax 0 € Zmax iel,

For every i € {1,...,s}, let j; € {1,...,n;} such that |x; j|, = SUP| <<y, |xi, jlv. Let 0 € Epmax. By
Lemma 2.1 (iv) there is 0’ € X such that I, = I, (i, j;) € Z, for alli € I;, and «; »» = @; , for all
ief{l,...,s}. Then

L o,
@y = [T il =] sup 1xijl —H sup |x; ;" O

il iel, 1=/=ni i=1 1=j=ni

Thus
Hi(x) = l—[ sup l_[ sup |x; ;|v>  forall x € Z (IK).

veQi 0 € Xmax i=1 I<j<n;

2.3. Coprimality conditions. We now rewrite the coprimality condition (2-1) in terms of the notation
introduced in this paper.

Lemma 2.3. Forall x € EB([,,‘)GI clPijl)

Z xPo¢Ps] = Z l_[(x,-,l,...,x,-,n‘.)c’Di.

0 € Xmax 0E€Xmax €1,

Proof. For 0 € Y., let
= {]‘[xi,,,. jiedl, . Vi E{l,...,s}}.

iel,

The inclusion C is clear as xP» € X, and ¢~ P! = ]_[ielo ¢ Di for all 0 € Tax. For the converse
inclusion, fix o € ¥« and x € X,,. Forevery i € I;, let j; € {1, ..., n;} such that x = ]—[,-E,G x; j;. By
Lemma 2.1 (iv) there is 0’ € Zay such that I,» = I, and (i, j;) € Z,» for i € I,. Then xP" = x. Il

2.4. Mobius function. Let T be the set of nonzero ideals of O. Let x : Zi* — {0, 1} be the characteristic

function of the subset
{beIKS: > ]_[bl:ok}. (2-2)

0E€ETmax (€1,

For every 0 € Zy’, let xp : Zii* — {0, 1} be the characteristic function of the subset
{beZi’:b; Co;Viefl,...,s}}.
As in [Peyre 1995, Lemme 8.5.1], there exists a unique multiplicative function u : Zi* — Z such that

X= Y n@x.

Ve’

Note that if X = Pg,, the function w defined above coincides with the classical Mobius function.
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Remark 2.4. Let p € 7 be a prime ideal. The function p is defined recursively by the formula
u() = x(b) — ZbCD w(0) for every b € Z® and satisfies the following properties:
@ @) =xD =1

(i) If ¢, > 2 for some i € {1,...,s}, then u(p®,...,p%) = 0, as in that case y(p°,...,p%) =
X(P1, ..., p%) fore, =e; — 1 and e = ¢; forall [ # 1.

(iii) By induction one shows that w(p°!, ..., p*) =0 whenever (e, ..., e5) Z 0 and there is 0 € Tax
such that ¢; =0 for all i € I, as x (p°', ..., p%) =1 if and only if there is o € X« such that e; = 0 for
alli € I,.
(iv) Let

f_mm{#J JC{l,...,s}, NI, D Vo € Tax}-
By property (iii), if p£(p®!, ..., p®) # 0, then there are at least f indices i with e; = 1. Let J C {1, ..., s}

be smallest with respect to inclusion and such that J N1, # @ for all 0 € . Let J' = J ~ {j} for some
jelJ. Lete;=1forieJande; =0fori ¢ J. Lete, =e; fori # j ande;. =0. Then x (p¢', ..., p*)=0
and x (p€1, ..., p%) = 1 by minimality of J. Thus u(p¢', ..., p%) = —1 # 0. Hence

”:min{zel- c(er, ... es) £ 0w, ..., p%) ;éo}. (2-3)
For = (B1,.... B € Ry, le

fp = min{Z,Bie,- c(er, ... es) £ 0, w(p, ..., p%) 7é0}.

i=1
Lemma 2.5. (i) The series
Z u(0)
Bi
0eTs, 1_[1 lglt(D )
converges absolutely if fg > 1.

(i) If f5 > 1and Bi. ..., Bs € Z~, then

(o) -
[Ti=i M@)F

ey
Proof. For part (i) we follow the proof of [Salberger 1998, Lemma 11.15] and [Pieropan 2016, Proposi-
tion 4]. For p € Zi a prime ideal, let

(P, ..., p%)]
O ]
(€1.es)ELL, [Tiz1 M)

| @)
Jmo 2 [ meon L@
= p

[Ti= M@)<b

As in the two results cited,
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By Remark 2.4 (ii), the sum S(p) is finite. By definition of fg, if u(p®', ..., p%) #0and (ey, ..., e5) #0,
then fg <) /_, Bie;. Thus

1 1
S =1 : ,
® =1 G Q(*ﬁ(p))

where O : R>9 — Rx is a monotone increasing function. Since p(p®', ..., p*) is independent of the
choice of p, the function Q is independent of the choice of p. Thus

1 1 1
2 g7 Q(%(p)) =[K:Qlo) 2, 75

p n€Z>O

In part (ii) the series is absolutely convergent by part (i); hence it suffices to show that each factor

of its Euler product ]_[p Sy is positive. For a prime ideal p € Zj, let O, be the ring of integers of the
completion [, of [ at the valuation v, defined by p. Endow [, with the Haar measure normalized such
that Op has volume 1. Then fpjop dy = ’ﬁ(p)‘j for all j > 0 by [Chambert-Loir et al. 2018, §1.1.13] and
[Neukirch 1999, Proposition 11.4.3]. We denote by x the characteristic function of (2-2), where ideals
of Ok are replaced by ideals of O,. By Remark 2.4 (ii),

s s Bi
So= > ue e[ = Y u(pe',...,pef)]_[]_[f dyi,
p¥i

ec{0,1}s i=1 ec{0,1}s i=1 j=1

N ,31
= sz=lﬂi Xt Y185 s sl ooy Ys5.8.)) l_[ 1_[ dy; ;
p

i=1 j=1

N ,B[ 1 Z?=1 ﬁi
N ) U T (R

as x is a nonnegative function with x (O, ..., Op) = 1. O

Definition 2.6. A function A : Z{ ; — R is compatible with Mobius inversion on X if there exist
Bi,...,Bs € [R{SZO such that A(d) < ]_[f:1 di_’s" with fg,,...g) > 1.
Remark 2.7. (i) The inequality fg > 1 holds whenever B, ..., B; > 1.
(ii) If By =---= By = 1, then f5 = f by (2-3).
(iii) Case By =ny, ..., Bs =ns: Asin [Salberger 1998, Lemma 11.15 (d)], let f be the smallest positive
integer such that there are f rays of the fan X that are not contained in a maximal cone. Then f > 2, as
X is proper. Moreover,

f=min{#7 : T CZ, TNI; # 3 Vo € Epmax}»

and Remark 2.4 combined with Lemma 2.1 (vi) gives

f:min{Zni:Jg{l,...,s},JﬂIU;é@VaeEmax,#sz}

ieJ

:min{Zniei c(er, ... es) E0, WP, ..., p%) ;éo}.
i=1
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3. Subvarieties

Here we want to count rational points or Campana points of bounded height in subvarieties of toric
varieties.

From now on K = Q. Let X be a complete smooth split toric variety as in Section 2. Assume that
rk Pic(X) > 2, that is, X is not a projective space. Let L be a semiample toric invariant Q-divisor on X
that satisfies [Pieropan and Schindler 2024, Assumption 6.3]. The latter holds, for example, if L is ample.
Throughout this section, we will abbreviate [Pieropan and Schindler 2024] as [PS24].

Let g1, ..., g € R be Pic(X)-homogeneous elements. Let V C X be the schematic intersection of the
t hypersurfaces defined by g1, ..., g,. Let T € X be the torus. Without loss of generality, we can assume
that V N T # @&. Otherwise, V is contained in a complete smooth split toric subvariety X’ of X, and we
can replace X by X’. Fix m; ; € Z>1 for each (i, j) € Z. Let m = (m; ), j)er and

S n;
In=3"3(1--1)7;.
i=1 j=I bJ

Let ¥ be the Zariski closure of V in 2°. We define the intersection multiplicity n,(%;|v, x) of a point
x : Spec O — ¥ with Z;|4 at a place v of KK to be the colength of the ideal of the fiber product of
Spec Ok x v Z;|y after base change to the completion of O at v. This definition coincides with the one
in [Pieropan et al. 2021, §3] whenever ¥ is regular. Let (¥, Zi,|v)(Z) be the set of Campana Z-points
on the Campana orbifold (¥, Zi,|») as in [Pieropan et al. 2021, Definition 3.4].

Let Ny (B) be the number of points in (¥, Zim|y»)(Z) N T (Q) of height H; at most B. If m; ; =1 for
all (i, j) € Z, then Ny (B) is the set of Q-rational points on V N T of height H; at most B.

Forie{l,...,s}andx e #(Z), let y; = SUP| <<y, |x;, j|. For o € Xpax, write

N n; nj
L(o)= Z Zai,j,(,Di,j and o, = Zai’j"’ foralli e {l,...,s}.
j=1

i=1 j=I
Then, by [PS24, Proposition 6.10] and Lemma 2.2,

S
Hp(x)= sup []x-

0 € max i=1
By construction,

(Y Dl ) D) = (2, Zm)( L) NV (Q).

We use the torsor parametrization of (2", Z,)(Z) from [PS24, §6.4]. For B > 0 and d € (Z-)*, let
A(B, d) be the set of points x = (x; j)1<i<s,1<j<n; € (Z#))I such that

H(x) < B, (3-1)
di|x;; forallie{l,...,s}andforall je{l,..., n;}, (3-2)
x;,jis m; j-full foralli € {I,...,s}andforall j €{1,...,n;}, (3-3)

gr=---=g=0. (3-4)
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We observe that A(B, d) is a finite set by [PS24, Lemma 6.11]. Then

1
Ny(B) =5 ) w(d#A(B.d) (3-5)
de(Z-0)’
by Lemma 2.3 and the definition of u in Section 2.4.
Write
#A(B.d) = > faOna - ),
Viseens ,VSEZ>O
Hf:l Y;x['a <BVo€Xnax

where

Ja(yr, .o, ys) :#{x € (Z20)" : (3-2), 3-3), 3-4), y; = 1 sup |x; ;| Viefl,..., S}}-
<j<n;
Let

Fa(Bi,...,B)= > fa1,..., ¥

1<y;<B;,1<i<s
Lemma 3.1. Assume that

S
_ (o] wi
Fd(Bl,...,Bs)_CM,dl_!Bi +0(cEd ]IEIIESB l_[B ) (3-6)
1=
with Cy a, Cgd, @1, ..., s, € > 0 such that Cy g and Cg 4 are compatzble with Mobius inversion

on X as functions of the variables d.

Let a be the maximal value of )_;_, @w;u; on the polytope P C R* defined by
)
Zai,aui <1 forallo € Ty, u; >0 forallie{l,...,s}.

i=1
Let F be the face of P where Y ;_, wiu; = a. Let k be the dimension of F.

(i) If F is not contained in a coordinate hyperplane of R®, then
Ny (B) = ¢B“(log B)* + O(B“(log B)*~! (loglog B)*),
where k is the dimension of F and

c=(G—-1-0cp2” Y w(d)Cha. (3-7)
der:
Here, cp = lims_,o 87175 meas,_1 (Hs N'P), where Hs C R® is the hyperplane defined by Y _, wu; =
a — 6 and meas;_ is the (s—1)-dimensional measure on Hy given by nlsiss,i;éf(wi du;) for any choice
of i €{l,...,s}.
(1) If L is ample, then

a _1nf{t eR:t[L]— [Z w; D ] is eﬁ”ecnve}

and k+1 is the codimension of the minimal face of the effective cone of X containing a[L] — [Zle w; Di].

(i) If [L1=Y_;_, @wiD; is ample, then the face F is not contained in a coordinate hyperplane, a = 1,
and k =1k Pic(X) — 1.
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Proof. () Lett; = w;u; foralli € {1, ..., s}. By the assumptions on L, the polytope P is bounded and
nondegenerate by [PS24, Remark 6.2]. Applying [PS24, Theorem 1.1] to #A(B, d) gives

Ny (B) = c¢B%(log B)* + 0 <B“(log B)*~!(loglog B)* Z M(d)cE,d).
de(Z-0)°

The sums Zde(z>0)x in the leading constant ¢ and in the error term converge absolutely by Lemma 2.5 as
Cum.q and Cg 4 are compatible with Mobius inversion on X.

(i) Let

R — R — R?

be the sequence of injective linear maps dual to

d: @ bz~ @ D;Z — Pic(X).

.)€z i=1
Here,
s N ni
RS «— RZ, Zu[ei = Z Zu,-e,-,‘,-,
i=1 i=1 j=1
where {ey, ..., es} denotes the dual basis to {Dy, ..., D} and {e; ; : (i, j) € I} denotes the dual basis to

{D;;:(@, j) eI} Let P be the polytope defined by
Z o jouij <1 forallo € Epax, u;; >0 forall (i, j) € L.
(i,))eT
Then P NR* = P and

S
= n; :
i, ))eT i=l

nj
o~
> Thuns], = (S im )
j=1
By [PS24, Lemma 6.7], the face F of P where the maximal value of the function
w;
> T o
(i.j)ex
is attained is contained in 2 N R’ and hence also in P. Then a is the maximal value of the function (3-8)

on P. The dual linear programming problem is given by minimizing »
by

sex,, Mo On the polytope given
w; ..
Y dijohe = — forall (i, j) €L, i =0 forall 0 € Tpa.
0 € Tax i
The arguments that can be found in [PS24, §6.5.1] show that a is the smallest real number such that
al[L1-Y"i_, Z?;l(wi/ni)Di is effective. As in [PS24, Proposition 6.13], the smallest face of Eff(X)
that contains a[L] — Zle @; D; is dual to the cone generated by F in R, and the latter is defined by
adi_jioui—y i wiu; =0 forany o € Epay such that F C {Zle o ol = 1}. Thus the minimal
face of Eff(X) containing a[L] — [Zle w; Di] has codimension k + 1.
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(iii) We argue as in the proof of [PS24, Lemma 6.7 (ii)]. Let H C R® be the inclusion dual to the surjection
@i_, RD; — Pic(X)®zR. Then Y3_, o ou; = Y 3_, wu; forall u € H and all 6 € Sy Thus PN H
is the set of elements u of H such that u;,...,u; > 0 and Zle wiu; < 1. Since F C H by [PS24,
Lemma 6.7 (i)], we have F = HnN {Zle wiu; = 1}. As in the proof of [PS24, Lemma 6.7 (ii)], we
conclude that F is not contained in a coordinate hyperplane of R*. (|

4. Rational points on linear complete intersections

Proof of Theorem 1.1. For 1 <i <sand 1 <[/ <t;,let g;; € R be a linear polynomial defining H; ;. Then

n;
8il = Zci,j,zxi,j, Le{l,....t},
Jj=1

with ¢; j; € Z, and the g; 1, ..., g, are linearly independent for all i € {1, ..., s}. Let m; ; = 1 for all
(i, j) € Z. Then '
Fa(B, ..., B) =[] F.a (B,
i=1

where, fori € {1,...,5}, de€Z.p,and B > 0,

Fi,d(3)=#{(xi,1,--~,Xi,n,-)€(Z;ﬁo)""i sup |xi,j|5Bad|xi,jvje{1’---»ni}»gi,l:“':gi,ti:O}'
l<j=n;
Forie{l,..., s}, let W; CR"™ be the linear space defined by g; 1 =- - - =g; , =0, and let A; € W; be the

restriction of the standard lattice Z" C R"™ to W;. Then, by [Bombieri and Gubler 2006, Lemma 11.10.15],

forevery T > 1,

#Z"N[-T,TT" NW;) =#A; NT (-1, 11" NWy))
meas,, —, ([—1, 11" N W;)

0 Tnift,-fl ,
det A; +0( )

=Tl

where meas,,,_, is the (n; —t;)-dimensional measure induced by the Lebesgue measure on R" . Let

_measy,—, ([—1, 11" N'W;)
o det A; '

Ci
Then applying this estimate with 7' = B/d gives
Fi.a(B) = c;(B/d)" ™" + O((B/d)" ")
whenever d < B. If d > B, then F; 4(B) = 0 and the same estimate holds. Hence, for § > 0,

N N
i—t; _t. ) -8
Fy(By.....By)=Cua|]B" "+0(CE,d(l_[ B ”)(19!_135 Bi) )
i=1 -

i=1
where
S

N
Ci —(nj—t;)+¢
CM,d:HdTl_,i, Cpa=]]d """ (4-1)

i=1"i i=1
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We show that, for 6 > O sufficiently small, the assumptions of Lemma 3.1 are satisfied. Since n; —t; >2
foralli € {1,...,s} such thatt; # O, if f,—4....n,—1,) < 2, by Remark 2.4 (iv), there is i€ {1,...,s}
such that 7; =0, i€ I, for all o € Xax, and n; = 1. Then Pi 1 is not contained in any maximal cone of X,

.....

contradicting the fact that X is proper. Thus f(;, ... .n,—s,) = 2. By definition and by Remark 2.4 (ii),

fni—t1=8,...ng—t1,—8) = foni—t1,..ong—1;,) — 6.

Since V is a smooth complete intersection of smooth divisors, by adjunction [Corti 1992, Proposi-
tion 16.4], we have Ky = Kx + Y ;_, Z;":][Hi,l]. Since

K s N 1
Y (ni—1)Di=—[Kx] =Y 6D;=—[Kx]1=) > [Hul,
i=1 i=1

i=1 I=1
Lemma 3.1 gives

Ny (B) = ¢B(log B)’~! + 0(B(log B)’"2(log log B)*),

where b = rk Pic(X) and c is defined in (3-7) with k =b — 1, Cy 4 given by (4-1), and w; = n; —¢; for
i €{l,...,s}. The restriction Pic(X) — Pic(V) is an isomorphism as t;, <n; —2 foralli € {1, ..., s}.
The leading constant c is positive by Lemma 2.5 (ii). U

5. Bihomogeneous hypersurfaces

Proof of Theorem 1.2. 1In the setting of Theorem 1.2, the hypersurfaces Hj, ..., H; are defined by
bihomogeneous polynomials g1, ..., g; of degree (ey, e3) in the two sets of variables {x; ; : 1 < j < ny}
and {x; ; : 1 < j <no}. Letm; ; =1forall (i, j) € I.

We will apply [Schindler 2016, Theorem 4.4] with

R=t, F=g, %=I[-1,11", Pi=Bi/di, di =e.

In order to apply the cited result, we need to restrict the points to an open set. Let U € A" be the
open set therein. Since the complement of U is the zero set of homogeneous polynomials by [Schindler
2016, Theorems 4.1 and 4.2], the set W :=mw({x € ¥ : (x1,1, ..., X1,n;» X215 - - - » X2.,) € U}) is an open
subset of X. Then

NewB)=o > w@#A"(8,d),

de(Z-0)*
with
AY(B,d) = ) & O3
Viseers Vs€Z 0
1—[;:1 y{1:0 <B VY0 € Tmax
and

fdw(ylv R} yS) :#{x € (Z#O)I : (xl,la oo 7xl,n19x2,la ceey xz,nz) € U(@)9 (3_2)7 (3_3)’ (3_4)7
yi= sup |x,~,j|we{1,...,s}}.

1<j<n;



Points of bounded height on certain subvarieties of toric varieties 2205

Let
FBi....By= D> 0.
1<y;<B;,1<i<s
Then
S
F}'(Bi,....By) =Fy 4,(B1, By) [ | Fia, (B,
i=3
where

FXdz(Bl, By) I#{(X1,1, ey XLy X215 -+ -5 X2omy) € (Zs,go)nl-i_nz NU@) :
sup vi,i| < Bi/d; Vi € (1,2}, g1 = =g =0,

1<j<n;
and, ford e Z-pand B > 0,
Fra(B) =#{(i1, ..o xin) € @po): sup |xijl < Bodlxij Vi€l mi}).
1<j<n;
If d < B;, then
Fiq(B) =2"(B/d)" + O((B/d)"°)

with 0 <6 < 1. If d > B, then F; 4(B) =0, and the same estimate holds.
To compute deKdZ(Bl, B), write x; j =d;y; ; forall (i, j) € Z. Then

F) . (B, By = #{(yl,l, s YLings Y2le s Y2umy) € Zz)" T NUQ)

sup il < Bi/d; Vi € (1,2}, g1 =+ =g =0),
1<j=<n;

as the complement of U is the zero set of homogeneous polynomials by [Schindler 2016, Theorems 4.1
and 4.2]. Let V* C A"+ be the locus where the matrix (dg;/dx;. j)1<i<t,1<j<n; does not have full rank.
If ny +ny > dim V{ +dim V; 43 2°1% 610513, then, by [Schindler 2016, Theorem 4.4], there is § > 0

such that
2

2
Fj} a,(B1. By = C [ [(Bi/d)" ™ + 0 ((mm Bi/d;)”’ H(Bi/d»”"‘tei)

i=1

_Cl_[(B /d )n,—tg,+0((1_[d (nj— te,)+5) 1 1_[ n, tel>

with C € R>p and C > 0 whenever V has nonsingular Q,-points for all places v of Q. Thus

S S
F)'(Bi,....B)=CuaB}' "' B> Bl"+0 (CE,d(llgig B) B BT B,-”"),
i=3 - i=3
where
N N
—(nj— —(ny— —n; —(nj— 8 j—(ny— s —ni+8
Cya= Cdl (n tel)dz (na—tez) l_[di i Cra :dl (n1—ter)+ d2 (na—tez)+ Hdi ni+s (5-1)
i=3 i=3
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Recall that n; —te; > 2 fori € {1, 2}. For § > O sufficiently small, if

fnl—tel—s,nz—tez—s,}u—é ..... ng—34 E 1’

then by Remark 2.4 (iv) there is ic {3, ..., s} such that i€ I, for all o € ¥ax and n; = 1. Then the ray
p;. 1s contained in no maximal cone of X, contradicting the fact that X is proper.

Since V is a smooth complete intersection, the adjunction formula [Corti 1992, Proposition 16.4] gives
Ky=Kx+H +---+H, Letw; =n; —te; fori € {1,2} and @w; = n; fori € {3, ..., s}. Since

N
Y @;Di = —[Kx]—t(e1 D) +erDy)
i=1

= —[Kx]—[Hi+- -+ H],

Lemma 3.1 applied to FdW(Bl, ..., By) and Ny w(B) gives
Ny.w(B) = cB(log B)’~! + O(B%(log B)’"%(loglog B)*)

for B > 0, where b =1k Pic(X) and c is defined in (3-7) with k =b — 1, Cy 4 given by (5-1). Moreover,
the restriction Pic(X) — Pic(V) is an isomorphism, as t <min{n, ny} —2. By Lemma 2.5 (ii), the leading
constant c is positive if V() # @ for all places v of QQ as C is positive under the same conditions by
[Schindler 2016, Theorems 4.3 and 4.4]. O

6. Campana points on certain diagonal complete intersections

Proof of Theorem 1.3. In the setting of Theorem 1.3, the hypersurfaces Hy, ..., H; are defined by
homogeneous diagonal polynomials gi, ..., g € R with degg; = ¢; D; in Pic(X) for alli € {1, ..., t}.
Then

ni

J— LG
gz—E Cz,in’j

j=1
with Ci,j € Z#o, and

S
Fa(Bi, ..., B) =] Fia (B,
i=1
where, fori <t¢,
Fia(B) =#{(xi1, . xin) € @)™
d|xij, xijis mpfull Vj e (1,....n}, sup |x:| < B, g =o}

1<j<n;
and, fori > ¢,

Fia(B) =#] (it xin) € @ po)"
sup i < B.d|xi; xij is mi full Vj {1,...,nl~}}. 6-1)

I<j=<n;

For i <t, we estimate F; 4(B) via the following lemma.
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Lemma 6.1. Letn,e,my,...,m, € Z.q. Letcy, ..., c, € Z4o. Let d be a square-free positive integer.
Assume thatn >2and2 <m; <--- <my,.

(1) If e =1, assume that
(2) If e = 2, assume that

where
so(m) = min{2m*1, %m(m -1+ [v2m +2J}, m € Z>o.
For B > 0, let
n
F4(B) :#{(xl,...,x,,) € (Zo)" :d|xj. xjismy-full Vje{l,....n}, sup |x;|<B. Y ¢;x¢ —0}
1<j<n
j=1
Then there is n > 0 such that
Fy(B) =coqaB" + 0@ '""B"™M),

where I" = Z'}Zl 1/m; — e and c, 4 is defined in (6-5) and satisfies 0 < ¢, 4 <K d=1=n,

Proof. Forevery j€{l,...,n}and x; € Z.g thatis m ;-full, there exist unique u j, vj 1, ..., Vjm,—1 €Z-g
such that
m/'—l
il =u T V0 w2 =1, ged; vy =1 forallr,r' e {l,....m;—1}, r#r.
r=1

For every choice of u; and v;, as above, if d | x; with d € Z.( squarefree, then there exist unique

Sj,tj,l,...,tj,mj_1€Z>() such that
mj—1
d=s; [] tir w26 =p*@t;)=1 forallrefl,....m;—1}
r=1

ged(sj, vj,) = ged(sj, t,) = ged(tj,, tj,) =1 forallr,r ef{l,....m; =1}, r#r

S |I/tj, tj,,|v‘,-,, for all r e{l,...,m.,-—l}.
Write u; =sjujand v;, =t;,v;, forall r € {1,...,m;_1}. Write
S=(S],...,Sn), t—(t] r)lf]fn,lfrfm,—l
For j € {1, ..., n}, write
mj—l m]'—l mj—l
e . . o Jni mj+r o ~mj+r
oj=s; [ tirr =5 (T wy = T
r=1 r=1
Z/ ]( J—

Let 74(B) be the set of pairs (s, ¢) € 27 x 7 that satisfy

p2@) =1, d=oj, 1;<B forall je(l,...,s}.
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Note that the first two conditions imply

n
o(d) €
#Ta(B) < [ [m?9' < a-,
j=1

where w(d) is the number of distinct prime divisors of d. Let V; ((B) be the set of

~ ~ Z?:l(mjfl)
V= (Uj,r)1<j<n,l<r<mj—l € Z>0

such that

W2t 0, =1, ged(s;, v;,)=1 forall je{l,...,n}, refl,....m;—1},

ged(tj 0, tjp0j)=1 forall je{l,...,n}, r,r'e{l,....,m;—1}, r#r,
Tjw; <B forall je{l,...,n}
Let T4(00) = Up-o Ta(B) and Vs ((00) = Up-o Vs.e (B).
Then
Fy(B) = {Zse{il}" D s.0eTa(B) iV, (8) Mee.y (B) if eis odd,
n Z(s,t)er(B) Zﬁevs,,(B) M., (B°) if e is even,
where ¢ = (cy, ..., ¢n), €=(€1,...,6n), €= (E1C1, ..., EnCn), ¥ = (Y1, ..., Yn) With
mjfl
yj=s;" G forall j e (1., n),
r=1
and

n
Mec.,(B°) =#{(ﬁ1, i) €28 max yyil " < B ejciyi :0}.

l<j=n -
Jj=1

(6-2)

(6-3)

An estimate for Mg, ,(B¢) is proven in [Browning and Yamagishi 2021, Theorem 2.7] in the case

where

n—1

1

_>1.
o emj(em;+1) —

The subsequent paper [Balestrieri et al. 2024, Theorem 5.3] extends the range of applicability of [Browning

and Yamagishi 2021, Theorem 2.7] to the case where

1 1
REEREEDS
C— em — 2s0(em ;)
j=1 j=1
Let
1 .
@e — mn(mn“l‘l) lfe = 1’
] .
Z?=1W—l 1f622.
For
1
0<é< and € >0,

2mn—-1)+5em,(em, +1)
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the two results cited above give

YooY MeyBY= )Y > ,,“’mm)BF+0<BF<F1+F2+F3>>, (6-4)

(s.0)€T4(B) v€Vy 1 (B) (s,)e74(B) vEVst(B)

where
6607—2 Z HZexp(ZmasijyJ "ilq),
a(mod q) j=1r=1
gcd(a,q)=1
oo N 1
3sc=/ H([ exp(2nikejcj§em/)d§>dk
—00 =1 0
(2(1—1)+5)5—1)—T B Sy
— pe(2n— —-1)—
>3 (I ) X
(5,0)€Ta(B) 1€V (B) “j=1 =1
n
—.L
F2 = B_e(S Z Z qu—r/€+€ l_[ng()/], q)em mj ,
(s,6)€T4(B) v€Vs +(B) =1 Jj=1
1
—e80, el e
o L T s e 2ieve =17 o ife=l,
—e80, “om; Thgtemn
BeoBee Z(s,t)e721(B) Zf)evs,,(B) 1_[7:1 vi Zolmp) if e > 2.
Let o 5
Zee{il}" Z(s 1)€T4(c0) Zvevs,(oo) % if e is odd,
Ced = ,, Gy . (6-5)
2 Z(s 1)€T4(00) Zvev‘,(oo) —l—[n T/(em ;) if e is even.
For T > 0, let
ng(‘E Q) em ng(w q) em
fiw= ¥ n( Ch@= Y [q(E)
(s,8)€Tq(00) j=1 eV 1(00) j=1
and

d o
fa(q, T,s,t) = Z n(gc (w5, 61)) ‘

V€V, (00)\ Vs, (T) j=1
Note that, for 3", 1/(em;) > 1, we have
[Teel < 1. (6-6)

Similarly as in [Browning and Yamagishi 2021, (2.8), (2.9), (2.12)], the difference between c, 4B' and
the main term obtained by combining (6-3) and (6-4) is bounded by

BF Z Z Z 1- Z; lcm l_[y emj gcd()/,,q)””

(8,)€74(00) DEV 1 (00)\ Vs ¢ (B) g=1

d ) e)ﬂ'
< BT Zq T/ete Z l—[<g0 (‘L'j 6])) @ Bty (67)

(s,6)€Ta(00) j=1 J

and ¢, g < Y021 47" fi(q) f2(q).
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By [Browning and Yamagishi 2021, (3.10)] and the arguments used to prove [Browning and Yamagishi
2021, (3.9)], we have

hlq) < q° (6-8)
and n nom; ~e(m;+r) 1/(em;)
') (vl r) ng(U »q) e
h@.T.s.) <) > I1 1_[ G/
io=1 v, 1<i<n,l<r<m;—1 i=1 r=1 i,r

1.
]_[m’ {nr+ >T/t; if i=ig

r=1 t,

€ ¢ W (Ul r) ng(Ue(ml_H) Q)l/(emi)
<a ) X 1_[ G+ /m;
i=1 P, 0<r<mi—1 r=1 Y,
Hgl : ~;”r +r>T/Tt

Our next goal is to provide an upper bound for sums of the type occurring in this estimate for
f2(q. T, s, 0).

Lemma 6.2. Letm € Ns,, e €N, and let A > 0 be a real parameter. Then, for every) <e <1/(m(m+41)),

we have +
" B2 ged @i, gl em e el e
vreN, 1<r<m—1 r=1 Ur
1_[:" 11 vt > A

Proof. We first consider the sum

Sl = Z 1_[ (m+r)/m

veeN, 1<r<m—1 r=1 Ur
H:ﬂ ll vm+r>A

for A > 1. A dyadic decomposition for each of the variables v,, 1 <r <m — 1, leads to the upper bound

1 (m—1)
S1 < > 2wl

ll ,---:lmfl eN
2(m+1)ll +e+Cm=1ly, S A

Note that, for each k € (1/m)N, we have
#lh, et €N RAVRT [l VI =k} < k72,
m m
We deduce that

Sim Y, k2K,
ke(1/m)N
r(k)>0
where r (k) is the number of (I, ..., L,—1) € N~ such that both

ll] 4ot m_]l | = k and 2(m+1)11+-~-+(2m—1)lm,1 > A.
m m m-—
Observe that if (k) > 0, then there exists (I, ..., Ln—1) € N~ with

lll+..._|_m__llm_1:k
m m
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and
mm+Dk=m+DU1+---+0m—1Dl,_1)
log A
> m+ Dl + 20 4y M(m Dy > 22
2 log?2
ie.,
Sl Zm Z km—22—k <<m’6 A*m(rr:+1)+€_
ke(1/m)N
m(m+1)k>log A/log?2

Note that the upper bound for S; also holds for A <1 and e < 1/(m(m + 1)).
We now turn to the sum in the statement of the lemma. If v, is a square-free natural number and
d, = ged(ve" " ¢), then we can write

dy =dpid?y - dH 0 pJ2(d, ) =1 foralll < j <e(m+r), ged(dyj,dyj)=1 forall j # ).

re(m+r)’

Writing v, = v, ]_[e('"+r) dyjand d, = ]_[e(err) dy, j, we find that

j=1
m—
s 12 (v,) ged(uf " gy em
2 Z 1_[ (m+r)/m
vreN, 1<sr<m—1 r=1 vy
1_[:" 11 vm+r>A
m—1 dl/(em)
,
< > > 11 @y inim
dp1d?,- E("(Hfr))l veN,I<r<m—1 r=1 > 777
N a r.elm-+r
1<r<m-—1 l_[:”;ll(d;v;)”’+’>A

m—1 dl/(em)
Z 1—[ r
< 1<d/(m+r)/m> Z l_[ (U )(m+r)/m
r=

2 e(m+r) r 1
dryd2y-d?0 | v, N, tsrsm=1 r=
1§r<m 1 [T5) o)™ >A

By using the upper bound for S;, we find that, for € > 0 sufficiently small,

m—1 l/(em) , m—1 m
—W'i‘é /\Nm—+r
D VI | (6 e 01 (R

2 e(m+r) =1
d’ ]d drz(m+r) | !
l§r<m 1

_++é ml # 7\ — +r
Leyn A7 > [T@ @)

2 e(m+r) r=1
d’vld ' dre(m+r)‘

1<r<m-—1

<<€m m(m+1)+€ E : | |dem ('(m+r)(m+l)

2 e(m-+r)
dreld dr e(m+r) ‘

1§r<m 1
1 m_l 1 1 1
1 m—
<<€7m Aim(m+1)+€ E 1_[ drem(m+l) <<€’m Aim(m+1)+€qem(m+l)+€, O
drlq r=1

I<r<m-1
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Lemma 6.2 shows that we can bound f>(q, T, s, t) by

mj—

n 1
T _’”i(’”i ])+ 7—‘,-
L Tos <Yy () " gt
i=1

In the following we write
m; — 1

ey (m; +1)
Then (6-7) is bounded by

S3 —BFZZ —T/e+Ai+e Z l—I(ng(T 61)) (Ti> T €

i=1 g=1 (s,8)€T4(0) j=1
1
1 1" rocd(té, g)\em;
r “mm D € —T/e+Aj+e . milm+D) J’ J
ST A D VD WRIEE el § (il
i=1 (s,8)€Tq(00) g=1 j=1 j
As we will encounter similar expressions in our further analysis, we introduce, for £, D > 0 and d

squarefree, the sum

i nreed(T¢, q)\an
Su(D.E):=d® Y Zq‘”e*l’“]_[(—g — )’

(s.)€Ta(00) g=1 j=1 j

We write g = q1q» with gcd(gq;, d) = 1 and such that all prime divisors of g, divide d. We then obtain
ged(t¢, g2) )

S,(D. E) < d* Z i q;l"/e+D+e i q;r/6+D+e ﬁ( TJ?

(s,6)€Ta(o0) q1=1 =1 j=1 J
plex=pld

If we assume —I'/e + D < —1, then the sum over ¢; is absolutely convergent. For a given vector
(s,t) € T4(00) and a prime p, we write 7; , for the power of p which exactly divides ;. We find that

o) n e I\ =
_ ng(‘[-’ s P ) em
S«(D.Ey< > df ]‘[(Z plr/erbre ]‘[(Tf—” :

(s,8)€Ta(00) pld =0 j=1 J:p
We now split the summation over / into the term / = 0, where we use the inequality t; , > p"'/, and we

bound the rest by a geometric sum for / > 1 using gcd(r;, ” ph < ‘E;’ I

Sd(D, E) <<D Z dE-‘rE l_[(p—n+p—r/€+D+€)

(8,8)€T4(00) pld
<<D de H(pE—n +p—r/€+D+E+€)‘
rld

If -T'/Je+ D+ E < —1, then we deduce that

S4(D,E) Lpd~ ™" (6-9)

for some n > 0.
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Applying (6-9) to S3 with
2m,- —1
D=A; and E=————,
m;(m; + 1)
we obtain S3 <« BT ~d~17" for some n > 0. Hence
Fy(B)=c.yB" + OB (@ """B™"+ F| + F, + F3)).

We use the bound in (6-8) and apply (6-9) with D =E =0to getc, g K d —l=n
It remains to estimate the error terms Fy, F>, and F5. We rewrite F) as

Fl = B85(2(n71)+5) Xn:Bi”’% Z Z 1—[ y}—%

=1 (s.0)€74(B) veVs(B) 1<j<n
J#l

As in [Browning and Yamagishi 2021, §3] and [Balestrieri et al. 2024, §6], we have

n
— i 8 2(n—1)+5) Z ——L
F1 < B~ mntmn+h 1_[‘17]- -
(s,1)eTy(B) j=1

m:

N\ " j + 1
< d” T e g b Q=) +5)

where the last estimate follows from

L nooo_m

m;+1 m;+1

> Ils7 7= X Tlo™
(s,0)€Ta(B) j=1 (s,0)eTa(B) j=1

bD

m;
J

n
Zj=| mj+1 te

_yn M —
=d TTTHT(B) <d

by (6-2). Combining the arguments for F3 in [Browning and Yamagishi 2021, §3] and in [Balestrieri
et al. 2024, §6] and the estimate above, we have

n m;
1 n J
—e8E@ T — 2 icl T p—
F3 << B e§0,+e E l_[ .[j mj+1 <<d Zj—l mj+1 B eS@e—i-e.
(s,)eTa(B) j=1

Since Z'}:l(mj/(mj +1)) > %n > 1 is satisfied for n > 2, we have F;, F3 < d~'~"B~" for a suitable
n > 0. Since

F,=B""Y ¢ fi(¢9) /@),

g=1
the estimate (6-8) combined with (6-9) for D =1 and E =0 yields F» < d~'""B~% asTJe > 2. [
By Lemma 6.1 and [Pieropan and Schindler 2024, Lemma 5.6],

S
Fa(Bi, ..., B) =] [(cmiB + 0" B" ™),
i=1
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where
n; 1 oo .
ijlm—ej lflft,
w; = . l"’ . (6—10)
ZJI:I e ifi > t,
L]
v <—1fori <t v = —%n,- if i > t, cy,; is the constant ¢, 4, defined in (6-5) if i < ¢, and also

ey =2" (]_[;” 1 Cmy ). ) where ¢, ; judi is the constant defined in [Pieropan and Schindler 2024, (5.11)].
Thus

Fy(By, ..., B)_CMdl_[B +0(cEd gunB an,)

i=1

where
A

Cua=[]em.i 6-11)
i=1

Lemma 6.1 and [Pieropan and Schindler 2024, (5.14), (5.15)] give

S
Cma, Cea < Hd,-_’si
i=1
with 8; > 1 whenever n; > 2, and §; > 5 — ¢ otherwise. For ¢ > 0 sufficiently small, §; + B; > 1 for
every i, j € {1, ..., s}. Thus, by Remark 2.4 (iv), if fg,
such that i € I, for all 0 € Tnax and n; = 1. Then the ray Pi is contained in no maximal cone of X,

,,,,, g, < 1, then there exists an index i i€ {1,...,s}
contradicting the fact that X is proper.

Since ¢; j #Oforallie{l, ..., t}, je{l, ..., n;}, the adjunction formula [Corti 1992, Proposition 16.4]
gives Ky = (Kx + Hy+---+ H;)|y. Since

Zw, D=k =YY (1- ) +Zel

i=1 j=1
= —(Kx +[Dm|x]+[H +---+ Ht]),
Lemma 3.1 gives
Ny (B) = cB(log B)>~! + 0(B(log B)’2(loglog B)*),

where b = rk Pic(X) and c is defined in (3-7) with k = b — 1, Cy; 4 given by (6-11), and w1, ..., w;
given by (6-10). Moreover, the restriction Pic(X) — Pic(V) is an isomorphism as n; >3 for 1 <i <¢. [J
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