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1 Introduction

This thesis consists of two papers, both dealing with (quite different) aspects
of T-theory, which can be described as the study of “tight maps”. T-theory
traces its origin to the late 1970’s, where it turned out to answer questions
raised in phylogenetic analysis, i.e. the study of the evolutionary history of
a set of organisms. The main problem being; given a set of species, and a
notion of evolutionary distance between any two species within the set, is it
possible to accurately represent this information as a phylogenetic tree, with
the edge lengths in the tree reflecting the evolutionary distance between the
species?

Many ways of providing solutions to this problem has emerged, one of
them being T-theory. However, T-theory has also proved itself valuable in a
wide range of problems, which the two papers in this thesis are evidence of.

The main tool in T-theory is the T'-construction, which to any set X and
symmetric map v: X" —- R, n € Z, :={1,2,3,...}, associates a geometric
structure called the tight span of X with respect to v. The tight span captures
a lot of the structure that is endowed on X by the map v. For example, if
X is the set of leaves in a tree (in the combinatorial sense of the words), and
v : X? — R is the metric on X induced by the tree, then the tight span of
X with respect to d recaptures the underlying tree structure.

The name T-construction stems from the abundance of the letter ‘T” as
first letter of words like ‘tight span’, ‘tight map’ and ‘tree’. For an overview
of T-theory, see [4].

2 A crash course in T-theory

As mentioned in the introduction, the main tool in T-theory is the T-
construction, defined in its full generality as follows. Let X be any non-empty
set, and let v: X™ — R, n € Z,, be symmetric, i.e.

(1, Tn) = U(To1), - Tom))

for all permutations o of the set {1,...,n}. A map f: X — R is tight over
(X,v) if

f(z) = a:z,.ITl,i}feX {U([E, Toy .. Ty) — 2”; f(xz)}



for all x € X. The tight span of (X,v), denoted by T'(X,v), is the set of all
tight maps over (X, v). However, in this general case, not much can be said
about T'(X,v). It seems like the interesting cases arise when v satisfies some
boundedness condition, the two most studied being when (X, v) is a metric
space, and when (X, v) is a valuated matroid.

2.1 The tight span of a metric space
Let (X,d) be a metric space, i.e. X is a non-empty set and d : X? — Rxg
satisfying

o d(x,x) =0forall z € X,

e ( is symmetric, and

o d(z,y) +d(y,z) >d(x,z) for all z,y,z € X.

For simplicity we assume that X is finite, with |X| = n. Then a map
f X — Ris tight if,

f(@) = max (d(z,y) — f(y)),

yex
ie. if
f(@)+ fy) = d(z,y)
for all z,y € X, and for each x € X there is a y € X with

f@) + f(y) = d(z,y).
We can define a metric dr on T'(X, d) through

dr(f, ') = max | (2) - f'(x)].

Te
Furthermore, the mapping X — T(X,d),x — f,, where f.(y) = d(x,y), is
an isomorphism from (X, d) into (T(X ,d), dT). In particular, for x € X and
f € T(d) we have

dr(fo, f) = max|fo(y) — f(y)| = max|d(z,y) — f(y)| = [ (2).

For example, let X = {x,y,2,w}, and let d : X* — R be given by
d(z,y) = d(y,z) = d(z,w) = d(z,w) = 3 and d(z,z) = d(y,w) = 4. Then
T(X,d) can be shown to be the metric space given in Figure 2.1, where each
edge has length 1 and the central square has the “city block”-metric, i.e.
geodesics are given by vertical and horizontal line segments.
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Figure 1: The tight span of the metric described in Section 2.1.

2.2 The tight span of a valuated matroid

Let (E,v), be a valuated matroid of rank n, with n € {2,3,...},i.e. Eisa
non-empty set and v is a map v : E" — RU {—o0} satisfying

e v is symmetric,

e v(ey,...,e,) = —oo for every sequence ey, . .., e, € Ewith |[{ef,...,e,}| <
n, and

o forall ey,...,e,, f1,..., fn € E, the inequality
viey, ..., en) +o(f1,. -y fa)
< 112’?2;{,0(617 s 7ei—17f1>ei+1a s 7671) ‘l"U(@i,fQ, SR 7fn)}
holds.

Now, recall that an R-tree (7', d) is a metric space satisfying

e for each p,q € T there is a unique isometry 1, : [0,d(p, ¢)] — T with
¢pq<0) =p and ¢pq (d(p: Q)) =q,

e all continuous injective maps [0,1] — T, t — p, satisfy d(po,p1) =
d(po, pt) + d(pe, p1) for all ¢ € [0,1], and

e for each p € T there is an isometric embedding v : R — T with

¥(0) = p.



In [9] it is shown that the tight span of a rank 2 valuated matroid is always
an infinite R-tree. In general, the tight span of a rank n valuated matroid
is an (n — 1)-dimensional analogue of an R-tree, satisfying for example that
for each point p € T(FE,v) there is an isometry ¢ : R"™! — T(F,v) with
¥(0,...,0) =p.

3 Paper 1 — A “non-additive” description of
¢p-adic norms

Let F be a discretely valuated field, i.e. there is map || : FF — Z U {—o0}
satisfying

e || restricted to the non-zero elements of F' is a surjective homomor-
phism from the multiplicative group of F' to the group Z under addi-
tion,

b |0| = =00,
o [z +y| <max{|z|,|y|} for all x,y € F.

Now consider the vector space F", n € N. A g-adic norm is amap f: F" —
R U —oo satisfying

o f(kx)=|k|+ f(z) forall k € F, x € F",
o f(z+y) <min f(z), f(y) for all z,y € F", and
e f(x) = —o0 if and only if x = 0.

p-adic norms, defined in this way, has been studied since the late 1940’s (see
3, 8]). At first the norms themselves were of interest, and later the whole
space of p-adic norms on F" (see [5]) were studied. In 1984, F. Bruhat and
J. Tits showed in in [1] that the space of p-adic norms on F™ is a geometric
realization of the euclidean building for the general linear group of F™. We
don’t really need to understand what this means, but rather note that in [9],
W. Terhalle showed that the tight span of a certain valuated matroid M (F™)
connected to the vector space F™ is also a geometric realization of the same
building.



This suggested a connection between this tight span and gp-adic norms.
In [6], the author showed that the elements of the tight span of M(F™)
considered by W. Terhalle are in fact p-adic norms on F™.

In [10], W. Terhalle considers another set of maps, the hull of a valuated
matroid, which includes the tight maps. In particular, for a map f in the
hull of a valuated matroid, the map f + ¢ is also in the hull for all ¢ € R, a
property that is also true for p-adic norms, but not for tight maps.

In this paper we give a complete characterization of g-adic norms in
terms of the maps in the hull of M (F™). In particular, we get a description
of p-adic norms that does not explicitly refer to the vector nature of F™,
hence the name non-additive. This paper has been submitted to the journal
“Contributions to Algebra and Geometry” in Septembre 2004.

4 Paper 2 — Classification of six point met-
rics — revisited

This paper deals with the more “concrete” subject of finite metrics. The aim
of the paper was, initially, to classify the different types of metrics on six
points using techniques presented in [4], concluding the work started in [7]
where the prime metrics on six points were classified. Here, the main idea is
the study of coherent decompositions, which is a decomposition of a metric d
on a finite set X as

d=dy + - +dy,

for metrics dy, ..., dy on X, where the structure of T'(X,d) is decomposed
into T'(X,dy), ..., T(X,d).

However, during the course of working on this, B. Sturmfels and J. Yu
published a classification of the six point metrics (see [11]). Unfortunately,
their paper gave little explanation of why the classification (and in particular
the definition of generic metrics) is a natural one, using advanced theory on
triangulations of polytopes. Hence the purpose of this paper is twofold; (i)
to give a detailed account for why the classification is a reasonable one, and
to present an independent verification of their result.

We have thus completed our classification, and our results agree com-
pletely with those of B. Sturmfels and J. Yu.
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1 Introduction

1.1 Notations, Definitions, and Standard Facts

In this note, we consider a p-adic field F, i.e., a field F' (with 0 = O and
1 = 1p denoting, respectively, the additively and multiplicatively neutral
element in F) together with a p-adic valuation, i.e. a map

F—->R:=RU{-0}: 2 |z| =]z,
that satisfies following conditions for all z,y € F"
(VO0) |z| = —oc if and only if 2 = 0,
(V1) [z -y[ = [z[ +[yl, and
(V2) |z +y| < max{|z], |yl}.

Note that |[1] = |—1| = 0 must hold in view of (V0), (V1), and 12 = (—1)? =
1 which in turn implies that

2| = |—z] and |y~ = —|y|

holds for all z € F and y € F* (:= F \ {0}). Thus, given any natural

number n € N := {1,2/...} and any n-tuple ey, ..., e, of row vectors e; =
(611, €12, ... 76171)7 €y — (621, €99, ... 76271)7 P (enl, €n2y ..., enn) n F'n’
the value

||€1, €o, ... ,en|| = ”61, €2, ... 7€n||p = ]det(eij)id:l’m,n

of the determinant of the corresponding square n x n-matrix

€11 €12 " €Cip

M(ey,es,...,6,) = 6_21 2t O

€nl €n2 "t Eppn
only depends on the set {ej,...,e,} of row vectors and not on the given
labeling. Thus, we can associate an element || B|| = || B||,, € R to every finite

subset B of F™™ of cardinality at most n, by putting

1Bl = [IBllp := llex, €2, - -, enll.
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in case B is of the form B = {ej, €9, ..., e,} for some elements ey, es, ..., €, €
E and ||B|| := —oc in any other case.

Note that B is a basis of F"™ if and only if ||B|| # —oo holds and that, in
particular, || B|| = —oo holds for any subset B of F™ as above with #B < n.

Note also that, given any n x n square matrix M = (m;;); j—=1,..» With entries

from F', we have
< o
[det ()] < max {Z!mwm}

=1

-----

where ¥, denotes the symmetric group of order n, i.e. the group consisting
of all permutations o of the set [n] :={1,...,n}.

Finally, given any non-empty subset B of F", any element b € B, and any
element e € F™, we define the modified subset B Lo by

B e:=(B\{b})U{e},

and we denote, in case B is a basis of I the unique map k: F" x B — F

for which
e=Y k(e
beB

holds for every e € F™ by kg. Clearly, we have
b
1B < el| = |kg(e,b)| + || B (1)
for every basis B of F™, every b € B, and every e € F", and we have
IB'[| = [|B]| + |det (K (B, B))|
for any two bases B, B, where K (B, B’) is the B x B’-matrix
K(B,B') = (ks(l'.b)) e pen

and, hence,

1B < 18]+ wax {D@(bxaw))\} @)
’ beB

where o runs over the set X(B’, B) of bijections from B’ onto B.

3



1.2 Norms

Recall that, continuing with the notations and definitions from Section 1.1,
a (p-adic) norm on F™is a map p: F" — R for which

(N) p(ze +yf) < max{|z| + p(e), [yl + p(f)}
holds for all z,y € F and e, f € F™.!

Note that a map p : F — R is a norm if and only if

(N1) p(ze) < ||+ p(e), and

(N2) p(e+ f) < max{p(e),p(f)}

holds € F and e, f € F™, and that a map p : F'* — R satisfies the condition
(N1) for all z € F and e € F™ if and only if

(N1') p(ze) = |z| + p(e)

holds for all z € F and e € F", because (N1) and (N1’) are obviously
equivalent in case x = 0 while, in case x # 0, we have

p(ze) < [z] + p(e)
= || + p(z~ze)
< fa| + 27! + p(ze)
= |z| — |z| + p(xe)
= p(ze)

and, hence, p(xze) = |z| + p(e) in case (N1) holds for all z € F and e € F™.

Recall also that maps p : F* — R for which
b
(H) |B]l + p(e) < maxpes {||B < el +p(b) }

holds for every e € F™ and every non-empty subset B of F" of cardinality
at most n (or, equivalently, for every basis B of F"), were studied in [15].
Thus, it seems worth noting that there is no difference between such maps
and norms. Indeed, we will show in the next section that the following holds:

More precisely, such maps have been called “semi-norms” in [10] while norms were
defined to be semi-norms for which p(e) # —oo holds for every non-zero vector e in F™;
however, we propose to drop this specific condition in the definition of a (gp-adic) norm to
avoid having to talk about ‘semi’-objects more often than about objects.

4



Theorem 1.1. Given, as above a field F with a p-adic valuation, a number
n €N, and a map p: F" — R, the following assertions are equivalent:

(i) p is a norm,
(ii) the inequality
(H') p(e) < maxpep {|kp(e, )| +p(b)}
holds for every basis B of F™ and every element e € F,

(iii) (H) holds for every e € F™ and every basis B of F".

Remark 1.2. Note that neither the condition (H) nor the condition (H')
refer explicitly to vector addition in F™ and that (H) does not even refer
to the coordinate maps kg(e,b) (refered to in (H')) which explains why we
refer to the characterizations of norms provided by Theorem 1.1 (ii) and, in
particular, (1ii) as ‘non-additive’ characterizations of norms

1.3 Tight Maps

Next, recall that, continuing with the notations introduced above, a map
p: F™ — R is called tight if the following conditions hold:

(T1) ||B|| < p(B) := > ,cpp(b) holds for all non-empty subsets B of I of
cardinality at most n,

(T2) there exists, for every non-zero element e € F™, a basis B of F" con-
taining e with p(B) = || B]|.

Note that a map p is tight if and only if p(e) # —oo holds for every non-zero
vector e in F" and we have

(T) ple) = max{He,eg, el =0 p(e) ey e, € T\ {Q}}

for every e € F™.

In [9], it was noted that every tight map satisfies the condition (H) for
every e € F™ and every non-empty subset B of F" of cardinality at most n.
Consequently, Theorem 1.1 implies that any such map must be a norm. Our
second result characterizes those norms p : F™ — R that are tight:

5



Theorem 1.3. Continuing with the definitions and notations gien in the
introduction, a map p : F™ — R s tight if and only if there exist a basis B
and a map ¢ : B — R with ), 5 c(b) = || B|| such that

p(e) = max {[kp(e, b)| + c(b)}
holds for all e € F™ in which case
ple) = max {|kp(e, b)| + p(b)}
holds for all e € F™ and for every basis B with p(B) = || B]|.

Theorem 1.3 implies in particular that, given any basis B of F™ and any map
c¢: B — R, the associated map

P =DPBye) : F" HE: €= rileaBX{‘kB(eu b)| —|—C(b)}

is always a norm, whether or nor ), . c(b) = || B|| holds. Such norms will
henceforth be called proper norms. Clearly, p(e) # —oo holds for every proper
norm and every non-zero vector e € F". More specifically, Theorem 1.3
implies the following

Theorem 1.4. Given any map p : F™ — R, the following assertions are
equivalent:

(i) p is a proper norm,

(ii) there exist a tight map py : F™ — R and a real number v € R with
ple) =7+ pole) for all e € F*,

(iii) there exists, for every e € F™\ {0}, a basis B, with p(B.) # —o0,
e € B, and ||Be|| — p(Be) > ||B|| — p(B) for every basis B.

Remark 1.5. It is easy to see that there exist non-proper norms p : F™ — R
with p(e) # —oo for every non-zero vector e € F™ in case F' is not a complete
p-adic field with respect to its valuation |-| : F — R. Yet, one can show
(cf.[10] ) that in case F' is a complete p-adic field relative to a discrete p-
adic valuation (i.e. a map |-| : F — R with |x| € Z for all non-zero elements
x € F), then a norm p is proper if and only if p(e) # —oo holds for every
non-zero vector e € F™.



Theorem 1.1 will be established in the next section, Theorem 1.3 in Section
3, Theorem 1.4 in Section 4, and the relation of these results with tight-span
theory and the theory of affine buildings (for the special linear group) will
be discussed in the last section.

2 Proof of Theorem 1.1

(i) = (ii): Let p: F™ — R be a norm and let B = {b,...,b,} be a basis of
F™. By successively applying (N), we obtain

gmax{]kB(e b1|+pb1 (Zk‘Beb )}

< max {]kB(e,b1)| +p(b1), |]€B(€,b2)| —i—p(bg),p (i k‘B(e, bz)bl> }

1=3
< <K<
< _rlgleag{%B(e,b)Hp(b)},

i.e. (H') holds for every e € F' and every basis of F", as claimed.

(ii) = (i): Now assume that (ii) holds for a map p : F™ — R and consider
elements © € F and e, f € F". If e = 0, we have p(ze) = |z| + p(e) = —c0.
Otherwise, choose a basis B that contains e and note that

p(we) < max {[kp(ze,b)| +p(b)} = |z] + ple)

holds in view of kg(ze,e) = |z| and kg(ze,b) = 0 for every b € B — {e}.

Similarly, if e, f € F™ are linearly dependent and, say, f = ze holds for some
z € F, we have,

ple+f) =p((1+2)e) = |1+ 2| + ple)
< max {[1],[2[} + p(e) = max {[1] + p(e), |2| + p(e)}
= max {p(e),p(ze)} = max {p(e), p(f)} -



Otherwise, if e and f are linearly independent, choose a basis B that contains
both, e and f, and note that

ple+ f) < max k(e + £,b)| + p(b)) = max (p(e), p(f))

must hold as kg(e + f,b) = 1 now holds for b € {e, f}, and kg(e + f,b) =0
for every other b € B.

This shows that both, (N1) and (N2), hold for p implying that this map is
a norm.

The equivalence of (ii) and (iii) is obvious in view of (1).

3 Proof of Theorem 1.3

We will first show that, given a basis B = {ej,es,...,¢,} of F and a map
¢: B — R with >, 5 c(b) = ||BJ|, the map p : F* — R defined by

p(e) = max {[kp(e, b)| + c(b)}

for all e € F™ is a tight map: Note first that in view of the fact that

1 ifb=10,
kB<b7 b,) = {O lfb 7& b/

holds for all b0’ € B, we have p(b) = ¢(b) for all b € B. In particular, we
have p(B) = ||B]||. We will show that (T1) and (T2) both hold for p. To
show that (T1) holds, let B’ be any basis of F™, and note that (2) implies

Bl <|B k
1B < 18]+ max {DB }

veB’
= erEn%ji( {HBH—l—b;/“{?B }
_ / / /



and hence, in view of

b'eB’

< > max{lkp(¥,b)] +e(d)} = Y p(b) = p(B),

veB’ b eB!

we have ||B’|| < p(B’), as required.

To show that p also satisfies (T2), let e be any non-zero vector in F™ and
choose any element by € B with

p(e) = [kg(e; bo)| + p(bo)-

Then B’ := B & e is a basis that contains e and

IB'| = I BIl + [ks(e.bo)| = D _ p(b) + [kp(e. bo)| =

beB

> p(b) +p(bo) + ke, bo)| = Y p(b) +ple) = p(B') (3)

beB\{bo} beB\{bo}
holds, so p satisfies (T2).
Conversely, suppose that p is tight. Let B be a basis of F" with p(B) = || B||,

and let ¢ : B — R be defined by ¢(b) = p(b) for all b € B. Then >, 5 c(b) =
|| B]| holds implying that the map

P F" =R pl(e) = max{[kp(e, b)| + c(b)}
S

is tight. We claim that p and p’ must coincide: Indeed, p'(b) = p(b) = ¢(b)
holds for all b € B and, therefore,

p'(e) = max {|kp(e,b)] + c(b)}

_ / _ b /
= g Pes(e. Dl 181 = 3 eft) 0 = e ¢ B < ell = 3 p(t)
‘e ‘e

Vb Vb

n
< o .. —_ . —
T ez, gggn\{g} {“67627 7€n|| ;p(ez)}



where the last equality follows from (T). Thus p'(e) < p(e) for all e € F"
and, therefore,

RN (RSS2t

< nl||l — ! i - / .
< gggn\{o}{lle,ez, enl ;p(e)} p'(e)

So, p = p’ must hold as claimed. This completes the proof of the theorem.

4 Proof of Theorem 1.4

(i) = (ii): Given any proper norm p, choose a basis B and amap c: B — R
such that

p(e) = max{|kp(e, b)| + c(b)}
holds for all e € E, put v := (3,5 c(b) — || B|), define the map
c:B—R
by co(b) := ¢(b) — v so that

Y o) =) cb) —ny=7) cb) - (Z c(b) = HBH> = [1B]]

beB beB beB beB

holds, and note that p(e) = po(e) + 7 holds for all e € E for the necessarily
tight map

po: F" = R:er pyle) :i= I&%X{WB(B’b)l +co(b)} .

(ii) = (i): Conversely, suppose that p(e) = po(e) +~ holds for all e € E
for a tight map py and some v € R, choose a basis B with ||B|| = po(B) so
that

pole) = IgleaBX{|kB(€,b)| +po()}
holds for all e € F, and consider the map ¢: B — R : b+ po(b) + . Then,
pe) = pole) +v = max {[kp(e,0)| + po(b)} +7
= max {[kp(e,0)| + ¢(0)} = p(p.e) ()

10



holds for all e € F", as required.

(ii) = (iii): Now suppose again that (ii) holds. As pg is tight, we have
po(B) # —oo and ||B]| < po(B) for all bases B of F", and there is a basis B,
for each e € F \ {0} containing e with || B.| = po(B.). Hence,

max {||B|| — p(B) : B is a basis of F"}
= max {||B|| — po(B) : B is a basis of F"'} —nvy
< —ny = || Bell = po(Be) = ny = || Bell = p(Be)

holds as required.

(iii) = (ii): Conversely, suppose that (iii) holds, choose a basis B, for every
e € F"\ {0} with e € B, p(B.) # —oc and ||B.|| — p(B.) > ||B|| — p(B) for
every basis B, put

1
v :=—max{p(B') — | B| : B is a basis of F"}
n

note that v = (|| B.|| — p(Be)) holds for every e € F™\ {0}, and consider
the map py : F” — R : e — p(e) — 7. By definition, p(e) = po(e) + v holds
for all e € F™. So, it remains to show that pg is tight, e.g., that it satisfies
(T1) and (T2). However, we have

po(B) = p(B) — max {p(B’) — ||B'|| : B’ is a basis of F"}

> p(B) - (p(B) - ||Bl|)
= [I1BIl,

so po satisfies (T1). To see that py satisfies (T2), let e € F™ \ {0} and note
that, again essentially by definition, we have

po(Be) = p(Be) = (p(Be) — || Bell) = [IBell,
so po satisfies also (T2). This completes the proof.

5 Discussion: The Relation between Valu-
ated Matroids, Tight Maps, and Buildings

Norms on vector spaces over g-adic fields have been studied for well over 50
years. At first, interest was focused on the topology that a p-adic norm in-
duces on the vector space (cf. [3, 11]), but it soon broadened to studying the
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space of norms (cf. [10]). In [2], F. Bruhat and J. Tits showed in 1984 that,
for a discretely valuated g-adic field F', the space of proper p-adic norms on
the vector space F™ is a ‘concrete example’, i.e. a geometric realization, of
the affine building for the special linear group SL,,(F).

Curiously enough, an apparently rather distinct geometric realization of this
building was described independently in 1992 the details of which we now
recall. Here, the starting point was the concept of a valuated matroid that
surfaced first in 1986 in [6] (as a particularly striking example of a matroid
with coefficients) and was later addressed explicitly in [1, 7]. According to
6], a valuated matroid of rank n > 2 is a pair M = M,, = (E,v),, consisting
of a non-empty set £ and a non-constant map v : E — R satisfying the
following conditions:

(VM1) For all ey,...,e, € E and every permutation o of {1,...,n} one has

v(er, .., V) = V(€o1)s - - - €o(n)),

that is, v is totally symmetric.

(VM2) v(ey,...,e,) = —o0 holds for every sequence of elements ey, ..., e, € E
with # {e1,...,e,} <n.

(VM3) For all ey, ....en, f1,..., [0 € E,
vie, ..., en) +o(fi,. oy fn)

< max {v(ey, ..., €1, f1,€i41,- .. n) F (€, fo, ...y fu)}
1<i<n

holds.

As above, this implies that v(ey,...,e,) = v(fi,..., fn) holds for any two
families ej,...,e, and fi,..., f, of elements from E with {ei,...,e,} =
{f1,.-., fn} and that, in consequence, one can define v(B) for any finite
subset B of E of cardinality by putting v(B) := v(ey,...,e,) in case there
are elements ey, ...,e, € E with B = {ey,...,e,}, and v(B) := —o0 else,
and one can define B to be a basis of M, if v(B) # —oo holds in which case
#B = n necessarily holds. Further, an element e € E is called a loop? if
v(e,es,...,e,) = —oc holds for all eq,... e, € F.

2To avoid having to deal with loops, it is common to add the following requirement:

(VMO) For every e € E, there are elements e, ..., e, € F with v(e,ea,...,e,) # —o0.
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The celebrated Grassmann-Pliicker identity?

det(eq, ..., en) -det(fi,..., fa)

n
:Zdet(el, N I I f1,€i+1, ce ,Gn) . det(ei, fg, ey fn)
i=1

that holds for any 2n elements ey, ..., e,, fi,..., fn € F™, implies that
M (F) = (F" || lp)n

is a valuated matroid of rank n for any p-adic field F' as considered above
whose set of bases is exactly the set of bases of F™ while the origin of F™ is
its only loop.

Moreover, it is one of the most basic results of algebraic geometry dating
back to the 19th century that a map D : X" — F from the n-th cartesian
power X" of a finite set X of cardinality N into I satisfies the identity

D(ei,....en)  D(f1,..., fn)

:ZD(el, N A f17€i+17 e ,€n) . D(ei,fg, Ce 7fn)
i=1

for all eq,...,en, f1,..., fn € X if and only if there exists a map ¢ = ¢p :
X — F™ with
D(ey,...,e,) =det(p(er),...,olen))

for all ey, ..., e, € X in which case ¢ is uniquely determined by D up to an
F-linear automorphism of F™ of determinant 1 provided D does not vanish
identically (i.e., the induced F-linear map F[y] : F[X] — F™ is surjective).
In consequence, the sub-manifold of the projective space P(FX") of one-
dimensional subspaces F' - D :={z-D : 2z € F} of FX" (D a non-vanishing
map from X" into F') that consists of all these one-dimensional subspaces

3Sketch of proof:  Writing ey,...,é;,...,e, for ei,...,ei_1,€i11,...,€, and
exchanging f; and e; in case det(er,...,e,) = 0 # det(fi,e1,...,éi,...,€n)
for some ¢ € {1,...,n}, one may assume det(e,...,e,) F# 0 and,
hence, f; = Z?:l xie; for some x1,...,z, € F which in turn implies

det(eq,...,eqn)det(f1,..., fn) + Z?:l(—l)idet(fl,el,...,éi,...,en)det(ei,fg,...,fn) =
det(er,...,en)det(f1,..., fu)+ 2 i (—1)'a; det(es, er,..., &, ... en)det(es, fo, ..., fn)
det(el, .. .,6n)(det(f1, .. ,fn) — Z?:l ZT; det(ei,fg,...,fn)) =0.
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F - D for which D satisfies these identities (i.e., the subspace of P(FX")
defined by these identities viewed as (homogeneous) polynomials in the ‘in-
determinate’ D(eq,...,e,) (e1,...,e, € X)) is canonically isomorphic to the
Grassmann-Pliicker variety Gp(N,n) of n-dimensional subspaces of the N-
dimensional F-vectorspace F'*X (identifying each such one-dimensional sub-
space F'- D with the n-dimensional dual of the (N — n)-dimensional kernel
of ¢p considered as a subspace of F'X using the canonical identification of
F¥ with its dual). Thus, valuated-matroid theory may also be viewed (as
recognized only lately by Bernd Sturmfels et al, cf. [12, 13]) as the tropical
geometry of Grassmann-Plicker varieties over valuated fields.

Generalizing the definition of tight spans given in [4] in case of metric spaces,
one may define the tight span T(g,) of any pair (£, v) consisting of a set F
and a map v from the set Py;,(E) of finite subsets of E into R as the set

consisting of all maps p: £ — R with

ple) =sup§ v(B) =Y p(f) | e € B,v(B) # —o0
FeB\(e)

In particular, the tight span of a valuated matroid M = (E,v), denoted by
T, consists of the set of its tight maps, i.e., the set of maps p : E — R
satisfying

(T0') p(e) = —oo for all loops e € E,
(T1') v(B) < p(B) := > ,cpp(b) holds for all finite subsets B of E,

(T2') there exists, for every element e € F that is not a loop, a basis B of E
containing e with p(B) = v(B).

In [14], it was shown by W. Terhalle that the tight span of the valuated ma-
troid M,,(F") is also a geometric realization of the affine building of the group
SL,,(F') (see also [9]) for any g-adic field F'. This sugested that there must
be some connection between p-adic norms and the maps in the tight span
of M, (F') though, when we began to explore this suggestion, we didn’t ex-
pect that connection to be that close as it finally turned out and is stated in
Theorem 1.4. It follows in particular that, using Theorem 1.4, one can either
derive the description of the affine building of the group SL,(F') in terms of
norms as given by F. Bruhat and J. Tits from that given by W. Terhalle in
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terms of tight maps or, conversely, the description given by W. Terhalle from
that given by F. Bruhat and J. Tits.

As a special case, it follows also, as noted by W. Terhalle, that the tight
span of the valuated matroid M, (F') := (F™, Vyiy)n, Where vy, is the trivial
valuation given by

0 if B is a basis of I,
Utriv(B) = {

—oo otherwize,
is a geometric realization of the spherical building for the group GL,,(F).

We believe that affine buildings can also be recovered using appropriate
“tight-span” constructions for other linear algebraic groups.
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Classification of six-point metrics — Revisited

Jack Koolen, Johan Kahrstrom, Vincent Moulton

Draft version.

1 Introduction

The metric cone M (X) on a finite non-empty set X is a well studied object,
see for example [1], [2], and [3]. In [2], a special stratification of M (X) into
subcones is suggested using the concept of coherent decompositions. A co-
herent decomposition of a metric d is a decomposition into (possibly simpler)
metrics dy, . .., d, with a certain structure ‘compatible’ with d, i.e. d; can be
seen as a (sub)structure of d for all 1 <1 < k. The structure in question is
the tight span of the metric.

In [8] this stratification of M (X) is explored, with the focus on determin-
ing, for metrics d and d’ on X, whether d is a coherent component of d. A
satisfactory description of the subcones of this stratification is however not
presented.

In [11], B. Sturmfels and J. Yu give a complete description of this strati-
fication in the case when | X| = 6. They use the fact that this is the same as
the secondary fan of the second hypersimplex

A(n,2) :=conv{e; +¢; |1 <i<j<n}CR"

where {ey, ..., e,} is the standard basis of R", an object which is studied in
[10].

This paper can be seen as a link between [8] and [11], since we refine the
ideas from [8] to give a complete description of the above stratification of the
metric cone in terms of coherent decompositions. For completeness, most
known results are given with proof. As a conclusion, we use this to give an
independent verification of the results on metrics on 6 points by B. Sturmfels
and J. Yu.



2 Theory

2.1 The metric cone

For the rest of this paper, we let X be a fixed non-empty finite set. Recall that
a (semi)-metric on X is a map d : X? — Ry satisfying, for all z,y,z € X,

(M1) d(z,z) =0forall z € X,
(M2) d(z,y) = d(y,z),
(M3) d(z,y) +d(y, z) = d(z, z).

We denote by M(X) the set of all metrics on X. It is a subset of RX”, but
by (M1) and (M2), M(X) is contained in an ('g')—dimensional subspace
of RX*, and by (M3), M(X) is actually a cone. For this reason, M(X) is
called the metric cone on X. Note also that if dy,...,d, € M(X), then
d=dy+---+d, € M(X),k €N, where

d(z,y) = (dy + -+ di)(z,y) == di(x,y) + - - + di(z,9)

for all z,y € X, called a decomposition of d into the metrics dy, ..., ds.

2.2 The associated polyhedral and the tight span

For a metric d € M(X), we define its associated polyhedral, P(d), as the
subset of R given by

P(d) ={f: X = R| f(z) + f(y) > d(z,y), forall z,y € X}.

One of the main reasons for studying P(d) is because it contains the subset
T(d) C P(d) consisting of those elements f € P(d) satisfying that for each
x € X thereisay €Y with f(z)+ f(y) = d(x,y). T(d) can equivalently be
defined as the set of maps f: X — R with

f(z) =max{d(z,y) — f(y)}-

yeX

T'(d) is interesting, since we can endow it with a metric dpq) : T(d) — R
through

dra(f, ') = mag | f (@) = £'(@)].
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For each x € X, we have that the map f, : X — R defined by f.(y) = d(z,y)
for all y € X is an element of T'(d), since by the triangle inequality we have

foy) + folo)) = d(z,y) +d(z,y") > d(y,y),

and for each y € X we have f,(z) + f,(y) = d(z,2) + d(z,y) = d(z,y ) Now
the map ¢4 : X — T'(d),z — f, is an isometry from (X, d) into T( )
To see this, note that by the triangle inequality we have

|d(x, 2) — d(y, 2)| < d(,y)

for all z,y,z € X, and equality is attained if z = x. Hence d(z,y) =
max,ey |d(z, z) — d(y, z)| for all z,y € X so

dr(a)(fo, fy) = max |fo(2) = fy(2)] = max|d(z, z) — d(y, 2)| = d(z,y).

The metric space (T(d), dT(d)) is called the tight span of (X,d).

For f € P(d), we denote by [f] the minimal face of P(d) containing f,
and we let F(d) denote the poset of faces of P(d), ordered by inclusion. The
tight span T'(d) can be shown to consist of precisely the compact faces of
P(d). Hence, T(d) has a natural decomposition into faces.

Our goal is to classify the metrics on X in terms of how they ‘look’, and
hence we say that two metrics d,d’ € M(X) are of the same type if there
exists a poset isomorphism ¢ : F(d) — F(d') with ¢¥([¢pa(x)]) = [¢a(z)] for
all z € X. We write d ~ d' if d and d' are of the same type. It is immediate
that ~ is an equivalence relation. The main part of this paper can be seen as
the study of the equivalence classes of this relation, and how the equivalence
classes relate to each other.

2.3 The tight equality graph and some of its properties

We start with some basic definitions and notations. Recall that a graph is a
pair G = (V, E), where V is a non-empty set whose elements are called the
vertices of G and E C V? are the edges of G. A sequence z1,...,z, € V,
n € N, is called a path from z; to z,, of length (n—1) in G, if {x;,x;11} € E
for all 1 <7 < n. We regard the one-sequence x as a path of length 0 from
x to x for all x € X (note that if {z,z} € E for some z € V, then z,z is a
path of length 1 from z to x). A cycle in G is a path starting and ending in



the same vertex. For each x € V| the connected component of G containing
x is defined as the set

C,:={y € V| thereis a path from z to y in G }.

A connected component of G is bipartite if it contains no cycles of odd length.
Finally, recall that for a convex subset P C R", n € N, the relative interior
of P is defined as interior of P relative the affine hull of P.

Let d € M(X). To help study the faces of P(d) we make the following
construction. For each f € P(d) we associate the set

K(f) ={{z,y} | z,y € X with f(z) + f(y) = d(z,y)},

and the graph I'(f) = (X, K(f)), called the tight equality graph of f. Note
that this graph allows for loops, i.e. {x,z} can be an edge of the graph.

Remark 2.1. For f € P(d) we have f € T(d) if and only if I'(f) is not
singular, i.e. has no connected components on the form {x} for some z € X.

Remark 2.2. Let f € P(d) with {z} a component of I'(f) for some x € X.
Then if {z,x2} € K(f), it follows that K(f) = {{z,z}}. To see this, note
that if {«} is a component of I'(f), then {z,y} ¢ K(f) for all y € X, and if
{z,z} € K(f) then f(x) =0. Hence for y,y/ € X with y # = we get

d(y,y') < d(y, ) + d(z,y)
< fy)+ @)+ fl@)+ f) =)+ fW),
ie. {y,y'} ¢ K(f). In particular, for such f € P(d), ['(f) has | X| -1
bipartite components.
The tight equality graph relates to the faces of P(d) through the following

lemma and corollary.

Lemma 2.3. Letd = dy+- - -+dy, be a decomposition of the metric d € M(X)
into the metrics dy,...,d, € M(X), let fi € P(dy), ..., fx € P(dx) and let
f=hH+ -+ fr€ P(d). Then

K(f) =) E(f). (1)



Proof. We have, for all x,y € X,

f@)+ fly) = filz) + -+ fule) + fi(y) + -+ fe(y)
> dl(xvy) +ooet dk(x7y) = d(l’,y),

so f € P(d), and since by definition we have f;(z) + fi(y) > d;(z,y) for
all 1 < i < k, with equality if and only if {z,y} € K(f;), we see that
{z,y} € K(f) if and only if {z,y} € K(f;) for all 1 < i < k, and thus (1)
holds. O

Corollary 2.4. Let fi,..., fr € P(d), and let f € P(d) be in the relative
interior of the convex hull of fi,..., fi. Then

k

K(f) = E(f).

=1

Proof. Since f is in the relative interior of the convex hull of fi, ..., f, there
are elements aq,...,ap € Ry with a; + -+ ap = 1 and

f=afi+ -+ apfi

Hence the result follows by applying Lemma 2.3 to the decomposition d =
&1d+"'+akd. ]

Corollary 2.5. Let FF C T(d). Then there is a face of T'(d) containing F
(and in particular, containing the convexr hull of F') if and only if the graph
(X, K) is non-singular, where

K =) K(f)

fer

From Corollary 2.4 it follows that for two elements f, f' € P(d) we have
[f'] € [f] if and only if K(f") D K(f), so [f'] = [f] if and only if K(f') =
K(f), and for all f € P(d) we have

[f1=A{f"€ P(d) [ K(f) € K(f)}-

Thus the set of tight equality graphs of d completely determines the face
lattice of P(d). In particular, we have the following result.



Proposition 2.6 (Proposition 4.9, [8]). For two elements d,d" € M(X) we
have d ~ d' if and only if

{K() [ feTd} ={K() | feTd)}.

Proof. The ‘if” part follows immediately, since the map ¢ : F(d) — F(d),
[f] — [f'] where " € T'(d) with K(f") = K(f) is a poset isomorphism.

For the ‘only if” part, let ¢ be the poset isomorphism from F(d) to F(d'),
let ,y € X, and let F,, be the minimal face of P(d) containing ¢4(x) and
¢4(y). Then ¢(F;,) is the minimal face of P(d’) containing ¢ (x) and ¢q (y),
since ¢ (¢a(x)) = [¢a (2)] and ¥ (¢a(y)) = [da(y)].

The faces on the form [f], f € T(d) of T(d) with {x,y} € K(f) are pre-
cisely the compact faces of F,,. These are mapped by 9 to the compact faces
of ¥ (F,,), which in turn are precisely the faces on the form [f], f' € T(d’) of
T(d") with {z,y} € K(f'). Thus {z,y} € K(f) if and only if {z,y} € K(f)
for elements f € T'(d) and f' € T'(d') with ¥([f]) = [f]- O

Corollary 2.7 (Theorem 4.13 and Corollary 4.14, [8]). For a finite set X
there exists only finitely many types of metrics on X.

Proof. For two metrics d and d’ on X we have d ~ d' if and only if

{K() | feTd}={K() | feT(d)},

so the result follows from the fact that there are only finitely many graphs
on |X| points. O

For an element f € P(d), the graph I'(f) also holds information about
the local structure of P(d) around [f]. For example, we have the following
useful lemma.

Lemma 2.8 (Lemma 2, [5]). For any f € P(d), the dimension of [f] is equal
to the number of bipartite components of I'(f).

Remark 2.9. It follows that all vertices of P(d) are elements of T'(d), since if
f € P(d) is a vertex then I'(f) has no bipartite component, so by Remark 2.1
and Remark 2.2 f must be an element of 7'(d). We denote the vertices of
P(d) by VT'(d).



Remark 2.10. The elements of T'(d) are minimal in P(d) in the sense that
for each f € P(d) there is an f' € T'(d) with f'(x) < f(z) for all z € X. For
example, any vertex of [f] is such an element. Furthermore, if for f € P(d)
and [’ € T'(d) we have f(z) < f'(z) for all z € X, then

f'(x) = max (d(z,y) — f'(y)) <max (d(z,y) — f(y)) < f(z) < f(x)

X yeX

forall z € X, so f' = f.

2.4 Coherent decompositions

Given a decomposition of a metric d € M(X) as asum d = dy + -+ + di
of metrics dy, ...,dy € M(X), the associated polytope of d trivially satisfies
the inclusion

P(d) 2 P(dy) + -+ P(d), (2)

where
P(d)+ -+ Pldp)={fi+ -+l L€P(d),.... r € P(dy)}.

If the above inclusion is in fact an equality, we say that d = d; +---+d}, is a
coherent decomposition of the metric d, and we say that the sum d; +---+dj,
is a coherent sum, and the set {dy,...,dy} is called a coherent set. A metric
d € M(X) is called a coherent component of d, which we will write d’ < d,
if there exists an o € R, such that d = ad’ + d” is a coherent decomposition
of d (where d" :=d — ad’).

Note that the relation < is a preorder on M (X). That is, < is reflexive
(since for example d = 3d + 3d is a coherent decomposition of d € M (X)),
and transitive. For transitivity, let d,d’,d” € M(X) with d' < d and d" < d'.
Then d = ad'+d; and d' = /d”"+d; for some o, ¢’ € R, and dy,dy € M(X).
Hence

d=a(dd" +dy) +d; = ad'd" + (ady + dy)

is a coherent decomposition of d, and thus d’ < d, as claimed. For each
de M(X), we let
M(d):={d e M(X) |d <d}.

We can thus restate the definition of coherent decompositions according to
the following proposition.



Proposition 2.11. The decomposition d = dy + - - - +dy, of the metric M(X)
into the metrics dy,...,d, € M(X) is coherent if and only if dy,...,d; €
M(d).

Hence, the study of coherent decompositions of d is transformed to the
study of the set M (d). We will arrive at a nice description of the set M (d),
but for now we only have tools to work with coherent decompositions directly.
The following proposition is our first step to this description.

Proposition 2.12. For metrics d,dy,...,d, € M(X) withd =dy + -+ dj
the following statements are equivalent.

(i) The decomposition d = dy + - - - + dj, is coherent,

(ii) for each f € P(d) there are elements f; € P(d;), 1 < i < k with
f=h++ e

(11i) for each f € T(d) there are elements f; € T(d;), 1 < i < k with
f=h++fe

(iv) for each f € VT'(d) there are unique elements f; € VI'(d;), 1 <i <k
with f = fi+-+ fi,

(v) for each f € P(d) there are elements f; € P(d;), 1 < i <k with

k

K(f) =) K(f)-

i=1

Proof. First we note that (i) and (ii) are equivalent by the definition of
coherent decomposition. Now assume (ii) holds, let f € P(d) and f; € P(d;),
1 < <k with

f=ht e

Thus (v) follows from Lemma 2.3. In particular we have K(f) C K(f;) for
all 1 <i <k, soif K(f) is non-singular, then K(f1),..., K(fx) are all non-
singular. Thus f; € T'(d;) for all 1 < i < k by Remark 2.1, and so (ii) implies
(iii). Furthermore, by Lemma 2.8 it follows that

dim[f] > dim[f;] (3)



for all 1 < i < k. In particular if dim[f] = 0 then dim[f;] = 0 for all
1 <i <k ie if f € VT(d) then f; € VI'(d;) for all 1 < i < k. For
uniqueness, suppose

f=h+th=f++h

for some f; € VT'(d;), 1 < i < k. Then K(f) C K(f;) N K(f]) for all
1 < i <k, ie. the graph (X, K(f;) N K(f!)) is non-singular and contains
no bipartite component. Hence by Corollary 2.5 there is a face in T'(d;)
containing f; and f;, and by Corollary 2.4 the relative interior of f; and f/ is
a vertex, i.e. f; = f!, and so (ii) implies (iv).

Now, (ii) follows from (iii) by Remark 2.10, and (iii) follows from (iv)
by Corollary 2.4. Finally, assume that (v) holds, and let f € VT(d) and
fi € P(d;), 1 <1i <k with

k
K(f) = K(f)-
i=1
Let f'= fi+ -+ fx. Then by Lemma 2.3

k

K(f") = K(f:) = K(f),

i=1
so since f € VT'(d) we have f' = f, and thus (v) implies (iii). O

Coherent decomopositions are interesting since they induce a decompo-
sition of the tight span. In detail, we have the following situation. Let
d,d’" € M(X) be metrics with d’ < d, and define a map ¢4 : F(d) — F(d')
by

o) ={f e T(d) | K(f) 2 K(f)}

To see that ¢ is well defined, note that for each f € P(d) there is an
element ' € P(d') with K(f) C K(f’), by Proposition 2.12 (v), and hence
the image of [f] is a face of P(d’). Furthermore, by Corollary 2.5, ¥%([f])
is a face of T'(d') for all f € T(d). Also, ¥% is surjective, since for each
f € P(d), for an element f € P(d) with K(f) maximal with K(f) C K(f")
we have 9% ([f]) = [f']. Also, % preserves incidence, i.e. [f] C [f’] implies
va([f]) € ¢a([f]), and by (3) we have

dim[f] > dim 5 ([f])

9



for all f € T(d). Finally, for each x € X we have

Ve ([9a(@)]) = [da (2)].

Studying the situation above, we see that the crucial fact that makes 1,
well-defined is the fact that for each f € P(d) there is an f' € P(d') with
K(f) € K(f"). Hence if this is true, there is an incidence-preserving map
v F(d) — F(d') with ¢([¢q(z)]) = [¢pa(x)] for all x € X. By the following
theorem, this is also precisely what is needed for d’ < d to hold.

Theorem 2.13 (Variation of Theorem 4.1, [8]). Let d and d' be two metrics
on X. Then d < d if and only if for each f € P(d) there is an f' € P(d)
such that K(f) C K(f").

Proof. The ‘only if’ part follows from Proposition 2.12 (v). For the ‘if’ part,
we need to find an a € R, such that d’ := d — ad’ is a metric, and that
for each f € VT'(d) there are elements f' € VT'(d') and f” € VT(d") with
f=

By assumption, for each f € VT (d) there is an f' € VT'(d') such that
K(f) € K(f'). Hence, for each z,y € X with f'(z) + f'(y) > d'(x,y) we
have f(z) 4+ f(y) > d(z,y), so for all such z,y € X we have

f(@) + fy) —d(z,y)
fl(@)+ f'ly) — d(x,y)

Since the set VT'(d)UVT(d') is finite, it follows that there is an o € R with

f(@) + fly) —d(z,y)
(@) + f'(y) — d'(z,y)

for all f € VT'(d), f' € VI'(d') with K(f) C K(f') and z,y € X with
{z,y} ¢ K(f'). In particular, we have

f@)+ f(y) = d(z,y) = af () + af'(y) + ad'(2,y),
or equivalently,
(f —af)(@) + (f —af)(y) = (d - ad)(z,y),
(

for all f € VT(d), f' € VT(d') and x,y € X, with equality for all {z,y} €
K(f)if K(f') € K(f). Hence, if d" := d — ad’ is a metric, the result follows

> 0.

> o
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by Proposition 2.12 (iii). Thus we need to show that d” satisfies the triangle
inequality, i.e. that
d"(z,y) +d"(y,2) = d"(z,2)

for all z,y,2z € X. To see this, consider f, € T'(d), i.e. the element with
fy(u) = d(y,u) for all u € X, and let f' € V(d') with K(f,) € K(f). In
particular, {y,y} € K(f’), so f'(y) = 0, and thus f'(u) = d'(y,u) for all
u € X. Hence

d"(z,2) < (fy —af)(@) + (fy — af)(2)

= fy(x) —af'(z) + f,(2) — af'(2)
= d(z,y) — ad'(v,y) + d(y, z) — ad'(y, 2)
(d—ad)(z,y) + (d — ad')(y, 2)
=d"(z,y) +d"(y, 2).

]

By the construction of « in the proof above, we have as an immediate
consequence the following corollary.

Corollary 2.14 (Theorem 4.1, [8]). Let d and d’ be two metrics on X. Then
d = ad + d" is a coherent decomposition of d if and only if 0 < a < af,
where

o = o {f’g/%’}((d’) {{z R {f]’c(( )) +}f(( )) - dgfxvy?i) }}} .

In particular, d' is a coherent component of d if and only if o > 0.

Corollary 2.15 (Corollary 3.5, [8]). Ifd = dy+---+dg, k € N, is a coherent
decomposition of d € M(X) into dy,...,dp € M(X), then

d':a1d1+-~-+ozkdk
is a coherent decomposition of d" for all oy, ..., € Rxo.

Proof. If d = aydy + - - - 4+ aydy, is a coherent decomposition, then

pd = fard; + - - + Pagdy

is a coherent decomposition for all 5 € R, so we may assume that 0 < a; <
1. We use induction on k. If £ = 1 the statement is trivially true. So suppose

11



it is true for k =p —1>1 and let ay,...,®, € R5. Then by the induction
hypothesis
d" = agdy + -+ + apd,

is a coherent decomposition of d”’. Now,
d/ = Oéldl —+ 4 Oépdp = Oéldl + d//,
so since a; < 1 < ozgll the result follows by Corollary 2.14. O

The value o4, is called the coherency index of d with respect to d’, and was
defined in [8]. The coherency index provides a nice way to check whether or
not a decomposition of a metric is coherent.

By Proposition 2.6 we see that ' < d and d < d' if and only if d ~ d'. In
particular, d ~ d’ if and only if M (d) = M(d’). Hence < induces a partial
order on the types of metrics on M (X), with d < d if d’ can be obtained
from d by possibly ‘collapsing’ some of d:s structure. If d < d but d’ ~ d we
write d' 5 d.

We are now ready to describe the M(d) for d € M(X). Two natural
classes of metrics arise from the partial order <, the minimal non-zero met-
rics, which we call the prime metrics, and the maximal metrics, which we
call the generic metrics (the word generic being motivated by the previous
paragraph). From now on, let II be a fixed set of prime metrics on X, one
of each type, and for each metric d on X let

I(d) :={pell|psd}.

From Corollary 2.7 it follows that I1(d) is finite for all metrics d on X. Also,
it follows from Corollary 2.15 that

M(d) := Z app

p€ell(d)

oy, € RZO ,

and thus M (d) is the cone positively spanned by I1(d).

Proposition 2.16. Let d be a metric on X. Then d is in the relative interior
of the cone M(d). In particular, d ~ d for some d € M(X) if and only if
d’ is contained in the relative interior of M(d), and d' 3, d if and only if d’
is contained in one of the proper faces of M(d).

12



Proof. Since o > 0 for all p € II(d), and since the set II(d) is finite there is

an o € R, with
d=d + Z ap
p€ell(d)

a coherent decomposition of d, where d' € M(d). O

Proposition 2.16 gives us a way of characterizing the generic metrics in
terms of maximal coherent subsets of II.

Corollary 2.17. The generic types of metrics on X correspond exactly to
the mazimal coherent subsets P C 11, i.e. the maximal subsets such that

d:Zp

pEP

18 a coherent sum.

3 Classifying the six point metrics

The aim of this paper was originally to classify the types of metrics when
|X| = 6. However, during the course of this work, a classification was pre-
sented in [11] by Sturmfels and Yu. Their results are summarized in the
following theorem.

Theorem 3.1 (Theorem 1, [11]). There are 194,160 generic types of metrics
on six points, and they come in 339 symmetry classes.

We have independently verified their results, using ideas presented in
this paper. We searched for the maximal coherent subsets of II, which by
Corollary 2.17 correspond to the generic types of metric on X. It requires
that the set II is known.

The prime metrics on six points were characterized in [9], and there are
1,235 of them, in 14 symmetry classes. Just testing each subset P C II if
it is coherent or not is hence intractable, since the number of tests needed
are in the order of 223, To minimize the search space we used the fact
that if P C II is a coherent set, then {p,p’'} must be a coherent set for all
p,p’ € P. Hence we created a graph whose vertices are the prime metrics,
and the edges are all pairs p,p’ € II with {p,p'} a coherent set. We then
searched for all maximal cliques in this graph, since each maximal coherent
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set must be contained in some such clique. Up to symmetry, there were 482
such cliques, with the maximal having size 25. It was then possible to search
directly for maximal coherent sets. Our results agreed completely with the
results of B. Sturmfels and J. Yu.

B. Sturmfels and J. Yu have set up an excellent web page where all the
six point metrics are listed, along with images, at

http://bio.math.berkeley.edu/SixPointMetrics.

We used programs written in C++ and Objective Caml for our computa-
tions, which can be obtained by request from J. Kahrstrom (through email,
johan.kahrstrom@math.uu.se). The C++-programs use the package CDD++
by K. Fukuda for calculating the tight span of a metric. This package can
be downloaded from

http://www.ifor .math.ethz.ch/"fukuda/cdd_home/cdd.html.
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