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1. Introduction

The aim of this paper is to study degenerations of scalar products and their
associated flat tori and Voronoi decompositions.

Let H be a finite dimensional real vector space. Consider a family (-, -); of scalar
products on H parametrized by positive real numbers ¢ € R,. The question we
address in this paper can be informally stated as follows.

QUESTION 1.1. — Is there a notion of “limit” for the scalar products (-, -); as t
tends to infinity?

This question is interesting in the case where the family is degenerating, which
means that for some elements z € H, the pairing (x, x); tends either to 0 or to co
as t — 00.

Let T = H/L be the real torus associated to a full rank lattice L C H. A scalar
product on H induces a flat metric on T and, consequently, an associated distance
function d: T x T — [0, 4+00). We are particularly interested in the following related
problem.

QUESTION 1.2. — Given a degenerating family of scalar products (-,-); on H,
describe the asymptotic behavior of the distance functions d;: T x T — [0,00) on
the torus T for t — oo.

The notion of Voronoi decomposition allows to connect Question 1.2 to polyhedral
geometry. Recall that, given a discrete set S C H and a scalar product (-,-) on H, we
obtain a decomposition of H into the so-called Voronoi cells Vor(y), v € S, defined
as the set of points in H which have v as their nearest point in S. For a full rank
lattice S = L, the distance function d can be expressed in terms of the Voronoi
decomposition.

We are thus led to the following question.

QUESTION 1.3. — Given a discrete subset S C H and a degenerating family
of scalar products (-,-);, t € Ry, describe the behavior of the induced Voronoi
decompositions for t — oo.

The above problems appear naturally in complex geometry and the work presented
here has its origin in our series of papers [AN22, AN25a]. In these works, we develop
a higher rank, multi-scale geometry in the setting of hybrid Riemann surfaces (which
mix metric graphs and Riemann surfaces) and apply the framework to address
questions on the asymptotic geometry of degenerating Riemann surfaces. In line
with this approach, we can ask the following question. To any Riemann surface S is
associated its Jacobian torus T = Hy(S,R)/ H{(S,Z). The complex structure of S
induces a scalar product on H;(S,R) and a metric on T, which is called polarization.
Let .#, be the moduli space of Riemann surfaces of genus g and let M , be its
Deligne-Mumford compactification.

QUESTION 1.4. — Consider a family of smooth compact Riemann surfaces S; of
genus g, t € Ry, whose associated points s; in ./, converge to a point s, in M g
For each t, let T, be the polarized Jacobian of S;.

Describe the metric behavior of the flat tori T; as t — oo.
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Higher rank inner products, Voronoi tilings and metric degenerations of tori 1111

The main difficulties in these questions stem from multi-scale behavior appearing
for degenerating scalar products. The pairing (x, z); might tend to +oo for some
elements x € H, while remaining bounded or going to zero for others. Questions 1.2
and 1.3 require to understand the effect of this multi-scale behavior on Voronoi
decompositions and flat tori.

The aim of this paper is to answer the above questions by developing a limit theory
of scalar products. This will be based on a generalization of the concept itself. More
specifically:

e We introduce inner products of higher rank. These are symmetric bilinear
forms with values in the vector space R" which enjoy a suitable definiteness
property with respect to the lexicographic order on R”. We interpret them as
multi-scale limits of scalar products. The integer r corresponds to the number
of scales in a degenerating family of scalar products.

e We show that a higher rank inner product induces an almost orthogonal

decomposition of H into subspaces Hi, ..., H,, on each of which, the behav-
ior of a degenerating family of scalar products close to the limit is almost
homogeneous.

e We introduce Voronoi decompositions with respect to inner products of higher
rank. We prove that the cells in the Voronoi decomposition are the Hausdorft
limits of Voronoi cells associated to degenerating scalar products. Voronoi
cells of higher rank are not necessarily closed. We show that the closure of
each Voronoi cell decomposes into a sum of Voronoi cells of scalar products,
each living in a homogeneous part of the almost orthogonal decomposition.

e We analyze multi-scale phenomena for the distance function on tori asso-
ciated to scalar products degenerating to an inner product of higher rank.
We single out subtori which exhibit different scales, and show that, upon
proper renormalization, they converge to tori of possibly lower dimension in
the Gromov-Hausdorff sense. We also provide an asymptotic expansion for
the distance function in terms of the limiting inner product of higher rank.

e As a direct application, we describe the asymptotic behavior of Jacobian tori
and Voronoi decompositions associated to degenerating metric graphs. We also
provide an informal overview of the application given in our forthcoming
work [AN25b] to the study of the Jacobians of degenerating Riemann surfaces,
which answers Question 1.4.

In Section 11.1, we explain how the set-up can be adapted to treat the same type
of questions for Hermitian inner products on complex vector spaces, leading to a
theory of higher rank Hermitian inner products. All the results discussed in this
introduction and in the paper can be extended to complex vector spaces.

In the following, we state our main results.

1.1. Definition of higher rank inner products

Let r be a positive integer. Consider the real vector space R" endowed with the
lexicographic order =<ie. For two points a = (ay,...,a,) and b = (by,...,b,) in R",
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1112 0. AMINI & N. NICOLUSSI

we have a < b if either a = b, or there exists j € [r] such that a; = b; for all i < j
and a; < b;. Here and below, we set [r] = {1,...,r}.

Consider a symmetric bilinear form {-,-): H x H — R" with coordinates (-, -,
j € [r]. Then (-,-) defines a non-increasing filtration

F*:F'l=H2OF’2F'D>...-DF DF* = (0)
on H by setting
FJ ::{a:GH’ <|:E,y|>i:0foralli<jandally€H}, Jjelr]

We say that (-,-) is an inner product, if for each j € [r], the induced form (-, -),
on F7/FiT1 is positive definite. Equivalently, if {7, V), >0 forall v € FI FITL

In case that r = 1, we recover the classical definition. In this paper, we use
the terminology scalar product for inner products with values in R. If the image
of an inner product (-,-) is a one-dimensional subspace of R", then by fixing an
isomorphism with R, we obtain a scalar product. The above definition thus generalizes
the notion of inner products to higher rank, in the sense that their image can have
dimension higher than one. By a slight abuse of notation, we refer to inner products
with values in R", for arbitrary positive integer r, as inner products of higher rank or
simply inner products (although, strictly speaking, r = 1 is allowed and, for larger r,
their image could be a one-dimensional subspace of R").

1.2. Higher rank inner products as limits of scalar products

It turns out that higher rank inner products are closely related to multi-scale
degenerations of scalar products.

Consider a symmetric bilinear form (-,-): H x H — R". Let R, = (0,400).
Given a vector L = (Ly,...,L,) of reals L; € Ry, we define the scalar bilinear form
(-,)L: Hx H—Ras

<-T,Z/>L ::ZquxayD]w $,y€H.

j=1

We call (-,-)p: H x H — R the pullback of {-,-) by the vector L.
The following result provides an alternative, more analytic definition of inner
products in terms of pullbacks (see Section 2.3).

THEOREM 1.5. — Let {-,-): H x H — R" be a symmetric bilinear form. The
following statements are equivalent. ..

(i) {-,-) is an inner product.
(ii) for any family L;, t € Ry, of vectors Ly = (L1, ..., Ly,) € R, with
(1.1) lim — =00,  j=1,...,r—1,

the pullbacks (-,-)r,: H x H — R are scalar products for all large enough
teR,.
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Given an inner product (-,-): H x H — R" and a family of vectors L,, t € R,
satisfying (1.1), we call the resulting family of scalar products (-,-); == (-,-)r,,
t € Ry, a pullback family for (-,-) with parameters L, = (L, ..., Li,), t € Ry.

By property (1.1), the parameters L, ; exhibit different growth rates for ¢ — oo.
For instance, for the choice L;; = t"7, the first (r — 1) parameters tend to +oo
with different speeds, while the last one remains constant. Note that for j € [r] and
x € F/ U F/TL the scalar product behaves like

(x,x)y ~ Ly <|x,x|>j, t — o0.

The scalar products (-, -); thus show a multi-scale behavior with r different scales
in the limit ¢ — oo. Since Lyy > Loy > -+ > L, for t — oo by (1.1), the
first parameter L, corresponds to the “dominant scale”, L, the “second dominant
scale”, etc.

Thus, Theorem 1.5 relates higher rank inner products (-, - to families of scalar
products with multi-scale behavior. On the other hand, the structure of the scalar
products (-, -); = (-, ), in pullback families is rather specific. It is clearly desirable to
include also other families of scalar products. For instance, in geometric applications
to degenerations of metric graphs and Riemann surfaces (see Section 10), the scalar
products that appear are not necessarily pullbacks.

In order to remedy this, we introduce the notions of tamely and w-tamely (short for
weak-tamely) degenerating families of scalar products. These are families of scalar
products (-, -);, t € Ry, that generalize pullback families, and which naturally appear
when studying asymptotic geometry of complex algebraic varieties. Their properties
allow to carry through similar arguments used in the proofs for pullback families.
We refer to Section 5.2 for the precise definition.

A natural idea is then to view (-,-) as a “limit” of its (w)-tamely degenerating
families. As we outline briefly in Sections 11.7 and 11.8, this idea leads to Hausdorff
partial compactifications of the cone of scalar products on H.

1.3. Degeneration problem for tori and Voronoi decompositions

Let (-,-);, t € Ry, be scalar products on H. Consider the real torus T = H/L
associated to a full-dimensional lattice . C H. Each scalar product (-,-); defines a
Riemannian metric on T and its universal cover H. Let d;: T x T — [0, +00) be the
associated distance function. We are interested in the asymptotic behavior of the
metric spaces (T, d;) as t — oco. This question is closely related to the asymptotic
behavior of the associated Voronoi decomposition.

Recall that, for a discrete subset S C H and a scalar product (-,-): H x H — R,
the space H can be decomposed into the Voronoi cells Vor(y), v € S, given by

(1.2) Vor(y):{er“x—%x—w<(x—7],x—77)VnES}.

The Voronoi cells Vor(y) are convex (generalized) polyhedra with mutually disjoint
interiors (see Section 1.7 for the notion of generalized polyhedra). Together, they
form the Voronoi decomposition H = J,cg Vor(7y) of the space. For a full rank lattice
S = L, the Voronoi cell Vor(0) is a polyhedron and defines a fundamental domain
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in the universal cover H — T. The distance function d: H x H — [0,00) can be
written as

d(p,q) = \/(z,z), p,q€T,
where = € H is any representative of p — ¢ with z € Vor(0). Given a family (-, ),
t € R, of scalar products on H and a fixed discrete subset S C H, we are interested
in the behavior of the associated Voronoi cells Vor,() as t — oc.

1.4. Higher rank Voronoi decompositions

In order to answer the above question, we introduce Voronoi decompositions for
inner products of higher rank.

Let {-,:): H x H — R" be an inner product and S C H discrete. Analogous
to (1.2), we define the (higher rank) Voronoi cells as

(1.3) Vor(fy):{xEHMx—’y,x—’yD <iex (T — 1,2 —n) VnES}, v eSs.

In general, higher rank Voronoi cells behave very differently from their classical
counter-parts and certain pathologies may appear (see Section 3.1). In order to
exclude this, we introduce the class of admissible discrete subsets for the higher
rank inner product (-,-). A full rank lattice L. C H is admissible exactly when the
intersections IL. N F7 are of full rank for all j € [r], for the filtration F* induced by
{-,-). For the general definition, we refer to Section 3.2. In Section 11.2, we prove
that admissible discrete sets coincide with the discrete sets for a certain topology
on H that combines features from the order topology on (R", <.,) and the Euclidean
topology on H.

For an admissible discrete subset S C H, the Voronoi cells behave well (see
Section 3). First of all, we show that they cover H, that is, we obtain a (higher rank)
Voronoi decomposition H = U,cs Vor(v) (see Theorem 3.9). Moreover, we show that
the closures of Voronoi cells are full dimensional convex (generalized) polyhedra with
mutually disjoint interiors (see Corollary 4.3). In fact, these cells enjoy a special
structure and can be decomposed into a sum of Voronoi cells associated to scalar
products. More precisely, we show that the space H admits a canonical almost
orthogonal decomposition

H:H1®H2® @Hr

into a direct sum of subspaces Hy, ..., H, such that H;, j € [r], is isomorphic to the
j™ graded piece gr' H = FJ/ FiT1 of the filtration F*, and the subspaces H;, j € [r],
are pairwise almost orthogonal with respect to (-,-). We refer to Section 2.4 for the
precision definition and more details. The notation O that is used here, instead
of @, refers to the almost orthogonal property.

The j*® component (-, -|) ; of -, defines a scalar product on Hj;. Using this
decomposition, we then show that the closure of a higher rank Voronoi cell is a sum

W(V) = Vw,l @V"/,Q @ s @VVW,T
of Voronoi cells V., ; C H; for the scalar products {-,-) ; on Hj and a suitable
projection S;, C H; of S to H; (see Theorem 4.1).
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We prove that the higher rank Voronoi cells are the limits of Voronoi cells for
degenerating scalar products (see Theorem 7.1).

THEOREM 1.6. — Let S C H be an admissible discrete set and (-,-);, t € Ry, a
tamely degenerating family of scalar products for (- ,-). For v € S, let Vor(vy) and
Vor(7), t € Ry, be the Voronoi cells for {-,-)) and (-,-);, respectively.

Then, Vor,(y) converges compactly in the Hausdorff sense to Vor(vy) ast — oo. In
particular, if Vor(y) C H is relatively compact, then Vor(y) converges to Vor(7y) in
the Hausdorff sense as t — oo.

The Hausdorff convergence here is with respect to some (equivalently any) reference
norm |-|: H — [0, 00). Compact Hausdorff convergence is a suitable generalization
in the context of non-compact sets. We refer to Section 7 for the definition and to
Theorem 11.3 proved in Section 11.3 for an alternative characterization. Relative
compactness of subsets V' C H refers to the Euclidean topology on H.

The proof of the above result is based on a subtle finiteness lemma established in
Section 6.

1.5. Metric degenerations of tori

In the following, we summarize our results on metric degenerations of tori.

Let {-,-): H x H — R” be an inner product with induced filtration F*. For an
admissible full rank lattice L C H, the lattices L’ = LNF?, j € [r], are of full rank
in F/. Setting T? := F7 /L7, j € [r], we obtain a non-increasing filtration of tori

T=T'D>2T>D.-- DT DT = (0).

For j € [r], the lattice gr'lL = L7/ /%! is of full rank in gr H = F//F/*1. We
equip the torus ©; = gr/ H/ gr/IL with the distance function d; induced by the scalar
product (-, on g’/ H.

The following theorem demonstrates that different parts of the torus exhibit dif-

ferent scales and, under proper normalization, collapse to the tori ©; = gr/ H/ gr/IL
(see Theorem 9.3).

THEOREM 1.7. — Consider an inner product {-,-): H x H — R" and an ad-
missible lattice . C H of full rank. Let (-,-);, t € Ry, be a w-tamely degenerating
family of scalar products with parameters L, = (L1, ..., L, ). Then,

1
T, — dt — (@17 dl)
Ly

in the Gromov—-Hausdorff sense as t — co. More generally, for all j =1,...,r,

. 1
(Tj, dy |TJ'><’J1‘J') — (9, d)

t7j

in the Gromov—HausdorfT sense as t — oo.
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Moreover, in Theorem 9.1, we describe the asymptotics of the volume of T for
t — oo in terms of volumes of the tori ©; and the degeneration parameters L j,
j€|r].

We would like to emphasize here that the above results are surprisingly subtle. It is
a natural expectation that a degenerating family of tori collapses to a torus of lower
dimension in the limit. On the other hand, examples demonstrate that finding the
precise dimension drop and limiting torus can be subtle. For instance, consider the
torus T = R?/ Z? equipped with the distance function induced by the scalar product
(,9y): = T1y1 +t ' Toy0, 2,y € R2. In this special case, the above results apply and in
particular, the torus converges to the one-dimensional circle R/ Z for ¢ — co. On the
other hand, in Section 11.4, we present a similar looking example, where the torus
collapses to a point and thus behaves drastically differently. From this perspective,
higher rank inner products and tame degenerations provide a framework in which
one can fully understand the dimension drop and limiting torus.

For pullback families, we obtain the following refined asymptotics. Define the
function ¢ = (¢1,...,¢): T x T — R” by

(p,g) = min  {z,z),

z=p—qin T

where the minimum is taken in the lexicographic order <., on R". In Theorem 9.6,
we prove that for every fixed pair (p,q) € T x T,

d(p,@) = \/LeaGi(p.q) + -+ + LesGo(p.q)

for all large ¢ € R,. Using the higher rank Voronoi cell Vor(0), one can formulate a
uniform approximation result as well (see Theorem 9.6).

1.6. Geometric applications

In Section 10, we discuss applications of our results to degenerations of metric
graphs and Riemann surfaces.

Recall that a compact metric graph G is obtained from a finite combinatorial
graph G = (V, E) by identifying its edges e € E with intervals of certain lengths £(e),
e € E. The first homology H = H;(G,R) carries a natural scalar product, which is
called the polarization of G [BLHN97, BR07, CV10, KS00, MZ08|. The homology
L = H,(G,Z) is a full rank lattice in H;(G,R) and the torus T = H/L is called the
Jacobian of G. In Section 10.1, we describe the asymptotics of the Jacobian, and the
associated Voronoi decomposition, when the metric graph G degenerates meaning
that some of the edges become infinitely long. Here we use a notion of tropical curves
introduced in [AN22, AN25a]. These are multi-scale versions of metric graphs that
allow to handle multi-scale effects appearing in the study of multi-parameter families
of metric graphs and Riemann surfaces.

In Section 10.2, we describe informally the application of our results to Jacobians of
degenerating Riemann surfaces, which will appear in our forthcoming work [AN25b].
In [AN25a] we have introduced the notion of hybrid Riemann surfaces and shown
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that the moduli space of hybrid Riemann surfaces of genus g, denoted by ., gh yb, is a
compactification of the moduli space .Z, of Riemann surfaces of genus g which refines
the classical Deligne-Mumford compactification .# - Over the moduli space ., of
Riemann surfaces lives the universal Jacobian which at each point of .#, has fiber
given by the Jacobian of the corresponding Riemann surface. In [AN25b] we associate
a Jacobian to each hybrid Riemann surface and show that the universal Jacobian
on ., extends continuously to its hybrid compactification ///5 " As we will show
in [AN25b], the Jacobian of a hybrid Riemann surface can be endowed with a hybrid
polarization. The results of this paper combined with our work [AN22] allow to
describe the metric behavior of Jacobians of Riemann surfaces close to the boundary
of the moduli space compactification. This will be based in part on the results we
prove in Section 10.1.

In the simple case that we will discuss here, the Jacobians of a degenerating family
of Riemann surfaces, upon proper rescaling, converge to the Jacobian of a metric
graph. Moreover, certain subtori of the Jacobians converge to Jacobians of Riemann
surfaces of smaller genera. (No previous knowledge of complex geometry is needed
in this paper.)

1.7. Related work

Starting from the pioneering work by Gromov [Gro78], Ruh [Ruh82], Cheeger—
Gromov [CG86, CGI0], Fukaya [Fuk87, Fuk90], Cheeger-Fukaya—Gromov [CFG92],
there has been a large amount of literature on metric degenerations of Riemannian
manifolds, captured in the fundamental concept of Gromov—Hausdorff convergence.
We refer to the survey paper by Fukaya [Fuk90], and the books [BBIO1] and [Gro07].
In this context, the flat tori T. = R*/Z @ €Z, ¢ > 0, provide a basic example
of a family of Riemannian manifolds exhibiting a dimension collapse in the limit.
Moreover, tori and their generalizations appear as fibers in the collapse of almost
flat manifolds by the Gromov-Ruh theorem [Gro78, Ruh82].

More recent work in connection to complex geometry concerns Gromov-Hausdorff
convergence of Calabi—Yau manifolds endowed with their canonical metric in a
maximally degenerate family, which is the subject of a conjecture by Kontsevich and
Soibelman [KS06], in connection to the SYZ conjecture in mirror symmetry. In this
regard, the result we prove in [AN25b] can be viewed as a multi-scale variant of the
Kontsevich—Soibelman conjecture in the specific case of (non-necessarily maximally
degenerate) families of Abelian varieties.

Although higher rank valuations do not appear in this paper, the framework
developed here is also related conceptually to recent developments around higher rank
non-archimedean geometry, see e.g. [Aro10, AI22, Ban15, FR16, HIL20, Iri23, JS23].
Note that the space (R", <jex) and its topology play a key role in [A122, HIL20, Iri23].
Moreover, limiting behavior of certain convex bodies arising in combinatorics and
algebraic geometry has been studied recently in [ABGJ18, ABGJ21, AI22].

Taking into account the results of this paper, a natural question is whether higher
rank inner products and tame degenerations can be used to define a meaningful
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(at least partial) compactification of the space of scalar products on a fixed vector
space H. We discuss this in Section 11.8.

Voronoi decompositions play a central role in applications of computational ge-
ometry to other fields. We refer to the survey article [Aur91] and the books [BY98,
OBSCO00] for the computational geometry literature and a sample of these applica-
tions.

Structure of the paper

Section 2 contains the definition of inner products with values in (R", X==),
the relationship to pullbacks and basic algebraic constructions. In Section 3, we
introduce higher rank Voronoi cells, admissible discrete subsets, and prove that this
leads to a Voronoi decomposition. In Section 4, we study the structure of the higher
rank Voronoi cells. Section 5 contains the definition of tamely degenerating families
of scalar products and their basic properties. Section 6 provides an auxiliary lemma
for subsequent considerations. In Section 7, we prove the convergence of Voronoi
cells to higher rank Voronoi cells. In Section 8, we specialize the preceding results to
the case of lattices. Section 9 contains our results on degenerations of tori. Section 10
concerns applications to metric graphs and Riemann surfaces. Finally, Section 11
contains further results, discussions and questions.

Basic notations

For a point a in the vector space R", we denote by aq,...,a, the coordinates of a.
We set Ry = (0,400) and denote by R, = (0,+00)" the set of r-vectors with
positive coordinates.

Let H be a finite dimensional real vector space. In this paper, a polyhedron is a
subset P C H which can be written as an intersection of finitely many half-spaces
in H. A polytope is a bounded polyhedron. A generalized polyhedron is a subset
P C H such that PN @ is a polytope for every polytope @) C H. The terminology
is borrowed from [Gru07, p. 250].

A (generalized) polyhedral tiling of a vector space H in this paper means a (possibly
infinite) collection X of full dimensional (generalized) polyhedra ¢ C H which verifies
the following properties:

e The union of 0 € X is H.
e The interiors of o € ¥ are disjoint open sets in H.

Note that this definition allows two top-dimensional tiles to intersect only on part
of their proper faces, see Figure 4.1 for an example.

We use the notation (-, -) for inner products with values in R", r» € N. For scalar
products, we usually use (-, -).
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2. Higher rank inner products
2.1. Totally ordered vector spaces

Let (A, <) be a totally ordered real vector space of finite dimension. It is known
that (A, <) is isomorphic to R" with its lexicographic order <., where r is the
dimension of A [Bir40, HW52]. This means there is no loss of generality in assuming
that A = R” and <==x. For a = (ay,...,a,) and b = (by,...,b,) in R", we have
a = b if either a = b, or there exists j € [r] such that ay = by,...,a,-1 = bj_; and
a; < bj.

In this paper, we introduce and study inner products with values in (R", <==).
The notion can be generalized to handle inner products with values in general totally
ordered vector spaces. However, upon fixing an isomorphism, we can always reduce
to the above case, which has the advantage of simplifying the notation. For this
reason, we treat inner products with values in (R", <==), and discuss the general
case in Section 11.6.

The vector space A = R" with its lexicographic order <==|., has a natural
decreasing filtration
(2.1) A AP =ADAN D DA DA =(0)
defined by

N = {a:(al,...,aT)eR’"

Note that A7 is naturally isomorphic to R™1=7 endowed with its lexicographic order.

alz---:aj_1:0}.

2.2. Inner product spaces of higher rank

Let H be a real vector space of finite dimension and A = R" with its lexicographical
order <==ux.

Consider a symmetric bilinear form (-, -): # x H — R". We denote by (-, ), the
J® coordinate of {-,-), so that {-,-) has the form

(O (O T (e S
In case that r =1, we call (-, a scalar form.

We say that (-,-) is non-negative if {x,x)) = 0 for all z € H, and positive if
(x,z) = 0 for all z € H ~ {0}. In the case r = 1, a positive scalar form is called a
scalar product.

A symmetric bilinear form (- ,-): H x H — R" defines a filtration on H as follows.
Consider the decreasing filtration A®* on A = R” given in (2.1). Setting

(2.2) Fj::{xEH’ Qm,y[}EAjforallyEH}

(2.3) ={zeH| (z,y),=0 foralli<jandalyecH}

we obtain a non-increasing filtration
F:F'=HDOF*DFD...DF D>F* =(0)

of H. We call F* the filtration induced by (-, ).

We have the following basic examples of bilinear forms and their induced filtrations.
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Example 2.1 (Euclidean products of higher rank). — Let H = R". Then
qxayD = ($1y1,$2y2,---,$ryr), xayEHa

defines a positive bilinear form with values in A = R". The filtration F* on H is
given by
Fj:{er‘ x; =0 foralli<j}, j=1,....,r+ 1

Example 2.2 (Euclidean products of higher rank associated to ordered partitions).
More generally, let m = (7, m,...,7.) be an ordered partition of a finite set F.
(For the terminology of ordered partition, see [AN25a, Section 2.2].) Consider a real
vector subspace H C R¥. We define a positive bilinear form (-,-): H x H — R" as
follows.

For each j, let p;: RE — R™ be the projection map. For any pair of vectors
x,y € H, set

J2,9) = ((p1(2), p1(2))s, - (0, (@), D, (2)).1,)

where (-, ), is the Euclidean scalar product in R™. The induced filtration F* on H
is given by

Fl={reH|p(x)=0 foralli<j}, j=1,....,r+1.
Note that the previous example corresponds to setting £ = [r] and the ordered
partition m = (7, ..., ) of E = [r] with m; := {j}.
Example 2.3. — Let H = R3. Consider the bilinear form {-,-): H x H — R?
given by
{z,y) = ($1y1,$zyz + (v1ys + $3y1),$3y3>7 z,y € H.

Then (-, ) is positive. The filtration F*: F! D F? D F3 D F* is given by
Fl=H=R} F’={yeH|y=0}={0} xR} and F’=F"=(0).
The following properties are immediate from the definition of the filtration F*.

PROPOSITION 2.4. — Let {-,-): H x H — R" be a symmetric bilinear form. For
j € [r], the j*® component (-, h; of (-, ) induces a symmetric bilinear form

|-, /P X B 5 R

on the quotient F7/ Fi+L,

If {-,-) is non-negative on H, then {-,-); is non-negative on ¥7/F/*! for all j. If
{-,-), is positive on ¥7/FI*! for all j, then {-,-)) is positive on H.

DEFINITION 2.5 (Inner product of higher rank). —

e An inner product on H with values in A = R" is a symmetric bilinear form
() HxH—R
such that for all j € [r], the induced form (-,-); on F//FI*! is positive,

equivalently, if {y,~)); > 0 for all v € ¥/ \ F/*1. The pair (H, (-, -)) is called
an inner product space.
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e For j € [r], the j'" graded piece gr' H of (H, {-,-)) is the quotient
gr' H = F7 ) FIt!
endowed with the scalar product
{5y g/ H x gr' H — R,

We denote by p;: F/ — gr! H the projection map.

e By a slight abuse of notation, we refer to inner products with values in R",
for arbitrary positive integer r, as inner products of higher rank or simply as
inner products (although, strictly speaking, r = 1 is allowed and, for larger r,
their image is allowed to be a one-dimensional subspace of R").

Remark 2.6. — Note that with this definition, an inner product of rank one is
isomorphic to a scalar product (up to fixing an isomorphism between the space of
values and R).

Remark 2.7. — We stress that every inner product (-,-): H x H — R" is neces-
sarily a positive bilinear form by Proposition 2.4. On the other hand, as Example 2.3
shows, not every positive bilinear form (-,-): H x H — R" is an inner product. In
this example, the quotient (F2/F?, {-,-),) is isomorphic to R* with the semi-definite
form (x,y) = x1y1.

We have the following basic examples of higher rank inner products.

Example 2.8. — The bilinear forms in Examples 2.1 and 2.2 are inner products.
In Example 2.2, the graded piece gr/H is isomorphic to the image p;(F/) € R™
equipped with the induced Euclidean product from R™.

DEFINITION 2.9 (Quadratic form associated to an inner product). — For an inner
product {-,-): H x H — R", we denote by q its quadratic form

q:(qla"'>q7’):H—>Rr

v {79
PROPOSITION 2.10. — Let {-,-): H x H — R" be an inner product. Then,
F/ = (q)7'(A) = {55 € H ‘ q(z) = =q;-1(z) = 0}-

Proof. — The inclusion F/ C (q) 7' (A7) follows from the definition of the filtration
F*. The other inclusion follows from the positivity of q; on F*/ Fi*1: if € F' \ Fit!
for i < j, then q;(x) > 0 which shows x ¢ (q) ' (AY). O

Remark 2.11. — Note that any filtration F1 = H D F? D ... D F" D F'*! = (0)
of a finite dimensional real vector space can arise as the filtration associated to an
inner product (-,-): H x H — R".

2.3. Higher rank inner products as limits of scalar products

Consider a vector space H and a symmetric bilinear form

(vonb = ((vombys o tvmb,), vm € H,
on H with values in A = R". Let R, = (0, +00)"” C R".
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DEFINITION 2.12 (Pullback of a bilinear form). — Let L = (Ly,...,L,) be a
vector in R!,. Then, the bilinear form (-,-)p: H x H — R defined by

<777]>L = L1<|7777|>1+”'+L7'<|7777[>r7 V%UEHy
is called the pullback by L of (-, ).
We have the following fundamental result.

THEOREM 2.13. — Let (-,-): H — R" be a symmetric bilinear form. The fol-
lowing statements are equivalent:
(i) {-,-): H — R" is an inner product.
(ii) There exists a positive constant C' such that for any vector L = (Lq, ..., L,)
of positive reals Ly, ..., L, with

Lj/Lj+1>C, jg=1...,r—1,
the pullback (-,-)r: H x H — R is a scalar product.

Proof.

(i) implies (ii). — We proceed by induction on 7. For r = 1, there is nothing to
prove.

Suppose that the result holds for » — 1. For the sake of a contradiction, assume
that (-,-): H — R" is an inner product which does not verify the claim. Then, for
any n € N, there exists L,, = (Ln1,...,Ly,) in R with L, ;j/Ly j41 > n for all j
and a point v, € H ~ {0} such that

<'7n7 %>£n < 0.

Without loss of generality, we can assume that ~, lives on the unit sphere for
a reference norm |-| on H. Passing to a subsequence, we infer that the sequence
(Yn)n has a limit . There exists a k € [r] such that v belongs to F¥ ~ FF*1. The
k™ coordinate {v,v), is strictly positive, and, by continuity, there exists a small
neighborhood U of 7 in the unit sphere and a positive real § > 0 such that

Innby > 265 (o,

j>k

for all n in U. For n large, we then obtain that

1
> Lo {om by 2 Sk lms by + 2 Ins <5Ln,k/Ln,j - 1) |47, )|

i=k >k
1
> ELn,kq/an'YnDk > 0.
As is easily verified, the first £ — 1 components of (-, -)) define an inner product
[-,]]: H/F* x H/FF — RF!
@yl = (Qz,udy o Q2ydy,) Yooy € H/FF
on H/F* with values in R*~!. Applying the induction hypothesis to [-, -], it follows
that
Z Ln,j <|7n77n|>j 2 0

j<k
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for large n. This means that (v,,v,)r, > 0 for large n, which is a contradiction.

(ii) implies (i). — For the sake of a contradiction, assume that (-,-) is not an
inner product. Fix a sequence of vectors L,, = (L, 1, ..., Ln,), n € N, satisfying that
Lyj/Lnj1 > n and, additionally, L ;/(Lp,j+1Ln,1) > n for all j. We prove that, for
large n, the pullback form (v,,7,)r, is not an inner product on H.

By assumption, there exists a j € [r] and an element z € F/ \F/*! with (x, yh; <O0.
Since x lies in F/ \ F/*', we can find an element y € H with (z,y), = —1.
Consider now elements of the form \,x + y for some A\, > 0. We prove that
(AnZ + 9, Anz +y)r < 0 for a suitable choice of A,,.

Observe first that for n € N and any A, > 0, we have

=Y Loxly, y)y + Ln, ()\i(]a:, ), — 2)\n) + 3 Lyp{ Az + 4y, Az + Yy,

k<j k>j

Moreover, we can find a positive € > 0 such that

STy yb ] + W,z + 21z ude < and > [y, ude] < e

k>j k<j
Choosing
)\n = 6Ln,l/Ln,j7

and recalling that (z,z); <0, and L} ;/(Ln j41Ln1) > n by assumption, it follows
that

5Ly Lnjn
<An$ + Y, )\n.T + y>Ln < 3 T — ELnJ <0
n7]
for all large n € N. This completes the proof of Theorem 2.13. 0

We note the following immediate consequence, which will be important in the
sequel.

COROLLARY 2.14. — Let {-,-)): H — R" be an inner product. Suppose further
that L, = (L¢q, ..., L, ), t € Ry, are vectors of positive reals with
L. .
(2.4) lim — =00, j=1,...,r—1.
t—o0 LtJJrl

The pullbacks (-, '>Lt : Hx H— R, t € Ry, are scalar products for any large enough
teRy.

Given a family of vectors L, € R, t € R, satisfying (2.4), we call the resulting
family of scalar products (-,-)r , t € Ry, a pullback family for the inner product
{-,-). The vectors L,, t € R, are called the parameters of the pullback family.

Here and below, we slightly abuse the notation and ignore the fact that the
pullbacks (-, ), are scalar products only for large ¢t € R, . Since we will be always
interested in the asymptotic properties for large values of t € R, when considering
pullback families, this will not be an issue.
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Remark 2.15. — We stress that Theorem 2.13 states that a symmetric bilinear
form (-,-): H x H — R" is an inner product exactly when the pullbacks (-, -) are
eventually scalar products for all families L, = (Lyq, ..., Li,), t € Ry, satisfying (2.4)
(see however the next remark).

If {-,-) is not an inner product, it can still happen that the pullbacks (-,-) are
scalar products for certain sequences L,, t € R, satisfying (2.4) (see Section 11.4
for an interesting example). On the other hand, if such a sequence L,, t € R, exists,
then the bilinear form (-, -} is necessarily positive.

Remark 2.16. — The proof of Theorem 2.13 shows that if the pullbacks (-, )z,
are scalar products for some family L,, t € R, which satisfies the stronger condition
that

. Lij Ly .
2.5 lim —2 . = = 400, forallj=1,...,r—1,
(2:5) t=oo Ly iy Ly J

then (-,-) is necessarily an inner product. This condition implies (2.4) and merely
means that the different scales L; 1, ..., L, are “very far” from each other.

2.4. The almost orthogonal decomposition

Let {-,-): H x H — R" be an inner product and F* the induced filtration on H.
Consider two elements v € F/ ~\  F/*! and 4/ € F/' . F/+1. Then (v,7') lies in
Amax{7:i’} that is, it has the form

<]’y”y,D — (O, Ce ,0, q'y,’ylbmax{j’j/}, ey q”y,’y/DT).
This motivates the following definition.

DEFINITION 2.17 (Almost orthogonality). — Two elements ,~" € H are called
almost orthogonal and we write v L~ if {v,7') = 0 where j,j’ € [r] are the
indices with v € F/ . F/+! and 4/ € FI'  FI/'+1

Two subsets A, B C E are called almost orthogonal and we write A L B, if any
pair of elements v € A and n € B are almost orthogonal. We use the notation A D B
for A+ B, indicating that A and B are almost orthogonal.

max{7,j’}

The terminology is justified as follows.

LEMMA 2.18. — Ify € H is almost orthogonal to itself, then v = 0. In particular,
if U,V C H are almost orthogonal subspaces, then U QV is a direct sum. That is,
ifu+v=0forueUandv €V, thenu=v = 0.

Proof. — If v # 0, then there exists k € [r] with v € FF \ FF'. Moreover,
(v.7), > 0 since (-, -) is an inner product. On the other hand, if 7 is orthogonal to
itself, then (v, 7)), = 0. We have arrived at a contradiction. O

As we discuss next, the notion of almost orthogonality allows to canonically de-
compose H in terms of its graded pieces gr'H, j € [r].

LeEMMA 2.19 (Lifting lemma). — Let (-,-): H x H — R" be an inner product.
Then for j € [r], there exists a unique linear map P gr/ H — F7 with the following
properties:
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(1) pj op; =1d and, in particular, p}: gr' H — FJ is an embedding.
(2) The image of pj is almost orthogonal to i+t
The inner product space (H, {-,-)) has the almost orthogonal decomposition

H=p;(er'H) ©p3 (erH) © - D p} (e H).

That is, H is the direct sum of the subspaces p}(g’/(H)), j € [r], and they are
pairwise almost orthogonal.

DEFINITION 2.20. — We refer to the embedding p’; gr’H — H as the canonical
lifting of gr’H to H, and denote its image by H; := p}(gr’ H). The resulting almost
orthogonal decomposition is denoted by

H=H OH, D -- OH,.

Note that the 5" component (-, ) ; of the inner product {-,-) is a scalar product
on H; for all j € [r]. Namely, by the properties in Lemma 2.19, it is clear that
H; C F7 and H; L F'*'. Applying Lemma 2.18, it follows that every x € H \ {0}
belongs to 7 \. F/*! and consequently satisfies {z,z); > 0.

Proof of Lemma 2.19. — Fix j € [r] and let v € gr/ H. We show that there exists
a unique element § € F7 such that p;(f) = v, and 4 is almost orthogonal to F/*!.
This defines a unique linear map pj with the above properties.

To prove the uniqueness of 6, let 6 and 6’ be two elements of F/ such that p;(0) =
p;(0') = 7, and both are almost orthogonal to F/*1. Then the difference 6 — 6’ belongs
to F/™! and is moreover almost orthogonal to F/*!. Lemma 2.18 then ensures that
0=20.

In order to prove the existence of 6, we proceed inductively, and show that for
each k =0,...,7 — j, we can find an element 6,,; € F/ such that

(i) p;(0j+x) =7, and .
(ii) for each h =1,...,k, we have {0;44,7),,, = 0 for all n € F/*".
Setting 6 = 6,., we then obtain the desired element.

For k = 0, choose any 6; € F/ with p;(6;) = ~. Then 6; verifies (i) and (ii) is
empty.

Assume we have found 6, for some k < r — j. Define the linear form

fipp: FIHRHL S R
n— <|9j+ka77bj+k+1‘
Since (-, ) ;, 4, is an inner product on gr/ TP | there exists an element o € F/+k+1
with
fj+k(n) = <|a7nl>j+k+17 v n € FJ—HH_I'

Let 01441 = 01 — « and note that p;(0;1541) = p;(0j4x) = 7. Since a € F
we also have (o, 7)., =0 for any n € F/*" for all h = 1,... k. Finally,

J’+k+17
j+h
(Ogsrs,mD jisr = Orks My — QoD jpgn =0, ¥ € FFFHHL

by construction. Thus, 6,441 satisfies the properties (i) and (ii). This finishes the
proof of existence and uniqueness of the embedding p’ : gr'H — H.
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The properties of p} clearly imply that the subspaces p; (gr'H), j € [r], are pairwise
almost orthogonal. It remains to prove that H is the direct sum of these subspaces.
Since dim(H) = 3, dim(gr’ H), the desired claim follows from Lemma 2.18. O

3. Higher rank Voronoi decompositions

Throughout this section, let H be a finite dimensional vector space and let fur-
ther (-,:): H x H — R" be an inner product taking values in A = R" with the
lexicographic order <==.

Let S C H be a discrete subset of H, that is, S has no accumulation point in H
endowed with its Euclidean topology. We define the Voronoi cell of v € S as

(3.1) Vorg(y) = {x €eH ‘ (x —v,x—~) 2z —n,z—n) forallne S}.

If S is understood from the context, we simply write Vor(v).

The analogy with the case » = 1 and the relation to degenerating scalar products
(see Theorem 2.13) suggest to interpret (z,z) as the (vector-valued) length of an el-
ement x € H. The Voronoi cell of v is precisely the set of all points z € H whose
closest point in S is 7.

3.1. Basic properties and pathologies

In the classical setting of a scalar product, that is, » = 1, the Voronoi cells Vorg(7),
v € S, are convex, closed and have non-empty, mutually disjoint interiors. If S C H
is finite or S = LL is a lattice in H, then each Voronoi cell is a polyhedron, that is, an
intersection of finitely many half-spaces in H. For a general discrete subset S C H,
the Voronoi cells are generalized polyhedra (see Section 1.7 for the terminology).
Moreover, they provide a decomposition H = U,cs Vor(y) of H into (generalized)
polyhedra, which is called the Voronoi decomposition, see e.g. [Gru07, p. 465].

These properties can drastically fail for inner products of higher rank, as shown
by the following examples.

Example 3.1. — Consider H = R?, A = R? with the inner product from Exam-
ple 2.1,

(-,-): Hx H— R?
((xl,:vQ), (y1>y2)) — (T1y1, T2Y2).

Let S = {0} U {(an,b,) | n € Zs1} U {(cn,dn) | m € Z<_1} be a sequence of points
in R? with coordinates verifying

a; > as >az > - >0, 0<by<by<bg<...,
and

c1<cg<c_zg<---<0, O0>d_1>do>d_3>...
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Figure 3.1. A set S and its Voronoi decomposition as described in Example 3.1.
Only the Voronoi cells of the origin and points (a,,b,), n € N, are shown. The
colored parts of the straight lines belong to the Voronoi cells of the points with
the same color.

such that
lim a, = lim ¢, =0, lim b, = 400, lim d, = —oc.
n—-+o0o n——oo n—-+o0o n——00

The Voronoi decomposition of the sequence is depicted in Figure 3.1. In particular,
the Voronoi cell of the origin depicted in azure is Vor(0) = {0} x R and has empty
interior in H.

For n > 1, we have

Vor((an, by))
={zeR?| A, <31 < Ay JU{AL} x (=00, ByJU {4, 1} x [By1, +00)

with P
fn T At —|—2an+17 and B, = ——"— +2 s
The cell Vor((c,,d,)) has a similar description. Note that these cells are not closed.

Ag =00, A, = Vn>1.

We will be particularly interested in the case where S = L is a lattice of full
dimension in H. In this case, we have

Vor(y) = Vor(0) +v, ~e€L.

In the classical setting, when r = 1, the Voronoi cell Vor(0) is a polytope of full
dimension. Moreover, the cells Vor(y), v € S, provide an L-periodic tiling of H by
polytopes.

However, even in the case of lattices, Voronoi cells of higher rank inner products
behave different from their classical counterparts.

Example 3.2. — Consider H = R? with the (R?)-valued inner product from
Example 2.1. Let L be the lattice of rank two generated by the vectors (m,1) and
(1,0), so that

L={(ar+0b,a)|abeZ}.
Then, we have
Vor(0) = {0} x R.
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ANANANAN
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Figure 3.2. The Voronoi cells of the lattice Z* in R? endowed with the inner
product of rank two described in Example 3.3. The boundary of each Voronoi
cell contains two closed segments in the middle of the two vertical sides, as well
as the interior of the two other parallel sides. The vertices are excluded from the
Voronoi cell.

Indeed, every point x € R? of the form z = (0, z) satisfies
<]l',l'|> = (07$§) = ((CLTF + b)27 (IQ - a)Q) = <|l' - (aﬂ- + b7 CL),JZ - (CLT(' + ba a)|>

for a,b € Z. To obtain this inequality, note that 0 < (aw + b)? with equality if
and only if a = b = 0. Consequently, the inclusion {0} x R C Vor(0) holds true.
Conversely, suppose that x = (x1, z3) belongs to Vor(0). Then, 2% < (21 — (ar +b))?
for all a,b € Z, which readily implies that 2|z,| < |am + b for all a,b € Z with
(a,b) # (0,0). Since the sequence |nm] for n € N is dense in [0, 1), it follows that
x1 = 0 and, consequently, Vor(0) = {0} x R.

Since Vor(y) = v + Vor(0), we obtain more generally that

Vor ((am + b,a)) = {(ar +b)} x R.

Thus, for v € L, the Voronoi cells Vor(y) are unbounded and have empty interiors.
Note that they do not provide a decomposition of H. For instance, a point x € H of
the form = = (21, z9) with 21 € Q \ Z does not belong to any of the Voronoi cells.

Example 3.3. — Consider H = R? with the lattice . = Z? and rank two inner
product {-,-)) given by
1 1
(z,yb, =250 and  (x,y]), = (132 - 2561) (yz - 22/1) :

As shown in Figure 3.2, the Voronoi cells are bounded and have non-empty interior,
but are not closed. The intersection of the closures of two Voronoi cells is not
necessarily a common face. The closures Vor (), 7 € L, provide a polyhedral tiling

of H.
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The following proposition summarizes the basic properties of higher rank Voronoi
cells.

PROPOSITION 3.4. — Let {-,-): H x H — R" be an inner product and S a
discrete subset of H. Then for any v € S, the Voronoi cell Vor(vy) is a non-empty
convex set. Moreover, the interiors of the Voronoi cells are mutually disjoint.

In general, Vor () is not closed and can have empty interior. The union of the
Voronoi cells can be a proper subset of H. Moreover, even in case that S = L is a
lattice of full rank in H, the Voronoi cell Vor(vy) can be unbounded.

Suppose that 0 € S. A point x belongs to the Voronoi cell Vor(0) of 0 € S exactly
when

(x,z) 2 {z—mn,2—n) forallnes.

For n € S, the above inequality can be written as

2(z,n) = (n,n).

This formulation involves the R"-valued linear form 2(-,n) on H and the constant
(n,n) € R". The set of points x € H satisfying this inequality may be viewed as a
higher rank version of a half-space in H.

Proof of Proposition 3.4. — Obviously, Vor(y) is non-empty as it contains . In
proving that Vor(7y) is convex and int(Vor(~)) N int(Vor(n)) = & for v # n, without
loss of generality, we can assume that v = 0. For z,y € Vor(0), t € [0,1], and n € S,
we have

2(te + (1 = t)y,nh = 2t{z,n) +2(1 = t){y,n) 2 tdn,nh + (L —t){n,nh = {n,n)

and hence Vor(0) is convex.

Next, we prove that the interiors of Vor(0) and Vor(n), n # 0 are disjoint. Suppose
that « belongs to both Vor(0) and Vor(n). Then, (z,z)) = (z —n,2 — n) and hence
2(z,n) = (n,n). On the other hand, if = lies in the interior of Vor(0), then = + en
belongs to Vor(0) for some small € > 0. In particular, 2(x + en,n) =< {n,n). This
however implies that (n,n) = 2{x,n) =< (1 —2¢)(n,n), a contradiction.

Examples 3.1 and 3.2 demonstrate that Vor(v) can be unbounded, non-closed
and have empty interior. In Example 3.2, the Voronoi cells do not cover H and are
unbounded. O

3.2. Admissible discrete sets and their Voronoi decompositions

The above examples suggest that discrete sets in the Euclidean topology on H are
not necessarily well compatible with higher rank inner products. In this section, we
formulate a notion of discreteness in the higher rank setting, and prove that this
leads to well-behaving Voronoi decompositions.
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3.2.1. Admissible discrete sets

Let (-,-): H x H — R" be an inner product with values in R". Let further
H=H Q- -- QH, be the almost orthogonal decomposition. We write elements
reHasx=a1+ -+ witha; € Hy, j=1,...,r.

Consider a subset S C H. For each j € [r] and a tuple z = (z1,...,2;_1), with
zi € Hyfort=1,...,7 — 1, define the subset 5,, C § as

(3.2) Sy, = {7=71+---+%es\%:zi fori=1,...,j-1}.
Moreover, we define the translated set
(3.3) TS(z)=08,—2z——z_1.

We have T'S(z) C F/. In the special case j = 1, we have the empty vector z = &
and recover

Sy =TS(@)=S5CF".

DEFINITION 3.5 (Admissible discrete sets). — A subset S C H is called ad-
missible discrete for the inner product (-,-), if for all j € [r] and all tuples
z = (z1,...,2j-1), with z; € H; for i = 1,...,j — 1, the projection p;(T'S(z)) is
a discrete set in gr’ H.

Example 3.2 shows that not all discrete sets are admissible discrete. However, the
converse is always true.

PROPOSITION 3.6. — Every admissible discrete set S in an inner product space
(H,(-,-)) is discrete with respect to the Euclidean topology on H.

Proof. — Assume that this is not the case and let x be an accumulation point of S.
Then, there exists a sequence (z™),eny with 2 € S\ {z} for all n, which converges
to . Proceeding by induction on j € [r], we show that the equality zI* = x; hold for
alli=1,...,7, and n € N large enough. Setting 7 = r, this shows that 2" = x for
all large n € N, contradicting the assumption.

For j = 1, we use the discreteness of the set p;(.5) to infer that the projections p; (z™)
are eventually equal to py(x). This implies that =7 = pi(p1(z™)) = pi(p1(z)) = x4, as
required. Assume that the statement holds for j — 1 and let z = (2q,...,2,;_1). We
use the discreteness of the set p;(7'S(2)) to infer that for large enough n, we have

pi(af) =p; (2" —af — =2 ) = py(ay).
Applying p}, we infer that z7 = x; for large enough n, as required. U
Remark 3.7. — In Section 11.2, we introduce a new topology on H whose discrete
sets are precisely the admissible discrete sets for the inner product (-, ). Since this

topology is coarser than the Euclidean topology on H, this gives an alternative proof
of Proposition 3.6.

Remark 3.8 (Admissible discrete sets for a filtration). — Admissible discrete
sets can equivalently be defined by using the filtration F* induced by the inner
product (-, ).
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More generally, if H is a vector space of finite dimension and F* : F1 = H D ... D
F” O F"*! = (0) a non-increasing filtration, then we say that a subset S C H is
admissible discrete for F® if recursively the following properties (1) and (2) hold. ..

(1) The projection Sy := p;(S) of S into gr' H = F!'/F? is a discrete set.
(2) For each v € S, the subset T'S(7) := Sp () — 7 of F? is admissible discrete
in F? for the induced filtration F2 D F3 D .- D F" D F'*1 = (0).

Here, for a € S;, we set
(3.4) Sia=pi'(a) ={0€ S |pi() =a} CS.

One can show that a subset S C H is admissible discrete for an inner product
(-,-) if and only if it is admissible discrete for the filtration F* induced by {-,-). In
particular, if two inner products induce the same filtration F* on H, then they have
the same admissible discrete sets.

3.2.2. Voronoi decomposition induced by an admissible discrete set

We have the following Voronoi decomposition theorem for admissible discrete sets.

THEOREM 3.9. — Let (-,:): H x H — R" be an inner product and S C H
an admissible discrete set. Then, the sets Vorg(y), v € S, cover the full space, that
jS; H= U'yES VOI'S(’Y)-

We call the above decomposition H = U,cgs Vors(7y) the Voronoi decomposition
associated to the inner product (-,-) and the admissible discrete set S.

In the proof, we use the almost orthogonal decomposition H = @©’_,H; and
decompose each element z € H as ¢ = 21 + - - - + x, with z; € H;,.

Proof. — We have to prove that for every x € H, there exists an element v € S
such that q(z — ) < q(z —n) for all n € S. Since <==cx is a total order on R", it
suffices to construct a finite set S C S with the property that for every n € S \'S,
there exists an element v € S with q(z — ) < gq(z — 7).

In order to prove this, we proceed by induction on the dimension r of R". For
r = 1, we are in the case of a scalar product and the claim is trivial.

Let H' := H/F" and denote by p: H — H’ the projection map. The first r — 1
components of {-,-) define an inner product with values in R"~!

[ H x H — R
[z, y] = (Qx,ybl, e (Ix,y[)rfl) Vao,ye H.
The almost orthogonal decomposition H' = @;;}H i of H' is given by H} = p(Hj).
Moreover, the projection S’ := p(S) of S in H' is an admissible discrete set in H'.
Using the induction hypothesis for the inner product [, -], the point p(x), and the

set S’, we infer the existence of a finite, non-empty subset S’ C S” with the property
that for any n’ € S’ \ S/, there exists an element 4/ € §' with [p(z) — 7/, p(z) — 7] <

p(z) —n',p(x) =],
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This implies that for v € p~'(S') and n € S\ p~(S'), we have

(=) = (Iple =) ple =), @z =)
< (Ip@ =m.pe =), 0. =n) = az — )
Moreover, setting S, = {y € S| p(y) = u}, we can write p~!(S') as a finite union

pH(S) = U S

ueS’

It thus suffices to construct for u € §' a finite subset S, C S, with the following
property:

(3.5)  For every n € S, \'S,, there exists a v € S, with q(z — ) < q(z — 7).

Indeed, setting S = U,cs Su, we obtain a set with the desired property.
Given u € §', we write it as u = uy + -+ u,1 with u; € H}. For j =1,...,7r -1,
p is injective on H; and p(H;) = Hj. Hence, there exists a unique element z; € H;
with p(z;) = u;. Considering the tuple (z1, ..., z_1), we can identify
Su={rveS|p(v)i=u fori=1,...,r—1}
={yeS|y=2z fori=1,....,r—1}
= 5/(z1, 20 1)

Since S is admissible discrete in H, we infer that the set A = {v. | v € S/¢y,..2. 1)}
is discrete in H,. Thus, there exists a finite, non-empty subset I, C A with

Vbe ANI,,3 a€cl, suchthatq.(z, —a)<q.(z, —0b).
Then S, = {y € S/¢z1,...»1) | 7 € L.} is a finite, non-empty subset of S,. We show
that this set verifies the property (3.5).

Let n € S, \S,. Then, we choose v € S, such that q.(z, —7.) < q(z, —n,). Using
the almost orthogonality,

r—1
q-(z —7) = q, (xr — %+ x; —zj>
=

J=1 J=1

= qr(l'r - /77“) + qr (TZ xj - Zj) < qr(xr - nr) + qr (TZ xj - zj)
= qr(x - 77)'

Since qj(x — ) = q;(z —n) for j =1,...,r — 1, it follows that q(z — ) < q(z — 7).
Thus, S, has the desired properties and the proof of Theorem 3.9 is complete. [l
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4. Structure of Voronoi cells

Let (-,-): H x H — R" be an inner product taking values in A = R" with
lexicographic order <==,, and S C H an admissible discrete subset. Consider the
associated Voronoi decomposition U,cg Vorg(y) = H (see Theorem 3.9). In this
section, we provide a description of the closed Voronoi cells Vorg(7).

Consider the filtration F* = (F7); on H induced by (-, -). Recall that the j** graded
piece gr/ H = FJ/F/*1, j € [r], carries the scalar product {-,-),: gr/H x gt/ H — R.
We have the almost orthogonal decomposition H = @’_, H;. In the following, we
decompose each x € H as v = o1 + --- + x, with x; € H;, j = 1,...,r. Note that
{-,-), is a scalar product on H;. Moreover, we have H; C F/ and H; ~ g/ H, where
the isomorphism is given by pj in the Lifting Lemma 2.19.

Consider an element v = v, +---+7, in S. For j € [r], define the subset S, ; C H;
by

S,;={0;|0€S and 6 =ryforie{l,...,.j—1}}.
Note that S, = {6, | € S} does not depend on ~.
Using the tuple (71, ...,7,;-1) and the notation from (3.2) and (3.3), we have

S’Y,j = {9]- ’ NS S/(’Ylw--ﬁjfl)} = p;k (pJ(TS(’Yla ce 77]'—1)))'

Since S is admissible discrete, S, ; is a discrete subset of H; with v; € S, ;. Let
Vi = Vors, ,(v;) € H;

be the Voronoi cell of v; in H; associated to S, ; and the scalar product (-, | ;-
The main result of this section reads as follows.

THEOREM 4.1 (Almost orthogonal decomposition theorem for Voronoi cells). —
Notations as above, let S C H be an admissible discrete set and v € S. Then, the
closure of Vorg(7y) has the almost orthogonal decomposition

Vors(y) =V,1 @ -+ OV,

That is, Vorg(7y) coincides with the Minkowski sum of the V. ;, j € [r], and these
sets are pairwise almost orthogonal.
It follows that Vorg(7) is a (generalized) polyhedron with a non-empty interior.

Remark 4.2. — We stress that taking the closure of the Voronoi cell in Theorem 4.1
is necessary, since the Voronoi cells are not always closed (see Figure 4.1, as well as
Figure 10.2 and Section 10 for examples).

COROLLARY 4.3. — Let S C H be an admissible discrete set. Then, the closures
of Voronoi cells provide a tiling of H with (generalized) polyhedra
H = Vors(7).
vES

Moreover, the polyhedra Vorg(7), v € S, have mutually disjoint, non-empty interiors.

Proof. — By Theorem 3.9 and Theorem 4.1, the closed Voronoi cells Vorg(y)
are (generalized) polyhedra and cover H. The remaining claim follows from Proposi-
tion 3.4. Note that, due to convexity, Vorg(y) and Vorg(«y) have the same interior. [J
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Proof of Theorem 4.1. — We first prove the claim in the case 0 € S and v = 0,
and then explain how this implies the general case. In this case, we have

S;=8,;={0;|0€S and 6= =01 =0} ={0;|0 €SN}
and
Vi=V,; =Vorg,(0), j=1,...,7
Since V; C H;, we have V; LV for i # j. We will show that Vorg(0) =V; @ --- QV,.
We first prove the inclusion Vorg(0) € V; @ ... @V,. It will suffice to show that
Vorg(0) CVi D --- QV,,

as the right hand side is clearly closed in H. Let = € Vorg(0). Then we have the
inequalities

2(z,7) 2 {yv,7) VryeSs
Looking at the first coordinate in both sides, we obtain the inequalities

2z, v) < {v.7dy Yoy eS

Using the almost orthogonal decomposition, these inequalities can be rewritten as

2<|x17’71|>1 < <|’71,’Yl|>1 Vvyes.

This shows that 21 belongs to the Voronoi cell V; = Vorg, (0) in H.
The difference x — x; belongs to F?, and for all v € F2N S, we have

QQ-CE - $1,7I>2 = 2@%7% j <|7ﬂ7|>27
which is equivalent to the inequalities
2(x2, 72Dy 2 (12:72D, VyEF?NS.

This means that x5 belongs to the Voronoi cell Vo = Vorg,(0) in Hs. Proceeding
inductively in j, we find that y € Vi, 20 € Vo, ..., 2; € V}, and

). VyeFTns
Jj+1

2<‘$j+1,%'+1’>j+1 = <’%’+1,%+1
For j =r, weobtainz € V1 © ... @QV,, as required.

We now show the reverse inclusion V; @ --- @V, C Vorg(0). Since the interior
int(V;) is dense in V; (viewed as a subset of H;), it will be enough to prove the
inclusion

Vi@ - @V, C Vors(0)
for the sets
f/j = int(V;) = int (Vorgj(())) .
More precisely, here we take the interior of V; as a subset of H;, and view it as a
subset of H. Let = z1 + - - - 4+ x, be a point in the left hand side, with z; € Vj We
prove that = € Vorg(0) by verifying the inequalities

2(z,v) 2 {r.7h VyeS.

We will in fact prove the strict inequalities. A
Take an element v € S \ {0}, and let j € [r] be the integer with v € F/ \ F/*L,
Then,

(b =-=b;0 =0, v, >0.
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[e) ]
[e)
(o) o
(o)
(o) o

Figure 4.1. The Voronoi decomposition of Example 4.4. The common parts of
red and blue Voronoi cells are shown in purple. Note that the Voronoi cell of
the point (1,2n), n € Z, drawn in red, is not closed. The blue Voronoi cells are
closed, and their vertices are purple.

The Lifting Lemma 2.19 implies that

<|xi77|>j:0 for i # j.
For + = j, we have
(zj.7); = {25 ;-

Since x; € f/j, and v € SNF/ FIT it follows that v; # 0 and

2{zj, 7D ; < v, ub; = vy

Combining the above, we infer that, as required,
2(z,v) = (0,...,O,Z(Ixjﬁ[}j,*,...,*> =< (0,...,0, <|’y,7|)j,>|<,...,>x<) ={v,7)-

The remaining claims on Vorg(0) follow from the decomposition just established
and the properties of the (generalized) polyhedra V;, j =1,... 7.

The statement for v € S follows by applying the decomposition to the translated
set 8" = S — ~, which is again admissible discrete, and noticing that

Vorg(y) = Vorg: (0) +
- (VorSQ(O) + 71) Q- D (Vorg;(O) + %) =V, - AV,,. U

Example 4.4. — Consider H = R? equipped with the rank two Euclidean product
(-,): Hx H — R? from Example 2.1. Then, S = {(0,n) | n € Z}U{(1,2n) | n € Z}
is an admissible discrete set in H. The induced Voronoi decomposition is depicted
in Figure 4.1. Taking the closures of the Voronoi cells, we obtain a polyhedral
tiling of R?. Note that the intersection of two polyhedral tiles is not necessarily a
common face.
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5. Tame degenerations

Throughout this section, let H be a real vector space of finite dimension endowed
with an inner product

Jz,yh = ((2.9)y, (2, ubys - Qzwb, ), wy € H,
taking values in A = R” with the lexicographic order <==.,. Let

(5.1) H=H QH, D --- OH,
be the almost orthogonal decomposition with H; = p’(gr’ H) (see Lemma 2.19). As
before, each element x € H is written as © =z + - -- + z, with z; € H;, j € [r].

CONVENTION 5.1 (Reference norm). — In the following, we will need to endow H
with a reference norm denoted by |-|. By equivalence of norms on a given finite
dimensional vector space, the discussion in the rest of the paper is independent of
the choice of this reference norm. In order to streamline the presentation, we however
make the natural choice given by

(5.2) |x|z(iﬂxj,xj|)j> , x€H.

J=1

The fact that the 7 component (-, -|) ; of the inner product (-,-) is a scalar product
on H; (see Section 2.4) ensures that |-| is a norm on H. Indeed, this property implies
that the bilinear form (x,y) — >, {z;, y;) ; is a scalar product on H with associated
norm |-|.

5.1. Properties of pullback families

Consider a sequence Ly = (Ly1,...,Lyy) € R, t € Ry, such that

L .
lim — = 400, 1<j<r—1.
t—o00 Lt,j—i—l

Consider the pullback family (-,-);, t € R, given by
(5'3> <xvy>t: <x>y>Lt :Lt,1<|;1:,y|>1+---+Lt,TQx,y|>T, r,y € H,

Corollary 2.14 ensures that (-, -); is a scalar product on H for ¢ large enough.
PROPOSITION 5.2. — Let (-,-);, t € Ry, be a pullback family with parameters
L, = (L, .., Li,). Then the following properties hold:

e There exists a constant C; > 0 such that for any distinct integers i,j € [r]
and all large enough t, we have

(5.4) (@, y)il < Crlemaxgigy+ 2] -yl Vo€ Hy, y € Hj.
e There is a constant Cy > 0 such that for any j € [r] and all large enough t,
we have
(5.5) (@, y) = Ligle, y),| < CoLugalel - [yl ¥,y € H;.
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Here, L ,.; = 0 by convention.

Proof. — For each k € [r], consider the bilinear form (z,y) — (z,y), on H x H.
Since H has finite dimension, there exists a constant ¢, > 0 with

{x, ybyl <erlzl-ly] Ya,yeH.

By the properties of the subspaces H;, j € [r], we have (x,y), = 0 whenever z € H,
and y € H; for indices i, j with k < max{4, j} or k = max{i,j} and i < j. Thus,

<$7y>t = Z Lt,k(lxaybka T e Hzay € H]

k=max{i,j}
Taking into account the preceding discussion, the above claims hold for

T T
C} = max > ek, Ch=max » . 0
T e max{ig}+1 T k=j+1

5.2. Tameness: axiomatic of higher rank degenerations of scalar products

In this section, we introduce tamely degenerating families of scalar products. Tamely
degenerating families are a slight generalization of pullback families that naturally
appear when studying asymptotic geometry of complex algebraic varieties. Their
properties simply allow to carry through the same proofs as for pullback families
in the subsequent sections. We will thus state our main results in this generalized
setting.

This generalization is necessary for geometric applications, where the appearing
scalar products are usually not pullbacks (see for example our results in Section 10).
However, a reader who is mainly interested in polyhedral geometric results can skip
this section and assume that all subsequently appearing families are pullback families.
The polyhedral geometric results remain equally interesting for pullback families.

Let (-,-);: Hx H — R, t € Ry, be scalar products on H. Consider a family of
vectors Ly = (Leq, ..., Ly) € R L€ R,

DEFINITION 5.3 (Tame degeneration). — We say that a family (-,-);, t € Ry, of

scalar products on H tamely degenerates to the inner product (-, -|) with parameters
Ly = (L, ..., Lyy) € R if the following conditions hold:

(a) For every j =1,...,7 — 1, we have
L, .
(5.6) lim —2L = oo
t—o0 Lt,j+1

(b) For any two distinct indices i,j € [r], and for every given € > 0, we have
(57) |<m7y>t| < 5Lt,max{i,j} |$| ' |y| Vre Hia Y€ Hj?

provided that t € R, is large enough.
(c) For every j € [r] and for every given § > 0, we have

(5.8) Lij (@ y)e — oy, < Olal - Jyl, YV a,y € Hj,
provided that t € R, is large enough.
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In the geometric applications we are interested in, see for example Section 10, it
is sometimes necessary to replace (b) by the following weaker property:
(b’) There exists a constant C' > 0 such that for all i, j € [r| and all large ¢, we
have

(59) |<x7y>t’ < CLt,maX{i7j}‘x| |y|7 Ve Fi? RS Fj'
For this reason, we introduce the following variant of tame degenerations.

DEFINITION 5.4 (w-tame degeneration). — Notations as above, let (-,-);, t € Ry,
be a family of scalar products on H and Ly = (L1, ..., Li,) € R, t € Ry, a family
of vectors.

We say that the family (-,-);, t € R, degenerates tamely in the weak sense, or
degenerates w-tamely, to (-,-) with parameters L, = (L1, ..., L;,) if the proper-
ties (a), (b’) and (c) are satisfied.

The next proposition clarifies the relationship between pullback families, tamely
degenerating families, and w-tamely degenerating families.

PROPOSITION 5.5. — Let {-,-): H x H — R" be an inner product on H. Then:
(i) Let (-,-):, t € Ry, be a pullback family of {-,-|) with parameters L,, t € R,.
Then (-,-), t € Ry, tamely degenerates to (- ,-|) with parameters L,, t € R,.
(ii) Let (-,-):, t € Ry, be a family of scalar products which tamely degenerates
to {-,-) with parameters L,, t € R,. Then, property (b’) holds. In particular,

(-, )¢, t € Ry, w-tamely degenerates to (- ,-) with parameters L,, t € R,.

Proof. — In proving (i), note that property (a) is part of the definition of pullback
families. Properties (b) and (c) follow from (5.4) and (5.5), respectively, using that
Ly j11/ Lt ; tends to zero as ¢ goes to infinity.

It remains to prove (ii). Fix 4,5 € [r]. We decompose points x € F',y € F/ as
r=x;+ - -+ax,andy € Flasy = yj + -+ with zy,yp € Hy for k € [r].
Applying properties (b) and (c) and taking into account (a), we obtain

|<$ay>t| < Z Z‘(xzay]>t‘ < Z Z Lmax{i,j}’xi||yj| < Lmax{i,j} (Z’xz|> (Z’yjl)
m=in=j m=i n=j m=s n=j

for all z € F* and y € F7. Since any two norms on H are equivalent, there exists a

constant ¢ > 0 such that > _,|zx| < ¢|z| for all z € H decomposed as z = z;+- - -+ 2.

It follows that property (b') holds for C' = 2. O

Remark 5.6. — One might wish to interpret (w)-tame degeneration as a notion
of “convergence of scalar products to inner products of higher rank”. However, this
point of view should be taken with some precaution. For instance, “limits” in this
context are not unique, that is, a family of scalar products (-,-);, t € R, can
(w)-tamely degenerate to two different inner products {-,-) # {-,-)’. For a simple
example, see Proposition 5.7 (iii). Moreover, the parameters L, € R’ for a (w)-
tamely degenerating family of scalar products (-,-);, ¢ € R, are not unique. In our
geometric applications, the (w)-tame property of degenerations of scalar products
allow to deduce interesting features in the limit. For a more detailed discussion, we
refer to Section 11.7.
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5.3. Uniform equivalence to orthogonalization in tame degenerations

Consider the almost orthogonal decomposition “—1H; induced by the inner
product {-,-). As before, each element z € H is written as z = x1 + - - - + z, with
;e H;,g=1,...,r

The orthogonalization of the inner product (- ,-) is the new inner product

()" HxH-—R
szs,yl)l = ((|$1,y1|>1, <|$2,y2|>2a SRR <|x7"7y7”|>7")'

The following property holds by construction.

PROPOSITION 5.7. — Let {-,-)™: Hx H — R" be the orthogonalization of (- ,-).

Then:
(i) The almost orthogonal decomposition induced by {-,-) is orthogonal with
respect to (-,-)". That is, if z € H; andy € H; withi # j, then (z,y)™ = 0.
(ii) The reference norm |-| coincides with the square root of the pullback (-,-)f

of (-, -|)L by the vector L = (1,1,...,1). More precisely,

2| = \/[{z,z)z, =€ H.

(iii) The inner products (-,-) and {-,-)* have the same tamely degenerating
families and the same w-tamely degenerating families.

Proof. — Properties (i) and (ii) are clear from the definition of {-,-)* and ||.
Property (iii) follows from the fact that (-,-) and {-,-)* induce the same almost

orthogonal decomposition of H and (z,y)); = (|:c,y|)JL for all z,y € Hj, see also
Theorem 11.18. 0

Given a family of vectors L, = (L1g, ..., Ly;) € R’ t € Ry, consider the pullback
family (-,-); = (-, )z, t € Ry given by
(z, ?ML = Lea (@1, 91Dy + Lea(wo, yabhy + - + Leizr, yr)),-

Then, (-,-){ is a scalar product on H for all t € R, . We denote the associated norm

on H by
. 1/2
2]l = y/(z, 2)i = (Z Lt,jqj(l’j)> , TE,
j=1

where q; is the J® component of the quadratic form q associated to (-,-), and we
have

q;(z) = <|z,z|>j, 2z € Hj.

PRrROPOSITION 5.8 (Uniform equivalence to orthogonalization pullbacks). — Con-
sider an inner product {-,-): H x H — R". Let (-,-);: H x H — R, t € Ry, be
a family of scalar products which w-tamely degenerates to (-,-) with parameters

L, € R",. Denote by ||z||; == \/(z,x):, t € Ry, the associated norms on H.
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Then, the two families of norms || - ||; and || - ||+ are uniformly equivalent for large t.
That is, there exists a constant D > 0 such that

DYl < I Hle < DY) |17
provided that t € R, is large enough. Equivalently,

(5.10) D7y Lig llagll; < ll=lly < DY Lug llayl; Vo € H,
j=1 Jj=1

provided that t € R, is large enough.

Proof. — Writingx € Has v =21 +---+a,, withz; € H; for j =1,...,7, we
have

- 2
llle = > My + 2> (@i, x5
j=1 i<j
It follows from (5.8) that there exists a uniform constant D’ > 0 such that

]' d 2 a 2 : 2
o ZlLt,j I} > 21 l25]l; = D"y~ Ly |l
j= j=

j=1
V x € Hand V t € R, large enough.

Fix now a pair of indices i, j € [r] with ¢ < j. Combining the inequality
1
(5.11) 2ab < 50L2+5b2, a,b>0,6>0,

with assumption (5.9), we conclude that for every § > 0, there exists a constant
Cs > 0 with
2 2
(i, 23)i] < CLygllaills - sl < Lug (Csllallf + 6 [l51%)
Vxe H and teR, large enough.
Taking into account that L;;/L; ; — oo for t — oo, it follows that
2
(i 25)e] < OLys llailly + Ly glls13

for t large. Choosing > 0 small and combining the above estimates, we conclude. [J

6. A finiteness lemma

In this section we state and prove the following finiteness lemma. It is a key
ingredient in the arguments of the next sections.

Consider an inner product {-,-): H x H - R". Let (-,-);: Hx H - R, t € Ry,
be scalar products which w-tamely degenerate to (-,-) with parameters L, € R’,.
Denote by ||z]|? = (z,x), t € Ry, the associated norms on H.

LEMMA 6.1 (Finiteness Lemma). — Let S C H be an admissible discrete set for
(-,-). Then, the following holds. For any compact subset B C H, there exists a
finite subset Sp C S such that for any large enough t, we have

in || — ||, = min ||z — B.
min |z — 9l = min flz — e ¥ z€
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For scalar products (i.e., when r = 1), this lemma trivially follows from the
compactness of B. On the contrary, the proof for higher values of r is quite involved.
As before, we use the almost orthogonal decomposition H = i—1H; and de-

compose each v € H as x = x1 + --- + x, with z; € H;, j € [r]. Moreover by our
Convention 5.1, we endow H with the reference norm

. 3
lz| = (Zq%,ijj) , x€H.
j=1

Proof. — The construction of the set Sp will be by induction. We will successively
choose appropriate radii Ry,..., R, € R, such that the sets

S =828"2085D08D2...08"
defined by
(6.1) ST =85(Ry,...,Rj) = {’y:fyl+--~—|—’yr cs ’ |7e| < Ry for allkéj}
satisfy the property
. . 2 _ . . 2
(6.2) min ||z — 5|l = min lz — 5[y ¥ z€ B,
provided that ¢ is large enough. Moreover, we define Z9 = ZJ(Ry, ..., R;) to be the

set of all tuples (71,...,7;) appearing in the decomposition v = v, + - -+ + 7, for
v € §7, and show that

(6.3) 77 is a finite set.

The last set S™ coincides with Z", which is finite. The claim then follows by setting
SB =3".

The properties (6.2) and (6.3) are trivially satisfied for S = S and Z° = @.

Suppose we have already constructed radii Ry, ..., R; € Ry such that (6.2) holds
for S7 defined by (6.1), and (6.3) is also satisfied for Z7.

For v € S/ and = € H, we then write

2 2
lz = AlE = lle = (a4 + )l + e+ 4wl

-2 Z (= (4 %))
k=j+1

for the decomposition v = v + -+ + v, 7; € H;. Combing (5.9) and the inequal-
ity (5.11), we conclude that for every § > 0, there exists a constant C5 > 0 such
that

S = (A7) < X Lok (Cslr = (4 -+ + )P+ 0|l
k=j+1 k=j+1

holds true for all z € B and v € S7. By the definition of S7 = S/(Ry,..., R;), and
the compactness of B, the elements x — (y; + -+ +;), for v € S and = € B, are
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all contained in a compact subset B of H. In particular, using (5.6), there exists a
constant Ds > 0 such that

2> Kz—(n+-+7) %)l
k=j+1

< DsLy i1 + Z Lt,k5\7k|2 V~yes and V zeB.
k=j+1

Applying Proposition 5.8 and choosing ¢ > 0 small, we get the estimate

2
64) Nz =7l = llz = (v +-+3)l;

> Lijar (Dvil® = 01l = Ds) + Y- Lia(D = 6)|ul?
k=j+2

D
> Lijn (2 ja]” = Dé) :

holding uniformly for all z € B, v € S7, and ¢ large.

To proceed, we choose a large positive real D' € R, to be determined below, and
choose R;;1 € R, large enough so that gRJQ- 1 — Ds > 3D'. We then define the set
Sj+1 - Sj(Rl, ey Rj+1> Q S by (61)

We claim that, for large ¢, and all v € S \ S7*! and z € B, there exists 7 € S/+!
such that we have the estimate

(6.5) lz =7 > llz =7, -

This will prove the desired claim (6.2).
Indeed for all v € S7 \ S7*!, we have |7;41|> > R, . The estimate (6.4) and the
choice of R;; gives

(6.6) lz = All; > llz = (4 -+ )IE+3D L

for large enough t.
For all z = (y1,...,7;) € Z7, set

Sp={0=0+-+0, €50 =m,....0, =}

Since B is compact and Z7 is finite, the union (J,c,; (B — 2) is compact. Using
the properties (5.6)—(5.7)—(5.8)—(5.9), we choose D' large enough so that for all
z=(m,...,7) € Z7, we can find an element 5 =7, € S/, such that

(6.7) [Fj41 4+ +3lF < D'Lyjia
and
(68) |<I - Y1 — = '7j7r7/j+1 + -+ §7~>t| < D,Lt,j-i-l for all x € B,

provided that ¢ is large enough. Choosing R, large enough, we can ensure that
5 = 7. belongs to S/t for all z € Z7.
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To conclude, we combine (6.6), (6.7), and (6.8) to get for all v € SV \ S7*! with
v e S/z,
lz = E > [l = (n+ -+ W)E +3D Loy
> lo = (n 4+ )+ T+ F ’7r”f +2D Ly i
= llo =37 = 20z = (n ++ - +9%) T+ 470, + 2D L
2 [lz = A7

This establishes (6.5).

It remains to show that the set Z/*t = Zit1(Ry, ... R;,1) is finite. This will be
a direct consequence of the finiteness of Z7 and the fact that S C H is admissible
discrete. Fix z = (z1,...,2;) in Z7 and consider the subset S,, C S. Since S is
admissible discrete, the subset {y; 417 =7 + -+ € 5.} C Hj;1 is a discrete

subset of Hj,1 = gr/™' H. Restricting to S7*' N S,,, we obtain that {v;117 = 1 +
c4y € §/,NS7HY s finite. By finiteness of Z7, we conclude that Z7* is finite. O

7. Hausdorff convergence of Voronoi cells

Throughout this section, let {-,-): H x H — R" be an inner product on H and
S C H an admissible discrete set. In this section, we prove that the closed Voronoi
cells Vorg(7), v € S, appear as limits of Voronoi cells associated to any family of
scalar products tamely degenerating to (-, ).

We continue to denote by |-|: H — R the reference norm on H chosen according
to our Convention 5.1. The distance between a point a € H and a non-empty subset
X C H is denoted by d(a, X) = inf,ex|a — z|. Recall that the Hausdorff distance
du(X,Y) between two non-empty subsets X,Y C H is defined by

dg(X,Y) = max {sup d(z,Y), supd(y, X)} :
zeX yey

A sequence (Xi)icr, of non-empty subsets X, C H converges in the Hausdorff
metric to a non-empty subset X C H if dy(X;,X) — 0 as t — oo. Conver-
gence in the Hausdorff metric is equivalent to requiring that the distance functions
d(-, Xy), t € Ry, converge to the distance function d(-, X) uniformly on H. That is,
sup,er|d(a, X¢) —d(a, X)| — 0 for t — oo.

Note that for unbounded sets X,Y C H in general we have dy(X,Y) = +oo.
We now deal with a variant of Hausdorff convergence for non-necessarily bounded
subsets. We say that a sequence (X;);cr, of non-empty subsets X; C H converges
compactly in the Hausdorff metric to a non-empty subset X C H if the distance
functions d(-, X;), t € R, converge to the distance function d(-, X') uniformly on
compact subsets P C H. By Theorem 11.3, proved later in Section 11.3, this is
equivalent to requiring that (X; N By)er . converges in the Hausdorff distance to
X N By for all sets By, in a covering H = ey Br by open, bounded sets By, C H.

(Note that since any two norms on H are equivalent, replacing the reference
norm |-| by another norm on H leads to the same notion of Hausdorff (compact)
convergence.)
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The next theorem is the main result of this section.

THEOREM 7.1 (Hausdorff convergence of Voronoi cells). — Let {-,-): Hx H—R"
be an inner product on H and S C H an admissible discrete set. Let (-, -);, t € Ry,
be a family of scalar products which tamely degenerates to (- ,-|) with parameters
L, € R,. Fory € S, let W, :== Vorg, (. ,(7), t € Ry, be the Voronoi cell of y for S
and the scalar product (-, -);.

Then, the Voronoi cells (Wy)er, converge compactly in the Hausdorff metric to
Vorg(7). In case that Vorg(v) is compact, the Voronoi cells (W;)ier . converge in the
Hausdorff metric to Vorg(y).

As a special case, we get the following statement.

COROLLARY 7.2. — Let (-,-)4, t € Ry, be a pullback family for {-,-) and S C H
an admissible discrete set. Then, we have:
(1) (-,-)¢: Hx H— R is a scalar product for all large t, and
(2) for v € S, the associated Voronoi cells W; = Vorg, (. y,(7), t € Ry, converge
compactly in the Hausdorff metric to Vorg(y) as t tends to infinity. If Vorg(7y)
is compact, then the Voronoi cells Wy, t € R, converge to Vorg(7y) in the
Hausdorff metric.

Proof. — The first statement follows from Corollary 2.14. The second is a conse-
quence of Theorem 7.1 and Proposition 5.5. 0]

The rest of this section is devoted to the proof of Theorem 7.1. First, we observe
that, replacing S by S — v if necessary, we can assume 0 € S and prove the result
for v = 0.

We need some preparation.

Let P be a polytope in H containing the origin in its interior. Since such polytopes
cover H, by Theorem 11.3, it will be enough to prove the convergence of W; N P to
Vorg(0) N P in the Hausdorff metric.

For € € (0, 1), define the set

U. = (1-¢) (Vors(0)n P).
LEMMA 7.3. — Let € € (0,1). Then for all large t € R, we have the inclusion
U. C W,
Proof. — Since Vorg(0) is a (generalized) polyhedron and P is a polytope, the
intersection Vorg(0) N P is a polytope. Since W, is convex, it will be enough to show

that for each vertex x of Vorg(0) N P, we have (1 —¢)z € W, for large enough ¢. This
amounts in proving the inequalities

(I=ez, (1 =€), < (1 —e)z—7, (1 -z —7),
or, equivalently,
(7.1) 2(1 = &)z, 7)e < (7,
for all v € S and ¢ large enough.

Applying the Finiteness Lemma 6.1 to B = {(1 — €)x}, consisting of a single
point, we can find a finite subset S C S such that if the above inequalities hold for
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all v € S, then they also hold for all n € S. Since Sg is finite, it thus suffices to
prove the inequality for a single v and large ¢.

Let 4,7 € [r] such that z € F' \ F"™! and v € F/ \ F/™!. Using the almost
orthogonal decomposition H = H1 Q --- O H,, we write x = x; + --- + x, and
vy=7+- 4+ witha, € Hy, k=1,...,r, and v € H, k= j,...,r. Note that,
by Definition 5.3 (a), (c), and (b’), the right hand side in (7.1) can be estimated by

(7.2) (e = (1=€%) Legvab; = (1= €2) Lesdvi v,

for all large ¢. (This holds for any constant 0 < ¢ < 1 instead of (1 —&?).)
The rest of the proof is by a case analysis depending on whether ¢ = j, i < j, or
1> 7.

e =7 . — We decompose

2(1 —e){z,v), = 2(1 - 5)((%‘7%’%& +(x — 25,75, + (2,7 — 7j>t)'

By the Decomposition Theorem 4.1 for Voronoi cells, we have x; € Vorg,(0), for
Sj = p*(p;(F7NS)) C Hy. Since v € F/ NS, we infer that 2{xz;,v;); < (7,70,
Combining this with Definition 5.3 (a) and (b'), it follows that for every fixed § > 0,
we have

(7.3) 2(1 — )@, 7)e < (1 = &)Ly {y, 3D, + 0 Luy
for large enough ¢. Choosing § small, we obtain the desired estimate (7.1) from (7.2).

e < j.— We can again decompose

2(1 =)z, v)e =2(1 —¢) (<,§m’”> +<z§-xk’7>t>

t

Applying the steps from the previous case ¢ = j to T = 3"~ ; 7, we obtain the same
estimate as (7.3):

2(1—¢) <Zxk7 > 1_5)LtJ4'7j7'7JD + 0Ly

k>j t
for every fixed 6 > 0 and ¢ large enough. On the other hand, Definition 5.3 (a) and (b)
imply that
2(1— 5)<Z a:k,7> <O0Lj,
for every fixed 0 > 0 and ¢ large enough. Choosing again ¢ small enough, the desired
estimate (7.1) follows again from (7.2).

e i > j. — By Definition 5.3(b’) and (a), we then have

2(1 = &)(z,7) < 2(1 = )CLiglzll] < (1= &%) Loy,

for all large t. Taking into account (7.2), the estimate (7.1) follows. O
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LEMMA 7.4. — Suppose that ¢ € (0,1). Then, all accumulation points of the
sequence of sets (1 — )W, t € Ry, are in Vorg(0). Moreover, if P C H is a polytope
with 0 € int(P), then

(1 —¢)(W,Nn P) C Vorg(0)
for all large t. Finally, if Vorg(0) is compact, then
(1 —e)W; C Vorg(0)
for all large t.

Proof. — Let z; € (1 — €)W, be a sequence of points, which converges to a point
x € H as t tends to infinity. We need to prove the inequalities

2(z,v) 2 {v.7h Vyes

Since z; € (1 —¢)W,, we have the inequalities

2z, e <A —e)(y,7r VY eES
for all t. Fix v € S and let j € [r] be so that v € F/ ~ F/*1. Decompose z; =
T+ -+a¢, and v = 21+ - -+, according to the almost orthogonal decomposition
H = O;H;. Then, x;; converges to x; € H; for all j.

Observe first that, since v € F7, we have (z,7v), = (7,7); = 0 for all i < j. We
now prove that 2z, v}, < (1 —¢€?){v,7),. This implies that 2{z,~7) < {v,7), as
required.

We first decompose
(e, V0o = (e Ve + (@ge Y =)o+ D (Tuas Ve + D (@i Yade + D (@i Y — Wide.

i>j i<j i<j
Fix 6 > 0 and let C' > 0 be the constant in Definition 5.3 (b’). Applying Defini-
tion 5.3(b), (b’), and (c), we conclude that

(we, Ve 2 Lej(@eg, Vi) — 0 Luglaesllvs] — CLyjsaleslly —
— CLyj ) _lweally] = 0Le; D leillvl — OLijia D _laeilly —
i>j i<j i<j
for ¢ large. Choosing § > 0 small and applying Definition 5.3 (a), it follows that

2L1 (w5, 7); = 2Lej{xeg, D, < (1 =€) (v, )
for large ¢. Here, we have used that (7,7): = cL;; for some ¢ > 0, which follows

from Definition 5.3 (a), (b'), and (c). We then get the desired inequality by dividing
by L;; and taking the limit for ¢ tending to oo,

2(w,7); = Jim 2{@;,9); < lim (1= &)Ly (7,7 = (1 =€)y,

(Here, to compute the limit on the right hand side, we have used again Defini-
tion 5.3 (a), (b'), and (c).)

We now prove that (1 —¢) (W; N P) C Vorg(0) for all large ¢. For the sake of a
contradiction, suppose that this is not the case. Then, we can find a subsequence
x; € Wy N P such that (1 — e)z; ¢ Vorg(0) for all ¢. Up to choosing a subsequence,
we can assume that z; converges to a point x € H. In particular, the sequences
(1 —e*)z; and (1 — &)x; converge to y = (1 — &?)x and z = (1 — €)x, respectively.
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By the above result, we have y € Vorg(0). Since Vorg(0) is convex and contains 0 in
its interior, it follows that z = 1%5 -y belong to the interior of Vorg(0). However, then
by the convergence, the points (1 — )z lie eventually in Vorg(0). This contradiction
completes the proof.

Finally, assume that Vorg(0) is compact. Let B C H be an open, relatively compact
set with 2 - Vorg(0) C B. Then W, C B for all ¢ large, which proves the remaining
claim upon choosing a large polytope P with B C P. Namely, suppose there exists an
infinite sequence of points x; with x; € W, ~ B. Using that W, is convex and contains
0 € H and passing to a subsequence, we can assume that x; remains bounded and
converges to some point x € H. By the above result, we have that x = 2 - %x lies in
2Vorg(0) C B. Thus, x; belongs to B for all large ¢, a contradiction. O

Proof of Theorem 7.1. — As follows from the preceding lemmas, we have
(1 —¢)(Vorg(0) N P) C W; and (1 — ) (W; N P) C Vorg(0) hold for ¢ large enough.
In particular, for a given € > 0, we have

sup _inf |r—y|<e sup |z[+ sup _inf |(1—e)z—y| =€ sup |z|
zeWNP yeVorg(0)NP zeWNP xeWNP yeVorg (0)NP zeEWNP

for all ¢ large. Arguing similar for SUPy e ors (0P inf,ew,np|z —y|, we obtain the claim.

If Vorg(0) is compact, then from Lemma 7.4, we infer that W, remains bounded as
t goes to infinity. Choosing a polytope P which contains Vorg(0) and all the Voronoi
cells W, for t large, we conclude. 0

8. Admissible lattices

Let H be a real vector space endowed with an inner product {-,-): H x H — R".
Consider the filtration
F:F'=HDOF*2...DF D>F ™ =(0)
on H induced by (-, ).
Let IL be a lattice in H. The filtration F*® induces a non-increasing filtration
L*:L'=L2L*2--- DL" DL = (0)
on LL by setting I/ := F/ N L for all j € [r]. We call a lattice L in H admissible if it
is an admissible discrete subset of H.
The following theorem gives a characterization of admissible lattices. For a lattice
L in H, we define the 7 graded piece of IL as the quotient
oL =L//L*, jell.

Note that the inclusion LY C F/ defines a natural embedding gr/lL. < gr/ H, so that
we can identify gr’/IL with the corresponding subset of gr/H.

THEOREM 8.1. — The following are equivalent for a lattice I in H:
(1) L is admissible.
(2) Each graded piece grilL = 7 /1" j € [r], is a lattice in gt/ H = FJ / FI+1,
Moreover, if L is of full rank, then L. is admissible if and only if each 17, j € [r], is a
lattice of full rank in F7.
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Proof. — We prove the equivalence of (1) and (2). It will be more convenient to
use the characterization of admissible discreteness given in Remark 3.8 in terms of
the filtration. Let IL be a lattice in H. We proceed by induction on the dimension r
of R". For r = 1, the claim is trivial. Suppose the claim holds for » — 1 and consider
an inner product (-,-): H x H — R". The last r — 1 components of (-, define an
inner product [+, = ({-,Dy,---,{",-),) on F2.

We first prove that (2) = (1). Assume that 17 /L% is a lattice in F// F/*1 for
J € [r]. The projection of L into gr' H is the graded piece gr'lL, which is a lattice.
Therefore, it is discrete. By Remark 3.8, using the notation of (3.4), it remains to
show that L, (,) — 7 is admissible discrete in F? for all y € L. However, we have that
Lo, (y) — v = L2 Applying the induction hypothesis to [-, -] and L?, we conclude.

We now prove the reverse implication (1) = (2). Suppose L is admissible. Pro-
ceeding by induction, we prove that grilL is a lattice in gr/ H.

Since L is admissible, gr'lL is a discrete subgroup in gr' H, and hence a lattice. By
Remark 3.8, using (3.4), admissibility implies that L? = Ly, is admissible in F2,
where 0; € gr' H is the origin in gr' H. Applying once again the induction hypothesis
to [, -] and L%, the proof is complete.

Having established this, from the equalities

ZT: rank (ger) = rank(L), 27‘: dim (ger> = dim(H),
j=1 j=1

we infer that, if L has full rank, then L is admissible discrete exactly when gr/LL is a
lattice of full rank in gr/H for all j. O

Recall that the j*" graded piece grf H = F7/ Fi*1 is endowed with the scalar product
{-,:);: e’H x gr’ H — R. For an admissible lattice L, we denote by Vorg(7),
v € gr/L, the Voronoi cells of the lattice gr/IL in gr’ H and consider the corresponding
Voronoi decomposition

g/ H= ] VorgL(7).

~yegril,

The following theorem allows to decompose the Voronoi cells of admissible lattices
in terms of the Voronoi cells of their graded pieces.

THEOREM 8.2 (Almost orthogonal decomposition for Voronoi cells of admissible
lattices). — Let {-,-): H x H — R" be an inner product and . C H be an
admissible lattice. For each j € [r], let

V; = p; (Vorg(0)) C H; C H.
Then, the closure of Vory,(0) has the almost orthogonal decomposition

Vor(0) =i @ -+ @V,

In words, the closure of Vory,(0) coincides with the Minkowski sum of the canonical
liftings of the Voronoi cells Vorgr,(0) C gr'H to H; C H. Moreover, the sets Vj,
j € [r], in the decomposition are pairwise almost orthogonal.
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For any v € L, we have Vory(y) = v+ Vor(0). The closure of each Voronoi cell
Vory(y), v € L, is a polyhedron. If L is of full rank, then Vorp(y), v € L, is a
polytope with a non-empty interior, and Vory(vy) is a bounded convex set with a
non-empty interior.

Proof. — The theorem follows directly from Theorem 4.1. Note that the Voronoi
cell V; appearing in the decomposition of VorH_(Q) is congruent to the Voronoi cell of
the origin in gr/ H with respect to the lattice gr/IL. This is always a polyhedron. [J

We restate Corollary 4.3 in the case of admissible lattices.

COROLLARY 8.3. — Let L be an admissible lattice in an inner product space
(H,{-,-))). Then, the Voronoi cells cover the space H, that is,
H = | Vorr(v),
y€EL

and they have mutually disjoint, non-empty, interiors. Moreover, the closures Vory (7y),
v € L, provide a covering of H by polyhedra. If L is of full rank, the closure of each
Voronoi cell is a polytope.

In general, the Voronoi cells are not always closed. Even more surprisingly, they
may not even contain any of their vertices. Moreover, the intersection of the closures
of two Voronoi cells is not necessarily a common face. We refer to Example 3.3
for an explicit example exhibiting these properties. As shown in Figure 3.2, the
corresponding Voronoi decomposition is a tiling of H.

The following result is a consequence of Theorem 7.1.

THEOREM 8.4 (Hausdorff convergence of Voronoi cells of admissible lattices of full
rank). — Let {-,-): H x H — R" be an inner product and I. C H be an admissible
lattice of full rank. Let (-,-);, t € Ry, be a family of scalar products on H which
tamely degenerate to (- ,-)) with parameters L, € R’,.

Then, for each v € L, the Voronoi cells Vory (. 4,(7), t € Ry, converge to Vory (v)
in the Hausdorff metric as t goes to infinity.

Proof. — By Theorem 8.2, Vory () is compact. Therefore, Theorem 7.1 applies.
([l

9. Metric degenerations of tori

Throughout this section, let H be a real vector space and (-, ): H x H — R"
an inner product. Moreover, let I be an admissible lattice of full rank in H. We
consider the torus

T:= H/L.
Let (-, -):, t € Ry, be scalar products on H, and denote by ||x||; == \/(x,z):, t € Ry,
the corresponding norms. The scalar product (-,-); on H induces a Riemannian

metric ¢, on the torus T. The associated distance function d;: T x T — [0, +00) on
T has the following explicit form. For u,v € T, we have

(9.1) Q)= mig [}zl = minfle =y =l
z=u—v in T
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where x € H and y € H are any representatives of v and v, respectively. We are
interested in the degeneration of the metric space (T, d;), when the scalar products
(-, )¢ behave asymptotically as in Section 5.2. We thus consider a family of vectors
Ly = (Lia, ..., Liy) € R, t € Ry, and assume that the family (-,-);, t € Ry,
w-tamely degenerates to (-, ) with parameters L;, t € R, so that Definition 5.3 (a),
(b’) and (c) are verified. In particular, by Proposition 5.5, every pullback family for
(-,-) tamely degenerates to {-,-).

9.1. Middle tori

Consider the non-increasing filtration
Fl=HDF?D...DF DF*l =0
of H and the non-increasing filtration
L!'=LDL2D-.-DL DL = (0)

of L, where 7 = IL. N F/. From these two filtrations, we obtain a non-increasing
sequence of tori
TIITQTQQ"'QTTQTTJFII(O),

with TV :== F7 /17, j € [r]. Each T is a closed subset of T.

By Theorem 8.1, the lattice gr/lL. = 7/ /" is of full rank in gr’ H = F7/ F/*! for
every j € [r]. This defines a torus

0, = gr’ H/ gr'LL.
We call ©; the j* graded piece of the torus T with respect to the inner product
(-,-). The terminology is justified as follows. The projection maps p;: L7 — gr/LL
and p;: F/ — gr/ H give rise to a projection map p;: TV — ©; with ker(p;) = T+
Thus, we obtain an isomorphism
T/ Tt =~ 9.

The scalar product (-,-),: gt/ H x gr/ H — R induces a Riemannian metric ¢;

on ©;. We denote the induced distance function by d;: ©; x ©; — [0, +00).

2. Volume formula and eigenvalue degeneration

Consider the almost orthogonal decomposition H = “_1Hj. Denote n =
dimg(H) and n; = dimg(gr’H), j € [r]. We first prove the following result.

THEOREM 9.1. — Let (-,-);, t € Ry, be a family of scalar products which w-
tamely degenerates to (- ,-) with parameters L, = (L1, ..., Ly,), t € Ry. Then, the
volume of T with respect to the Riemannian metric y;, properly rescaled, has the
asymptotic behavior

nJ/Q J
lim H L, 7" -~vol(T, ¢y) = Hlvol(@j,goj).
i=1 i=
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Choose a basis eq, ..., e, of the lattice L in H. Let M; € R™*"™ be the Gram matrix
of the scalar product (-, -); in the basis e, ..., e,:

My = (My(3,7))1<ijen With  M(i, j) = (ei, €;)¢-

The volume of T can be expressed as
(9.2) vol(T, ¢;) = det(M,)"/? = H i (M2,

where 0 < A\ (M) < Mo(M;) < -+ < A\ (M) are the eigenvalues of M.
Recall that ny, = dimg(H},) = dimg(gr*H), k € [r]. Define the index sets

[k:{mk+17"'7mk+l}7 ke [TL
my =Y _n;, kelr+1].
j=1

We can choose a basis eq, ..., e, of L so that for each k € [r], the vectors ¢;, i € Iy,
belong to F*¥ and their projections px(e;), i € Iy, form a basis of gr*IL. Let N, € R>1x
be the ny, x ny Gram matrix of the scalar product {-,-), on gr*H in the basis p(e;),
i € Ij. The volume of the graded piece ©y, k € [r], is given by

(93) VOl(@k, ka) det Nk 172 = H Nk 1/2,

where 0 < Ay (Vi) < -+ < A\, (Ng) are the eigenvalues of Nj.
In order to prove Theorem 9.1, we will relate the eigenvalues of the matrices M;
and Ng. More precisely, we will establish the following theorem.

THEOREM 9.2 (Degeneration of eigenvalues). — Assumptions as in Theorem 9.1,
we have
Ay (M)
9.4 i 2metil3t) oy oy
(9-4) S (Nk)
for all k € [r] and any 1 < i < ny.

Proof. — Fix k € [r]. For t > 0, consider the polynomial

=TT Lt L™ - det (M = LI ).
k' <k

Clearly, A € C is an eigenvalue of M, exactly when \/L;; is a zero of f; (and the
multiplicities coincide). By the properties (a), (b’) and (c) of (-, -); of Definition 5.3,
the entries of the matrix M, € R™*"™ behave like

Mt(iai/) = O<Lt,max{k,k’}>a Z e Ik, ?;/ e Ik/,

My, i) = Lnk(Nk(i, ) + 0(1)), ii €I,
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as t tends to co. Moreover, since Ly 1/Lip = o(1) for all k' € [r], one readily
obtains that
Ny — ££01d O(1) . 00)

0 Ny — 7501d ... O(1) 0o ...

0 0 . 0. 0 ... 0
fr(A) = det 0 0 0(1) 0 0 |+o)

0 0 N, — A1d 0 0

0 0 0 ! 0

0 0 o 0 0 .o —=AId

as t tends to oco. It then follows that f; converges to the polynomial

g(\) = T det(Ni) - det( Ny — ATd) - (—=A)" ™
k' <k
uniformly on compact subsets of C as ¢ tends to oo. The roots of g are the ny
eigenvalues of Ni, counted with their respective multiplicities, and A = 0, with
multiplicity n —my1. Thus, as t tends to oo, precisely my, roots of f; tend to infinity,
ny roots converge to the eigenvalues of Ni, and the (n — myy1) remaining ones
converge to A = 0. Taking into account this behavior for all k£ € [r], the relation (9.4)

follows and the proof of Theorem 9.2 is complete. 0
Proof of Theorem 9.1. — This follows by combining Theorem 9.2 with (9.2)
and (9.3). O

9.3. Metric degeneration

In this section, we study the degeneration of the flat tori (T, d;), t € R, from the
perspective of Gromov—Hausdorff convergence.

For a metric space (X, p), we denote, as in Section 7, by pu(A, B) the Hausdorff
distance between two non-empty subsets A, B C X

pi(A, B) = max {sup o(a.B). suppl, A)} ,

a€A beB
pla, B) = inf p(a,b),  p(b, A) = inf p(a,b).

Recall that the Gromov-Hausdorff distance between two metric spaces X and Y is
defined by

deu(X,Y) = inf{on(ex(X), v (Y))},

where the infimum is taken over all metric spaces (Z, ¢) and isometric embeddings
tx: X — Zand vy: Y — Z. A family of metric spaces (X¢)ier, converges to a
metric space X in the Gromov—Hausdorff sense if dgu(Xt, X) — 0 for ¢t — oo. In

this situation, we also write X, SH X for t — oo.
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THEOREM 9.3. — Let (-,-);, t € Ry, be a family of scalar products which w-
tamely degenerates to (-,-) with parameters L, = (L1, ..., Li,).
Then,

1
(T, S dt) (04, dy)
t,1

as t — oo. More generally, for all j =1,...,r,

t7j

1
(Tja dt |’H‘1XT1) % (@ja d])

as t — oo. Here, we view T’ as a closed subset T? C T, endowed with the restriction
dt |11‘j><11*j Ofdt to Tj X Tj.

We need the following result (see e.g. [BBIO1, Example 7.4.4]). If (04 )scr, is a family
of metrics on X and p is a semimetric on X such that lim; .., 9, = p uniformly on
X x X, then (X, g;) converges to the quotient X/ p in the Gromov-Hausdorff sense.
The quotient metric space X/ p is obtained by identifying points z,y € X with
p(x,y) = 0. We will prove Theorem 9.3 by applying this result to the distance
functions d;, t € R...

For j =1,...,r, consider the semi-metric p;: TV x T — [0, c0) given by

pi(x,y) = d;(p;(x),p;(y)), =yeT,

where p;: TV — ©); is the natural projection map from the torus TV = F/ /L7 onto
O, = gr/ H/ gr’IL. Note that the quotient T7/p; is isometric to (0, d;).

LEMMA 9.4. — Let (-,-), t € Ry, be a family of scalar products which w-tamely
degenerates to (-, -|) with parameters L, = (Ly1,...,Ls,), t € Ry. Then,

1
lim —— d; = py
t—o00 Lt,l

uniformly on T x T. More generally, for all j =1,...,r,

1
lim ——— dy i = pj
t—o00 L .
t,j

uniformly on T’ x TV,

Proof. — It suffices to treat the case j = 1. Indeed, as follows from Lemma 6.1
and (9.1), for sufficiently large ¢, the restriction d; |rs s of d; to T = FJ/IL7 (viewed
as a closed subset TV C T) coincides with the metric stemming from the scalar
product (-, )¢|pi: F/ x F/ — R. Moreover, the family of scalar products (-, -)¢|ps,
t € Ry, converges w-tamely to the inner product [-,-]: F/ x F/ — R" 7! given by
[-]=("sD;s- -5 {--D,) Thus, the result for T7, j > 1 can be reduced to the case
j=1.
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Let H = @’_;H; be the almost orthogonal decomposition of H. We decompose

r € Hinto x = 2y +--- + 2, with x; € Hj, j € [r], and set ||z|; = \/{z, x|, for
x € Hy. The distance between two points u,v € T can then be rewritten as

p1(u,v) = glei{l lz1 — 1 — M,

where z,y € H are any fixed representatives of u and v, respectively. The assump-
tions (a), (b’) and (c) from Definition 5.3 imply that for every compact subset B C H
and every finite set S C L,

1 _ .
——min ||z —y — [}y — min 21 —y1 =l
Y€S

/Ltl vES

uniformly for z,y € B. Fix a compact subset B C H which covers T via the
projection map p: H — T. By Lemma 6.1, there exists a finite set Sp C L such that

e 1 wminlie — ool = i o — e —
min |z —y—l} = min [~y -2l and minflzy -y -l = min flz -y -l

for all z,y € B and large t. Fixing representatives z = z(u) and y = y(v) in B for
all u,v € T, we conclude that

e difu,) — pa(u,0)| = | —— min [z~ y — 9l — min s — gy~ ]| — 0
t1 \/Z V€SB V€SB

uniformly for u,v € T as t — co. The proof of Lemma 9.4 is complete. 0J

Proof of Theorem 9.3. — By Lemma 9.4, the metrics d; |1j.s converge to the

semimetric p; uniformly on TV x TV for ¢ — oo. This implies that (T,d; |psxps) is
Gromov—Hausdorff convergent to the quotient T?/p;, which is isometric to (6;,d;).
[

9.4. Metric degeneration for pullback families

For pullback families, we obtain more precise results on the metric degeneration
of the torus.

Let (-, )¢, t€ Ry, be a pullback family of (-, -) with parameters L, = (Ly 1, ..., Lt ),
t € R,. Recall that

<' ) '>t = < ) '>Lt = Lt,1<|' ) '|>1 T+t Ltﬂ"<|' ) 'Drv te R+,

and limy o Ly /Ly 41 = +oo forall j=1,...,r— 1
We introduce the following function

C=(Cy.. ) TXT — R

(pg):= min (zz).
r=p—q in T

It follows from Theorem 3.9 that the above minimum exists. Thus, ¢ is well-defined.
Note that ((p,q) =1ex 0 for all p,q € T and {(p, q) = 0 exactly when p = q.
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Remark 9.5. — The definition of (: T x T — R" is similar to the distance function
di: T x T — R induced by the scalar product (-,-), see (9.1). Thus, one may
interpret ¢ as a higher rank version of the (square of the) distance function.

Let Vor,(0) be the Voronoi cell of the origin for (-,-) and denote by int(Vory(0))
its interior. The projection map p: H — T is injective on int(Vory(0)). In the
following, we identify int(Vory(0)) with a subset of T.

THEOREM 9.6. — Let (-, ), t € Ry, be a pullback family of (- ,-) with parame-
ters (Ly)ier, -

(i) Consider a fixed pair of points p,q € T. Then,

(9.5) d(p,a) = \/LiaCi(p,q) + - + LG (0, @)

for all large t € R.
(ii) Fix a compact subset B C int(Vory(0)) C T and define

K={(p,q) €eTxT|p—qe B}

Then, K C T x T is compact and for all large t € R, , we have

(9.6) di(p, q) = \/Lt,lCl(n q)+ -+ LeyG(pg), forall (p,q) € K.
Proof. — In order to prove the claim in (i), recall that

di(p.q)* = min  lafff = min [|z]7,
z=p—qin T

where S = {z € H | x = p—q in T}. Fix an element x € S such that {z,z)) = {(p, q).
Then

2|7 = (@, 2)¢ = Lega,zh, + - + Loz, @), = LeaGi(poq) + -+ - + LG (p, q),

which is precisely the square of the right-hand side in (9.5). Thus, it suffices to prove
that

min [|y[ly = [||?

for all large t € R,. Since the lattice L is admissible, S is an admissible discrete
subset of H. By Lemma 6.1, there exists a finite subset Sy C S such that z € S and

: 2 _ : 2
min [|y|; = min |y

for all large ¢ € R,. It thus suffices to prove that for each fixed y € Sy with
{y.y) # C(p,q), we have
lyllf > Nll?

for all large t € R ;.. Indeed, since Sy is finite, this implies that d;(p, ¢)? =minycs ||y||7 =
minges, ||yl|7 = ||z||7 for all large t € R,
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Fix y € S with {y,y) # ((p,q). Let j € [r] be the smallest index with (y,y), #
¢j(p, q). By the definition of {(p, q), we have {(p, q) <iex (¥, y) and hence (;(p, q) <
{y,y);- Therefore,

(v, 9)e = (w, 2)1 = Z Lix(Qy y)y, — (2, 2),) = Z Lok (v, yby — Go(p: 9))

= Ly (Qy yh; — )+ Z Lt = ({y, yby, = Gulp, Q))) >0,

k=j+1

where the last estimate follows from the fact that lim; . L}Jf“ = 0 for all k.

[t remains to prove the claim in (ii). Since the addition T x T — T: (p,q) — p — g,
is continuous, the set K C T x T is compact. By assumption, B lies in the interior of
the Voronoi cell Vory,(0). It follows that for some € € (0,1), we have B C U, for the
set U, = (1 —¢)Vorg(0) in Lemma 7.3. As in Section 7, let W; be the Voronoi cell of
the origin for the scalar product (-,-);. Applying Lemma 7.3, we have B C W, for
all large t.

For a pair (p,q) € K, choose a representative x € B of p — ¢. Since x lies in W,
and Vorr(0), we have

di(p,q)* = min [z — 4| = 2]} and ((p.q) = min(z —y,2 —9) = (z,z).
yeL vyeL
The second statement in the theorem now follows by observing that
de(p,@)* = |I2llf = Leadz, @by +- -+ Lep {2, 2), = LeaGi(p, @)+ + Lew G (). O

Remark 9.7. — Note that the distance d;(p, ¢) between two points p,q € T can
become infinite as t tends to infinity. In such a case, Theorem 9.6 gives the precise
asymptotics.

Remark 9.8. — One can obtain similar results for families of scalar products
which behave similar to pullback families. For instance, if (-,-);, t € R, , is a tamely
degenerating family of scalar products with parameters (L;)icr, for {-,-) such that,
additionally, L;, =1 and

Jim (@, y) = (@ 9)2,) =0

for all x,y € H, then, we get
}i}m (dt b, q \/Lt ICI b,q -+ Lt,rgr(py Q)> =0

for all fixed pairs (p,q) € T x T. Since the proof of these results becomes more
technical, we decided not to include them.

10. Geometric applications
In this section, we discuss geometric applications of our results in two situations.

The first one concerns the multi-scale geometry of degenerating metric graphs, and
the second one concerns degenerating Riemann surfaces. We treat the former in
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detail. The latter is described here informally because its treatment requires the
introduction of specific tools for degenerations of Riemann surfaces, which is not the
main objective of this paper. This will appear in our forthcoming work [AN25b], see
also Remark 10.12.

10.1. Metric graphs and tropical curves

In this section, we apply our results to metric graphs and their geometric limits,
called tropical curves of higher rank.

10.1.1. Metric graphs

Let G = (V, E) be a finite connected graph with vertex set V' and edge set E. Let
[: E — (0,+00) be a length function, which assigns a positive real number [(e) to
every edge e € E. The pair (G,1) is called a weighted graph. To a weighted graph
(G, 1), we associate a metric space G as follows. We insert an interval Z, = [0,[(e)] of
length [(e) between the two extremities u and v of any edge e = {u, v} in the graph
(with the two extremities of Z, identified with the two extremities u and v of e). The
obtained space G carries a natural quotient topology which is metrizable by the path
metric p: the distance p(x,y) between z,y € G is the arc length of the shortest path
connecting them.

A metric graph is a compact metric space G which arises in this way for some
weighted graph (G,1). In this case, G is called the metric realization of (G,1), and
the pair (G, 1) is called a model of G. If we want to emphasize that a metric graph
G has a model with an underlying graph G, then we call it a metric graph over G.

A graph G is called essential if either it has no vertices of degree two, or it is
the graph consisting of one vertex and one loop edge. Any metric graph G has a
model (G, 1) in which G is essential. Such a model is called an essential model for G.
All essential models of G have the same underlying essential graph G. Moreover,
the essential model (G,1) for a metric graph G is unique unless G' has non-trivial
automorphisms, in which case, G has a finite number of essential models (G,1).
(These are obtained by applying the automorphisms ¢ to one fixed model (G, 1), that
is, considering edge length functions given by compositions £ o ¢.)

Let H = H{(G,R) and L = H,(G,Z) be the first homology groups of G with real
and integral coefficients, respectively. Given a model (G,1) of G, we can identify
H = H,(G,R) and L = Hy(G,Z) with the spaces of real-valued and integer-valued
flows on G. Let E be the set of size 2| E| obtained by replacing each edge e = {u, v}
of E by two oriented edges uv and vu (including loops for which © = v). By an
abuse of the notation, we also denote elements of E by e, and use € when referring to
the same edge but with the opposite orientation. A real-valued flow on G is a map
x: E — R which verifies

z(e)=—xz() VecE and > x(e)=0 VoveV
e=vu€k
If z(e) € Z for all e € E, then z is called an integer-valued flow. The spaces of real-
and integer-valued flows on G are denoted by H,(G,R) and H,(G,Z), respectively.
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We can then naturally identify H;(G,R) = H1(G,R) and H,(G,Z) = H,(G,Z). In
the following, we tacitly make this identification and make it explicit, whenever there
is a risk of confusion.

The dimension h = dim(H;(G,R)) is called the genus of G. Given a model (G, 1)
of G with vertex set V and edge set E, we have h = |E| — |V| + 1 by Euler’s formula.

Recall the definition of polarization on metric graphs [BLHN97, BR07, CV10,
KS00, MZ08]. Fix a model (G, 1) of G. Fixing an orientation O: E — E, we identify
E with a subset of E. The polarization on H is the scalar product (-,-)g: Hx H — R
defined by

(x,y)g = > le)z(e)yle) Vu,ye H.
eck

It does not depend on the choices of the model and orientation. If the graph G is
fixed, then sometimes we denote (-,-)g by (-, ).

The Jacobian of G is the h-dimensional torus

Jac(G) = H/L = H,(G,R)/ H(G,7Z)

We endow Jac(G) with the distance function dg: Jac(G) x Jac(G) — [0, 00) induced
by the polarization (-, -)g.

10.1.2. Tropical curves

In the following, we recall the definition of tropical curves in the sense of [AN22,
AN25a]. This framework was introduced in loc. cit. for answering analytic questions
on degenerating metric graphs and Riemann surfaces. Tropical curves in this sense
should be viewed as a multi-scale generalization of metric graphs, and they arise as
(multi-scale) limits of metric graphs. (Metric graphs are also called tropical curves
in standard terminology, see e.g. [BJ16, MZ08]|, so the two notions are consistent.)

Let G = (V, E) be a finite, connected graph. We assume that G is essential, which
will be convenient when realizing tropical curves as limits of metric graphs. A layering
of G is an ordered sequence m = (74, ..., 7, m;) of pairwise disjoint subsets m; C E,
j€{1,...,rf}, such that m; # @ for j € {1,...,r} and

E = |_| 7Tj.

je{1,...,m.§}
We stress that we allow 7; = @. Equivalently, a layering of G is a pair 7 = (7o, 71})
of a subset m; C £ and an ordered partition 7o, = (71,...,m,) of E\ 7.

The integer r € {0} UN is called the (infinitary) rank of m. The sets ;, for
g € {1,...,r}, are the infinite layers of 7. The last set 7; is called the finite layer
of m. The pair (G,7) is called a layered graph. The meaning of this terminology
will become clear below, when we relate layered graphs to degenerations of metric
graphs.

A weighted layered graph (G, () is a layered graph (G,w), with G essential,
together with an edge length function ¢: E — (0, 00) satisfying the normalization
condition

d lle)=1, forallj=1,...,r

ecm;

ANNALES HENRI LEBESGUE



Higher rank inner products, Voronoi tilings and metric degenerations of tori 1159

To a weighted layered graph (G, 7, ¢), we associate the metric realization C of (G, ()
and the following decreasing sequence

(10.1) C=C'D>C*>---2C"2C

of metric subgraphs: for j € {1,...,r, f}, the metric subgraph C? of C is obtained by
removing all interval edges e € 7, --- U m,;_; from C. Equivalently, C? is the metric
realization of the graph G7 = (V, E X (m U+ --Um;_;)) with the edge length function
€|Tl']'U"'Uﬂ"rU7l'f'

A tropical curve is a pair (C,C®) of a metric graph C and a decreasing sequence

of metric subgraphs C* = (C?)jeq1,...r5y With C = C! that arises in this way for some
triple (G, m, (), with the graph G essential.

Remark 10.1. — We remark that the definition of a tropical curve here differs
slightly from the one given in [AN22], in the sense that the graph G was not assumed
to be essential there. The results in [AN22] are motivated by applications to moduli
spaces of Riemann surfaces. In that setting, we allowed to have vertices of degree
two in order to treat the case where that vertex represents a Riemann surface of
positive genus in the dual graph. In order to simplify the presentation, we do not
consider vertex-weighted graphs here. Assuming that G is essential then allows to
define a meaningful convergence of metric graphs toward tropical curves, see below.

By an abuse of the notation, we simply write C for the pair (C,C®). In this case,
the tropical curve C is called the realization of the weighted layered graph (G, , /),
and the triple (G,, /) is called a model of the tropical curve C. All models of a
tropical curve C have the same underlying essential graph G. A tropical curve C has
a unique model unless the graph G has a non-trivial automorphism group, in which
case, C has a finite number of models with the same underlying graph G. If we want
to emphasize that a tropical curve C has a model (G, 7, ¢) with underlying graph G,
then we call it a tropical curve over G.

The (infinitary) rank of a tropical curve C is by definition the rank of any defining
layering 7, or equivalently, the number of metric graphs in the sequence C* minus
one. We note that with this terminology, metric graphs are precisely tropical curves
of (infinitary) rank r = 0.

A tropical curve C of rank r defines a collection of metric graphs I't,... I, T,
called the graded minors of C. The j** graded minor I'V is the metric graph obtained
by contracting all interval edges e € ;4 U---Um, Uy in C7. Equivalently, IV is the
metric realization of the ;' graded minor gr’G of G defined by

o/G =G/ (i U Um, Umy)

endowed with edge length function /|,
(For a finite graph R = (V(R), E(R)) and an edge set F' C E(R), the graph R/F

is the contraction of R along F'.)
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Figure 10.1. A layered graph of rank two, and its graded minors.

10.1.3. Convergence of metric graphs to tropical curves

Let G = (V, E) be a finite, connected, essential graph. Consider a family (G, ),
t € R,, of weighted graphs and a weighted layered graph (G, 7, ¢). For t € R, , define
the total length of edges in (G, ;) as

(10.2) Ly =Y li(e),

eckE

and denote by L, ;, j € [r], the total length of edges in 7;:

(10.3) Lij =Y lfe).

eEm;
We also set
(104) Lt,f = Lt77~+1 = ]_

We say that the family (G,[;), t € Ry, converges to (G, m, () for t — oo, if the
following conditions hold:

(A) for all j € [r], we have L; j/ L; j 11 — 00 as t — oo,
(B) for each edge e € 7;, j € [r], we have l;(e)/ L; — {(e) as t — oo.
(C) for each edge e € 75, we have l(e) — {(e) as t — 0.

Informally speaking, the weighted layered graph (G, ¢) captures the asymptotic
behavior of the edge lengths /;(e), e € E. Note that (A) implies that L, ; — oo as
t — oo for all j € [r]. Moreover, as t — oo, we have Lyj > Loy > -+ > L, > 1.
Thus, (B) implies that the lengths of all edges in the infinite layers =}, j € [r], go
to infinity, however, they grow with different rates L, ;, j € [r]. Moreover, by (B)
and (C), the precise asymptotic behavior of the edge lengths I;(¢e), e € E, is described
by the edge lengths ¢(e), e € E, of the weighted layered graph (G, ¢).

We say that a family (G,)icr, of metric graphs converges to a tropical curve C, if
there exist models (G, [;), t € Ry, of G;, with G essential, and a model (G, 7, ¢) of C
such that (G,l;), t € Ry, converges to (G, m,¢) in the above sense.
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10.1.4. Homology and polarization of tropical curves

Notations as above, let C be a tropical curve of rank r. We define the first homology
of C with real and integer coefficients as H;(C,R) and H,(C,Z), respectively. As for
metric graphs, upon choosing a model (G, m,¢) of C, we can further identify the
homology with the space of flows on G. The Jacobian of C denoted Jac(C) is the
quotient

Jac(C) = H,(C,R)/ H,(C,Z).
For each j € {1,...,r,f}, the inclusion C/ C C gives a canonical embedding
H,(C’,R) — H,(C,R).
Thus, we obtain a non-increasing filtration
H1<CvR) = HI(CI’R) 2 Hl(c27R) 2 2 HI(CT7R) 2 Hl(cf7R) 2 {O}
The contraction map from C? to the graded minor I'V induces a projection map
p;j: Hi(C7,R) — Hy(IY,Z). The projection map is surjective and has kernel given
by ker<pj) = Hl(Cj+17R) g Hl(cj7R>‘
In the following, we abbreviate H = H;(C,R) and L = H,(C, Z).

DEFINITION 10.2 (Tropical polarization). — Consider R™"! endowed with the
lexicographic order <==.c. The tropical polarization on H is the bilinear form
(-,-): Hx H— R" given by

{z,y) = (Z U(e)z(eyle), ... > le)x(e)y(e), D f(e)x(e)y(e)> , wy€H

ecm ecTy, GETI'f

The following proposition summarizes the basic properties of the tropical polariza-
tion.

PROPOSITION 10.3. — The tropical polarization {-,-): H x H — R""! is an

inner product on H = Hy(C,R). The associated filtration F* is given by
F/ =M, (C7,R) C Hi(C,R), je{l,....,nrf}
By convention, we set F*™! := F and FI*! := {0}.
Forj € {1,...,r,{}, the projection map p;: H(G’,R) — H;(I'¥,R) induces a canon-
ical isomorphism
e/ H = F//F/* = H, (TVR).
Under this isomorphism, the j*" graded piece of (H, (-,-))) is isomorphic to
(gera <| ) D]) = (Hl(rjaR)a < ) '>1"j> .

In particular, gr'! H = {0} if and only if T7 is a tree.

Proof. — All properties are direct consequences of the definition of (-, -)). We omit
the formal proofs. 0

Next, we describe the lifting operators p7, j € {1,...,7,f}, introduced in Lem-
ma 2.19. For j € {1,...,r,f}, the induced lifting operator p}: Hy(IV,R) — H,(C,R)
has the following form. For v € H{(IV,R), the image n = p;(7) is the unique flow
n: E — R on G such that
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(i) n(e) =0 for all edges e € Ty U --- U mj_y,
(i) n(e) = ~y(e) for all edges e € 7; (here we identify 7; with the edge set of IV),
(iii) and for all k € {j +1,...,7,f}, we have

(10.5) > Ue)n(e)ale) =0, Yae H (IV,R).
ECT
Remark 10.4. — Recall that the space of one-forms on a metric graph admits the

Hodge decomposition, that is, it decomposes into an orthogonal sum of the spaces of
harmonic one-forms and exact one-forms, respectively (e.g., [SW19, Proposition 3.11]
or [BF11, eq. (2.1)]). Using the Hodge decomposition, one can prove that (10.5) is
equivalent to requiring that

n(e) = fk(v)g(_e)fkm) ,

for a function fi: V' — R such that fy(x) = fi(y) for all vertices z,y € V having
the same contractions in I'*, via the contraction map C* — T'*.

e =uv € my,

™

-~
~

=
=g

Figure 10.2. A tropical curve C of rank two and its Voronoi cell. The vertices
are all inside the Voronoi cell, the dashed lines are in the exterior. The closure
of the Voronoi cell is isomorphic to the Voronoi cell of the first graded minor.
The second graded minor has trivial homology.

3
[N}
|
\
R

As is easily seen, the lattice L = H;(C,Z) is admissible for the inner product (-, ).
Moreover, under the identification gr’! H = H(I'V,R), we have

grjIL‘:Hl(Fj7Z)7 ] 6{17"'7T7f}‘

By Corollary 8.3, the Voronoi cells Vore(7), v € L, associated to the inner product
{-,-) and the admissible lattice IL, provide a decomposition of H. Moreover, applying
Theorem 8.2, we obtain the following result.

THEOREM 10.5 (Almost orthogonal decomposition for the Voronoi cells of tropical
curves). — Notations as above, we have

Vore(0) =Vi @ --- OV, DV,

where V; = p¥(Vorr; (0)), j € {1,...,7,f} and Vorr; (0) is the Voronoi cell in Hy (I, R)
for the lattice H,(IV,Z). That is, the closure of the Voronoi cell Vore(0) for the
tropical curve C is the Minkowski sum of the Voronoi cells of its graded minors,
canonically lifted to H.
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Figure 10.3. A tropical curve C of rank two and its Voronoi tiling. The boundaries
of Voronoi tiles are colored red or blue depending on whether they belong to the
incident Voronoi cell with a red or blue center, respectively.

10.1.5. Degeneration of the polarizations, Voronoi cells and Jacobians

Let G = (V, E) be a finite, connected, essential graph. On G, consider the spaces
H = H,(G,R) and L = H,(G, Z) of real- and integer-valued flows, respectively.

For every metric graph G over G, we fix a model (G,I). Identifying H,(G,R)
with H;(G,R), the polarization on H;(G,R) induces a scalar product (-,-)g on H.
Analogously, for every tropical curve C over G, we fix a model (G, 7, ¢) and obtain
an inner product (-,-) on H. When considering a family (G;);cr, of metric graphs
converging to a tropical curve C over GG, we additionally suppose that the weighted
graphs (G, 1;), t € Ry, converge to the weighted layered graph (G, , ).

In particular, for a family of metric graphs G;, t € R, , over G, we obtain a family
of scalar products (-, -)g,, t € Ry, on H = H;(G,R). Our next results says that, if
the metric graphs G;, t € R, , converge to a tropical curve C, then the scalar products
(-,-)g., t € Ry, converge to the inner product (-,-) in the sense of Section 5.2.

LEMMA 10.6. — Let (G¢)ier, , be a family of metric graphs over G which converges
to a tropical curve C over G. Consider the associated family of scalar products (-, -)g,,
t e Ry, on H= H{(G,R). Then, (-,-)g,, t € R,, tamely degenerates to the tropical
polarization (-,-) with parameters L, = (L¢1, ..., L, L), t € Ry, given by

(10.6) Lij =Y l(e), je{l,....r},

ecT;

and Lt,f =1.

Proof. — We need to show properties (a), (b) and (¢) from Definition 5.3 in the
definition of tame degenerations. By assumption, the chosen models (G, ;) of G,
t € Ry, and (G, 7, {) of C satisfy the conditions (A), (B) and (C) in Section 10.1.3.
Property (a) then follows immediately from (A).

We decompose H = H1 @ --- @ H, @ H;, according to the almost orthogonal
decomposition induced by the polarization of the tropical curve.
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In order to prove property (b), fix 4,57 € [r 4+ 1] with i < j and let v € H; and
7' € H;. Since v = p;(n) for some n € H;(T*,R) = gr'H, we obtain from (10.5) that

>~ le)v(e)/'(e) =0.

ecm;
Moreover, H; is contained in F7, which is the first homology group H;(C/,R) =
H,(G7,R), and hence +/(e) = 0 for all edges e € E ~\ (m; U---Um,4 Um;) (again,
by convention, F™™! = FF). Thus, taking into account (A), (B) and (C), we conclude
that, as t — o0,

> l(e)y(e)Y (e)

17,7 )| = > Lyi(tle) +o(1)y(e)y (e)

eek eem;U--UmpUms
L
=Lij| oM@+ 3 3 () + o))y (o)
€T ke{j+1,..,r,f} e€mp Tt

< Lu - (max ()] - (max|7/(@)]) - o(1),

where the o(1)-terms tend to zero uniformly for v € H; and 4" € H;. This shows
that property (b) holds.

It remains to prove property (c). Fix i € {1,...,r,f} and let v,7" € H;. Since
H; C F', and F' is the first homology group H;(C’,R), we obtain similar as above
that

v, 7).

= Y lle)y(e)(e)

eEﬂ‘jU...ﬂ'TUﬂ'f

= Ly, (Q%V'Dj + Y oM (e)+ > o(l) Y (Le) +0(1))7(6)7'(6)) ,
eEm; ke{j+1,...,rf} €€

where the o(1)-terms tend to zero uniformly for v, € H;. Since this implies that

property (c) holds, the proof is complete. O

Note that we may view the Voronoi cells W; = Vor(. .y, (0) of the metric graph
polarizations (-, -)g,, t € Ry, and the Voronoi cell Vor¢(0) = Vory. . (0) of the tropical
curve polarization (-,-)) as subsets of the same vector space H = H;(G,R) with
respect to the admissible lattice L = H;(G,Z). Applying Theorem 7.1, we obtain
the following.

COROLLARY 10.7. — Consider the lattice L = H1(G,Z) in H = H,(G,R). Let
(Gt)ier, , be a family of metric graphs over G which converges to a tropical curve
C over G. Fort € R,, let W, C H be the Voronoi cell of the origin v = 0 for the
polarization (-, +)g,.

Then, the Voronoi cells Wy, t € R, converge to the tropical Voronoi cell Vore(0)
in the Hausdorff sense.
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Consider the torus T = H/L = H(G,R)/ H1(G,Z). For a metric graph G over G,
we equip T with the distance function dg: T x T — [0, 00) induced from the scalar
product (-, -)g.

Let C be a tropical curve over G and (G, m, ) its fixed model. For j € {1,...,r f},
consider the subgraph G = (V, E \ (7 U---Um;_1)) of G. Then we can naturally
embed H;(G?,R) into H and H,(G,Z) into L. Setting

T =H (,R)/H (¢,Z), je{l,....,nf},
we obtain a non-increasing filtration of T by subtori:
T=T'>2T*>.---2T" DT
Moreover, the contraction map ¢/ — IV induces an isomorphism
T/ /T = Jac(TV), je€{l,...,nf}
(Here, by convention, T"™! = T and TM! = {0}.) Applying Theorem 9.3, we obtain
the following result.

COROLLARY 10.8. — Let (G;)er, be a family of metric graphs which converges
to C. For j € {1,...,r,f}, let L;; be the parameter defined in (10.6). Then, as
t — o0,

1

(Tj, \/? dgt |Tj><']rj) G—H> (Jac(Fj),dpj>.
t,j

Here, we view T7 as a closed subset T/ C T, endowed with the restriction of dg, to
TJ x TY. Moreover, dy; is the distance function on Jac(I7).

10.2. Degenerations of Riemann surfaces

In our forthcoming work [AN25b], the results of Section 9 are applied to study
metric degenerations of Jacobians associated to Riemann surfaces. In this section,
we informally discuss our results in a simplified setting.

10.2.1. Riemann surfaces, Jacobians and polarization

A Riemann surface S is a compact one-dimensional complex manifold. We denote
by Hy(S,R) and H;(S,Z) the first homology of S with coefficients in R and Z,
respectively. We have dimg(H;(S,R)) = 2¢g, where ¢ is the genus of S, and H,(S,Z)
is a lattice of full rank in H;(S,R).

Denote by Q and Q the spaces of holomorphic and anti-holomorphic one-forms
on S, respectively, so that for w € €, the complex conjugate form @ lives in €. These
are complex vector spaces of dimension dim¢(2) = dime(Q2) = g, and so, as real
vector spaces, they have dimension dimg(2) = dimg(Q) = 2g.

There exists a perfect pairing between ) and € defined by

(w,n)GQxQ»—>%/Sw/\n,
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which identifies Q with the complex dual Q* := Hom¢(£2, C). On the other hand, as
a real vector space, (2* can be identified with H;(S,R) via the integration map

7€H1(S,R)»—><w€§2>—>/w),
Y

which induces an R-linear isomorphism between H;(S,R) and Q* = Homc(£2, C).
The combination of these two identifications leads to a natural R-linear isomor-
phism
U: Hi(S,R) — Q,
more precisely defined as follows. For v € H;(S,R), the image ¥() is the unique
anti-holomorphic one-form on S such that

[Yw:;/sw/\\lf(fy), VweQ.

The complex vector space () has a natural pairing

(Oé,ﬁ)|—>—; Sa/\g’

which is a Hermitian sesquilinear form on Q. Its real part
<C¥,B> ::R€<—;/CY/\6>, aaﬂeﬁv
s

is a scalar product on ), considered as a real vector space.
Altogether, we obtain a scalar product (-,-)s: H1(S,R) x H{(S,R) — R given by

(voms =(Y(7),¥()), 7,n€ Hi(SR).

We call it the polarization on Hi(S,R).
We define the Jacobian of the Riemann surface S as the real 2¢g-dimensional torus

Jac(S) = H1(S,R)/ H\(S,Z).

The flat Riemannian metric induced by (-, -)s on Jac(S) is denoted by ¢g. Moreover,
we let dg: Jac(S) x Jac(S) — [0,+00) be the associated distance function and
vol(Jac(S)) the volume of Jac(S) for the Riemannian metric @g.

Note that since ) comes with an additional structure of a complex vector space,
U can be used to give H;(S,R) the structure of a complex vector space as well,
leading to a complex structure on the Jacobian. However, this will not be important
for us in what follows.

10.2.2. Degenerating Riemann surfaces

Let G = (V, E) be a finite, connected graph. For each vertex v € V| fix a smooth
Riemann surface C),. For each edge e = wv in GG, we fix two attachment points p and
pS on the Riemann surfaces C, and C,, respectively (and additionally require that
pS # p¢ for e # ¢'). Identifying for each edge e = uv the two points p¢ and p¢ into
a single point p®, we obtain a singular Riemann surface S with nodal singularities,
which carries a natural analytic structure, see Figure 10.4.
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==
2~

Figure 10.4. A singular Riemann surface with three components. The corre-
sponding graph is the cycle with three vertices.

What follows is a construction of a family of smooth Riemann surfaces (S;)o<e<1
which degenerate to S as € — 0. This is a simplified version of the so-called plumbing
construction (see, e.g., [HK14, Wen91]).

Around each attachment point p{ € C,, we fix a local holomorphic coordinate z
and consider the unit disc

Di = (=] <1} C S.

The origin z{ = 0 corresponds to the attachment point p¢. For each 0 < e < 1, we
now remove a disc of radius /¢ from C,. More formally, we consider

Di.={|Ve<|gl<1}cs
with its inner boundary circle denoted by
St = {20126 = VE} .

For each edge e = uv, we then glue the two boundary cycles Sj _ and S, _ together
to a circle S¢. More precisely, we identify each zj; € Sj _ with the point

€
Ze = Z—Z €S,
By this procedure, we obtain a smooth surface S, which moreover carries a natural
complex structure (that we do not explicit here), leading to a family of smooth
Riemann surfaces S. parametrized by ¢ € (0, 1). Moreover, for ¢ — 0, the circles S¢

£
e € F, shrink and S, degenerates to the singular Riemann surface S.

.'

Figure 10.5. A singular Riemann surface with two components and its associated
graph on the right. A smooth Riemann surface S in the plumbing family is
depicted in the left. The cycles S¢ are shown in red.
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10.2.3. Jacobians of degenerating Riemann surfaces

For 0 < € < 1, consider the Jacobian Jac(S.) = Hi(S.,R)/ H,(S.,Z) endowed
with its Riemannian metric ¢gs. and the distance function ds.. We are interested in
the metric behavior of the flat tori Jac(S.) as e tends to zero.

Before formulating our results, we need some considerations on the homology
H,(S.,R). Using the shape of the Riemann surface S., we can define a natural
non-increasing filtration

(10.7) F: H(S.,R)=F!DF?DF> {0}

£

Roughly speaking, F? corresponds to the cycles originating from the attachment
cycles S¢, F? corresponds additionally to the cycles originating from the Riemann
surfaces Cv, v € V, and finally, F! corresponds additionally to the cycles originating
from the graph G (see Figure 10. 6 More formally, we proceed as follows.

.'

Figure 10.6. The three type of cycles appearing in S, are shown in three colors.
The cycle in pink is vanishing in the limit, it is an element of F2. The two cycles
in blue live on the two components of S, they belong to F2 \. F2. The red cycle
lives above the red cycle in the graph, it belongs to F! < F2.

As is clear from the shape of the singular Riemann surface S, there exists a natural
contraction map kc.: S. — S (see Figure 10.5). Namely, we contract the circles S¢
in S. to the singular points p., e € E, and “stretch” the remaining parts of S, to
cover the rest of S. On the other hand, we can also define a natural contraction map
Kge: S: = G (see Figure 10.7), where G is the metric graph obtained from G and
the length function [: E' — (0, 00) with [(e) = 1. In order to define kg ., we contract
the circle S¢ of an edge e = wv to the middle point of the corresponding interval edge
in G, contract the annuli Dy . and Dy, _ to cover the remaining parts of intervals, and
map the remaining parts of S. to the vertices of G.

Figure 10.7. The contraction map from S, to the metric graph G. The middle
cycles S, . are mapped to the middle points of the edges, shown in red.
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The above contraction maps induce maps on the level of the homology, which we
denote by pco: Hi(S.,R) — Hi(S,R) and pg.: Hi(S.,R) — H;(S,R). We then
define

Fg = ker(p(c,a) :

and call it the space of vanishing cycles. Concretely, each circle S¢ C S, e € E, in
S. gives rise to an element a.. € Hy(S.,R). We then have

(10.8) F? = ker(pc..) = span({ac.le € E}).

That is, F? corresponds precisely to the glueing cycles S, ., e € E, in the plumbing
construction. We stress that it might happen that the cycles a.. are not linearly
independent, that is, > .cp Acte = 0 in H; (S, R) for some non-trivial coefficients
A € R, e € E. It turns out that F? has dimension equal to h := dim(H,(G,R)). The
latter is called the genus of G and, by Euler’s formula, can be computed as

h = dim(H, (G, R)) = || - [V] + 1,

Note that for each smooth Riemann surface C,, v € V, we can naturally embed
H(C,,R) into Hy(S:,R). More precisely, for each element a, € H;(C,,R), we choose
a representing cycle which does not intersect the discs D{, e ~ v, and view it as a cycle
inside S.. This allows to associate to each a, € H1(C,, R) an element a, . € H;(S:,R).
Note that this choice is not canonical, since for different representing cycles, the
elements a, . can differ by some combination of the a..s. Nevertheless, we obtain
a non-canonical embedding H;(C,,R) — H;(S:,R). We then define the subspace
F2 C H,(S.,R) in the filtration (10.7) as

(10.9) F? = span ({ae’6 le€ E}U | {ave | ay € Hl(C’U,R)}> :

veV

We have that dim(F?) = h + 3,1 29(C,), where g(C,) denotes the genus of C,.
Moreover, F? = ker(pg..), where pg.: Hi(S-,R) — H;(S,R) is the projection induced
by the contraction map rg.: S. = G.

Finally, we define the last set in the filtration (10.7) by F! = H;(S.,R). One can
give a precise description of F! \ F2. Namely, for a cycle ag € H;(G,R), we can
choose an element ag. with pg.(ag.) = ag (by “following the graph cycle in the
Riemann surface S.”). This choice is only unique up to elements of F? = ker(pg.).
Thus, we obtain a non-canonical embedding H;(G,R) — H;(S.,R). Altogether, we
have

F! = H(S.,R)

= span ({ae,s le€ E}U | {ave | ay € Hi(Co,R)} U{ag, | ag € HI(Q,R)}> :

veV

In particular, the Riemann surface S. has genus

_ dim(Hy(S.,R)) 20+ Tyer 2(Cy

! V2 iy g,

veV
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In order to formulate our results on the degeneration of Jac(S.), we need the
following ingredients. Setting L? .= FZ N H(S.,7Z), j € {1,2,3}, we obtain a lattice
of full rank in FZ. Consider the associated tori

T, :=FI/1I, je{1,2,3}.
T? and T? have dimension h + 23,y g(C,) and h, respectively. Altogether, we
obtain a non-increasing filtration of Jac(S.) by subtori:
Jac(S.) = T! D T? D T? > {0}.
For each vertex v € V, let Jac(C,) be the Jacobian of the smooth Riemann surface
C, and dg,: Jac(C,) x Jac(C,) — [0,00) the distance function induced by the
polarization (-, )¢, on Hy(C,, R).

Let Jac(G) = H1(G,R)/ Hi(G,Z) be the Jacobian of the metric graph G and
dg: Jac(G) x Jac(G) — [0,00) the distance function induced by the polarization
<' ) '>g on Hl(guR)'

Consider the dual spaces

H.(G,R)* = Homg(H1(G,R),R) and H;(G,Z)" = Homy(H,(G,Z),7Z).
The polarization (-, -)g on H(G,R) defines an isomorphism ¥: Hy(G,R)— H;(G,R)*
by setting
(\1’7)(77) = <77a7>g7 SEN/AS Hl(ng)
Thus, we obtain a scalar product (-,-)g.: Hi(G,R)* x H(G,R)* = R on H(G,R)*
given by

(2,9)g. = (¥ (@), ¥ (y),, =,y € Hi(GR)"
Consider the dual torus
Jac*(g) = Hl(gaR)*/Hl(gaz)*

We endow Jac®(G) with the distance function dg: Jac™(G) x Jac™(G) — [0, 00)
induced from the scalar product (-, -)g ..

THEOREM 10.9. — The volume of the torus Jac(S.) converges to
ll_r}(l) vol(Jac(S.)) = Ug/ vol(Jac(Cy)).

Moreover, as € — 0,

1 GH
Jac(S;), ——=ds. | — (Jac(G),d
( (Se) o8 s) (Jac(G), dg)

(T2, do Jazurs) S5 (@ Jac(Cy), D dcv>

veV veV
(T, Vgl ds.lpsry ) <5 (Jac(6), )

in the Gromov-Hausdorff sense. Here, we view T? as a closed subset of Jac(S.),
endowed with the restriction of ds. to T2 x TZ.

The notation (@,cy Jac(C,), Byev de,) here refers to the product metric.
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Remark 10.10. — Note that, as ¢ — 0, the degeneration parameter 4/|log(¢)|
tends to +o0. In particular, the diameter of the Jacobians Jac(S;) goes to +o0o under
degeneration. On the other hand, the volume remains bounded. This is explained by
the fact that the Jacobian becomes “infinitely long” in some directions, and at the
same, “infinitely thin” in other ones.

10.2.4. Tame degenerations of polarization on Riemann surfaces

We informally describe here the proof of Theorem 10.9 given in [AN25b]. Fix some
g0 > 0 and consider the vector space H = H;(S.,,R). For every other ¢ € (0,1), we
can define a natural diffeomorphism f;: S;; — S. by mapping the circles SZ, to the
circles S¢ and “stretching” the remaining parts of S.,. This induces an isomorphism
between H;(S.,R) and H = H,(S.,,R). Thus the scalar products (-, -)s. on H;(S:, R)
define a family of scalar products (-,-)., ¢ € (0,1), on H.

Consider the bilinear form (-,-) = ({-,-Dy, (-, Dss {++:D3): H x H — R?® defined
as follows. The first component (-, -), is defined by

<|’77 77|>1 = <pg,€o (/7)7‘3@750 (77)>g7 BEN/AS H.

Note that &,H;(C,, R) embeds into H;(S,R) and the image of F2 under the pro-
jection map pc ., lies in this subspace (see (10.9)). Using the polarizations (-, )¢,
of the Riemann surfaces C,, v € V, we define the second component (-, -)), of the
bilinear form (-, -) by

2

<|’7 77|> — 2 vev <p<C,Eo (7)7 Pceo <T]>>C'u’ SEUAS F507
7 ? 07 7¢F.§0 Orn¢on'

In order to define the third component (-, -), of the bilinear form (-, -}, we introduce
the following projection map p..,: F2 — Hi(G,R)*. Given v € F2, the linear
functional p. ., (v) € H1(G,R)* is defined by

(p*,EO (7)) (ag) = <77 ag,60>int7 ag € Hl(g7R>’

where (-, )iy is the intersection pairing on H; (S, R). As above, for ag € H,(G,R) we
have chosen a lift ag ., that is, an element ag ., € H1(S,,) satisfying pg.(age,) = ag.
Note that two different such lifts differ by an element of F2 = ker(pg_.,). Moreover,
we have (7, n)ine = 0 for all v € F2 and n € F2 (consider (10.8) and (10.9), taking
into account the locations of the cycles on S, shown in Figure 10.6). This ensures
that the projection map p,.,: F2 — Hi(G,R)* is indeed well-defined.

We define the third component (-, -, of {-,-) as

O? 7¢F:€%0 Orn¢F§0'

The following result from [AN25b] combined with Theorem 9.3 leads to Theo-
rem 10.9.

p*yfo Y 7p*7€0 n % YN € Fgm
.y ::{< () beco()g
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PROPOSITION 10.11. — The bilinear form (- ,-)) : Hx H — R3 is an inner product
on H = H(S;,,R). Its filtration F* coincides with F? . Moreover, as € — 0, the
scalar products (-, ). degenerate w-tamely to (-,-) with parameters

L. = (llogel",1, ] log ).

Remark 10.12. — The results in [AN25b] go beyond Proposition 10.11 and The-
orem 10.9 on several levels. On the one hand, we prove a more precise asymptotic
for the degenerating scalar products (-, ). that implies the w-tameness. These are
based on our study of degenerations of solutions to Poisson equations in [AN22], and
are more elaborate to formulate here.

On the other hand, [AN25b] deals with families of Riemann surfaces which depend
on several parameters. The above degeneration parameter ¢ > 0 is replaced by
possibly independent complex parameters €., one for each edge e € E. In this case,
additional multi-scale effects occur, which are then handled by using the notion of
tropical curves from Section 10.1.2. In this more general framework, the tori Jac(G)
and Jac*(G) in Theorem 10.9 are replaced by several tori Jac(I'"),. .., Jac(I'") and
Jac®(T), ..., Jac*(I'") for the graded minors T'',... T of a tropical curve C, each
corresponding to a different scale. The study of multi-parameter degenerations of
Riemann surfaces is linked to the geometric properties of ., the moduli space of
Riemann surfaces of genus ¢, and its Deligne-Mumford compactification .4 4 In fact,
the analysis of the analytic behavior of Riemann surfaces close to the boundary of
the Deligne-Mumford compactification requires to consider degenerations depending
on 3g — 3 complex parameters (corresponding to the complex dimension of ./Z,).

The behavior of Jacobians of degenerating Riemann surfaces can be treated more
naturally in the framework of hybrid Riemann surfaces. This framework has been
established in [AN22, AN25a] and allows to explain conceptually several asymptotic
properties of degenerating Riemann surfaces. In order to keep the exposition stream-
lined, we do not develop the hybrid point of view here and refer to our forthcoming
work [AN25b] for more details.

11. Further discussions and open problems
11.1. Higher rank Hermitian inner products

We briefly discuss how to adapt the set-up of the paper to Hermitian inner products.
Let H be a complex vector space of finite dimension and let r be a positive integer.
Consider a function (-,-)): H x H — C" with coordinates (-, -|>j, J € [r]. We assume
that {-,-) is Hermitian, that is,

{z,y) :m Va,y€e H.

Moreover, we assume that (-, -) is sesquilinear, that is, it is linear in the first factor.
It follows then that (-, -} is antilinear in the second factor.

Note that it follows from the conjugate-symmetric property that for any x € H,
(x,z) belongs to R", so that it makes sense to talk about positivity by saying that
(x,x) > 0 for x # 0.

ANNALES HENRI LEBESGUE



Higher rank inner products, Voronoi tilings and metric degenerations of tori 1173

Figure 11.1. A polydisk in H = R? endowed with inner product from Exam-
ple 2.1. It is the union of three sets, in blue {xr € H | qi(x) € (0,p1)}, in red
{z € F? | qa(z) € (0, p2)}, and the center of the polydisk in azure.

The form (-,-) defines a non-increasing filtration
F F'=HDF'DFD>.---DF DF*:=(0)
on H by setting
F/ ::{xGH’ {z,y), =0 foralli<jandally€H}, je|r].

We say that (-,-) is a (higher rank) inner product if for each j € [r], the induced
form (-,-), on F//F/*! is a Hermitian inner product. It is easy to see that this is
equivalent to requiring (v, v}, > 0 for all v € F/ \ F/+L

All the results of this paper can be extended to this setting.

11.2. Topological characterization of admissible discrete sets

Let H be a real vector space of finite dimension endowed with an inner product
(-,-): Hx H — R". Denote by q: H — R" the corresponding quadratic form,
q(z) = (x,z) forall z € H.

For r positive reals p1,...,p, > 0, we define the polydisk B, = B,, ., (0) with
center z = 0 and radius p = (p1,...,p,) € R by

By(0):={z € H|0<q@)<p}u{zecF?|0<q@)<p}

0 < q.(z) < p, J LU{0}.

More generally, we define the polydisk with center z € H and radius p € R, by
B,(z) = B,(0) + =.

Figure 11.1 depicts a polydisk in R? endowed with the Euclidean inner product of
rank two from Example 2.1.

LJ---I_I{xGFT
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THEOREM 11.1. — The polydisks B,(z), p € R!, and z € H, form the base of a
topology on H.

Proof. — We decompose H as the direct sum H = H; @ --- @ H, according to the
almost orthogonal decomposition. More generally, for any such decomposition into
a direct sum, we define a topology whose base of open sets are given by translations
of the sets of the form

B=(Bf@H, @ ®H,) U (Bf®Hs@---®H,) U...UBU{0}

where By, ..., B, are open sets around the origin in Hy, ..., H, and B} denotes the
punctured open set B; \ {0}. Obviously, these sets and their translations z + B,
z € H, cover H. One verifies directly that for any point x € B, for B as above, there
exists a set B’ as above such that x 4+ B’ is contained in B. This shows that the sets
2+ B, B as above and z € H, form the base of a unique topology on H. The claim
follows. O

Note that this topology is a hybrid of the (pullback of the) order topology on R”
(induced by the lexicographic order =<.x), and the Euclidean topologies of the graded
pieces gr'H, j = 1,...,r. It does not have the Hausdorff property. Moreover, it is
coarser than the Euclidean topology on H, since the identity map H — H from H
with Euclidean topology to H with the new topology is continuous. It follows that
H has fewer discrete sets in this topology than discrete sets in Euclidean topology.
We have the following theorem.

THEOREM 11.2 (Topological characterization of admissible discrete sets). — Let
(H,{-,-)) be an inner product space and S C H. Then, the following statements are
equivalent. . .

e S C H is an admissible discrete set.
e S is discrete for the above defined topology.

We omit the proof of Theorem 11.2. Note that one obtains an alternative proof of
Proposition 3.6 by combining Theorem 11.2 with the above remarks.

11.3. Compact Hausdorff convergence

The aim of this section is to provide an alternative description of the compact
Hausdorff convergence from Section 7.

Let H be a real finite-dimensional vector space with a norm |-|: H — [0, 00). As
in Section 7, we denote the distance between a point @ € H and a non-empty subset
X C H by d(a,X) = inf,ex|a — z|. The ball of radius r > 0 with center x € H is
denoted by B,.(z). The Hausdorff distance dy(X,Y’) between two non-empty subsets
X,Y C H is given by

du(X,Y) = max {sup d(z,Y), sup d(y,X)} .
zeX yey

Moreover, we set dpy(X,d) = du(2,X) = +oo for non-empty X C H and
du(2,2) = 0. A sequence (Z;)icr, of non-empty subsets Z, C H is said to com-
pactly converge in the Hausdorff distance to a non-empty set Z C H if the distance
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functions d(y, Z;), t € R, converge to the distance function d(y, Z) uniformly on
compact subsets of H for t — oo.
We prove the following theorem.

THEOREM 11.3. — Let Z and Z;, t € R, be subsets of H. Then, the following
are equivalent.

(1) (Zi)ter, compactly converges to Z in the Hausdorff metric.
(2) There exists an open covering H = Uyen Br by bounded open sets B, C H
such that dy(Z; N By, Z N By) — 0 as t — oo for every k € N.

Proof. — We only prove that (1) implies (2). The proof of the other direction is
more direct and we omit it.

If Z; converges compactly to Z, then for any bounded open set U and any € > 0,
there exists a positive N = N (U, ¢) such that
(11.1) Vt>N sup d(z Z;), sup d(z,2) <e.

zeUNZ zeUNZy

Let x € H be a point. We show that there exists an open bounded set B containing
x such that dg(Z; N B, Z N B) — 0 as t — oo. This will prove the result.

We fix a sequence €y, &, ... of positive reals such that 3222, g; < oo.

Let Uy be an open ball around x such that U; N Z is non-empty. From the state-
ment (1) in the theorem, we deduce that for all large ¢, Uy N Z; is non-empty. Let N;
be the positive number given in Equation (11.1) for the open set U = Uy and € = ¢;.

Proceeding by induction, we construct an increasing sequence of open sets U; C
Uy C ... as follows. Having constructed Uy, k € N, we set N, > Ni_; to be a
positive number which verifies (11.1) for the set U = Uy, and € = £;. We define then
Urt1 by

Ugy1 = Up U U Bsk(Z) U U U Bek(z).

220U}, t=Ny, 2€Z,NUy
Let B = Upen Uk By construction, B is a bounded, open subset of H. We show that
(11.2) du(Z:NB,ZNB) — 0, as t— o0,

which finishes the proof. We need the following result.

CraimM 11.4. — Let | > k be a pair of positive integers. Assume that y € Z N U,
ory € Z, N U, for some t > N. Then, there exists z € U,_; such that d(y,z) < g1
and either, z € ZNU,_4, or, z € Z;NU,_; for some s > N.

Proof. — Suppose first that y € Z N U;. By the definition of U;, we have either
yeU_,ory€e B, (z)forze ZNU,_y or z € B,,_,(z) for z € Z; N U,_, for some
s = N;_1 = Nj, from which the result follows.

Suppose now that y € Z, N U,. Again, we have either, y € U1, or y € B,,_,(2) for
z€ ZNU_y,orz € B,  (2)for z€ Z;NU;_y for s > Ni_1 > Nj. In the first case,
we set s = t. In all cases, we have the result. [

We now prove (11.2). We need to show that for any € > 0, there exists 7" such that
for all t > T, we have

sup d(y,Z; N B), sup (y,ZNDB)<Le.
yEZNB yEZiNB
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We choose k large enough such that 33°,-,¢; <e.

Let first y be a point in ZN B. There exists an integer [ > k+1 such that y € ZNUj;.
Applying Claim 11.4 (I — k) times, we infer the existence of a point z either in ZNUy
or in Zs;NUy, for some s > N, such that d(y, z) < e+ - +¢&,-1. In the second case,
by the choice of N, there exists a point 2z’ in Z N B, (z). We infer that in either
case, there exists a point w € Z N Uy such that d(y, w) < 23,5k €5

Since B€k+1(w) contains a point of Z; N Uy, for any ¢ > Ny 1, we conclude setting
T = Nj41 that d(y, Z, N B) <3Y,5,¢; < e forany ¢ > T, as required.

We prove that for ¢ > T' = Ny, the inequality sup,czn~5(y, Z N B) < ¢ holds as
well. Let y be a point in Z; N B for some ¢t > T'. There exists an integer [ > k+ 1 such
that y € Z, NU,. Applying again Claim 11.4 (I — k — 1) times, we infer the existence
of a point z either in ZN Uy, or in Z;N U1, for some s > N4, such that d(y, z) <
€k+1 + -+ + €1—1. In the second case, by the choice of Ny, the ball B, (z) contains
a point w of Z. Moreover, by construction, w belongs to Z N Uiy C Z N B. This
means that in either case, we have d(y, Z N B) <23 ;554165 < €, as required. [

11.4. An example of a metric collapse

In Section 9, we obtained results on the metric degeneration of tori associated
to tamely degenerating families of scalar products. In this section, we present an
example of a degenerating family of scalar products which looks quite similar to a
tame degeneration, but where Theorem 9.3 fails.

Let H = R? and consider the standard lattice . = Z? in H. We denote elements
r € H by x = (x1,x9). For t € Ry, consider the scalar bilinear form

(x,9)¢ = T1y1 + be(T1Y2 + Ton) + 2010, T,y € H,

where b, is a real parameter with 0 < b, < t~'/2 such that lim,_,o. ¢ - b> = 1. The
Gram matrix of (-,-); with respect to the standard basis e, eo € Z? is given by

1 b
My = (bt tt1>

and has strictly positive determinant. It follows that (-,-); is a scalar product on H.
The scalar products (-,-);, t € Ry, can be realized as a pullback family as follows.
Consider the bilinear form

(-,): Hx H— R
{z,yh = (9513/17951% + $2y1,$2y2), z,y € H.
The scalar product (-, ), coincides with the pullback (-, )z, for the vector
Ly = (L, Lo, Lg) = (1,0, t71).

We also have that L;1/L;2 — oo and Lyo/L;3 — oo for t — oo.

The bilinear form {-,-) is easily seen to be positive, that is, {z,z]) = 0 for
r € H ~ {0}. Indeed, for a non-zero element = € H, if x; # 0, then we have
(x,z), >0, and if ; = 0, then (z,z), = (x,z), = 0 and (z,z), > 0.
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The filtration F* on H induced by (-, - is given by
F'=H>F?>={0} xR >F*=(0).

The restriction of {-,-), to the graded piece gr' H is the bilinear form (z,y), = x1y
which is definite. However, the restriction of (-,-), to gr?H = {0} x R is zero. It
follows that (-, -) is not an inner product.

We equip the torus T = R?/Z? with the metric d;: T x T — [0, +00) induced by
the inner product (-, -); on H. Comparing with Theorem 9.3 and taking into account
the shape of the Gram matrix M;, one might expect that (T,d;) converges to the
torus R/ Z with its standard metric when ¢ tends to infinity. However, it turns out
that this drastically fails. In fact, the torus shrinks to a single point in the limit.
Thus, although the products (-,-);, t € R, resemble the pullback family of an inner
product, the flat tori show a very different behavior.

PROPOSITION 11.5. — Ast tends to infinity, the flat tori (T,d;), t € Ry, converge
in the Gromov—Hausdorff sense to the metric space X = {e} consisting only of one
point.

Proof. — Fix a bounded subset B C H such that B covers the torus T via the
projection map H — T. It suffices to prove that, as ¢ tends to infinity, the function
fi(x) = min,e ||z — 7||s goes to zero uniformly on B. Clearly, this implies that
lim;_, o d¢(x,0) = 0 uniformly for z € T and thus (T, d;) shrinks to a point in the
limit ¢ — oo.

Given z = (r1,72) in B, consider the lattice point y(z) = (0, [§}]). Then,

ft(x)2 <z — 7(x)||t2 = x% + tilﬁ — b1y + 2byw g + (m% — 2x272)
=z} +t s — 2bu1 e + Ry(z),

where the remainder term R;(z) tends to zero uniformly for x € B when ¢ tends to
infinity. Using the explicit estimate (|z1]/b;) — 1 < |ya| < (Jz1|/b:) + 1, we arrive at

1 ozi| 1
filz) < xf(tbtz 1)+ P 2l + Ri(@).
Since by — 0 and tb? — 1 for t — oo, it follows that fi;(x) — 0 uniformly for
x € B. U

In the above example, the flat tori (T, d;) undergo a collapse in the limit ¢ — oc.
Note that dimension drops appear naturally in the framework of Gromov—Hausdorff
convergence of Riemannian manifolds, see e.g. Fukaya’s survey paper [Fuk90], and
the works [CG86, CG90, Fuk87, Gro78, GTZ13, Ruh82|. From this perspective,
w-tamely degenerating scalar products provide a situation, where the dimension drop
happens in a controlled way. Namely, by Theorem 9.3, after suitable renormalization,
the dimension reduces from dim(H) to dim(gr' H). On the other hand, in the above
example, one might naively expect a dimension drop of one, whereas actually the
dimension decreases by two.

It would be interesting to understand this phenomenon in a systematic way. We
are therefore led to the following question, which, to the best of our knowledge, does
not seem to have been studied in the literature.
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QUESTION 11.6. — Consider a real torus T = H/ L of dimension n, defined by a
finite dimensional real vector space H and a lattice . C H of full rank. For t € R,
let (-,-); be a scalar product on H and d;: T x T — [0, 00) the associated distance
function on the torus T.

Consider the sequence of flat tori (T, d;), t € Ry and suppose that (T, d;) converges
in the Gromov—Hausdorff sense to a torus X of dimension m < n. How can the
dimension drop d = n — m be described in terms of the scalar products (-, -);?

11.5. Voronoi cells of metric graphs and tropical curves

In this section, we discuss the structure of the Voronoi cells from Section 10.1. We
fix a finite connected essential graph G = (V, E).

11.5.1. Voronoi cell of a metric graph

Let [: E — (0,+00) be an edge length function and denote by G the metric graph
associated to the pair (G,[). Consider H = H;(G,R) endowed with the polarization
(«,-7i: Hx H— R. Let L = Hy(G,Z) be the lattice of integer points in H. The
Voronoi cell W; = Vory. ,(0) associated to L and (-, -); has the following explicit
description.

A circuit in G is an element v € 1L which verifies vy(e) = +1 for any edge e € E.
Equivalently, a circuit of G is obtained by taking a cycle in G and orienting it in one
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1 1

1 1
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1 1

1 ° ° ° 1
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Figure 11.2. An illustration of the collapse of the flat tori (T,d;), t € Ry, in
Proposition 11.5. The blue points are all the predecessors in the universal cover
H of the point [z] in the torus. The red line gives the shortest path joining the
origin to the point [x]. As t tends to infinity, the red path becomes more and
more winding and its lengths tends to zero. Thus, the distance between the origin
and [z] goes to zero and the flat torus collapses to the origin. On the other hand,
the length of the violet path remains bounded from below.
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of the two possible ways to obtain an oriented cycle. Let S be the set of circuits of G.
Note also that S is a finite subset of L.

THEOREM 11.7. — The Voronoi cell W, is the set of all points x € H which verify
the inequalities

2(x,v); < (v,7); for any circuit v € S.

The proof of this theorem is based on the fact that the circuits of the graph G
form a positive set of generators for the lattice L, see Section 11.5.2 below. Using
this theorem, it is possible to deduce the following description of the face structure
of Wj.

Recall that a spanning subgraph R of G is a subgraph which has the same vertex
set V and an edge set ' C E. We say that R is bridgeless if there is no edge
in F' whose removal from R increases the number of connected components of R.
A strongly connected orientation of a bridgeless subgraph R is an orientation such
that each pair of vertices u and v in the same connected component of R can be
connected by oriented paths, one from u to v and another from v to w.

THEOREM 11.8. — There is a bijection between the faces of W; and strongly
connected orientations of bridgeless spanning subgraphs of G. Under this bijection,
a face 7 is included in a face o in W, if and only if the subgraph R, corresponding
to o is included in the subgraph R, corresponding to T, and the orientation on R,
coincides with the one induced from the orientation on R..

Proof. — See [Amil0] for a proof. Alternatively, one can proceed by showing
first that the normal fan of the Voronoi cell W; corresponds to the arrangement of
hyperplanes in H = H,(G,R) C R¥ induced by the coordinate hyperplanes in R
and then use the results of [GZ83, Section 8] to deduce the bijection. O

11.5.2. Tropical Voronoi cell

Consider a tropical curve C associated to a weighted layered graph (G, 7, /), as in
Section 10.1.2. Let {-,-): H;(C,R) x H{(C,R) — R" be the corresponding polariza-
tion, and denote by Vore(0) C H;(C,R) the Voronoi cell with respect to the lattice
L = H,(C,Z). We have the following description.

THEOREM 11.9. — The Voronoi cell Vore(0) is the set of all points x € H(C,R)
which verify the inequalities

2(x,v) 2 {v,v) for any circuit vy € S.
The proof of this theorem is based on the following definition.

DEFINITION 11.10 (Positively generating set). — Let (H,{-,-)) be an inner
product space and I. C H an admissible lattice. A subset S C L is said to positively
generate IL if it verifies the following property: each element n € IL can be written
as a positive linear combination 3_.c 4 a7y for a subset A C S and positive integer
coefficients a., such that moreover, (v,~') > 0 for any pair v, € A.
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LEMMA 11.11. — Let (H,{-,-)) be an inner product space and . C H an
admissible lattice. Suppose that S positively generates L. Then, the Voronoi cell of
the origin Vory(0) is given by

Vory,(0) = {x €eH ‘ 2{x,v) = {v,v) forany~ € S}.
Proof. — It suffices to show that the above inequalities imply all the inequalities

2(z,n) < (n,n), nel.

We write n = 32, c 4 ayy with A C S, a, > 0 positive integer, and {v,~') = 0 for any
pair v,v" € A. Then,

20z, n) =2 ay{z,7) 2D ay{y,7)

yeEA YEA
=2 a v 24X a2 anh = (v
yEA yEA yEA

In the last inequality, we used that a, > 0 and {v,7') > 0 for any 7,7 € A. d

LEMMA 11.12. — Let C be a tropical curve, H = H,(C,R) and L. = H,(C,Z). Let
(-,-) be the polarization in C. Then, the set of circuits S C L positively generates L.

Proof. — This is a well-known property for graphs, see e.g. [GZ83, Lemma 8.3]. For
n € L~ {0}, define supp(n)* as the set of oriented edges ¢ € E such that 4n(e) > 0.
The oriented graph (V,supp(n)™) has an oriented cycle ;. Let 7, = n — 1. We have
supp(n1)* C supp(n)™. If n; # 0, then we find an oriented cycle 75 in the oriented
graph (V,supp(m;)™). Proceeding this way, we find a decomposition n = ++- -+
such that supp(y;)™ C supp(n)® and supp(v;)~ C supp(n)~. The definition of
polarization implies that (v;,7;) > 0. This implies that S is a positive generating

set. U
Proof of Theorems 11.7 and 11.9. — Follows by combining Lemma 11.11 and
Lemma 11.12. U

We have the following higher rank analog of Theorem 11.8.

THEOREM 11.13 (Face structure of the closure of the tropical Voronoi cell). —
There is a bijection between the faces of Vore(0) and tuples D = (Dy, Ds, ..., D,, D;)
consisting for each j = 1,...,r,{ of a strongly connected orientation D; of a bridgeless
spanning subgraph R; of the graded minor gr/ (G).

Let R, be the spanning subgraph of G obtained by taking the union of the edges
appearing in R;s oriented according to D;s. Under the above bijection, a face T is
included in a face o in Vore(0) if and only if the subgraph R, corresponding to o
is included in the subgraph R, associated to T, and the orientation on R, coincides
with the one induced from the orientation on R,.

It would be interesting to obtain a description of the boundary points of the
Voronoi cell Vore(0). In addition, it would be nice to understand which parts of the
Voronoi cells Vorg, (0) converge to a given face of Vore(0), when a family of metric
graphs (Gi)er, converges to C.
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11.5.3. Positive generation property for admissible lattices

Let L C H be an admissible lattice in an inner product space (H, {-,-))).

QUESTION 11.14. — Does I have a finite, positively generating set S in the sense
of Definition 11.107

If the rank of the inner product is one, it is possible to show that this is the case.
To see this, without loss of generality, we can assume that the vector space generated
by L is H. We then take a complete fan > in H which we suppose to be rational
with respect to L, and such that the scalar product of any two non-zero vectors lying
in the same cone is positive. By Gordon’s lemma (see [AB86, Ful93]), for each cone
o € X, the semigroup o NL is finitely generated. We choose a finite set of generators
Se for o € ¥. Then, the set S = U,cx Sy is finite and positively generates L.

11.6. Inner products with value in general ordered vector spaces

So far in this paper we have studied inner products with values in the ordered
vector space (R", <jex). In this section, we briefly explain how the set-up generalizes
to inner products with values in an arbitrary totally ordered vector space (A, <).

Recall the following basic result (see [Bir40, Section XV.2] and [HW52]).

THEOREM 11.15. — Let (A, <) be a totally ordered real vector space of dimension
r € N. Then (A, %) is isomorphic to (R, <jex).

We will use the following lemma to compare different isomorphisms from (A, <)
to (R", =jex). The proof is elementary and we omit it.

LEMMA 11.16. — Let r € N and consider the ordered vector space (R", <ex).
Then, the isomorphisms 1: (R", <jex) — (R", <jex) are in bijection with matrices
B = (bij)1<ij<r € R™*" which are lower triangular and satisfy bj; > 0, j € [r]. Here,
B € R™" is identified with the linear map ¢ g(x) = Bz, x € R". Moreover, let

A AV =ADAD--- DA DA =(0)
be the decreasing filtration on (R", <) defined in (2.1), that is,
N o={a=(ay,...,a,) ER" |ay=---=a;_1 =0}, je[r+1].

Then, the subspaces A7 C H, j € [r + 1|, are invariant under every isomorphism of
(Rra jlex)-

Let A be a real vector space of dimension r € N endowed with an order <. Fix an
isomorphism ¢: (A, <) = (R", <jex). Let H be a real vector space of finite dimension.

DEFINITION 11.17. — An inner product on H with values in (A, <) is a symmetric
bilinear form {-,-): H x H — A such that the bilinear form [-,-] = ¢({-,-)) is an
inner product on H with values in R" (in the sense of Definition 2.5).
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Lemma 11.16 ensures that Definition 11.17 does not depend on the choice of the
isomorphism ¢: (A, %) = (R", SRjex). Indeed, let {-,-} = @({-,-))) be obtained from
another isomorphism @: (A, <) — (R", Xjx). The composition ¢ = @ o ¢! is an
isomorphism of (R", <jx). By Lemma 11.16, ¢ is given by a lower triangular matrix
B e R™" with strictly positive diagonal entries b;; > 0, j € [r]. Since the subspaces
N C R, j € [r], are invariant under 1, the bilinear forms [-,-] and {-,-} induce the
same filtration F* = (F7)%_; on H. For all j € [r], we moreover have

{xvy}j = bjj[xvy]ja T,y € Fj-

Taking into account Definition 2.5, it follows that [-,-]: H x H — R” is an inner
product with values in R" if and only if {-,-}: H x H — R" is so.

Analogously, using an isomorphism ¢: (A, <) — (R", <), one can introduce
the filtration F*, the graded pieces gr/ H = F//FiT1  j € [r], the lifting operators
p;:gr'H — H, j € [r], and the almost orthogonal decomposition H = D’_, H;
for an inner product {-,-) with values in A. These objects do not depend on the
choice of isomorphism ¢: (A, <) — (R", <jex). Note however that the scalar products
{-,:D; = (»({-,-))); on the graded minors gr’, j € [r], depend on ¢ and change
by a multiplicative constant A\; > 0 when changing ¢.

Concerning our results on higher rank Voronoi decompositions, the definition of
the Voronoi cell (3.1) directly generalizes to an inner product {-,-): H x H — A.
Fixing an isomorphism ¢: A — R", one immediately obtains the results in Section 3,
Section 4 and Section 8 for (-, -).

Finally, we discuss briefly how the notions of pullback families and tamely degen-
erating families depend on the choice of isomorphism. Let {-,-): H x H — A
be an inner product with values in A. As above, consider two inner products
[, ]=v{-,))and {-,-} = &({-,-)) with values in R" obtained from isomorphisms
v: (A, 2R) = (R", %) and @: (A, =) = (R", <jex), respectively. Let B € R™" be
the matrix describing the isomorphism 1) = @ o o=t of (R", <jey).

For a vector L = (L4, ..., L,) € R, the pullback bilinear forms for [-,-] and {-, -}
(see Definition 2.12) are related by

{'>'}L: ["']BT-Q ['7']L: ['7'](3—1)T-L'
Thus, [,-] and {-,-} have the same pullback families (see Section 2.3 for the defini-
tion). (Note in particular that the parameters L, € R’ , ¢ € R, of a pullback family,
satisfy BT - L, € R", and (B™")T - L, € R’, for all ¢ large.)

A similar relation holds for tamely degenerating families of scalar products. More
precisely, let (-,-), t € Ry, be a family of scalar products on H. Then (-,-), t € R,
degenerates tamely (w-tamely) to [-,-] with parameters L, € R?,, if and only if (-, ),
t € Ry, degenerates tamely (w-tamely) to {-,-} with parameters L e R’ given by
Lyj = i[/t,ja j € [r].

Using these relations, one can formulate analogs of the results in Section 7 and
Section 9 for inner products with values in general ordered vector spaces (A, <).
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11.7. Tame equivalence of higher rank inner products

The results in the preceding sections suggest to view tame degenerations as a kind
of convergence of scalar products to inner products of higher rank. In this section,
we discuss the uniqueness of limits in this context.

Let (-,-): Hx H— R" and {-,-)’: H x H — R" be inner products on a finite
dimensional real vector space H. We call {-,-) and {-,-)" tame equivalent (resp. w-
tame equivalent), if they have the same tamely degenerating families (resp. w-tamely
degenerating families) with the same parameters. That is, a family (-, ), t € Ry,
of scalar products degenerates tamely (resp. w-tamely) to (-,-) with parameters
L,, t € R, if and only if it degenerates tamely (resp. w-tamely) to {-,-)" with
parameters L,, t € R, . Clearly, (w-)tame equivalence defines an equivalence relation
on the space of inner products on H with values in R".

The next theorem characterizes tame equivalent and w-tame equivalent inner
products.

THEOREM 11.18. — Let {-,-): Hx H — R" and {-,-)': H x H — R" be inner
products. Denote by F* and F'® the associated filtrations, and by H; and H, j € [r],
the spaces in the associated almost orthogonal decompositions H = H1 Q© ... © H,
and H=H{ DO ... QH,. Then:

(i) (-,-) and {-,-)" are w-tame equivalent if and only if F/ = F" for all j € [r],
and

<|x7y|>]:<|x7y|>; anyeFj‘

(ii) {-,-) and {-,-)" are tame equivalent if and only if they are w-tame equivalent,
and additionally, we have H; = H for all j € [r].

Proof. — In order to prove the claim in (i), assume first that the two filtrations
F* and F’* coincide and the equality q:c,yDj = <|x,yD; holds for all z,y € Fi = F/.
Let (-,);, t € Ry, be a family of scalar products which w-tamely degenerates to
(-,-) with parameters L,, t € Ry. We verify the properties (a), (b’), and (c) in
Definition 5.3 for (-,-)’ and the parameters L,, t € R,. Clearly, (a) and (b') are
automatically satisfied.

Fix j € [r]. In the following, we will prove that for given £ > 0, we have

(11.3) ‘L;}(:c,y)t — <|x,y|)j‘ <elz|-|yl, Yaz,y€F andtlarge.

. . . I / 1/ — !
This .then implies property (c) for {-,-])", since H; C F” =F7 and {-,-); = {-,-];
on F? = F"” by assumption.

Writing « € F7 as « = Y7, x; with x, € Hy, we can apply property (b') for (-, -)
to get

L W y)e — (g, yi)dd = L Kag,y — yi)e + (@ — x5, y)]
Lt, - r r
<O | Izl Do lul |+ D2 ) 1yl
t,j k=j+1 k=j+1
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for z,y € FJ and t large. Recalling that (x, y|>j = (z;,y; |>j for x,y € F7, and applying
the properties (a), (b’) and (c) for {-,-), we obtain the following. For every & > 0,
the estimate

Lo ) = Qo) < L) (g mide — Qg w3y | + Lo W yde — (5, 9500)

<e (zu) (Zw)

holds for all 2,y € F’ and ¢ large. On the other hand, since all norms on H are
equivalent, there exists a constant D > 0 with Y;_,|zx| < D|z| for all z € H. Thus,
(11.3) holds and we have proven the implication “<" in (i).

To prove the converse implication “=" in ( ), fix a common w-tamely degenerating
family (-,-);, t € Ry, for {-,-) and {-,-)’ with parameters L, € R’,. As follows
from (11.3) and property (a), the filtration F* = (F7)7_, can be expressed as

Fj—{er

tlggoL;}@’@t:O for allz’—l,...,j—l}.

Since this expression only involves the scalar products (-,-); and parameters L,,
t € R, we infer that F/ = F for j € [r]. The equality (-, b= <|,|>; on F/ = F"
follows from (11.3).

The implication “<7” in (ii) is obvious, since the properties (a), (b), and (c) of
tame degenerations are formulated only in terms of the spaces H; and components
<|. , |> .

To Jprove the implication “=" in (ii), fix a common tamely degenerating family
(-,)e, t € Ry, for {-,-) and (-, )" with parameters L, € R’,. By the above argument,
F/ = F” and b, =0, on ¥/ = F" for all j € [r]. In order to complete the
proof, we show that

(11.4) H; = {:r €I’

tli)m Lz, y)y=0 forally € F'andie€ {j—l—l,...,r}}.

Since this expression only depends on the scalar products (-, -); and parameters L,
t € Ry, it follows that H; = Hj for all j € [r]. If z € Hj, then the properties (a)
and (b) of {-,-) imply that = belongs to the right hand side of (11.4). Conversely,
suppose that x € H belongs to the right hand side of (11.4). Writing x = >, ; 7
for x, € Hy, we have to prove that z; = 0 for all £ > j. By assumption, we have

Jlim Lz, ap), = 0.

On the other hand, properties (a), (b) and (c) of {-,-) imply that

k-1
Jim Lo, xp) = Jim ZLtk (i, x)e + Lo (Tn, ) + Z Ly o (i, Tih
i=k+1
- qu?‘rkbk'

Since (-, -), = 01is a scalar product on Hy, we obtain z;, = 0 for £ > j, as desired. [

Theorem 11.18 suggests a way to define a partial compactification of the space of
scalar products on a fixed vector space H. We discuss this in the next section.
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Note also that tame equivalent inner products (-, -) and {-,-)’ on H have the same
admissible discrete sets S C H. Moreover, by Theorem 7.1, the associated Voronoi
cells have the same closure, that is, Vorg(y) = Vorg(y) for all v in an admissible
discrete subset S C H. On the other hand, the non-closed Voronoi cells can differ,
Vorg(y) # Vorg(y). It would be certainly interesting to obtain a more accurate
description of the Voronoi cells Vorg(y) for all inner products (-, ) in a fixed tame
equivalence class.

11.8. Tame compactification of the cone of scalar products

In this last section, we briefly discuss how higher rank inner products provide
partial compactifications of the cone of scalar products. A more thorough discussion
of this topic is beyond the scope of this paper and is postponed to a future work.

Let H be a real vector space of finite dimension n, and consider the cone of scalar
products on H. Fixing a basis for H, we can identify this cone with the cone .7 of
symmetric positive definite matrices of order n,

FE={AeMR)|AT=A and A>0}.

The cone .7, is an open subset of the space of symmetric matrices .#,, which is a
real vector space of dimension n(n + 1)/2.

Using higher rank inner products, and tame and w-tame degenerations, we can
define two partial compactifications of .. We add tame, resp. w-tame, equivalence
classes of higher rank inner products to the cone .#% and endow naturally the new
space with a relevant topology such that tame, resp. w-tame, degenerating families
lead to convergent sequences. Note that our Theorem 11.18 provides a description
of tame and w-tame equivalence classes. We call these partial compactifications
the tame and w-tame (partial) compactifications of 7}, respectively. Both of these
spaces are Hausdorff.

These compactifications are in the esprit of the family of compactifications pro-
duced in our previous work [AN22] for polyhedral cones (although, the cone .7 is
not polyhedral). They refine the data of the filtration on the underlying vector space,
induced by the multi-scale behavior of the vector lengths in the limit, by additional
coordinates which provide the data of the higher rank inner product.

Classically, spaces such as the cone .7, or its Hermitian analogue, can be compacti-
fied in multiple ways, as instances of compactifications produced by Tits, Baily—Borel,
Borel-Serre, Satake, Furstenberg, Martin, and Karpelevic. (For example, Tits’ com-
pactification of the cone .7/ is obtained by endowing it with a natural Riemannian
metric that turns it into a Hadamard space, and adding the ideal boundary.) A uni-
form presentation of these compactifications is provided in the work by Borel and
Ji [BJ06, BJOT].

Tame compactifications provide a new way of (partially) compactifying this cone,
as a limit of toroidal compactifications enriched by ordered conical blow-ups, as we
do in producing higher rank compactifications of polyhedral cones in [AN22]. Going
beyond the case of positive definite matrices, we expect that a generalization of
the ideas developed here would produce multi-scale tame compactifications of more
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general Hadamard, symmetric and locally symmetric spaces. This will be studied in
our future work.
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