REAL STRUCTURES OF MODELS OF ARRANGEMENTS

GIOVANNI GAIFFI

ABSTRACT. In this paper we will deal with two “hidden” real structures
in the theory of models of subspace arrangements. Given a real subspace
arrangement A and its complexification Ac, the first structure is a real
De Concini-Procesi model 37,4 that can be seen as the manifold Re Y.
of (canonical) real points inside the complex De Concini-Procesi model
Y4.. We will study its combinatorial properties by describing it as a
quotient of a real model with corners CY4 introduced in [9].

A second structure arises, on the contrary, as an “extension” of CY.4,
when A is a Coxeter arrangement. We will “add faces” to CY.4 and ob-
tain a convex body (or even a polytope); this gives rise to an interesting
new family of ”realized” posets which includes for instance Kapranov’s
permutoassociahedra.

1. INTRODUCTION

Let A be a central subspace arrangement in an euclidean vector space
V of dimension n and let us denote its complement by M(A). In [9] some
compactifications for the C°> manifold M(A)/R* have been described, as
a generalization of a construction provided by Kontsevich in his paper on
deformation quantization of Poisson manifolds (see [13], and [19] for a related
construction).

These compactifications turn out to be C* (non connected) manifolds
with corners whose boundary is fully determined by simple combinatorial
data. The combinatorics involved in this description has been introduced
by De Concini and Procesi in [3] (in which models for complex subspace
arrangements have been constructed from the point of view of algebraic
geometry), and has been studied from an abstract point of view in [6].

In general we can associate to a real subspace arrangement A many dis-
tinct sets (“building sets”) of combinatorial data (see Section 2) which are
subspace arrangements with complement M(A). Given a building set G,
the compactification associated to G is denoted by C'Yg and is a ”"model”
for M(A)/R™ in the following sense:

(1) M(A)/RT is embedded in CYg as an open dense stratum, and all
the other strata of C'Yy lie in the boundary;

(2) the codimension 1 strata are in a natural bijective correspondence,
via a blow-up map, with the elements of G;

(3) combinatorial data encoded by G allow us to control intersections of
closures of strata.
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Property (3) above implies that we can fully predict the combinatorics of
the boundary of C'Yg from the initial data: this can be useful for instance
when one applies Stokes’ theorem, as in Kontsevich’s first example.

In this paper we will single out two real structures which stem from C'Yg:
the first one is a quotient manifold and coincides with the (canonical) real
points Re Yg. of the De Concini - Procesi complex model Yg. (Gc is the
complexification of G -here and from now on the subscript “C” will stand
for “complexification of”).

The manifold Re My, 11, made by the real points of the Mumford -
Deligne moduli space of (n+ 1)-pointed stable curves of genus zero, provides
us with an interesting example of Re Yg. (see Section 6), which has been
recently studied by Goncharov and Manin ([11]), Ceyhan ([2]), Devadoss
([5]) and Kwon ([15]).

In general, given any building arrangement G, we will describe a differ-
entiable map g which goes from CYg onto Re Yg. and has fibers whose
cardinality depends on the codimension of the boundary strata (see Theo-
rem 5.2). This allows us to control the combinatorial properties of Re Yg,..

Moreover, the map 7 can be seen as a map of CW- complexes (once
CYg is given the natural CW structure arising from the stratification of the
boundary), providing us with an effective method for making homological
computations for Re Yg. (see Section 6 ).

A second interesting real structure arises in this picture, not as a quotient,
but as an “extension” of the models with corners, when we focus on the
particular case of a Coxeter arrangement H , i.e., an arrangement in V'
made by the hyperplanes whose associated reflections are the reflections of
a (finite) Coxeter group Gy.

Let us consider a building set G associated to H and construct the mani-
fold CYg: it has as many connected components as many Coxeter chambers
there are, and we can put a diffeomorphic copy of C'Yy inside the unit sphere
S(V).

As we will show in Section 8, we can add to C'Yg some new faces and
extend it to the boundary of a convex set. The poset “realized” by the faces
of this convex set has a nice combinatorial description (see Section 7.1)
controlled by the Coxeter group Gy and by the combinatorial properties of
G and its “nested sets” (see Section 2).

In particular, if H is the arrangement A, _1 of type A,_1, then Gy is
the symmetric group S,; if we choose the smallest building set associated
to it, we recover Kapranov’s permutoassociahedron K P, (see [12]). This
allows us to say that we are constructing a family of convex bodies which
generalize the combinatorial structure of Kapranov’s permutoassociahedra
to every Coxeter group and to every building set associated to it (although
they are different objects, our posets should be compared with Reiner and
Ziegler “Coxeter associahedra” in [18]).

Let us shortly describe the structure of this paper: Sections 2 and 3 are
devoted to necessary recallings from De Concini-Procesi papers [3], [4] and
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from [9]. The smooth manifolds of real points of De Concini-Procesi complex
models apper in Section 4 and their quotient relation with the models with
corners is investigated in Section 5.

As an application, in Section 6 we compute, via their CW structure, the
Euler characteristic of some manifolds of real points (including Re Moerl)
which arise from Coxeter arrangements.

This introduces us to the last two sections, where the new “Coxeter
posets” are defined (Section 7) and realized (Section 8), starting from the
models with corners, as convex bodies in an euclidean space.

Acknowledgments. The author wishes to express his gratitude to Corrado
De Concini for many stimulating conversations.

2. THE COMBINATORICS OF BUILDING SETS AND NESTED SETS.

Let us recall some definitions from [3]. We start by a (central) subspace
arrangement A in a real or complex vector space V, and denote by A+
the arrangement formed by the subspaces orthogonal (with respect to the
standard scalar product) to the subspaces of A:

At ={B*+|Be A}

Then we denote by Cj the closure, under the sum, of A, that is to say, the
set of subspaces in V which are sums of subspaces in A",

Definition 2.1. Given a subspace U € Cj, a decomposition of U is a col-
lection of non zero subspaces Uy, Us, ..., Uy € Cj (k > 1) which satisfy the
following properties:
(1) U=U10U;®...0U;
(2) for every subspace A C U in Cj, we have that ANUy, ANUs, ..., AN
Uy lie inCx and A= (ANUL) & (ANU2) & ... & (ANUy)

Definition 2.2. If a subspace in Cj does not admit a decomposition, it is
called “irreducible”. The set of all irreducible subspaces is denoted by fj.

The following proposition essentially says that irreducible subspaces give
a decomposition which has the expected “good” properties:

Proposition 2.1. Every subspace U € Cj has a unique decomposition
U= @leUi into irreducible subspaces. This is called “the irreducible de-
composition” of U. If A C U is irreducible, then A C U; for exactly one
i.

In the sequel building sets of subspaces will play a crucial role.

Definition 2.3. The collection of subspaces A C V is called "building set”
if every element C' of Cj is the direct sum C' = G1 @ G2 @ ... ® Gy, of the
set of the mazimal elements G1,Go, ..., Gy of AL contained in C. We say
in this case that {G1,...,Gy} is “the building decomposition of C in AL 7.
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Remark 2.1. One can easily see that the “building decomposition of C' in
AL7 is a decomposition in the previous sense.

Remark 2.2. The sets C4 and F.4 (according to the notation introduced
above, (C)* = Ca and (F£)* = Fa) are building sets. Furthermore, for
every building set A, we have F4 C A C Cq. Let in fact A+ € Cj be
irreducible. Now AL can be decomposed in A+, but then A+ € AL since A+
is irreducible. This proves the first inclusion, the second being trivial. Let
now I' be any subspace arrangement and let B be a building set such that
Cp = Cr. This implies that

Fr=FgCBCCs=Cr

Therefore in the family of building sets that have the same intersection lattice
as I' we can always find a minimum and o maximum element with respect
to inclusion.

We can now recall the notion of “nested set” (see [3]) which generalizes
the one introduced by Fulton and MacPherson in their paper [7] on models
of configuration spaces.

Definition 2.4. Let K be a building set of subspaces in V. A subset S C K
is called “nested relative to IC7, or K-nested, if, given any of its subset
{Ui,...,Ux}, k > 2, of pairwise non comparable elements, we have that

NE, Us ¢ K (or equivalently, SF_ UL ¢ K1),

3. DE CONCINI - PROCESI MODELS AND REAL MODELS WITH CORNERS

3.1. Definitions. A model for the complement M(G) of a complex sub-
space arrangement G in C”, from the point of view of algebraic geometry, is
a smooth irreducible variety Yg equipped with a proper map 7 : Yg +— C"
which is an isomorphism on the preimage of M(G) and such that the com-
plement of this preimage is a divisor with normal crossings.

In their paper [3], De Concini and Procesi constructed such models, pro-
vided that the set of subspaces G is building, and computed their cohomol-
ogy. They also used them to prove that the rational cohomology ring of
M(G) is completely determined by combinatorial data encoded by G.

In [3] arrangements of linear subspaces in P(C™) have also been studied:
as a result, a theory has been obtained, which gives compact models and is
based on the following construction. Let G be a building set (we can suppose
that it contains {0}), and let P(M(G)) be the complement in P(C") of the
projective subspaces P(A) (A € G). Then one considers the map

i: PIM@)—PC)x [[ Pc/D)
DeG—{0}

where in the first coordinate we have the inclusion and the map from M(G)
to P(C"/D) is the restriction of the canonical projection C"* — D — P(C"/D).
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Definition 3.1. The compact model Yg is obtained by taking the closure of
the image of i.

De Concini and Procesi proved that the complement D of P(M(G)) in
Y; is the union of smooth irreducible divisors D¢ indexed by the elements
G € G —{0}. More precisely, if we denote by 7 the projection onto the first
component P(C™), Dg is equal to the closure of

PG - |J PUnG)
Aeg
ANGC @
It can also be characterized as the unique irreducible component such that
m(Dg) = P(G). A complete characterization of the boundary is provided by
the observation that, if we consider a collection 7 of subspaces in G — {0},
then
Dr = ﬂ Dy

AeT
is non empty if and only if 7 is nested, and in this case D7 is a smooth
irreducible subvariety.

From the point of view of differentiable geometry, the interest in the
construction of models of real subspace arrangements has been pointed out
by the compact differentiable models of configuration spaces which appear in
Kontsevich’s paper [13] on deformation quantization of Poisson manifolds.

Kontsevich’s compactifications have been shown in [9] to be particular
cases of the following more general construction which, starting from a real
subspace arrangement A (we can suppose that it contains {0}) in R", pro-
duces C*° manifolds with corners.

Let us denote by S(R™) the n — 1-th dimensional unit sphere in R", and,
for every subspace A C R", let S(A) = AN S(R™). Then we can consider
the compact manifold

K=S®")x [] s
AcA—{0}
and notice that there is an open embedding
¢: M(A)/RT — K
This is obtained as a composition of the section s : M(A)/RT — M(A)

provided by

s(lp]) = |%| € S(R") N M(A)

with the map
MA) — SEY x [ sAh)
AcA—{0}
where on each factor we have a well defined projection.
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Definition 3.2. We define CY4 as the closure in K of ¢(M(A)/RT).

In [9] it has been proven that, when A is a building set, CY 4 is a smooth
manifold with corners. It is a differentiable model for M(.A)/R™ in the sense
we mentioned in the Introduction: if we denote by c¢m the projection onto
the first component S(R™), then crr is surjective and it is an isomorphism on
the preimage of M(A)/R*. Furthermore, cm establishes a bijective corre-
spondence between the codimension 1 open strata in the boundary of C'Y4
and the elements of A4 — {0}, as we will see in detail in Section 3.3 .

3.2. The open charts for C'Y 4. In this subsection we will recall from [9]
the construction of a set of open charts, diffeomorphic to open subsets of
(R=9)"=1 which cover the manifold with corners CYj .

Remark 3.1. From now on “nested set” will mean “A-nested set which
contains {0}”.

Let us start by constructing an open covering of M(A)/R™ by some charts
which are associated to the A-nested sets.

Definition 3.3. Given a subspace C' C V, we define the following two
(possibly empty) subspace arrangements.
(1) Ac={He A|CCH}
(2) A ={BNC|BcA-Ac}
Furthermore, given two subspaces H,C C V', we will denote by Ag the
subspace arrangement ASG, = {BNC|B € Ag — (Ac N Ax)}.

Let now S be a nested set in A. We will give a graduation to the elements
of S+ C A*. Recall that S can be represented by a graph, which is an
oriented tree, in the following way. The vertices of the tree are labeled by
the elements of S+, and the root is {0} = R™; let then A+ and B+ be two
elements of S+ such that B “covers” A+, i.e., A+ is maximal (with respect
to inclusion) among the elements of St strictly included in B+: then we
draw an edge which joins the vertices A+ and B+ and is oriented from B+
to AL, We say that an element X+ of ST has degree n if it is connected to
the root by a n-edges oriented path.

Definition 3.4. Given a nested set S and a vertex A- of degree n in the
graph associated to S*, we denote by SAT the (possibly empty) set of the
elements “covered” by A“. Furthermore, we denote by Sﬁ“ the common
intersection of AL and of all the subspaces which are orthogonal to the sub-
spaces in SA* (we put Sr‘?L = At if SAY s empty).

We can now associate to S an open set [7'3. It is constructed as a product
of open sets, according to the following algorithm. We provide an open
manifold in correspondence with every element in S*. The open manifold
which corresponds to the root V is :

Ny = Mgy (AST) N S(V).
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Remark 3.2. Here and from now on we use the following notation: if A
s a subspace arrangement whose elements are contained in a subspace F' of
V, Mp(A) will denote the complement of A in F.

Notice that, if S* = {V'}, we have Ny, = M(A) N S(V).
Now, given an element A+ € S we construct
L

Nat = Mg (AST YN sV

Then, for any AL in S*, we consider a “small” positive real number € 4.,
and we can define Ug as

Us=Nvyx JI Nawx(0e4)
Alest_{v}
Choosing in every space Ny or N1 a ball p(Ny) or p(N41) we obtain

an open subset Ug(p) of US We can embed Ug(p) in M(A)/R* as a chart
using the following map 7:

PV, sDaL, tgr,...) o [py+the point in (SY)* such that,V A+ € St—{V},
its orthogonal projection to Sr‘?l is tTli tTQL st gipaLl

where Ti-, T3 ... are all the internal vertices in the path which connects V'
to AL

The map 7 is a well defined embedding provided that the balls p(Ny ) ,

p(N4+) and the numbers € 4. are sufficiently small. Therefore we have an

open atlas U = Us Us( ) which covers M(A)/RT (we recall that S ranges
over all the nested sets in .4 which contain {0} and p over all possible suitable
collections of balls p(Ny) , p(Ny1) ).

If we allow the real numbers € 41 to be 0, we have the corresponding new
space

Us(p) =p(Nv)x [ p(Nax) x[0,642)
AtesSto{vy

which is diffeomorphic to an open set of a simplicial cone (RZ%)"~!

Remark 3.3. In the sequel we will often write 173 and Us instead of ﬁg(p)
and Us(p), the choice of a collection of balls p(Ny) , p(N 41) being implicit.

It turns out (see [9]) that the open embedding 7 : Us — M(A)/R* can
be extended by continuity to a map 7 : Us — CY .

Moreover, we have that the charts Ug give rise to a C'*° atlas which gives
CY 4 the structure of a C'°° manifold with corners.

In the sequel we will refer to the following algorithm, which was used in
[9] to show that the charts Ug cover C'Y4.

Let us view a point p in the boundary of M(A)/RT ¢ K = S(R") x
[Taca—qoy S(A1) as the limit of a path § = §(t) : [0,1) — M(A)/R*.
We will associate to § a nested set S such that Ug contains p. If we look
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at this path in S(V), we can choose the minimal subspace B in the in-
tersection lattice of A such that § converges to a point in B. Let B+ =
B & --- ® By be the direct sum of B+ in terms of the maximal elements
of At which are included in B (this is possible since A is building). Then
B = B1N---N B, and our first step in the construction of & consists in
putting S = {{0}, B1,...,B,}. Now, for every 1 < i < p let us consider
the projection d51 of § to S(B;) (it is well defined since § C M(A)/R¥).
Let v; be the limit of the vector dpi(t) ast — 1. If v; does not lie in
any subspace of the intersection lattice of Ap,, we will not add any ele-
ment to S. Otherwise, let C; be the minimal subspace in the intersection
lattice of Ap, such that v; belongs to C;. Then we can decompose Cf as
CH=Cio o Cij;_u (notice that Ap, is building). After doing this for
every i (1 < i < p), our second step in the construction of S is to put
S = {{0},B1,...,By,...,Ci1,...,Ciy,;,...}. We can now project 531; to
Ci# for every i and j and continue. It turns out that p € Us(p) with S as
above and obvious p; therefore

U=|JUs(p) = C¥q.
S,p

3.3. Recalls of results on the boundary of CY,4. As we recalled in
Section 3.1, given a building arrangement A (which contains {0}) in R", the

boundary CD = ¢! U S(A) | of CY 4 is the union of some codimension

AeA
1 manifolds with corners which correspond to the elements of .A—{0}. More

precisely, if A € A — {0}, its associated boundary component is

CDa=cr ' | S(A) - |J S(B)
BeAA

Let us now state some results from [9] on the combinatorial structure of
the boundary.

Theorem 3.1. The boundary component CDy4 is equal to the closure in K

of

U = JWoy.4y(p) N {t4 = 0}).
P
Moreover CDy is a manifold with corners of the following type

CDA = CYAﬁL X CYAA
and its internal points coincide with U.

This theorem can be generalized to a result on the intersection of any
number of boundary components CD 4:
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Theorem 3.2. Let T be a subset of A which includes {0}; then

CDr= (] CDs

is non empty if and only if T is nested in A. Moreover we have that CDr
is a manifold with corners whose internal points are described by the local
equations

Ulorn N e =0}
P BeT—{0}

We can also describe CDy as a product of real models since, for A € T, the
1

T4 o
sets A" are building and

cpr= [[CY
aer AL

4. REAL POINTS OF DE CONCINI -PROCESI MODELS

In this section we will deal with complexified arrangements and we will
focus on the manifold provided by the real points of a complex De Concini-
Procesi model.

Let us start by considering the natural embedding of P(R") into P(C").
Given a subspace A C R", this embedding induces a natural embedding of
P(R™/A) into P(C"/Ac):

[(a1,a2,...,a,) + A] — [(a1,a9,...,a,) + Ac]

where the expression inside brackets [(a1, a2, . .., an)+A] (resp. [(a1,a2,...,an)+
Ac] ) represents, a basis of R™ being fixed, the projective coordinates of a
point in P(R™/A) (resp. in P(C"/A¢)).

Therefore, in our hypothesis of a real subspace arrangement A which is
building and contains {0}, we have an embedding

6 : P(R") x H P(R"/D)+— P(C") x H P(C"/Dc¢)
DeA—{0} DeeAc—{0}
There is an interesting real De Concini-Procesi model embedded in
P®R")x ][] P®R"/D)
DeA—{0}
In fact the De Concini - Procesi construction can be performed also in the
real case (see [3]): one considers the embedding
Pa(M(A)) » P(R") x ] P®R"/D)
DeA—{0}

and obtains (by taking the closure) a smooth real manifold }24 whose bound-
ary is characterized in the same way as in the complex case (see Section 3.1).
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The map 6 allows us to compare this real model with the real points
Re Y. of Yy,..

We notice that the real points in P(C") x [Ip ca.—q03 P(C"/Dc) are
those points that have in each factor a real representative for their projective
coordinates. In other words, let x be a real point and let us denote by m and
by mp. the projection onto the first factor and onto P(C"/Dc) respectively.
Then we have that, after choosing a C-basis of C made by real vectors, a
real point x satisfies 7(z) = [(z1,x2,...,2y)] With (z1,22,...,2,) € R" —
{0} and, for every D € A — {0}, nmp.(x) = [(a1,a2,...,a,) + Dc] with
(al,ag,...,an) eR” —D.

This corresponds to considering the natural complex structure in P(C")
and in P(C"/Dc¢) and taking the points which are fixed by complex conju-
gation.

Theorem 4.1. The real points Re Y 4. of Y. coincide with 0(124).

Proof.

We know that Pr(M(A)) is embedded as an open set in Y4. As a first
step, let us check that 6(Pr(M(A))) coincides with the real points in
P(M(Ag)) C Ya.. In fact, let 2 be a real point in P(M(Ac)) C Ya,.
This means that, using the notation introduced above, x is completely de-
termined by its projection 7(x) to the first factor and that, in a basis given by
real vectors, 7(x) can be expressed in projective coordinates as [(x1, ..., Zy)]
with (x1,z2,...,2,) € M(A) C R™.

Now the point (z1,z2,...,2,) € M(A) C R" projects to a point 2’ €
Pr(M(A)) C Y4 and, by definition of 6, 6(z') = =.

Since Y4 is compact, so is 9(124) which in particular is closed. This implies
that, being Y4 = Pr(M(A)), we have 0(Y4) = 0(Pr(M(A))).

As we have seen, (Pr(M(A))) = Re P(M(Ac)), therefore it only re-
mains to prove that Re Y4. = Re P(M(Ac)). One inclusion is trivial: in
fact Re Y4, is a closed subset of Y 4. (it is the intersection with the locus of
points fixed by complex conjugation); since it includes Re P(M(Ac)) this
implies Re P(M(Ac)) C Re Ya,.

Now, if p is a point in Re Y4, then p is the limit of a sequence of points
{pn} € P(M(Ac)). We will show that it is possible to modify {p,} to
obtain a sequence of real points in P(M(Ac)) that converges to p.

We start by associating to {p,} a nested set S C A (S contains {0}), ac-
cording to the algorithm described at the end of Section 3.2 (with straight-
forward modifications since this is the complex case and we are dealing with
a sequence). We observe that, by construction of S, if we know the pro-
jection wp.(p) of p to P(C"/Bc) for every B € S, we know the projection
Tac(p) to P(C"/Ac) for every A € A.

Therefore, it is sufficient to find a sequence {z,} C Re P(M(Ac)) such
that, for every B € S, mp.(zn) — 7B (D).
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Then we can find a basis b = {b1, bo, ..., b, } of R™ adapted to S, according
to the following definition.

Definition 4.1. We say that a basis b = {b1,ba,...,by,} of R" is adapted to
a nested set S if:

1) Given any B+ € S, the elements b, , by, ... bi, of b which belong to B+
form a basis of B*.

2) Let B+ € S* and let Cf-, ..., C;F be the elements of S* which are covered
by BX. Then the elements b;,,bs,,...b;, of b which belong to B+ but do not
belong to any C’f s are orthogonal to the sum Y7 ; C’il (that is to say, they
belong to (;_; Ci).

Now, let A7, ..., A be the smallest (with respect to inclusion) elements
in S*: we will start our construction of {z,,} by determining the projections
Tae(Tn), - s Tae(Tn).

Remark 4.1. Here and in similar expressions where complexification is
involved we may omit a parenthesis, that is to say, we may write 74, instead
that T(a,)., Aa,c instead that (Aa;)c and so on..

For every 1 < 5 < s we know, by construction of § and by minimality of
A, ..., AL, that TA,c(Pn) — Ta,c(p) and 7a,.(p) belongs to the comple-
ment of the arrangement 74, (A4, c).-

Now we can consider in P(C"/A;c) the real basis of C" /A c made by the
projections of the vectors b; in b N AjL.

With respect to the associated projective coordinates [(a1, ..., @y, A];)],

we can cover P(C"/A;c) with the canonical affine charts U; = {a; = 1}
(i=1,...,dim A}).

There is a chart, say Uy, which w4, (p) belongs to, and, since p € Re Y4,
in Ur ma;c (p) has real coordinates. Therefore definitively the projections
TA e (pn) belong to Uy and in U; we have that Re TA e (pn) — TA e (p).

Then we start our construction of {z,} by requesting that, for every
1<j<s, ma,c(zn) = Re ma;c(pn)-

Remark 4.2. Here we may need to extract a subsequence from py,. In
fact, since we want that {z,} C P(M(Ac)), we ask that the projections
Ta,c(Tn) = Re ma,c(pn) do not belong to any subspace of the arrangement
TAjc (Aa,c). But this condition is definitely satisfied otherwise their limit
Ta,c(p) would belong to a subspace of the arrangement wa,.(Aa;c), which
contradicts the construction of S.

Now, let us suppose that there is an element D in S such that D' is not
minimal in S+, but it would be if we deleted All, ..., AL, To fix notations,
let us suppose that A{, Ay ..., AL C D*.

We can use in P(C"/Dc¢) the projective coordinates associated to the real
basis of C"/D¢ made by the projections of the vectors by in b N D=.
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We know that, by construction of S, mp.(p) belongs to
P(Aic N AxcN---N Apc/De)

Therefore, by definition of adapted basis, the projective coordinates of wp. (p)
which are related to the vectors b, in (A + Ay 4+ -+ + AL) Nb are equal
to 0.

As before we can consider an affine chart of type U; (one which 7p.(p)
belongs to) and focus on the points Re mp.(py) in U;.

Then we substitute in Re 7mp.(pn) the coordinates associated to the vec-
tors in (A + Ay + -+ + A) Nb (which are equal to zero), with the coor-
dinates of a point such that, for every i = 1,...,m, its projection to C"/A;c
is L||ma,c(25)|| (here || ||” means that we are considering the real unit
representative for ma,.(zy))

These modified points provides us our second step in the construction of
the sequence {x,,}: we request that they coincide with 7mp.(z,) and therefore

by construction mp.(x,) — 7p(p).

Remark 4.3. Also in this second step we may need to extract a subsequence,
to avoid that Tp.(xy) € Tp.(Apc).

If by absurd it was not possible to extract this subsequence, then there
would be at least a subsequence included in a subspace mp.(Lc) of Tp.(Apc).
Therefore, also wp.(p) would belong to wp.(Lc). But, by construction of S,
this implies that we would have L+ C AL for a certain m.

Therefore ma, . (Tpe(2n)) would have a subsequence inma, .(Lc). But, by
construction of Tp.(xy), for every n, ma, (Tpe(xn)) is equal to ma, . (zn);
this, in its turn belongs by construction to the complement of wa, (Aa, c)
and we have a contradiction.

In this way we can construct, step by step, our sequence {x,} C Re P(M(Ac))
which converges to p.
| |

Corollary 4.2. Let S be a nested set which contains {0} and Sc be its com-
plexification. Then, if Ds and Ds. are the boundary components associated
to S in Y and Y. respectively, we have Re Ds. = 6(Ds)

5. COMBINATORICS OF A MAP FROM CY4 TO Re Y4,

Let us consider as above a real building arrangement A (containing {0})
in R™. In this section we want to compare the real compact model with
corners C'Y 4 with the real points of Y 4.

We start by focussing on the combinatorial properties of a surjective map
I': CYy— Yy

The model CY4 is embedded in

K=S®")x [] s
AecA-{0}
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while ?A is embedded inside

K'=P®R")x ][] PR®R"/D)
DeA—{0}
Now, given any A € A, we can consider the natural isomorphism between
AL and R™/A given by the projection.
As a consequence of this identification, there is a map IV from K to K’
which coincides on each factor S(A+) with the 2 ~ 1 projection S(AL)

P(R™/A) (in particular this means that on the first factor we are considering
the projection S(R") — P(R")).
Proposition 5.1. If we restrict IV to CY 4 we obtain a surjective map
I': CYy— }7:4

Proof. This follows immediately from the observation that a point in
M(A)/RT C CY4 (resp. Pr(M(A)) C Y,) is completely determined by
its projection to the first factor S(R™) (resp. P(R™)). Therefore the map I”
is 2 — 1 from M(A)/R* to Pr(M(A)). This implies that T'(CYy) = Y4
since C'Y 4 is compact and Y4 is the closure of Pr(M(A)). ]

If we compose I' with the map 6 described in the preceding section, we
have a smooth map from CY4 to Re Y4, which we will denote by v. We
can now state our main theorem concerning these maps:

Theorem 5.2. Let S be a nested set which contains 0. Then T' (resp. )
restricted to the internal points of CDs is a 2151 _sheeted covering of the open
part of the boundary component Dg in YA (resp Re Ds. in Re Ya.).

Remark 5.1. In particular (considering S = {0} ), this statement reduces to
the observation (see Proposition 5.1) that T' and vy, restricted to M(A)/RT,
are 2-sheeted coverings of Pr(M(A)) and Re Pc(M(Ac)) respectively.

Proof.  We will prove the statement for I'. Let us consider A € A— {0} and
the boundary component CD4. A point p € CD 4 is the limit of a succession

{pn}iner™t [ S(A) - U S(B) |. The points I'(p,) = pn € Y4 belong to
BeAA

=~ PA) - | PB)
BeAA
and the limit of this succession is p = I'(p) which by definition belongs
to Da. Therefore I'(CDy) C DA Now a point g € DA is the limit of a

sequence {g,} in 7! | P(A) — U P(B) |. Since T is surjective we can
BeAA
find a sequence {G,} in CY4 of points such that I'(g,) = gp.
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Let ¢ be the limit in the compact manifold C'Y4 (of a subsequence) of {¢, }.

Then T'(§) = q and, since, for every n, G, € en~ ' | S(A) — U S(B) | we
BeAA
have that ¢ € CD4: therefore I'(CDy) = ZSA.
Now, according to Theorem 3.1, for every A € A the internal points of
the manifold with corners C'D4 coincide with

U = JUgoy,43(p) N {tar = 0}).
p

Furthermore, since, for every B € A, we have that I'(CDp) = 253, then the
inverse image of the set of all the internal points of D 4 is exactly U.

It remains to compute the cardinality of the fibers of I'|;;. A point p € U is
uniquely determined by its projection to S(R™) which lies in S(A)NM 4(A%)
and by its projection cma(p) in S(A+) N M 41 (.AﬁL). Therefore the point
I'(p) is determined by its projections to P(R™) and to P(R™/A). This implies
that T'|ys is 4 — 1 which is our claim for the codimension 1 open boundary
strata.

The general case of T" restricted to the internal points of CDgs (S nested
set) can be proven in a similar way even if the notation is more compli-
cated: one refers to Theorem 3.2 which states that the internal points we
are interested in coincide with

Ulvrn () {tse =0}

P BeT—{0}
|

As an immediate consequence, we have the following algebraic-topological
corollary, which will be applied in the next section to compute the Euler
characteristic of some real models of Coxeter arrangements.

Corollary 5.3. Let us equip CY 4 with the CW structure_provided by the
connected components of the open boundary strata. Then Ds (resp. Ds.),
with the structure given by the images of these components, is a CW complex
and I' (resp. v) is a map of CW complezxes.

6. EXAMPLES: COXETER ARRANGEMENTS

A finite Coxeter arrangement H in an euclidean space V' is an arrangement
in V made by the hyperplanes whose associated reflections are the reflections
of a finite Coxeter group Gp). Let us consider a building set G C Cy
containing H and {0}.

Now we fix a Coxeter chamber W and call by CYg(W) the component
of C'Yg which is a compactification of S(V) N W. The following definition
singles out the elements of G which control the boundary of CYg(W).
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Definition 6.1. We will say that a non zero subspace A € G is (W )-
fundamental if dim (ANW) = dim A. A (W )-fundamental nested set
is a (G )-nested set which contains {0} and such that the other subspaces in
it are (W )-fundamental subspaces.

We are now going to study in detail the examples of Coxeter groups of
types A,, Bn, Dp.

6.1. The braid arrangement.

Let us focus on the essential braid arrangement A, _1: it consists of the
1

hyperplanes {z; = z;} (1 <i<j<n)inV = R"/R( " ). These hyper-
1

planes are orthogonal to the roots of a root system ®4, , of type A,_1.

In [12] it is proven that P(M(A,—1,c)) is isomorphic to the moduli space

Mo 41 of complex n + 1- pointed genus 0 curves. The minimal compact

De Concini - Procesi model for P(M(A,,—1c)), that is to say, the compact

model Yr A1 associated to the set ]-"jnim of irreducibles (see Section

2), turns out to be isomorphic to the Mumford- Deligne compactification
Mo pt1 (see [8]).

From the moduli point of view, a stable curve which lives over a point of
Re M 5+1 is “real” in the following sense: it is equipped with a conjugation
involution fixing all labelled points and all singular points, i.e., each of its
irreducible components has its labelled and singular points lying on a copy
of P(R). The space Re Mg ,+1 has been recently studied by Goncharov and
Manin ([11]), Ceyhan ([2]), Devadoss ([5]) and Kwon ([15]).

In this section we will show how the combinatorial properties of v de-
scribed by Theorem 5.2 allow us to point out the relations between Re Mom“
and some well known polytopes, i.e. Stasheff associahedra and Kapranov
permutoassociahedra. We will recover a tessellation of Re Mgmﬂ which
was described by Kapranov (see [12]) and Devadoss (see [5]).

The Stasheff associahedron for n letters K, was defined (see [20]) as the
poset whose elements are all the possible bracketings of the “product” of
n formal symbols AjAs--- A, (the empty bracketing is allowed), with the
following order relation: a bracketing (3 is said to be greater than another
bracketing (3 if 3’ can be obtained from (3 by adding some new pairs of
brackets.

Thus the empty bracketing is the maximal element of K, and the complete
bracketings are the minimal elements.

This poset was first realized by Stasheff as a convex body in R"~2 and
then in [10] and [16] it was given a realization as a convex polytope.

In his paper [12], Kapranov introduced another poset K P, (the permu-
toassociahedron for n letters) whose elements correspond to all bracketed
and permuted products of n formal symbols. This poset was realized as a
convex polytope in R"~! by Reiner and Ziegler (see [18]): in particular, they
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embedded a copy of K, in the intersection of a Weyl chamber W of R™ with
an S,-invariant hyperplane and obtained K P,, as the convex hull of S, - K,.

These polytopes play an important role in several fields of mathemat-
ics: for instance they encode the product rules for commutative (the as-
sociahedron K,,) and general ( the permutoassociahedron K P,) monoidal
categories.

Theorem 6.1. The model C'Y]:An_1 18 diffeomorphic to the disjoint union
of n! copies of the Stasheff associahedron K,.

Remark 6.1. This implies that v, via Theorem 5.2, tells how to glue these
n! copies of Ky in order to obtain Re Mg 41 (compare with [5], [12]).

Proof.
Let us first recall (see [21], [8]) that the elements of F jnfl are the sub-

1

spaces of V' =R"/R| ' | spanned by the irreducible root subsystems of
1

® 4, .. We can thus describe F4, , by means of a collection of subsets of

{1,2,...,n}. In fact, given a subset A = {iy,is,...,4,} C {1,2,...,n} with

|A] > 2, the subspace A C V,

A=Az =z = = 1;,}

is in F4, ,. This correspondence is also bijective, therefore every subspace
in F,_, can be determined by a subset of {1,2,...,n} with at least two
elements.

The following algorithm constructs a nested set S in F 4, ,:
a) choose an ordering a; > ag > --- > a, of the numbers {1,2,...,n} and
form the “product” aias - - - ay;
b) consider a (partial) parenthesization of ajas - - - ap;

c) consider a couple of parentheses (a;, @41, ..., a;) which is minimal (that
is to say, there are not parentheses inside (a;, ajt1,...,a;)), and add to S
the subspace A associated to A = {a;,a;41,...,a;};

d) delete these parentheses and continue. At the end add {0} to S.

Choosing all the possible orderings of {1,2,...,n} and all the possible
parenthesizations we obtain all the nested sets containing {0}.

Now, the manifold with corners C'Yr a,_, 18 made by n! connected com-
ponents, which are compactifications of the n! connected components of
M(A,—1) N S(V). We notice that the Weyl chambers are in bijective cor-
respondence with the orderings of {1,2,...,n}: given a ordering a; > ag >

- > a, we associate to it the Weyl chamber W(a; > ag > -+ > ay)
made by the points of V' whose representatives in R™ have coordinates
Tgy, > Tgy > -+ > Tg,. Thus, given a Weyl chamber W(a; > as > -+ > ay),
we will denote by CYr,  (W(a1 > az > -+ > ay)) the associated con-
nected component of CYr Ay q
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We also notice that, once a ordering a1 > ag > -+ > a, of {1,2,...,n} is
fixed, the collection C'(a; > az > --- > a,) of F4, , - nested sets obtained
according to the algorithm is exactly the collection of W(ay > ag > -+ >
an)-fundamental nested sets and is in bijective correspondence with the el-
ements of K,,. Moreover, if we order the elements of C'(a; > az > -+ > a,)
by reverse inclusion, we have that C(a; > az > --- > a,) is isomorphic to
K,, as a poset.

Thus the description of the boundary of CYr,  (see Theorem 3.2) im-
plies that CYz,  (W(a1 > a2 > --+ > ap)) is a realization of the poset
C(ay > ag > -+ > a,) = K, as a connected (n — 2)-dimensional manifold
with corners and is therefore diffeomorphic to the convex (n—2)-dimensional
polytope K.

|

One can show that all the information concerning the face lattice of K P,
is encoded by CYr,  and by its projection cr : CYr, = — S(V).

Now, the preceding theorem establishes a diffeomorphism ¢ : C'Yr T
Sp - K, (here we are referring to the construction of Reiner and Ziegler
in [18]); therefore we can also express the combinatorial relation between
CYr 4,1 and K P, in the following way:

Corollary 6.2. The manifold CY]:A%1 has a diffeomorphic copy in R"~!

whose conver hull is a polytope which realizes Kapranov’s permutoassocia-
hedron KP,.

From a topological point of view, Corollary 5.3 allows us to compute the
Euler characteristic of Re Y a,_.c = Re Mopy, in accordance with [5].

Theorem 6.3. We have that

_ n—2 o Nl 1 n—2 n+k
e o) = S0 g [ (M) ()
Remark 6.2. We notice that, for compactness,
X (Re M()’Qr) =0 Vor
The first even dimensional cases are: x (Re Mo,g) =1, x (Re Moﬁ) = -3,
X (Re Moyz) =45, x (Re Moy) = —1575, x (Re Mo11) = 99225.

Proof.
Since Re Mg 41 is a (n — 2)- dimensional CW-complex, the addendum

i (3 (1)

in the above formula represents the contribution to the Euler characteristic
of the codimension k cells.

Their number has been computed using Theorem 6.1: the expression
inside brackets gives the number of codimension k cells in a copy of K,,. This
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computation goes back to Cayley (see [1]), since this number coincides with
the number of possible distinct k-parenthesizations (i.e., parenthesizations
obtained with k& couples of parentheses) of a product of n variables, which
in its turn coincides with all the possible partitions of a (n + 1)-gon with &
non intersecting diagonals.

Then we take into account that in C'Yr A1 there are n! copies of K,, and

that, by Theorem 5.2, the map 7 restricted to codimension k cells is 2F+!
to 1.
|

Remark 6.3. The CW-complex structure described in Corollary 5.8 could
be used to compute the integer cohomology of Re Mo ni1. Anyway it in-
volves computations on large matrices; for instance, in the case of Re Moﬁ
one has 12 two-dimensional faces, 30 edges and 15 vertices. For the ho-
mology we obtain: Ho(Re Moy, Z) = Z, Hi(Re Moy, Z) = Z* x 7/2Z,
Hy(Re Mos,7Z) =0 (we point out that 2-torsion appears).

6.2. The Coxeter arrangement B,,. Let us consider the Coxeter arrange-
ment B, of type B, (n > 2), i.e., the arrangement provided in R™ by the
hyperplanes {z; —x; = 0}, {z; +z; = 0} and {z, =0} (¢,4,r € {1,2,...,n}
, 1 < j), and let us fix a Weyl chamber W. For instance we can suppose
that W is the chamber described by x1 > 29 > -+ > x, > 0.

As for all root arrangements (see [21], [8]), if A belongs to the minimum
building set F5, , then A+ is spanned by an irreducible root subsystem.

Therefore a W- fundamental subspace is provided in this case by a (non
zero) subspace of type

A={zi=aip1 =Tito = = Tiyp}
where k > 1, ¢+ k <mn, or of type
B:{w8:w8+1:...:xn:0}

with s < n.

Proposition 6.4. The poset of W -fundamental nested sets (containing 0),
ordered by reverse inclusion, is isomorphic to the Stasheff associahedron
Kpi.

Proof.

The following algorithm provides us with a bijective correspondence be-
tween these two sets.
Let us consider a (partial) parenthesization of the product ajasas - - - anan41.-
We will associate to it a nested set S:
a) Let (a;ai11---a;+;) be a minimal couple of parentheses (that is to say,
there aren’t any other parentheses inside (a;a;41 - - - ai+;)), and add to S the
subspace

{zi =2it1 = vip2 = -+ = @iy}
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if i + 7 <n+ 1. Otherwise, if i + j = n + 1, we add the subspace
{zi=2i1 =xigo = =451 =0}

b) delete these parentheses and continue. At the end add {0} to S.

It is easy to check that this correspondence is in fact a poset isomorphism.
|

In view of the above proposition we can compute the Euler characteristic
of the manifold Re Yz, . applying the same method used for the braid
arrangement.

Theorem 6.5. We have that

n—1

_ netop 027 [ 1 n—1 n+k+1Y\]
X (Re Yan,tc) - kz_o(_l) o +1 [k 1 ( Lk ) ( k =
= el X(R€ M +2)
n+1 i

Remark 6.4. We notice that, for compactness,
X (Re Yrg, ) =0 ¥r

Proof.
Since Re Y7, . is a (n — 1)- dimensional C'W-complex, the addendum

(_1)n—1—k n! 2" 1 n—1 n+k+1
21 1 k+1 k k

in the above formula represents the contribution to the Euler characteristic
of the codimension k cells. The expression inside brackets gives the number
of codimension k cells in a copy of K, 41 and has been obtained using the
same Cayley’s formula as in the case of the braid arrangement.

Then we consider that in CYz, there are 2"n! copies of Kp11 and, by

Theorem 5.2, the map ~ restricted to codimension k cells is 2¢1 to 1.
|

6.3. The Coxeter arrangement D,. The arrangement is in this case of
type D,, and is provided in R" by the hyperplanes {z; — z; = 0} and {z; +
xzj =0} (1,7 €{1,2,...,n},i<j).

As a Weyl chamber W we can choose the one described by x1 > xo >
.-+ > |zy|. We know that the minimum building set Fp, is formed by the
orthogonals to the subspaces spanned by irreducible root subsystems.

This implies that a W- fundamental subspace is provided by a (non zero)
subspace of type

A={r; =21 =Tiyo = = Tigr}
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where k£ > 1, ¢+ k <n, or of type
B={zs=2541 =" =251, =0}
where it is important to note that s +r = n and r > 2, or of type
C={zi=zip1 =Tita =" =Tp_1 = —Tn}

with n —7 > 1.
The Euler characteristic can be expressed by a recursive formula in which
the already computed Euler characteristics for cases A, and B; also appear.

Theorem 6.6. We have that, for n > 4,

1

3. _ _
X (Re Y;:Dn’c) = —52” 1X (Re Y_’FAnilyc> — 12" 1nx (Re Y}'An727c> +

—é2"*1n(n —1)x <R€ YFAH,3,0) +
+§(71)’“2l_2 (n le!+ 1! ZZ (;)r Lil ( l; 1 ) ( A )] X (Re YFD"*’“’C)

Remark 6.5. As before we notice that, for compactness,

X (Re Y]-‘DZT) =0 Vr

7. AN EXTENDED REAL STRUCTURE FOR COXETER ARRANGEMENTS

Let us consider a finite Coxeter arrangement H, with group Gy, in an
euclidean space V, and a building set G C Ly containing H and {0}.

Starting from these data we are going to define a new family of posets (the
“Coxeter posets”) which includes Kapranov’s permutoassociahedra. The
combinatorial properties of a poset Cox (H,G) of the family will turn out
to be controlled by G5 and G.

In the next section we will extend C'Yg to a convex body C(H,G) in V
such that the poset determined by its boundary is Cox(H,G): therefore
the combinatorics of Cox(H,G) points out a further real structure which is
implicit (“hidden”) in the real model C'Yg.

7.1. Definition of Coxeter posets. Let us fix a Coxeter chamber W.
The elements of Cox (H,G) are all the couples (wH,S) where

e S is a W-fundamental nested set (containing {0}) with labels at-
tached to maximal elements: if an element A in S is maximal then
it is labelled either by the subgroup G4 of Gy which stabilizes A or
by the trivial subgroup {e};

e H is the subgroup of Gy given by the product of all the labels in S;

e w is an element in Gy.

The order relation is the following: given two elements (w'H',S") and (wH, S)
then
(w'H', 8" < (wH,S)

if and only if
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(1) w'H Cc wH
(2) &’ is obtained by S by a composition of the following moves:
e adding a non maximal element;
e adding a maximal element labelled by {e} if the other maximal
elements remain maximal after this move;
e adding a maximal element B labelled by Gp, when B contains
a maximal element A € S labelled by G4. After adding B, A
is no more maximal and loses its label;
e changing a label G4 of a maximal element A to the label {e}.

A motivation for the definition we provided above is that, when we spe-
cialize to the case of the braid arrangement A, 1, if we choose, among
all the possible building sets, the minimal one, i.e. Fj4, ,, we find that
Cox (An—1,Fa, ) is the poset of Kapranov’s permutoassociahedron K P,
as the following section explains.

7.2. Example: Kapranov’s permutoassociahedron. Let us assume the
realization of K P, in [18] and describe K P,, as a poset by describing all the
faces of its realization. We can restrict to describe the faces which intersect
W, since all the others are obtained by the S, action.

Let us take a nested set S and suppose that it has » non maximal elements
and k£ maximal elements A, Ao, ... A;. Then we consider the vertices of
K, C W whose bracketing is associated to a nested set which contains S.
They determine a face Fs of K,, of dimension n—r—k—1. As a specialization
of the notation introduced for Coxeter groups, let S4 be the subgroup of
S, which stabilizes a subspace A. Then, according to Reiner and Ziegler
realization, if we let the group S Ay XX S A;, act on Fs and take the convex
hull of the image we obtain a face of K P, of dimensionn —r —k+ 1 — 1.

In this way we obtain all the faces of K'P,. This points out that the
faces of K P, which intersect W are determined by two data: the nested set
S and the subset of its maximal elements whose stabilizers act on Fs. It
turns out that these faces form a subposet of K P, which is isomorphic to
the subposet of Coz (An—1,F4, ,) given by couples (eH,S) (where e is the
identity). Taking into account the action of S,, we obtain an isomorphism
between K P,, and Cox (An—1,Fa4, ,)-

8. GEOMETRIC CONSTRUCTION OF COXETER POSETS

Let us consider, as in the preceding section, a Coxeter arrangement H in
an euclidean space V' of dimension n, a building set G C Ly which contains
H U {0} and the “Coxeter poset” Cox(H,G) associated to these data.

We will construct a convex body C(H,G) in V such that the poset deter-
mined by its boundary is Cox(H, G).

The basis of our construction is provided by the real model CYg. The
number of its connected components is equal to the number of Coxeter cham-
bers, i.e., to the cardinality of G. Let us choose a chamber W; we already
noticed in the examples of the preceding section that, as a consequence of
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Theorem 3.2, the set of all the boundary components of C'Yg(W) is in bijec-
tion with the set of all (W)-fundamental nested sets (in particular, vertices
of CYg(W) are determined by the maximal (WW)-fundamental nested sets).

Our firt step consists in embedding a diffeomorphic copy of C'Yg (W) inside
S(V)ynw.

This can be obtained by referring to a different construction of CYy as
a result of a series of real blowups (see [9]). It turns out that a diffeomor-
phic copy of CYg is the complement in W N S(V) to a union of tubolar
neighbouroods of fundamental subspaces. Let us state this more in detail:

Definition 8.1. Given a fundamental subspace A and a positive real number
va, we denote by T, (A) the open tubolar neighbourood of A in S(V') which
is given by all the points whose distance from A is lesser then 4.

We will say that a choice of the numbers 4 (for every A W-fundamental)
is “admissible” if the numbers are small ( say lesser then 107") and if,
whenever dim A > dim B, then yg/v4 > 10%m A=dim B,

It turns out (it can also be proven directly by using the explicit charts
for CYg(W) described in Section 3.2) that CYg (W) is diffeomorphic to the
complement in W N S(V) to the union

U 7.4
A fundamental
Theorem 8.1. The manifold with corners CYg(W') has a diffeomorphic
copy in WNS(V) which can be extended to a convex set C(H,G) whose face
lattice is a realization of the poset Cox(H,G).
If (wH,S) is an element of Cox(H,G), the dimension of the face associated
to it is n — |S| + k, where k is the number of non trivial labels in S.

Proof.

Let us first construct a diffeomorphic copy of CYg(W) by fixing an ad-
missible choice of numbers 4 (for every A W-fundamental in G) with the
further stronger condition that, whenever dim A > dim B, then vg/v4 >
10n(dzm A—dim B)'

Then we can consider the Coxeter group action Gy - CYg(W') and obtain
a copy of CYg(W) in every chamber.

We want that Gy - CYg(W) C C(H, G); this means that we have already
constructed part of the boundary of C(H, G).

Our next step consists of adding to Gy - CYg(W) some 1-dimensional
faces. If v, is a vertex of CYg(W) (7 is a maximal fundamental nested set)
and A € 7 is maximal (i.e. (n — 1)-dimensional), we connect with a linear
edge v, with the other element in S4-v; (i.e., with its reflection with respect
to A).

Then we obtain all the other edges in C(H,G) which are not in Gy -
CYg(W) by considering the Gy action on the above constructed linear edges.

Now let us consider an element (eH,S) of Cox(H,G), where S is a W-
fundamental labelled nested set with k non trivial labels Sg,,...,Sg,. Let
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Ds be the boundary component of CYg(W) associated to S. Then the
elements in Vs = {Sg, x Sg, X --- X Sg, - vy | vr € Ds} will determine a
face of dimension n — |S| + k.

Lemma 8.2. If At and Bt are two non comparable (with respect to inclu-
sion) elements in S+, then we have A+ 1 Bt.

Proof of the Lemma.

Since S is nested, A+ and B' are in direct sum and their sum C* is not
in G+. Moreover, C+ = A+ @ B' is the “building decomposition” of C* in
Gt

Now, A+ and Bt are generated by some subsets of roots of the Coxeter
root system. We claim that if v is a root which belongs to A+ and 3 is a
root that belongs to Bt, then o L 3 (this will imply our thesis).

In fact in [8] it has been proven that the elements of F3; = fé are all the
subspaces spanned by the irreducible root subsystems of the Coxeter root
system. Remark 2.2 implies that fﬁ c Gt

Now, if « is not orthogonal to 3, we can consider the two dimensional
root subsystem generated by a and 3. It contains a root of type a+ a3 with
a # 0. But a + af does not belong to A or to B, otherwise they don’t
give a direct sum, and spans an irreducible one dimensional subspace. This
contradicts the fact that C+ = AL @ B~ is the “building decomposition” of
C+ in QL, i.e. that AL and Bt are the maximal elements of G1 contained
in Ct. [

Proposition 8.3. Let A € S, and let us consider the orthogonal projections
Tal (vr) of v € Ds to Sﬁ“. These projections determine on a sphere of
N
8{1“ a copy of the manifold CY _,1 .
g,

Proof of the Proposition.
Let BlL, ..., B+ be the elements in St which are covered by A+. The
sphere we are dealing with has then, by the above lemma, radius equal to

On this sphere we have a picture which is again a complement of tubolar
neighbouroods yielding a copy of C’Y AL In fact, let us soppose that SUB

is still nested, where B D A, and no one of the B;’s is included in B; the
distance of the boundary component Dp from B is vp, and the distance of
Tsat (DsNDp) from BN SAT is

n

\/ﬁg - >

is.t. B$B;
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Because of our special choice of admissible numbers vp we then have that

the image via m At of the boundary component Ds C CYg is the comple-
N

AJ‘
ment of the tubolar neighbouroods T, (C) (C' € gj” ) where the numbers
¢ are still admissible. This implies that gat (Ds) is a diffeomorphic copy
n
of CY sAL - u

gin

Now we let the group Sg, X --- x Sg, act on the vertices v; in Ds and
we obtain Vs, which is a subset of the manifold

Ds=Ds+Ri + Ry +---+ R}

Since TRk (Ds) is a codimension 1 manifold in le we have that Dg has
dimension equal to (dim Dg) + k, i.e. n — |S| + k.

A portion of Z/)?g =e- Z/)jg will give us a face of C(H,G). The portion we
are interested in is cut on Z/??g by the submanifolds w - Z/?; of codimension 1,
where S’ is obtained by S using the “moves” described in Section 7.1 and
w belongs to the product of the labels of S.

Let for instance 8’ = S U K where K is maximal with trivial label and
the products of labels of S and S8’ coincide.

Then the manifold e - Y/D; is determined by the subset

VS’:{SR1 XSR2X"'XSRk'vT’vT€DS/}

It can also be seen as the subset of Vs made by the elements which satisfy
the following extra condition: let B+ be the element in St which covers
K*'; then, when we project the points of Vs to Sﬁl, the points in Vg
are the ones whose projections lie at a minimal distance from K. This is
therefore a “boundary” condition and all the possible boundary conditions
are expressed by the moves of Section 7.1. .

If we now denote by F(e,Ds) the face of C(H,G) that is cut in e - Dg
by the above mentioned submanifolds, we have that the set of all faces of
C(H,G) is given by

{F(w,Ds) :w-F(e,DS)\w GGH}

It remains to prove that C(H, G) is convex. In fact C(H,G) can be viewed
as the intersection of convex spaces.

One is the sphere S(V'). The others are associated to the facets of C(H, G)
which are not in Gy - CYg(W). We note that these facets are the F(w, Dg)
where S satisfies the following properties:

(1) it has only one unlabelled element (i.e., {0} is the only non maximal
element);
(2) all the labels are non trivial.
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Let S = {{0}, A1, Ao, ..., Ax} be as above, and let w = e for simplicity.
Then we associate to F'(e, Ds) the codimension 1 submanifold of V'

T(S)+ Af + Ay + -+ Af

where I'(S) is the intersection of a closed ball of radius

k
1= 43, with
=1

A NN Ay

Let Conv(H,G) be the common intersection of all these convex spaces.
The inclusion C(H,G) C Conv(H,G) is provided by the observation that
every point ¢ € C(H,G), when projected to SY, lies inside the ball of radius

k
1- 2%241
i=1
In fact, on one hand, if § = {{0}, A1, As,..., Ax} (kK > 0) and ¢ €
F(w,Ds) (w € Sa, x Sa, x -+ x 84,), then its projection belongs exactly

k
1-— Z’yi
i=1

On the other hand, when & = {{0}} and ¢ € F(w, Ds) (w € Gy) the pro-

to the sphere of radius

k

jection of ¢ lies inside the ball of radius , | 1 — Z 71241_ since, by the construc-
i=1

tion via tubolar neighbouroods, the distance of ¢ from A; (j = 1,2,...,k)

is greater then v4;.

Let now = € Conv(H,G). A scalar multiple Az of z (A > 0) belongs to
C(H,G) (which by construction contains a neighbourood of the origin). Let
A be the maximum value such that Az € C(H,G). If A > 1, then 2 € C(H,G)
since C(H,G) is a star with respect to the origin.

Let us suppose A < 1. Now, Az belongs to at least one of the closed facets
of C(H,G).

If this facet is determined by a nested set S = {{0}, A1, Ag,..., 4, } (r >
1, all the labels are non trivial), then we have that 7gv (Az) lies on a sphere

,
of radius , |1 — nyi. This implies that gy () has norm strictly greater

i=1

r
1-— Z v4,» which contradicts = € Conv(H,G).
i=1
If instead Az belongs to a facet determined by S = {{0}}, this means
that |Az| = 1, and therefore |z| > 1 which again gives a contradiction. m

then
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