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Abstract. Topologically stable cellular partitions ab-dimensional spaces are studied. A
complete statistical description of the average structural properties of such partitions is given
in terms of a sequence 0? — 1 (or DT‘l) variables forD even (or odd). These variables

are the average coordination numbers of thedBnensional polytopes < D) which make

up the cellular structure. A procedure to produgedimensional space partitions through cell-
division and cell-coalescence transformations is presented. Classes of structures which are
invariant under these transformations are found and the average properties of such structures are
illustrated. Homogeneous partitions are constructed and compared with the known structures
obtained by Voronbpartitions and sphere packings in high dimensions.

1. Introduction

We study the topologically stable division of any dimensional space by cells. Such
systems have minimal incidence numbers. Configurations with higher incidence numbers
are topologically unstable because they can be split into configurations with the minimal
incidence numbers by infinitesimal local transformations. In the literature these cellular
partitions are known as ‘froths’ since in two and three dimensions (2D and 3D) a soap froth
is the archetype of such structures. A 2D froth is a space-filling cellular partition made
of irregular polygons where three polygons are incident on each vertex. A 3D froth is a
polyhedral partition of space where on each vertex are incident four polyhedra. In general,
a D-dimensional froth is a partition of space in irregular polytopes, where on each vertex
D + 1 polytopes are incident. Cellular structures with minimal incidence numbers always
appear when the space is filled by cells without following any special symmetry. Therefore,
froths are the typical structures of any disordered partition of space into cells.

A broad class of disordered natural and artificial cellular systems have the topological
structure of froths [1-3]. Examples in 2D are magnetic domains in garnet filarsiaBl—
Marangoni cells in thermal convections, biological tissues, cuts of polycrystalline metals
and ceramics, emulsions, the subdivision of territory into administrative regions or states,
geological structures and 2D soap froth (which is obtained by squeezing a soap foam
between two plates) [4-6]. In 3D, examples are: biological cells, polycrystalline metals
and ceramics, and foams [4, 7, 8]. Moreover, the structure of any packing (of hard spheres
or atoms, for example) is the dual of a cellular system (which can be generated, for instance,
by using the Voronibconstruction [9] around the centres of the packed elements). In general,
cellular systems generated by packing elements without the use of any specific symmetry
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have structures which are topologically froths. It follows that, among the examples of 3D
froths one can include amorphous metals, glasses and some crystalline structures such as
the tetrahedrally close-packed phases [10, 11].

Froths in spaces of dimensionality higher than three are relevant in information theory
and signal processing [12, 13]. Indeed, an information can be associated with a point in an
N-dimensional space. To transmit and recover the information in the presence of noise one
must put the points in th&/-dimensional space, separated by a certain distance which must
be larger than the additional noise. Therefore to each point (information) is associated a
finite volume and the entire space is subdivided into cells, each one containing one encoded
information [12]. The energy necessary to transmit an information is proportional to the
distance of the representing point with respect to the origin. An efficient coding, which
minimizes the energy, organizes the volumes associated with the different information in
the closest possible packing of similar cells around the origin [13].

Dense packings of equal cells in high dimensions have also applications in the study
of analogue—digital converters. In this case, the space of the continuous analogue variables
is quantized in a system of cells and the volume inside each cell is associated with one
digital information. The quantization error is associated with the extension of the interface
between the cells and with the distance between the centre of a cell and its vertices [13].

High-dimensional partition of space has also application in neural networks and complex
system dynamics [14-18]. Some relevant properties (such as storage capacity in neural
networks and the slow-ageing dynamics of glasses) are associated with the subdivision of
the phase-space in the basin of attraction around the stored information or the minima of
the energy.

2D and 4D froths (and their duals: triangulations and simplicial decompositions) have
relevance in quantum gravity [19-24]. Here the continuous space is divided into cells
and the functional integration over all equivalence classes of metrics is replaced with a
summation over all the triangulations of the given manifold.

Despite the broad variety of systems which are topologically froths and the large number
of studies devoted to them in the literature, very little is known about the structure of
froths in dimensions larger tha® = 3. Froths are disordered cellular structures where
the cells are highly correlated. These correlations essentially come from the space-filling
condition which locally constrains the cells to pack without leaving any empty space, and
globally constrains the froth to tile a manifold with a given curvature. In this paper we
study how these local and global conditions determinate the average topological properties
of the froth structure and we construct froths in any dimension by cell-division and cell-
coalescence transformations. The aim of this paper is to investigate the average structural
properties of classes of homogeneous partitions of high-dimensional Euclidean spaces and
to give analytical instruments and methodologies for the the investigation of the topological
structure of froths in spaces of arbitrary dimensions and curvature.

The plan of the paper is as follows. In section 2, the hierarchical organization of
topologically stable divisions of space in cells is studied. In section 3, we discuss a
way to generate or modifyD-dimensional froths by cell-division and cell-coalescence
transformations. In section 4, the fixed points of such transformations are studied and
the properties of the associated structures are illustrated. The construction of homogeneous
partitions and the comparison of their properties with known structures, is considered in
section 5.
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2. Hierarchy in the cellular structure

A froth in an arbitrary dimensio is a cellular structure where the incidence numbers (i.e.
the average number of elements which are incident on a given lower-dimensional element)
are fixed by the stability condition at the minimal value. The cells of a froth in dimension
D are D-dimensional irregular polytopes packed together to fill space. The boundaries of
these cells are made witfD — 1)-dimensional polytopes which are bounded (& — 2)-
dimensional polytopes and so on up to the OD elements which are the vertices. For example,
a 3D froth is made with 3D polyhedra (the cells) which are bounded by 2D polygons (the
faces) which are bounded by 1D elements (the edges) finally bounded by OD elements (the
vertices). A characterization of thiB-dimensional structure can be given in terms of the
numbers ofD-dimensional polytopes which are making the froth, in terms of the average
numbers of(tD — 1)-dimensional polytopes making the boundary of a given cell and so on
counting the number of polytopes making the boundary of the boundary, etc.

The boundary of angk-dimensional polytope of the froth is also a froth inla— 1)-
dimensional elliptic space. ThB-dimensional froth is therefore a graded topological set:
it contains D-polytopes, the cells, which are tiling a space which can be Euclidean, elliptic
or hyperbolic. The boundary of each cell is an ellipic— 1 surface which is tiled by
a (D — 1)-dimensional froth, whose cells af® — 1)-polytopes which are the interfaces
bounding the original cell and separating it from its topological neighbours. Each interface
of the (D — 1)-froth is an elliptic(D — 2)-froth of (D — 2)-polytopes, which are separating
the cells from their neighbours. The graded topological set terminates with edges (segments
or convex 1-polytopes), bounded by two vertices (or 0-polytopes).

Let us denote withC, the number ofk-dimensional cells in the frothdp number of
vertices,C; number of edges;, humber of facesCs number of polyhedra. Cp number
of D-dimensional cells). Let us denote with; ;) (for i < j) the average number of
dimensional cells which are surrounding and making the boundaryjedienensional cell
({no.1) = 2 number of vertices surrounding an edge,,) humber of edges per faces, etc).

The average froth structure is characterized by the numbers of polypasd by the
valences(n; ;) (with 0 < i < j < D), which are therefore the variables of the problem.
The total number of these variables%i(sD + 1)(D + 2), but they are related by the Euler
equations and constrained by the stability condition. In particular, the numbers of elements
in the froth C; are related through the Euler relation:

D

> DG =xp @

i=0
whereyp is the Euler—Poincércharacteristic associated with space curvature.Feven,
opposite signs ofyp correspond to spaces with opposite curvatuyg: > O corresponds
to an elliptic D-dimensional space angp < 0 corresponds to a hyperbolic space. On the
other hand, forD odd, this relation between the sign g@f, and the space curvature no
longer holds.

A Euler relation is also satisfied for each froth of the graded topological set. That gives

a set of relations for the quantitigs; ;)

J-1
D (=Dinis) =1- (-1’ with J =1,2,..., D. 2)
i=0

Here the factor + (—1)’ = Xﬂ"lptic) is the Euler—Poincércharacteristic for the surface of
a J-dimensional sphere (which is@ — 1)-dimensional elliptic space).
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The numbers’; and the averages:; ;) are related by the stability condition

(Dj*_ll-_ l ) Ci={mi))C;  withi<j<D 3)
wheren; ; = 1. The binomial coefficient in the left-hand side of equation (3) is an incidence

number (number of-dimensional polytopes incident on amimensional polytope) which
is fixed at the minimum value by the stability condition (there @pet 1) edges ancdDT“)
faces incident on each verteR, faces incident on each edge, etc).

By contrast, the coordination numbeps ;) with i < j are variables (except for 1:
every edge is bounded by two vertices and therefgre = 2). These variables are not
all independent and their range of variability is severely restricted by relations (1)—(3) (for
example, in a 2D-infinite Euclidean froth we haye 2) = (ng2) = 6 in consequence of
the Euler relation).

One can show that [25] a complete topological characterization of the average structure
of a D-froth is given by a set of% —1 (or DT‘l) for D even (or odd), independent
variables: the even ‘valenceX’y; = (ny_1) with 21 < D. These valences are thgerage
coordination numbergaverage number of neighbours) of thedmensional polytopes in
the froth. These aréree variables In contrast, the coordination numbers for the odd-
dimensional polytopes (the odd valences) are given in terms of the even valences by the
relations

X1Xo... X, Xo...Xy g XXy 7 J

- (-1 )X, =1 (-1

) U + =D 5 + DX, =D
forJ =12, ...D. (4)

(This is obtained from equation (2) associated with equation (3) and by using the definition
X = (ng_14).) ForJ = 2/ + 1 odd, the left-hand term in equation (4) is equal to 2 and
equation (4) fixes the value of the odd valendés,; in terms of the even ones. When

J = 2l even, the left-hand term is zero and therefore the even valéfhgese free variables.

In k dimensions the polytope with minimal coordination number is a simplex Avitii
neighbours. Therefore, the valences must stay in the rargé < X; < oco. The average
structure of aD-dimensional froth is characterized by a sequence of even free valences
{Xo, X4, X6...}. For any given sequence of even valen¢&s,}, the odd ones can be
calculated by using equation (4). But only sequences which generate odd valences with
X1 > 21 + 2 are admissible. This condition strongly constrains the accessible values of
the even valences.

The Euler relation (1), associated with equations (4) and (3), gives an additional relation
between valences

(xlxz...x,) Xo...Xp

X
D+ (D) +'“—(—1)D7D+(—1)D)CD=XD. (5)

In even-dimensional spaces, the sign of the Euler—Pd@nadraracteristicyp is
associated with the space curvature. The sign of the term inside the brackets in the left-hand
side of equation (5) is the same as thajgf(because&, > 0). Therefore, any two regions
of the valences’ space which have different signs to the bracket term (ix@.)tcorrespond
to two froths on manifolds of opposite Gaussian curvature. For example, in the 2D case,
where the average structure of the froths is described hyequation (5) gives

C
(6— X2)72 = x2 (6)
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Figure 1. Different regions in the parameter spdcéy} correspond to froths which are tiling
spaces of different curvaturesa)(2D froths with X, < 6 tile elliptic surfaces, froths with

X, > 6 tile hyperbolic surfaces, andl, = 6 corresponds to froths tiling the Euclidean plane.
(b) The hyperbolic, Euclidean and elliptic tilings correspond to three regions of XheX4)}
parameter space. Cell-division transformations modify the properties of curved tilings towards
the Euclidean ones (arrows).

which indicates that 2D froths witl\, < 6 are tiling elliptic surfaces, whereas froths with
X, > 6 are tiling hyperbolic surfaces (see figur@f)( In 4D equation (5) gives

X4=<1—ﬁ>56_x2 @)

Cy 5-X,

(where we used equation (4) to expréssas a function ofX,). Equation (7) indicates that
the region in the parameter spafdé,, X4} below the lineX, = 52:)’2 is associated with
4D froths which are tiling elliptic manifoldsyy > 0), whereas the region above this line
correspond to froths tiling hyperbolic manifoldgs(< 0) (see figure K)).

Note that equation (4) is a constraint on the sequéicgl due to local conditions (it
concerns the average properties of &f2)-dimensional polytope in terms of the properties
of the lower-dimensional elements that are making it), and equation (5) is a constraint on
{Xy} due to the global curvature of the manifold that the froth is tiling.

Note also that relation (7) has a singularity ¥» = 5. This is associated with the
existence of polytop¢5, 3, ...} (Schilfly symbols [26]) up toD = 4 only, as explained in
appendix A.
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Figure 2. Given two different partitions of thé&-dimensional space if-simplexes one can be
transformed into the other by a finite sequence of two local transformations called ‘Alexander
moves’ (@) and ) for the 2D case). In the dual froths these transformations correspond to
two special cell-division transformationscf(and @) for the 2D case).

3. Cell-division and cell-coalescence transformations

In this section we buildD-dimensional froths by using cell-division transformation and its
inverse (cell-coalescence). This is a local transformation that changes the structure of the
froth but leaves unchanged the global topological properties (the curvature of the manifold
tiled by the froth or, equivalently, the paramejgy). By using cell division and coalescence

it is therefore possible to generate different froths which are tiling topologically identical
manifolds.

In the literature analogous transformations have been studied for the dual problem of
triangulations and simplicial decomposition. In particular, it is known that, given two
different partitions of theD-dimensional space i-simplexes (where a zero-simplex is a
point, one-simplex an edge, two-simplex a triangle, three-simplex a tetrahedron, etc), one
can be transformed into the other by a finite sequence of two local transformations called
‘Alexander moves’ [27]. The first move is the addition of a vertex inside a simplex dividing
it into D + 1 simplexes with the same boundary as the original simplex. The second move
consists of adding a vertex on an edge of a simplex and connecting it with the vertices
of the incident simplexes. For the 2D case the two Alexander moves are the insertion
of a new vertex inside a triangle and the insertion of a new vertex on an existing edge.
They are shown in figures &( and p). In the dual froth these moves correspond to a
cell division which inserts a triangle near to an existing vertex and to a cell-division which
inserts a square near to an existing edge (figures &fd @d)). In 3D one can easily see,
by following the same procedure illustrated for 2D, that the two Alexander moves can be
obtained in the dual space of the froth by applying cell-division transformations. In the
general case, one can see that the first Alexander move can always be done in the dual
froth by dividing a cell in the proximity of a vertex, inserting in this way a new polytope
with D 4+ 1 neighbours (a simplex). The second move can be done by dividing a cell in the
proximity of an existing P — 1)-dimensional interface between two cells. In this case, the
kind of polytope inserted depends on the local configuration.

We have therefore shown that the two Alexander moves are reduced in froths to
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two special kinds of cell-division transformations. Consequeritig, entire set of all the
possible froths tiling a given manifold can be generated by cell-division and its inverse (cell-
coalescence) transformations

Now we investigate how the average properties of the structure are modified by these
transformations. First consider the cell-division transformation in the 2D case. The cut
of a cell corresponds to insert into the system one additional face, three edges and two
vertices. Therefore, one has the transformatichs— C, + 1, C; — C; + 3 and
Co — Co+ 2. One can verify that the Euler—Poinéacharacteristic rests unchanged
(indeed,xp = Co — C1 + C2). However, the average coordination number (which is given
by X, = ZC—C; see equation (3)) is modified

Xy=X;F (X2 - 6) ®

1
Co+1
with the upper sign corresponding to a cell-division transformation and the lower sign to
its inverse (coalescence).

Now consider the 3D case. Cell division consists of inserting inside a cell a new face
which can have, in generat; edges and(= c;1) vertices. This cut corresponds to the
transformationC3 - C3+1,C, — Co+1+4c¢1, C1 — C1+ c1+ ¢co andCo — Co + co.
Equation (3) gives(s = ZC—C; and therefore we obtain that the average coordination number
transforms as

X3=X3F (X3 —2(c1 +1)). %

C3%1
In the D-dimensional case, the cut of a cell corresponds to introducin® a (1)-

dimensional interface which is, in general, madecgfvertices,c; edges,c, faces,c3 3D
cells...cp_» (D—2)-dimensional polytopes. Consequently, the division éf-dimensional
cell (or the coalescence between two cells) of thelimensional froth corresponds to the
transformation

Co — Co + Cco

Cl — Cl + C1

Cz — C2 + C2 + C1

' (10)
Ck — Ck :|:Ck :|:Ck_]_

CD,]_ — CD,]_:i: 1:l:CD,2
CD d CD +1

where the upper sigH) corresponds to a cell-division transformation and the lower sign
(—) to its inverse (coalescence). By substituting into equation (1) one can verify that the
global curvature xp) is an invariant quantity under the transformation (10). Note that
expression (10) takes the canonical foffp — C; & ¢; & ¢;1 for all k if one imposes
c_.1=0,cp.1=1 anch =0.

From equation (3) one has the identXyC, = (D + 2 — k)Cr—1 (where we used the
definition X; = (nx_14)). By substituting in this expression the transformation (10) we get

1
Xp=XF 77— X D= (D+2—k)(cia+cr 1
k k:FCkﬂ:ckﬂ:ck_l( k(cx +cp-1) — (D + )(cr—1+ ck—2)) (11)

(upper sign, cell division; lower sign, cell coalescence).
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We recall that through cell-division/coalescence transformations it is possible to generate
the full class of froths tiling topologically identical manifolds. The modification of
the average structural properties associated with these geometrical transformation are
algebraically given by equation (11). By using this expression it is therefore possible
to find the average topological properties of all the froths on a given manifold

4. Fixed points

When cell-division or coalescence transformations are performed on a 2D froth with average
coordinationX, = X5 = 6, they leave the local average structural properties unchanged
(i.e. X, = X» = X5 = 6, see equation (8)). This is a fixed point in the transformation (10)
and corresponds to 2D Euclidean froths. Moreover, one can see that the average structural
properties of froths which are tiling elliptic surfaces (i.e. wh&ge< 6) are modified toward
the Euclidean structure&Xt < X, < 6) by the application of the cell-division transformation.
Analogously, hyperbolic frothsX, > 6) are also modified towards the Euclidean structure
(6 < X5, < X>) (see figure 14)). (Note that the global curvature remains always unchanged.
Indeed, xp is invariant under the transformation (10).)

In the general case, one can immediately see that transformation (11) has the fixed point

Xi= (D +2— kSt T2 (12)
Ck + Ck—1
which is the structure that is invariant under cell-division/coalescence transformations
(X = (XD
A froth is a graded set. Therefore th®  1)-dimensional interface that is introduced
into the system to cut a cell is @ — 2)-dimensional elliptic froth withcg vertices,c;
edges...cp_» (D — 2)-dimensional cells. All the relations written above, and in particular
equations (2) and (3), can be applied to tti3 — 2)-dimensional elliptic froth. One has,
cxpy = (D — k)cp_1 and cp_1xp_1 = (D + 1 — k)cp_o, with x; and x,_; the average
coordination numbers of the and (k — 1)-dimensional polytopes which are making the
(D — 1)-dimensional interface. By substituting into equation (12), one gets
X* = D+2-k)(D+1—k+x-1)
k= D+1-k)(D—k+xp)
The fixed point configuration is therefore determined by a set of varidblésvith k < D
which are the average coordinations of tlie-{ 1)-dimensional polytope that is inserted or
removed during the cell-division or coalescence transformation. For exampl2,=n3,
relation (13) gives
X;=2x2+4+2 (14)
with x, the number of edges of the face that is inserted (or removed) to divide a cell (or
effect coalescence between two cells).
The minimum number of edges per cell is three. Therefore from equation (14) it follows
that fixed-point structures are possible only in the region of the parameter spaceé;vitld
(see figure H)). Any structure withX3 < 8 is transformed towards the fixed-point region
(X3 > 8) by applying cell-division transformations.
In 4D equation (13) gives
e 20x;
27 32+ x)

12
x;;=2(x3+1)=2<6 +1>.

— X2

(13)

(15)
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We can express the parametegrin equation (15) in terms aX’; obtainingX; = 52:—2,
which is the condition on the even valences that identifies the Euclidean region in 4D froths
(see equation (7))The fixed-point structures are EuclideaBincexz > 4, it follows that
X > 10, which implies that structures generated by cell division can only access a part of
the Euclidean region in the phase-space.

We can in general prove that the fixed pofit} given by equation (13), is the average
structure of aD-dimensional froth which is tiling a manifold witlh, = 0. Indeed, let us
substitute into equation (5) the fixed-point configurati¢i;(}) and apply the cell-division
transformation. By definition the sequeni€;} does not change, whereas the total number
of cells increases of a unityC; — Cp + 1). To satisfy equation (5) before and after this
transformation one must havg, = 0. Which proves the theorem.

By rewriting equation (11) in the form

(cx + cr-1)
Ck + Ck + Ck—1
it is easy to see that the fixed points are stable under cell-division transformations (upper sign
in equation (16)) which insert identical polytopes as interface. Indeed, from equation (16),
if X, > X} thenX; > X; > X; and vice versa.

In the space of the configuratidiX,, X4, ..., X2, ...}, whenD is even, the Euclidean
region is a surface given by equation (5) (wjthp = 0). The fixed-point configurations are
a subset of this surface. Froths outside the fixed-point configuration are always transformed
toward this subset by applying cell-division transformations. Whers odd, equation (5)
is not a constraint and the fixed points are associated with a sub-volume of the whole
accessible parameter space.

5. Construction of Euclidean froths

In this paragraph we study froths generated by cell-division transformations. We therefore
study the class of structur¢X;} given by equations (11) and (13). The full class of these
froths is obtained by varying in equation (13) the parametfegf$ in the allowed range
(i.e. k + 1 < xx < oo, which satisfy the conditions (4) for odd and the relation (5) with
xp < 0). Here, we study only some particular cases.

Let us first note that, from equation (13), the average number of neighbours of the
fixed-point structures is given in terms of the coordination of the inserted interface)(

by
X% =2xp 1+ 2. (17)

In 2D an edge is inserted or removed from a face. The ‘coordination’ of an edge is
its number of vertices:xp_1 = x1 = 2. ThereforeX5 = 6, as it should in Euclidean
space. In 3D a face is inserted in, or removed from a cell. The coordination of this face
(x2) is its number of edges and in principle it can be any number between 3canBut
a face with a large number of edges can be inserted only in a cell with a large number
of neighbours and it can be removed only if it exists in the froth. Therefore, only some
values ofx, are admissible. One can easily see that a triangle<{ 3) can always be
inserted in the proximity of a vertex. Analogously, a square=£ 4) can also be always
inserted in the proximity of an edge. From (17) it follows therefore that 3D Euclidean
froths with 8 < X3 < 10 can always be generated. But, in general, it should be possible
to insert faces with higher values ©f. To have an estimation for the ‘typical’ value for
the number of edges of the inserted face let us make a cut of the whole 3D froth with
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a plane. The result is a 2D Euclidean froth where each single face is the result of a cut
on a 3D cell. This 2D froth is therefore a representative set of faces produced by random
cuts of 3D cells. The average number of edges for this set of faces is X5 = 6.
Therefore, from (17), a ‘typical’ froth generated by cell division is expected to have a
fixed-point coordination around; = 14 [28]. Cells in biological tissues appear in various
polyhedral shapes with a number of faces distributed in a narrow range around 14 [29].
A widely studied 3D froth made with identical cells is the ‘Kelvin froth’: its cells are
space-filling truncated octahedra wiky = 14 [30, 31]. Coordinations between 15.53 and

14 are found in Vororibpartitions of space [32], where the higher value corresponds to a
Vorond partition from random points [35], whereas the lower value corresponds to more
compact and homogeneous packings. Smaller values in the rang@313 Xj < 135
characterize an interesting class of natural structures (Frank—Kasper phases [33]) which
partition ordinary space with cells with pentagonal and hexagonal faces only. Soap froth
has typicallyXz >~ 137 [34].

In a D-dimensional froth a p — 1)-dimensional interface with coordination,_; is
inserted or removed by cell-division or coalescence transformations. As pointed out above,
simplexes with coordinationsp_; = D can always be inserted in the proximity of an
existing vertex. This is the minimum possible value fgr 1, substituted into equation (17)
it sets the minimum value of the average number of neighbours B-dimensional
Euclidean fixed-point structure at timeinimal coordination

X3 =2D+2. (18)

The argument for the ‘typical’ cut that we used in 3D can be directly extended to any
dimension. Indeed, one of the properties of froths is that a cut with a hyperplane of a
D-dimensional froth generates & (— 1)-dimensional Euclidean froth. For instance, a cut
of a 4D froth gives a 3D Euclidean froth. We can assume, that this froth has the ‘typical’
coordinationX3 = 14 found above. Inserting into equation (17) one géfs= 30. The
same arguments, extended to any dimension, give

X5 =20 2 (19)

for the average number of neighbours per cell in the ‘typiéaldimensional froth.

What makes equation (13) powerful is the fact that, not only the average number of
neighbours, bugll the average properties of the fixed-point structures can be deduced in
terms of the properties of the inserted interfaces

5.1. Minimally coordinated froths

Let us first construct the Euclidean froth with minimum coordination numbers. It is the
fixed-point structure associated with a cell-division transformation which inserts interfaces
with minimal coordinations. These interfaces afe - 1)-dimensional simplexes inserted
in the proximity of a vertex. They have, = k + 1 (for k < D). By substituting into
equation (13) one obtains
. D+2—k
T D+1-k
(Note thatX}, = 2D + 2, as discussed above.) These are the average structural properties
of a froth which is tiling a manifold withy, = 0 which is homologous to the Euclidean
space. It is the known Euclidean froth with minimal coordination numbers. Starting from
any givenD-dimensional froth one can always transform it into this minimally coordinated
one by applying an infinite number of cell divisions near existing vertices. The resulting

(k + 1). (20)
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structure is expected to have cells with very different topological properties. Indeed, for
each cell-division transformation a new cell with + 1 neighbours is inserted and one
neighbour is added to the + 1 cells around the inserted simplex, distributing therefore the
coordinations inhomogeneously between cells.

5.2. Homogeneous partitions

A D-dimensional froth ha® + 1 edges incident on each vertex. In an ideal homogeneous
partition of space these edges are equally separated in angle. That corresponds to an angle
pi9ea — cos1(—1/D) between each couple of edges [25]. In a froth, edges must close in
rings which are bounding 2D faces. It is easy to see that with the &@f§f flat rings

close with an average number of edges equal to

2

m—cosi(—%) (21)

ideal __
X5 =

This number is 6 in 2D, 5.104 in 3D, 4.767 f@ = 4, 4.588 forD = 5 and tends to

4 whenD — oo. Note thatX#e? s irrational for D > 2. In the Euclidean space, the
‘ideal’ structure cannot be obtained by any ordered lattice structure. This is an example of
geometrical frustration. But disordered or non-periodic structures can approxk‘é‘éfé

with arbitrary precision avoiding in this way the frustration.

The average number of edges per déiﬂea' (equation (21)) is the only quantity of the
ideal structure that can be calculated by using these geometrical arguments. All the other
coordinations are unknown, but we can construct fixed-point structures that approximate
this ideal froth in the ring coordinatioi,. For these structures we can calculate the whole
set of coordinations, and therefore we can infer information about the coordinations of the
ideal one.

We expect that structures which uniformly partition space must héye~ Xidea
By cell-division transformation it is possible to generate froths that approximate the ideal
structures by inserting interfaces with close to the ideal valudizdea'.

For D = 3, X = 5104 which corresponds t&'9e3 — 13.392. We can generate
homogeneous partitions by inserting pentagens- 5 or hexagons,; = 6 obtaining (from
equation (17)) 1 X3 < 14, which is in the right range.

In general, since we are looking for homogeneity, it is logical to insert as interfaces
regular polytopes withx, close to the ideal valué(izdea'. These polytopes can only be
hypercubed4, 3, ..., } (which havex, = 4) and the polytopd5, 3,...,} (with x, = 5),
but this second polytope exists only up fo= 4 ([26] and appendix A).

5.2.1. Cell division with{5,3,. ..} (the (a) plots in figure 3). Cell-division operations which
insert the polytopg5, 3, ...} can therefore generate Euclidean fixed-point structures up to
D = 5. In D = 3 this corresponds to cell divisions which insert pentagonal faces, that
generate a fixed-point structure wiy =5 andX} = 12. In 4D, the fixed-point structure
obtained by inserting dodecahed(&,8}, x, = 5, x3 = 12) hasX} = 100/21 = 4.76109. . .,

a value that is very close to the ideal one. The 4D cells of this froth H&jre= 26
neighbours on average. F& = 5, by dividing cells with the polytop¢5,3,3} (x = 5,

x3 = 12, x4 = 120) we obtain a fixed-point structure witki, = 75/16 = 4.68... (see
equation (13)), which is larger than the ideal value. The average number of neighbours is
in this caseX; = 242.
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Figure 3. The average ring connectivity,, for homogeneous partitions of spaces of dimension
D, obtained from a geometrical approach [25] (full curve) is compared with those of the fixed-
point structures (symbols).

5.2.2. Cell division with4,3,. ..} (the (b) plots in figure 3). The average coordinations of
the fixed-point froths generated by inserting hypercufges, ...} are given by imposing
x; = 2k into equation (22))

. (D+2—-k)(D—-1+4k)
KT (D +1—k)(D +k)

(22)

In this structure theD-dimensional cells have(;, = 4D — 2 neighbours on average. The
average ring coordination &3 = 4D(D + 1)[(D — 1)(D + 2)]~* which correctly tends to
4 whenD — oo, but it is consistently lower thatXizdea' for D > 2. This is presumably a
rather inhomogeneous structure.

5.2.3. Homogeneous cell division (the (c) plots in figure 3Jo maximize homogeneity one

can construct a structure by inserting new interfaces with the same topological properties as
the existing structure. We expect a resulting structure that evolves towards a self-uniform
homogeneous partition. Let us therefore perform cell-division transformations by inserting
interfaces withy, = X} (with k = 2, ..., D — 1). By substituting into equation (13), one
obtains a recursive equation with the following solution

Xi=1+ —— )k 23
k < TDri- k> (23)
HereX; = D(D+1) and X, = 22[)D—:ll, which asymptotically tends to 4 and is much closer

to the ideal value than the one of structubd. (
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Table 1. Average ring coordinationX>) and cell coordinationX ) for some Euclidean fixed-
point structures (FP) generated by cell division (see text).

FP{53,...} (@ FP{4,3,...} (b) FP (c) FP (d)
Ideal X; X}‘, X; X*D X; XB X; X}‘,
ideal D(D+1) D(D+1) 2D-1
D Xlz e 5([)—&)&34—3) 4(D—&)(B+2) 4D -2 2 5—1 D(D +1) 123DD—2 2b+ -2
3 51043 5 12 4.8 10 5 12 5.1458 14
4 47668 4.7619 26 4.4444 14 4.6667 20 4.8 30
5 45881 4.6875 242 4.2857 18 4.5 30 4.6154 62
6 4.7728 4.2 22 4.4 42 4.5 126
7 4.4017 41481 26 4.3333 56 4.4211 254
8 4.3468 4.1143 30 4.2857 72 4.3636 510
9 4.3052 4.0909 34 4.25 90 4.32 1022
10 4.2724 4.0747 38 4.2222 110 4.2857 2046

5.2.4. Cell division with ‘typical’ interfaces (the (d) plots in figure 3)Partitions can be
generated by inserting ‘typical’ interfaces as described before. Here the ‘typlzal X)-
dimensional interface has coordinatiorswhich are equal to average coordinations of the
fixed-point Euclidean structure obtained with this procedureDin- 1 dimensions. The
values X are then given in term of a recursive equation (with initial conditish= 2).
Here are the solutions fdr = 2 andk = D, which have a simple compact form

D

3D -2 (24)
X3 =20t 2,

Surprisingly the product of these valences frém= 1 to D also has a very simple form:
XiX5X5...X;, = DY(D + 1)!. Here, the value ofX; is larger than that of the ideal
structure but is extremely close to it.

In table 1 the values ok, and X, are reported, up t&® = 10, for the whole set of
fixed-point structures which have been studied in this section. In figure 3 the valkig of
for the ideal partition and for the fixed-point structure3—(d) are plotted up tab = 24.

X5 =12

5.3. Kissing numbers

The average number of neighbouXs, of a D-dimensional cell in a Euclidean froth is

an interesting quantity. In sphere packings a corresponding quantity is called the ‘kissing
number’ (KN), that is the number of identical spheres that can be placed around a given
sphere being in contact (kissing) with it [13]. To find sphere-packing configurations with
high KNs has relevance in the design of efficient codes. It is known that, for packings of
identical spheres, the KN is 6 i = 2, 12 in D = 3, but exact answers are unknown

for dimensions above three except fbr= 8 (KN = 240) andD = 24 (KN = 196 560)
where two especially dense latticéy and A,4 achieve the maximal possible values of
KN. In figure 4 are reported the values of the highest known KNs for lattice and non-
lattice sphere packings. Two known bounds for KN wh2ns> 1 are also reported. The

KN question concerns finding the best local arrangements of spheres. In high-dimensional
spaces, this configuration does not necessarily take the form of a lattice packing. Disordered
or quasi-ordered packings are often more suitable to attain high KN. Dime#fsiord is

the first where non-lattice packings are known to be superior. Here the Leech laftice

has KN= 272 whereas the best bound known is 380 [13].
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Figure 4. Kissing numbers (KN—maximum number of identical hard spheres that can touch a
given sphere inD dimensions) and coordination numbe¥s, (average number of cells around

a given cell in aD-dimensional froth) are compared for some known sphere packings (open
symbols) and for the fixed-point structures (full symbols). Two upper and lower bounds for the
KN in high dimensions are also plotted (full and dotted lines).

With any sphere packing one can associate a cellular structure constructed by partitioning
the space into convex polytopes each one containing inside it a sphere. Kissing spheres
are neighbours. In a dense sphere packing the enveloping polytopes make a space-filling
partition of space. The number of neighbours for this system for polytopes is related to
the KN and is expected to be bigger than KN, because some non-kissing spheres can be
first neighbours in the associated froth. This is for instance the cage4n3 where the
configuration with KN= 12 corresponds to a close packing of spheres with an associated
Wigner—Seitz cell that do not pack in a froth: the incidence numbers are not minimal.
This is atopologically unstableconfiguration. Infinitesimal random displacements change
the number of topological neighbours from 12 to an average value of 14, but in this case
neighbouring spheres will be not all in contact. In general, in close packings, we expect the
number of neighbourX, of the enveloping polytopes to be bigger than, but of the same
order of magnitude as, the KNs of the enveloped spheres.

In figure 4 the KNs for some known sphere packings are compared with the coordination
numbers obtained from our homogeneous partiti@)s(¢l) up to D = 24.

5.4. Vorono'partitions

The average number of vertices on the boundary éf-dimensional cell (o p)) can be
exactly calculated for Vororigoartitions generated from random points [35, 36]:

1yp(l b=t 1pelop2
top) = 2 TP [F(Z)F<ZD+1)} PHLGD? +1) 25

" Drdm+1)2| TEAD+D) r(D?)
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Figure 5. The average number of vertices inzdimensional Voronbcell generated from
Poissonian points can be exactly calculated [32] (full circles). Here this number is compared
with the one associated with the fixed-point structures (grey symbols).

Asymptotically this quantity scales dso p) oc DP/271,
The average number of vertices per cell can be expressed in term of the coordinations

by

(nop) = %X1X2 ...Xp1Xp. (26)
(Note that forD = 3 equation (25) givesng p) = 96r2/35, that when substituted into
equation (26) leads t&X3 = 2 + 4872/35 = 1553....) By substituting the fixed point
configuration into (26) we find that the structut® bas(no p) = (D +1)2P~1, the structure
(c) gives (nop) = (2D)'(D")~2, whereas (d) hasgngp) = (D + 1)!. In figure 5 the
behaviours of the average number of vertices per cell in the Vérooth and in the three
structureslf), (c) and @) is shown for 3< D < 50.

6. Conclusions

The topological structure of @-dimensional cellular system can be characterized, on
average, in terms of the coordinationk§J of the irregular polytopes which constitute

the structure (section 2). Only the coordinations of the even-dimensional polyt&pgs (

are necessary for this characterization: the odd ones are expressed in terms of the even
ones by the relation (4). Therefore, the average structure Df-dimensional froth is
characterized by a sequent¥,, X4, Xg...} of % —1 (or DT*1) variables forD even (or

odd). These variables are related with the space curvature through equation (5). Regions in
the parameter spadey} corresponding tadD-dimensional froths tiling spaces of different
curvature are discussed fér < 4 (figure 1 and equations (6) and (7)).
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We used cell-division and coalescence transformations to hitimensional froths
(section 3). We showed that through cell-division/coalescence transformations it is possible
to generate the entire class of froths tiling topologically identical manifolds. The dynamical
renormalization of the variableX, under such transformations is found (equation (11)).
The existence of classes of structures which are invariant (fixed points) under cell-
division/coalescence was pointed out (equations (12) and (13)). We showed that these
structures are tiling Euclidean spaces.

Several fixed-point Euclidean structures were constructed in section 5. We discussed
the average statistical properties of minimally coordinated Euclidean froths, and for
several topologically homogeneous space partitions (equations (20)—(24) and table 1). The
topological properties of the most homogeneous cellular partitions were examined and
compared with known geometrical results (figure 3).

Finally, the fixed-point Euclidean structures were compared with known high-
dimensional structures generated by sphere packings and Varonstructions (figures 4
and 5).

Acknowledgments

Special thanks to Nicolas Rivier for many discussions and comments which greatly
contributed to the research and improved the presentation of the work. | acknowledge
discussions wit J F Wheather and D Sherrington. This work was partially supported from
the European Union Marie Curie Fellowship (TMR ERBFMBICT950380).

Appendix A. The existence of polytopeg5,3,...} uptoD =4

There is a class of regular polytopes wify, = 5 and minimally connected vertices
({5, 3, ...}) which exists up to dimensiob = 4 [26].

They are pentagons iP = 2, dodecahedraf§, 3}) in D = 3 and polytopeg5, 3, 3}
in D = 4. Tessellation of pentagons makes a 2D elliptic froth with=5 andC, = 12,
which is a dodecahedrof, 3}. Tessellation of dodecahedra makes a 3D elliptic froth with
X, =5, X3 =12, C3 = 120, which is the{5, 3, 3} structure. It turns out that tessellation
with {5, 3, 3} polytopes will not make any 5D polytope [26]. If existing, such a structure
would be a 4D polytope wittX, = 5, X3 = 12, X4, = 120. By substituting these values
into equation (7), we gafy = x4, which impliesys > 0. This hypothetical structure would
therefore be an elliptic froth, isomorphic to a sphere, which impjigs= 2. Then, from
the previous identityC4 = 2. The hypothetical5, 3, 3, 3} structure would be an elliptic
froth which closes onto itself with two cells only. But two cells are insufficient to make a
5D polytope (the minimum number is 6). It follows therefore that {he3, 3, 3} structure
does not exist, and nor do the other higher-dimensional tesselld®o8s3, 3...}.
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