ISSN 2070-0466, p-Adic Numbers, Ultrametric Analysis and Applications, 2016, Vol. 8, No. 2, pp. 125-148. (© Pleiades Publishing, Ltd., 2016.

RESEARCH ARTICLES

Non-Archimedean Transportation Problems and Kantorovich
Ultra-Norms*

M. Megrelishvili”* and M. Shlossberg™”

Department of Mathematics, Bar-Ilan University, 52900 Ramat-Gan, Israel
Received October 18, 2015

Abstract—We study a non-archimedean (NA) version of transportation problems and introduce
naturally arising ultra-norms which we call Kanforovich ultra-norms. For every ultra-metric space
and every NA valued field (e.g., the field Q, of p-adic numbers) the naturally defined inf-max cost
formula achieves its infimum. We also present NA versions of the Arens-Eells construction and of
the integer value property. We introduce and study free NA locally convex spaces. In particular,
we provide conditions under which these spaces are normable by Kantorovich ultra-norms and also
conditions which yield NA versions of Tkachenko-Uspenskij theorem about free abelian topological
groups.

DOI: 10.1134/S2070046616020035

Key words: transportation problem, Kantorovich ultra-norm, Kantorovich-Rubinstein semi-
norm, non-archimedean valuation, p-adic numbers, valued field, Levi-Civita field, Fermat-
Torricelli point, free abelian topological group, free locally convex space.

1. INTRODUCTION

Kantorovich norm [7] plays a major role in various areas of mathematics, economics and computer
science (see [4, 6, 12—14, 20, 23, 24]), for instance, in Monge-Kantorovich transportation problem.
The seminorms that determine the topology of the iree real locally convex space are in fact Kantorovich
seminorms (see [6, 12, 13, 20]). Uspenskij [22] provided a simplified formula for these seminorms.

In this paper we deal with discrete transportation problems. In Subsection 2.2.2 we present a slightly
more flexible ("democratic") approach to the classical Kantorovich problem. This approach is related
to the transshipment problem. Continuing in this direction, in Section 3 we study non-archimedean
transportation problems. Since the term non-archimedean appears many times in this work, we write
shortly: NA.

In Section 4 we present an NA version of the Arens-Eells embedding (Theorem 4.2). We introduce
the naturally arising Kantorovich ultra-(semi)norms, defined for an ultra-(pseudo)metric space (X, d)
on free vector spaces Lr(X) via min-max formula. Theorem 4.2 shows that for an arbitrary NA valued

field F and for any u € Ly(X) the value of the Kantorovich ultra-(semi)norm ||u|| can be approximated
as

k
||ul| = inf { masx [sqld(zi, i) Z;sz — yi), i, yi € supp(u), s; € F},
1=

where supp(u) is the support of u (see Notation 2.1).

Note that the analogous property in the archimedean case does not hold in general. Indeed, it is no
longer true when F = C, the field of complex numbers, in contrast to the case F = R (see [5, 25] and
Remark 2.2 below).
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126 MEGRELISHVILI, SHLOSSBERG

The infimum in Theorem 4.2 is, in fact, a minimum. This refinement, which comes from Min-
attaining Theorem 5.2, provides another contrast to the archimedean case. Indeed, in the Appendix
we give an example in which the infimum is not attained for F = Q(4). Another refinement concerns
the coefficients (the G-value property), that is, it is enough to take the coefficients from the additive

subgroup G, of F generated by the normal coefficients ; of u = > A\;z;. Namely, we show that
i=1

m m

[|lul| = min{ max |cjld(zs,z5) ey €F,Vi:1<i<n E Cij — E Cji = )\i},
1<t,5<m 1 =1
]_ =

such that all coefficients ¢;; belong to G,,. Note that a matrix (¢;;) € F™*™ satisfies the equations

Yocij— . ci=NVi:1<i<nifandonlyifu= ) ) ¢j(z; —x;). As a particular case we get
j=1 j=1 i=1j=1
an NA generalization of the so-called integer value property (well known in case F = R).

Probably one can encounter a variety of min-max optimization problems when dealing with the
Kantorovich ultra-norms. It is worth noting that different algorithms for solving such problems are
known (see [3] for example).

In Section 6 we introduce the free NA locally convex spaces for NA uniform spaces. We describe
their topologies in terms of Kantorovich ultra-seminorms (Theorem 6.2). We show that for an ultra-
metric space (X,d) and a trivially valued field I, the free NA locally convex space Lp(X,U(d)) (of
the uniformity U(d) of d) is normable by the Kantorovich ultra-norm induced by d (Theorem 6.5). By
Tkachenko-Uspenskij theorem (in the archimedean case F = R) the iree abelian topological group
A(X) is a topological subgroup of L(X). Using Ostrowski’s classical theorem we prove that in case
F is an NA valued field of zero characteristic, the uniform free NA abelian topological group A4 (X,U)
is a topological subgroup of Ly(X, ) if and only if the restricted valuation on Q is trivial (Theorem 6.9).
For example, this is the case for the Levi-Civita field (Example 6.5).

2. KANTOROVICH NORM

For a nonempty set X and a field F denote by Lr(X) the free F-vector space on the set X. We simply
write L(X) in case F = R. Define X := X U {0} where 0 ¢ X is the zero element of Ly(X). The zero
element of the field F is denoted by Og. Denote by L%(X) the kernel of the linear functional

L]F(X) — F, ZH:AZZL‘Z — zn:)\z
=1 =1

Notation 2.1. Every non-zero vector u € Ly(X) has a normal form as follows: u= ) A\x; €
i=1
Ly(X), where z; € X, \; € F\ {0p} Vi: 1 <i<nand x; # z; whenever i # j. If u € LYX) then
define the support of u as supp(u) := {x1,...,z,}. Otherwise, let supp(u) := {x1,...,Tpn, Tni1}
where x,+1 = 0. We denote by m := |supp(u)| the length of the support, so m is either n or n + 1.

The support of 0 is {0}. In what follows, by writing u= > \x; € Lp(X) we mean that it is a
i=1
normal form.

2.1. Classical Transportation Problem

Recall the following transportation problem from the historical work of Kantorovich [7]. Let (X, d)
be a metric space and denote by R>¢ the set of non-negative reals. Suppose that a network of railways
connects a number of production locations x1,...,z, € X with daily output of A1, ..., A, carriages of
certain goods, respectively, to a number of consumption locations v, ..., y, € X with daily demand
of pi,. .., pm carriages. So, we have Y A; = > puj, where A;, ui; are positive. Let ¢;; denote the real
i=1 j=1
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NON-ARCHIMEDEAN TRANSPORTATION 127

number transferred from point z; to point y;. We view the metric d as a cost function, and we want to
minimize our total sum-cost. The value we are seeking is

inf{Zch i, Yj) cZ]€R>0,ZcZ]—,u],ZcU—)\} (2.1)

=1 j=1

This infimum is known as the Kantorovich distance in L(X) between ) A\jz; and ) pjy;. It coincides
with ||u|| where u = Y Ny — > pjy; € LO(X) and || - || is the norm defined on L%(X) as follows. For

everyv = > \iz; € LY(X)
i=1

l
Joll = int { 3 Inatas, ) v—zpz 50, s € By € X 22)
=1

This norm on L°(X) is called the Kantorovich norm, [12]. If (X, d) is a pseudometric space then (2.1)
and (2.2) define the Kantorovich pseudometric and the Kantorovich seminorm respectively.

Let X be a Tychonoff space. Denote by D the family of all continuous pseudometrics on X :=
X U{0}. For each d € D there exists a maximal seminorm pg on L(X) which extends d. We retain
the name Kantorovich seminorm for pg (and for its restriction on L°(X)), although several authors use
the name Kantorovich-Rubinstein seminorm. The vector R-space L(X) and the family of seminorms
{pq : d € D} determine the free locally convex space over X. See Pestov[13], for example, and compare
with Raikov [12] in the case of pointed uniform spaces. In Section 6 we study the free NA locally
convex F-space Lr(X) of an NA uniform space (X,U).

Equation (2.2) has a natural generalization. Let (F, | - |) be an archimedean valued field and (X, d) be

a pseudometric space. For every v = Y \jz; € LY(X) define the Kantorovich seminorm as follows:
i=1

l
Hv\l:inf{Z\m\d(ai,z v—sz a; —b;), pi € F,a;,b; eX} (2.3)
=1

Note that every archimedean valued field (F,| - \) is essentially a subfield of C and the valuation is
equivalent to the usual valuation on C (see[16, p. 4] for example).

2.2. “Democratic” Reformulation
We wish to highlight a point that will become important in the sequel. In the problem described above
two disjoint sets A = {x1,...,2,} and B = {y1,...,ym} are considered. The distances between the
elements in each set seem irrelevant. Indeed, every distance which appears in Formula (2.1) is between
an element of A and an element of B.
Now we consider a more flexible form of the transportation problem (see also [25, p. 44]). Let

M, ..., Ay € R with Y \; = 0. We have to transfer real numbers between the points z1,...,2, € X
i=1

in the following way. The sum of numbers transferred from x; minus the sum of numbers transferred to

x; is A;. Let ¢;; denote the real number transferred from point x; to point z;. We want to minimize our

cost, that is, the value of > " |c;j|d(z;, z;). Clearly, one may assume that ¢;; = 0.
i=1j=1
As the following lemma suggests, the Kantorovich norm serves both of the approaches described
above.

Lemma 2.1 (Democratic reformulation). /fv = 3" \x; € LO(X), then
i=1

||v]| = inf { ZZ lcijld(zi, x;) ch Zcﬂ =\ Vz} (2.4)

=1 j=1
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128 MEGRELISHVILI, SHLOSSBERG

Proof. Denote by ||[v]|" the expression on the right hand side of Equation (2.4). We want to show that

n n n o n
||U|| = ||U||/ Let (Cz'j) € R™*" sych that Z Cij — Cji = )\z" The coefficient Ofl‘i in Z z Cij(l‘i — l‘j)
1 1 =
. . J J =17
isjust > ¢ —
j=1 =

cj;- It follows that
1

v = ZZCZ](ZL‘Z — l‘j).

i=1 j=1
So, by Equation (2.2)

ol < {loll’.

!
On the other hand, using reductions from [22], we show that if v = ) p;(a; — b;) then there exists a
i=1

decomposition v = ) > ¢;j(x; — x;) with
i=1j=1

n o n l
SO leijld(@i,x) <> lpild(ai, bi).
i=1

i=1 j=1

To see this, first observe that we may assume that p; > 0 Vi. Consider the following reductions which do
not increase the value of the corresponding sum:

1. Delete any term of v of the form p;(x — x).

2. Iithere exist two terms A(z; — x;) and p(x; — x;) with A, o > 0 replace them with the single term
A+ ) (i = 25).

3. Assuming the decomposition contains the term A\(z — z) where z ¢ supp(v), then we necessarily
have also a term of the form p(z — y) where A, u > 0. We have three subcases to consider replacing
in each case the terms A(z — 2) and u(z — vy).

(a) If A = p then replace the pair of terms above with one term A(z — y). It is possible since
M(z,y) < Md(z, 2) + Ad(z,y).

(b) IT A < g then replace the terms with A(z — y) and (1 — A)(z — y). The value of the sum does
not increase since

A(z,2) + pd(z,y) = Ad(z,2) +d(2,y)) + (1 — A)d(z,y)
> M(z,y) + (p— N)d(z,9).

(c) If A > pthen replace the terms with (A — p)(z — 2) and p(x — y).
This time we have
)\d({l}, Z) + :u‘d(za y) = ()‘ - ,u,)d((l}, Z) + M(d(‘r? Z) + d(z7 y))

Using reduction (3) the number of terms containing z decreases. Applying finitely many substitutions of
this form and taking into account that the sum of 2’s coefficients in any decomposition of v is equal
to zero, we obtain a decomposition of v with only two terms containing z: A(z — z) and A(z — y).
Now use reduction (3.a). Therefore, we can assume that the decomposition only contains terms with
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NON-ARCHIMEDEAN TRANSPORTATION 129

support elements. That is, terms of the form A(x; — ;) where A > 0. At this point we use reduction (2)

if necessary. We obtain a decompositionv = 3 >~ ¢;j(x; — x;) with
i=1j=1
n o n l

DO leld(@i,zg) <D lpild(ai, by).

i=1 j=1 i=1
[t follows that ||v||" < ||v|| and we conclude that ||v]| = ||v]|.
Remark 2.2.

[. Every non-zero element v € L°(X) has the formv =Y az; — Y bjy; where Y a; = > b;
i=1 j=1 i=1 j=1

and ¥i:1<i<nVj:1<j<ma;b; >0. Using this fact one can move back [rom the
democratic approach to the classical one as in Section 2.1.

2. Using compactness arguments one can prove that the infimum in Formula (2.1) is attained.
By the proof of Lemma 2.1, for any minimizing matrix (c;j) from (2.1) there exists a matrix
(tij) from (2.4) such that

SO ttild(@i,z) <0 leijld(wi, ).

i=1 j=1 i=1 j=1
It Jollows that the infimum in (2.4) is attained at (t;;).

3. Replacing R with C completely changes the situation. As it follows from [5, 25], in
the latter case of F = C we cannot even guarantee that the infimum in (2.2) can be
approximated by computations on support elements of a vector u € LA(X). A detailed
example is provided in the Appendix (Theorem 7.2 and Example 7.1).

3. NON-ARCHIMEDEAN TRANSPORTATION PROBLEM

In this section we discuss the main object of our work: a non-archimedean transportation problem
(NATP). First we recall some definitions.

3.1. Preliminaries

A metric space (X, d) is an ultra-metric space if d is an ultra-metric, i.e., it satisfies the strong
triangle inequality

d(z,z) < max{d(z,y),d(y,2)}-
Allowing the distance between distinct elements to be zero we obtain the definition of an ultra-
pseudometric. It is well known that if d(x, y) # d(y, z) then d(z, z) = max{d(z,y),d(y, z)}.

A uniform space (X,U) is NA if it has a base B consisting of equivalence relations on X. For every
ultra-pseudometric d on X the open balls of radius € > 0 form a clopen partition of X. So, the uniformity
induced by any ultra-pseudometric d on X is NA. A uniformity is NA if and only if it is generated by a
system {d; };cs of ultra-pseudometrics.

Recall that a topological group is non-archimedean if it has a base at the identity consisting of open
subgroups. For some properties of this class of topological groups see for example [9, 10]. We say that
a topological ring (or field or vector space) is NA if its additive group is NA. Note that Lyudkovskii [8]
studied NA free Banach spaces.

A valuation on a field F is a function | - | : F — [0, 0o) which satisfies the following (z,y € F):

1. |z| >0
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130 MEGRELISHVILI, SHLOSSBERG
2. |z| = 0if and only if z = Op;
3. |z 4yl < x|+ yl;
4. |zy| = |z[ly|.

Replacing condition (3) with |z + y| < max{|z|, |y|} we obtain a non-archimedean valuation. In
this case the metric d defined by d(z,y) = |x — y| is an ultra-metric.

An (NA) valued field is a field F with a (resp., NA) valuation | - |. Every NA valued field is NA as a
topological group because every open ball {z € F : || < r} is a (clopen) additive subgroup.

A valuation which is not NA is called an archimedean valuation. Let (FF,| - |) be a valued field. A
seminorm on an F-vector space Visamap || - || : V — [0, 00) such that (z,y € V,« € F):

Loy ]l =0;

2. |z +yll < =] + [lyl];

3. laz|| = |afl«]]
If instead of condition (1) we have: ||z|| =0 if and only if = Oy, then || - || is called a norm. If
the valuation on F is NA and condition (2) is replaced by ||z + y|| < max{]||z||,||y||}, then the norm
(seminorm) || - || is an ultra-norm (respectively, ultra-seminorm).

Let (F,|-|) be an NA valued field. The set {|z| : |z| # 0} is a subgroup of the multiplicative group
R~ of all positive reals and is said to be the value group of the valuation | - |. The value group is either
discrete or dense in R~ (. Accordingly the valuation is called discrete or dense. If the value group is the
trivial subgroup {1} then the valuation is said to be frivial. For any non-trivial discrete valuation the
value group is the infinite cyclic closed subgroup {a* : k € Z} of R+, where a := max{|z| : |z| < 1}.

Note that discretely valued fields form a major subclass in the class of NA valued fields. This subclass
is closed under taking arbitrary subfields, completions and finite extensions.

The p-adic valuation on the field Q of rationals is a classical particular case (for every prime p). The
completion is the field of p-adic numbers Qy, a locally compact NA valued field. The valuation of every
locally compact NA valued field is discrete (see [16]). The natural valuation on the field C{{T'}} of formal
Laurent series (which is not locally compact) is discrete [18].

Below we use several times the following well known theorem of Ostrowski (see for example |16,
Theorem 1.2]) which shows that the p-adic valuation, up to a natural equivalence, is the only NA non-
trivial valuation on Q. In particular, any NA valuation on Q is discrete.

Theorem 3.1. (Ostrowski’s Theorem) Let |- | be a non-trivial NA valuation on the field Q of
rationals. Then there exists a prime p such that |- | is equivalent to the p-adic valuation |- |,
(namely, there exists ¢ > 0 such that |z| = |z]; Vz € Q).

The following is an important example of a densely valued NA field.

Example 3.1. Recall that the elements of the Levi-Civita field R (see [19] for example) are real
functions f:Q — R with left-finite support. That is, for every rational number q the set Ay :=
{a < q| f(a) # 0} is finite. The field operations are addition and convolution. R is (algebraically)
isomorphic to a subjield of R. Indeed, the map a — f, from R to R, where f,(0) = a and f,(x) =
0Vz #0,is a field embedding.

For every non-zero element f € R, the support of f (notation: supp(f)) has a minimum, due
to its left-finiteness. Recall that R admits a natural NA valuation defined by | f| = e~ ™»suwp(f) for

non-zero f.1It is easy to see that this valuation is dense. At the same time the restricted valuation
on Q is trivial.
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NON-ARCHIMEDEAN TRANSPORTATION 131

3.2. Formulation of NATP

We formulate here a non-archimedean transportation problem using a democratic approach (com-
pare Section 2.1). Let F be an NA valued field, (X, d) be an ultra-(pseudo)metric space and x; € X for
every 1 <¢ < n.

We have to transfer field elements between these points in the following way. The sum of elements

transferred from x; minus the sum of elements transferred to z; is \;, where A1, ..., A\, are given elements
n
inF with Y~ A; = Op.
i=1

Let ¢;; € I denote the element transferred from x; to x;. Note that by the setting of NATP we have

Vi Y cij — Y ¢ji = Ai. We want to minimize as much as possible our max-cost, that is, the value of
J=1 J=1

lg&%{n leijld(xi, xj).

A natural question arises:

Question 3.2. /s the infimum

inf { lg?}én |cijld(zi, z5) : Vi ZCU — chi = )\Z} (3.1)

j=1 j=1

attained?

Min-attaining Theorem 5.2 implies that the answer to Question 3.2 is positive for every NA valued
field F (e.g., Qp) and any ultra-(pseudo)metric space (X, d).

In fact we will show in Theorem 4.2 that (3.1) can be studied via a special ultra-(semi)norm || - ||4
on Lp(X). We call it the Kantorovich ultra- (semi)norm associated with d (Definition 4.1) because its

role is similar to the role of the Kantorovich (semi)norm in the classical transportation problem (with

F = R). Indeed, the infimum in (3.1) coincides with ||ul|4, where u = 3~ N\jz; € LY(X).
i=1

4. KANTOROVICH ULTRA-NORMS

Let (X,d) be an ultra-pseudometric space. Consider the set X := X U {0}, where 0 ¢ X. In the
sequel we repeatedly use the following simple lemma.

Lemma 4.1. For every ultra-pseudometric d on X there exists an ultra-pseudometric (denoted
also by d) which extends d on X := X U{0}, such that 0 is an isolated point in (X, d).

Proof. Fix xy € X and extend the definition of d from X to X by letting d(z,0) = max{d(x,x¢), 1}.
For more details see Claim 1 of [10, Theorem 8.2].

Definition 4.1. Let (X, d) be an ultra-pseudometric space and F be an NA valued field. Let us say

that an ultra-seminorm p on Lr(X) is d-compatible if the pseudometric induced on X by p is d. We

say that p is a Kantorovich ultra-seminorm for d if p is the maximal d-compatible ultra-seminorm
on Ly(X).

The maximal property of the Kantorovich norm in the classical non-discrete transportation problem
was proved in[12], and this justifies Definition 4.1.

The Kantorovich ultra-norm || - || in Theorem 4.2 serves the NA transportation problem described
in Section 3.2. To see this observe that one of the reformulations of this ultra-norm (m = n in Claim
3 below) coincides with the infimum in Formula (3.1) above. Moreover, using the description of the

Kantorovich ultra-norm one can obtain an unbalanced version of NATP, that is, the case u = > \jz; ¢
i=1
Li(X).
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132 MEGRELISHVILI, SHLOSSBERG

The classical analogue of the following Theorem 4.2 is the Arens-Eells embedding [1]. Its usual
verification is based on the dual space, involving the space of Lipschitz functions [5, 6, 25]. In our case
the approach is different. If d is a metric on X, then the Kantorovich seminorm defined on L°(X) is, in
fact, a norm. This fact relies on the classical Hahn-Banach theorem (see [25, Corollary 2.2.3]) which
does not always hold for general NA Banach spaces, [11, 18]. The proof that the ultra-seminorm in the
following theorem is an ultra-norm uses only the fact that the valuation of F is NA. Below, in Corollary
5.3, we show that the infimum in this theorem is, in fact, a minimum.

Theorem 4.2. (Non-archimedean Arens-Eells embedding)
Let (X,d) be an ultra-pseudometric space and F be an NA valued field.

1. There exists a Kantorovich ultra-seminorm || -|| :=|| - ||q on Ly(X) for d. Furthermore, if d
is an ultra-metric then || - ||4 is an ultra-norm.

2. ||ul| can be computed on the support of u for everyu € Lr(X). That is,

[|u|| = inf{ [max |sild(zq,yi) : Z; Yi), Ti,Yi € supp(u), s; € F}
1=

3. Moreover, if u =" N\jz; (normal form) then
i=1

l|u|| = inf{ | Dax lcijld(zi,xj) ¢ €F, Vi:1<i<n ch Zcﬂ =\ }
7j=1 7=1
where ¢;; = Op and m = | supp(u)| (see Notation 2.1).

Proof. Foru € Lp(X) define

|ul| == mf{ max |Nild(zi,yi) u = Z)\ — i), Ti,¥i € X, A\ € F}
i=1

Claim 1: || - || is an ultra-seminorm on Ly(X).
Proof. Clearly, ||u|| > 0foreveryu € Lyp(X). Since 0 = 0 — 0 we also have ||0]| < d(0,0) = 0 and thus
[|0]| = 0. The equality |[Au|| = |A|||u|| follows from the fact that for every X # O, if u = > A\;(z; — ;)
i=1
then Au = " A\i(z; — v;) and, if Au = > \i(z; — 55) thenw = >° A1\ (z; — y;). Of course, we also
i=1 i=1 i=1

use axiom (4) in the definition of valuation.
Finally, observe that

|lu + ol < max{]ul|, ][} Vu,ve Lr(X).
Indeed, assuming the contrary, there exist decompositions

such that
HU + UH > ci= maX{lléliaS}i ‘)\Z‘d(mla yZ)J kfllgx<l ‘)\ |d(xl7 yl)}
l
This contradicts the definition of ||u + v|| since u + v = Y~ Ai(z; — y;) with
i=1
lu+ || > maX{llélz%c \)\i\d(ﬂﬂi,yi)akfllg}i%l |Aild(zi,yi)} = tuax, |Aild(i, y7)-
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Claim 2: For every u € Ly(X) the value of ||u|| can be computed on the support of u. That is,

k
[|ul| = inf { max [sild(zi, yi) ;32 Yi), Ti,Yi € supp(u), s; € F}-
k
Proof. Letu = ) s;(z; — y;) be adecomposition of u € Ly(X). Consider the following steps which do
i=1

not increase the value of max Isi|d (s, y5):
1<i<

1. Delete any term of u of the form Op(x — y) or s;(z — x).
2. Replace the term s;(x; — y;) with —s;(y; — ;).

3. Assume there exist 1 < iy <n and 0 # z ¢ supp(u) such that z = x;, or z = y;,. Using steps

(1) — (2) we may assume without loss of generality that the terms A(z — z) and u(z — y) appear
k
in the decomposition of u =Y s;(z; —y;) with |A] < |u|. Replace them with A(z —y) and

i=1

(k=) (z —y).

This way the number of terms in which the element z appears decreases. The value of the

corresponding maximum max |pjld(x,y;) does not increase under such a substitution, because
YA

max{[A[d(z,y), [n — Ald(z,y)} < max{[A|d(z, 2), |uld(z,y)}.
Indeed, using the strong triangle inequality and the fact that |\| < |u| we obtain
[Ald(z,y) < max{|Ald(z, 2), [A|d(z,y)} < max{|A|d(z, 2), |p|d(z,y)}.

Also, assuming that | — Ald(z,y) > |p|d(z,y) we obtain |g — A| > max{|\|, |u|}, which con-
tradicts the strong triangle inequality. Thus, |u — A|d(z,y) < |u|d(z,y). Applying finitely many
substitutions of this form and taking into account that the sum of z’s coefficients in any
decomposition of w is equal to zero, we obtain a decomposition of u with only two terms in
which z appears: A(x — z) and A(z — y). These terms can be replaced by the single term A(z — y)
since Az — 2) + A(z —y) = Mz —y) and |\|d(z,y) < max{|\|d(z, 2), |\|d(z,y)}. Now the term
A(z — y) and all other terms in the new decomposition do not contain the element .

4. Assume there exist 1 < iy < nand z = 0 ¢ supp(u) such that z = z;, or z = y;,. We claim that
k

similar to case (3) it suffices to consider decompositions uw = ) s;(z; — y;) that contain terms
i=1

of the form A(x — z) and u(z — y) with |A| < |ul|. Indeed, since z = 0 ¢ supp(u) it follows that

u = Z Mit; € LY(X) (normal form) and > \; = Op. If there exists only one term A(z — 2) in
=1
Wthh z appears then by the previous steps we can assume without loss of generality, that

we are dealing with a decomposition of u of the form u = Z pila; —bj) + A(t1 — z), where
j=1

k
a;,b; € supp(u). On the one hand, ' = " pj(a; — b;) € LA(X). On the other hand, for every
j=1
1 # 1 the sum of the coefficients of ¢; in this decomposition of v’ is equal to A;. It follows that the
sum of ¢ s coefficients in «’ is A; and this implies that A = Op. So we may assume that the terms

k
Az — z) and u(z — y) appear in the decomposition of u = 3 s;(z; — y;) with |[A| < |u|. lTA =pu

i=1
we simply replace these terms with the single term A\(x — y). Otherwise, replace these terms with
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Mz —y) and (u — A)(z — y). In any case we can say that completely similar to reduction (3)

the number of terms in which the element z appears decreases. The value of the corresponding

maximum max, |pjld(x,y;) does not increase under such a substitution. We apply finitely many
)=

substitutions of this form and obtain a decomposition of » in which all terms do not contain the
element z.

Using reductions (3) and (4) we complete the proof of Claim 2.

Claim 3: Foru = > \jz; € Lp(X) let m = | supp(u)| (by Notation 2.1 we have m = n,orm = n + 1).
i=1
Then,
H'LLH = lnf{lg?i(mk”‘d(l‘“x]) L Cij S F, Vil < 1 <n Zcij — ZC]'Z- = )\Z}, (41)
7=1 7j=1
where ¢;; = Op.
Proof. By Notation 2.1, >~ Ajz; is a normal form of w. It follows that a matrix (¢;;) € F™*™ satisfies

=1
the equations

m m
ch—Zcﬂ:)\Zngzgn
j=1 j=1

3

s

if and only if u =

¢ij(z; — x;). Indeed, on the one hand the coefficient of x; in the right expression

Il
—

1

J

is > cij — > ¢jiforall 1 <4 < n.On the other hand, the coefficient of &; in u is A;. Note that by our
j=1 j=1

convention if m = n + 1 then x,,41 = 0. Since d(z;, ;) = 0 and ¢;; — ¢;; = O we may assume without

loss of generality that ¢;; = Op.

By Claim 2, |Ju|| can be computed on the support of w. If we have two terms of the form
Ma; — z;), p(z; —x;) we can replace them with the single term (A + p)(x; — ;) since |A+ p| <

n n
max{|\|, |p¢|}. Thus, we may consider only decompositions of the form u = 3" > ¢;;(z; — x;), where
i=1j=1
m

m
Z Cij — z Cji = >\z and Cis = O]F.
7=1 =1

Claim 4: Foru = ) A\jz; € Ly(X) let m = | supp(u)|. Then,
i=1

lull = -1o

where 7 = max{|\;| : 1 <4 < n}andly = min{d(x;,z;): 1 <i#j<m}.

Proof. Assuming the contrary let ||u|| < r - lp. By Claim 3 there exists a matrix (¢;;) € F™*™ such that
> Cij —
j=1 j=1
the definition of [y we get r > |¢;;| Vi, j. By the definition of 7 there exists 1 < iy < n such that r = |\;;|.
Thus, [Ai| > |eij] Vi, j. In particular,

cji =X\ Vi:1 <i<mn and in addition r - [y > | Inax lcij|ld(x;, ;). Taking into account
<i,j<m

| Ao | >max{1r§g.8£;1 Icz'ojl,lrsrg;l |Cjig|}-
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Applying the strong triangle inequality to the equation )" ¢;,; — > ¢ji, = i, We obtain the contradic-
j=1 j=1
tion

Ao | < rnfu<{1§§§;§hchojl,lggyggﬁIcyiol}-

Claim 5: ¢ : (X,d) — (Lp(X),|| - ||), ¢(z) = {z} is an isometric embedding, i.e.
|z —yll = d(z,y) Va,yeX.

Proof. 1f x = y the assertion is trivial so we may assume that u = x — y # 0. By Claim 2 the value
||z — y|| can be computed on the support {x, y}. Using also some of the reductions we mentioned above,
it suffices to consider only the trivial decomposition u = z — y. It follows that ||z — y|| = d(z, y).

t

Claim 6: ||u|| = 0if and only if w admits a presentation u = > sg(zx — yx) such that z, yx. € supp(u)
k=1

and d(xy,yr) = 0 for every k € {1,...,¢}. In particular, the ultra-seminorm || - || is an ultra-norm on

Ly(X) if and only if d is an ultra-metric on X.

Proof. The “if” part is trivial.

The “only if” part is obvious for u = 0. Suppose that u # 0 and let u = 3 A;z; be a normal form of
i=1

u. First suppose that w is d-irreducible in the following sense: there are no 1 <4 # j < m such that

d(z;, x;) = 0, where m = |supp(u)|. We claim that [|u|| > 0. Indeed, the corresponding Iy defined in

Claim 4 is positive and we have ||u|| > 7 - ly. Clearly, » > 0 because u # 0. So, we get that ||u|| > 0.
Now we can suppose that u is d-reducible. We describe a certain reduction for u. Choose a pair

i # j such that d(x;,2;) = 0. Without loss of generality we may assume that x; # 0. Denote w; :=
i(x; — x5),u1 = u — wy. By Claims 1 and 5 we know that ||w1 || = 0. Hence, |u|| = ||u —w1|| = 0.

» In case z; = 0 delete the term A;z; in the presentation u = ) A\;z; to obtain a normal form of
i=1
u— wiq.

» In case x; # 0 observe that \x; + \jx; = Ni(x; — ;) + (A + Aj)z;. Replacing the terms
Xz, Ajxj in the presentation u = ) \jx; with the single term (A\; + Aj)z; we get a normal form of

=1
U — wi.

In both cases we can then use the same reductions for u; to obtain ug := u; — we, etc. Continuing
in this manner we get, after finitely many steps, a vector u; such that ||u|| = ||u|| = 0 and in the normal
presentation of u; we have no pair of distinct elements a,b € X such that d(a,b) = 0. That is, u; is
d-irreducible. Then necessarily u; = 0. Indeed, if not, then as above we obtain that ||u|| > 0.

t
So, uy = 0. Hence, u = > wy. By the definition of wy, this proves Claim 6.
k=1
Claim 7: (Maximality property) Let o be an ultra-seminorm on Lg(X) such that
oz —y) <d(z,y) Vz,y € X. (4.2)

Theno < || - ||.
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Proof. Let u be a non-zero element of Ly(X) and o be an ultra-seminorm which satisfies (4.2). Then

n
for every decomposition u = > \j(x; — vi), i,y € X we obtain
i=1

o(u) =0 (Q Niwi = i) < max Nifo(x; — i) < max [Nild(s, i)-
=1 - -

[t follows from the definition of the ultra-seminorm || - || that o (u) < ||u]|.

Combining the claims we complete the proof of Theorem 4.2.

Example 4.2. LetF := 7y be the discrete field of two elements. Note that in this case (Lg(X),|| - ||),
as a topological group, coincides with By, the uniform free NA Boolean group over (X, d). Indeed,
this follows from the fact that B4 is metrizable by a Graev type ultra-norm (see [10]).

Remark 4.3. Theorem 5.2 shows that in Theorem 4.2 we can assume, in addition, that:

1. Theinfimum in Theorem 4.2 is attained.

2. The coefficients c;; (in Theorem 4.2) belong to the additive subgroup G,, of F, generated by
the normal coefficients \; of u.

Remark 4.4. Using Claim 3 and additional computations we obtain a simplified version of
Equation (4.1):

m i—1
llul] = min{ 1grir2§m|cij|d($i’xj) Vi>je;=0,Vi:1<i<n -Z;_lCij - zjlcjz- = )\Z}.
j=i j=

5. GENERALIZED INTEGER VALUE PROPERTY
5.1. G-Value Property for Subgroups G C R

First recall the integer value property for the case F = R. Let d be a (pseudo)metric on X and
|| - || be its Kantorovich (semi)norm. For an element of L°(X) with integer coefficients the inf-sum cost
Formula (2.1) achieves its infimum at an integer matrix (c;;). See, for example, Sakarovitz [17, p. 179],
and Uspenskij [22].

Replacing the group of integers Z with any other additive subgroup G of R we obtain a natural
generalization. We call it the G-value property. It means that whenever we have an element of L°(X)
with coefficients from G, the minimum in the formula is obtained at a matrix with elements from G. This
generalized version can be proved using the tools of convex analysis as in [22].

In the sequel we prove the G-value property for the NA case.

5.2. G-Value Property in the Non-Archimedean Case
In this subsection let F be an NA valued field and (X, d) be an ultra-(pseudo)metric space.

7

Lemmab.1. Let G be an additive subgroup of an NA valued field F. Let u = Y, \jx; € Ly(X) with
i=1

i € GYi. Then the ultra-seminorm ||u|| can be computed using only the coefficients from G. That

is, in the formula of Theorem 4.2 we get

!
:= inf U= — X .
|[u]| ;= in {fgggl lpkld(sk, tr) - u kz_:lpk(sk th), Sktk € X, p € G}
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Proof. 1t is equivalent to show that for every decomposition u = > p;(a; — b;) there exists a decom-
j=1

l
positionu = > pr(sk — tr) with p, € GVk : 1 < k < such that
k=1

d(sp, ti) < ild(a;,b;).
max [peld(sy, t) < max |u;ld(a;, b))

By deleting any term of w of the form p;(z — ) we may assume that a; # b; Vj. I p; € GVj: 1 <
j < m there is nothing to prove. So, without loss of generality, we may assume that p; ¢ G.

Moreover we can suppose that a; # 0 (otherwise, write the summand (—pq)(by — aq1) instead of
p1(a; — by1)). Consider the set of indices

A:z{j;«élzaj:al\/bj:al}.

We show that there exists j € Asuchthat u; ¢ G.Ifa; € supp(u) then there exists 1 < ¢ < n such that
a1 = x;. Hence,

p > ki =\,
jeA
where k; = 1ifa; = ay and kj = —1ifb; = a1. [T a1 ¢ supp(u) then
u1 + ijﬂj = Op.
jeA
Since G is an additive subgroup of F, uy ¢ G and {Op, \;} C G, we conclude that there exists j € A

such that p; ¢ G.
Since |pj| = | — pjl, 1] = | — p1| we may assume, without loss of generality, that there exists
J # 1such that b; = a1, pj ¢ G and |p;| < |p1]. Replace the terms p1(a1 — b1) and pj(a; — ar) with
,uj(aj — bl) and (,ul — uj)(al — bl) We show that
max{|u;|d(a;, br), |1 — pjld(ar, b1)} < max{|p;|d(a;,a1), |pld(ar, b1)}-

This way we decrease the number of terms in which the element a1 appears with scalar coefficient not
from G. Since |p;| < |p1] it follows from the strong triangle inequality of the valuation | - | that

[k — pyld(ar, br) < max{|pi|d(a1, br), |pjld(ar,b1)} = |p|d(ar, br)
< max{|p;|d(a;, a1), |p1|d(ar, b1)}.
From the strong triangle inequality of d we obtain
wjld(aj, br) < max{|p;|d(a;,a1), [p;ld(ar, b1)} < max{|u;|d(aj, a1), |p]d(ar,b1)}.
Therefore,
max{|u;ld(az, br), [p1 — pjld(ar, br)} < max{|p;|d(a;, a1), |pld(ar, br)}-

Applying finitely many substitutions of this form to terms in which the element a; appears and in which
the coefficients are not taken from G, we obtain a decomposition in which all coefficients of a; (if there
are any) are from G. Repeating this algorithm for other elements, if necessary, we obtain a decomposition
of the form

l

u= Zpk(sk — t)

k=1
with pr, € GVE : 1 < k <[such that

< . - b)),
max [pg|d(sk, tr) < max |u;ld(aj, bj)
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Notation 5.1. For everyu = > \jz; € Lp(X) (normal form) denote by G,, the additive subgroup
i=1
of F generated by the coefficients \; of u.
Observe that by the strong triangle inequality for every ¢ € G,, we have
le] <r:=max{|\]:1<i<n}. (5.1)

Lemma 5.2. (NA local G,,-value property) For every w = > \ix; € Lp(X) we have
i=1

||u|| = inf { 1£?§m|cij|d(xi,a:j) icij € Gy, Vi:1<i<n Zcij - chz- = )\Z}.
7j=1 7j=1
Proof. Combine Lemma 5.1 with Claims 2,3 of Theorem 4.2 taking into account the following
l
observation. Let u = " pr(sx — tx) with p € G Vk : 1 < k <. Since G is an additive subgroup of
k=1

F, each reduction appearing in the proof of Claim 2 yields a decomposition of the same form. That is, the
coefficients in the resulting decomposition are from G.

Lemma 5.3. Let u= Y \x; € Lp(X). Suppose that for every positive reals a < b the set Ay :=
i=1
{lz| : x € Gy, a < |z| < b} is finite. Then

m m
[|lul| = min{ 1£?§m|cij|d(aji,xj) tcj €Gy,Vi:1<i<n ZCU - chi = )\i}.

j=1 j=1

Proof. In case ||u|| = 0 we do not need the finiteness assumption. Indeed, by the proof of Claim 6 of
Theorem 4.2 there exists a matrix (¢;;) € G7;”*™ such that

u=7 > cjlzi — ),

i=1 j=1

where for every 4, j either d(x;, ;) = 0 or ¢;; = Op. It follows that

m m
Zcij—chi:)\iVizlgign
j=1 j=1

and thus the infimum in Lemma 5.2 is attained. So without restriction of generality we may assume that
|lu|] > 0. We have to show that the infimum in Lemma 5.2 is attained. Assuming the contrary and taking
into account Formula (5.1), there exists a sequence of matrices

{(ck) : ke N}y C apm

with the following properties:
L Vi, gk || <

2.VkeNVi:1<i<n Zcfj—Zcfi:)\i;
j=1 j=1

k k+1
3. max |cjld(wi,2;) > max | (i, ;) > |lull.
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Passing to a subsequence, if necessary, we can also assume that there exists a pair of indices (ig, jo)
such that

k k
Vk eN 1£?§m|cij|d($i’xj) = |cijold(wig Tjo)-

It follows that

k k—+1
VkeN r> |Ci0j()| > |Ci0—50| >

By our assumption the set
[lull
A:{|x\:m€Gu, r> x| >
d(@iq» o)

is finite. This contradicts the fact that the set {|c¥

injol 1 & € N}, being a strictly decreasing sequence, is
infinite.

By char(IF) we denote the characteristic of the field F. Recall that if char(F) = 0 then the field Q of
rationals is naturally embedded in FF.

Lemmab.4. Let (F,|-|) be an NA valued field with char(IF) = 0. Then, for every positive reals a < b
the set {|q| : a <|q| <b, q € Q}is finite.

Proof. By Ostrowski’s Theorem 3.1 the restricted valuation on Q C F is discrete. Hence, the set
{lq] : ¢ € Q\ {Or}} is closed and discrete. It follows that for any positive reals a < b the set {|¢| : a <
lg| < b, ¢ € Q} is compact and discrete and thus finite.

Theorem 5.2 (Min-attaining Theorem). Let (F,|-|) be an NA valued field. Let u = > \jz; € Lp(X).

=1
Then,

m m
u|| = min max |cild(xi, x5) ¢ € Gy, Vi:1<i<n Cii — Cii = N p.
J J J J i)
1<i,5<m 1 =1
]_ =

Proof. We show that Lemma 5.3 can be applied to every NA valued field (F,|-|) and to every u =

Nix; € LF(X)
=1

» [n case char(F) > 0 the subgroup G,, is finite, being a finitely generated additive subgroup of a field
of positive characteristic. So, it is trivial that the set A, from Theorem 5.3 is finite.

» Now assume that char(IF) = 0. Instead of showing directly that the set
Agp =A{|z| : 2 € Gy, a < x| < b}

is finite for every positive reals a < b, we will show that it is contained in a finite subset By, of R. Let

)

Bay = {|z| : 2 € Gy, a < |z| < b}

where évu ={>_ mi\;| m; € Q}. Since G, C évu we also have A,, C Bg,. We prove the finiteness of
i=1
the set By using induction on n, the number of scalar coefficients A; in the normal form of w.

First, for the case n = 1 let u = Az. We show that the set {|mA| : a < |mA| < b, m € Q} is finite. It
is equivalent to show that the set {|m|: ¢ < |m| < d, m € Q} is finite, where ¢ = “;\| ,d = ‘g’\'. This set
is finite by Lemma 5.4.

n—+ n

7

1
Letu = > M\ax;andv = > A\x;. By the induction hypothesis the set
i=1 i=1

Cab::{|a:|:xECTv,a§|ac|§b}
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is finite. If
{lz] 12 € Gy \ Gy, a < |z| < b} =0

there is nothing to prove.

__ n+1
So we may assume that there exists an element of G, of the form ¢t = > t;\;, where ¢; € Q Vi,
i=1
tnt1 #0, a <|t| <band|t| ¢ Cgp. It follows from Lemma 5.4 that the set

D :={|qt| : q € Q, a < |qt| < b}
is finite. It suffices to show that
{lz] 12 € Gy \ Gy, a < |z| < b} C Cop U D.

n+1 —_ ~
Lets= > s;hi € Gy \Gyanda < |[s| <b.
i=1
We will show that |s| € C,, U D. Since s € CTU \ CTU then s, 1 # 0. Since t,11 # 0, it follows that
dg € Q\ {0} such that gt,,11 = s,+1. Thus there exists r € G, such that s = gt + r. Clearly |qt| # |r|.
Indeed, otherwise, we have |t| = |;r| contradicting the fact that |¢t| ¢ C,p. So, by the basic properties

of the strong triangle inequality, either |s| = |qt| € D or |s| = |r| € Cyp. Therefore By, C Cyp U D, as
needed.

Corollary 5.3. The infimum in Theorem 4.2 is, in fact, a minimum.

Proposition 5.4. For everyu = > \jz; € Lp(X) we have
i=1

relo < lull <7k

where r = max{|\;| : 1 <i <n}, [} =max{d(z;,z;): 1<4i,j <m}, lp =min{d(z;,z;): 1<i#
j <m}andm = |supp(u)|.

Proof. Claim 4 of Theorem 4.2 provides a lower bound 7 - Iy < ||u]|.
By Theorem 5.2

n n
llul| = inf{l£?§m|qj|d(aji,xj) i € Gy, Vi 1<i<n Z;Cij - Z;cji = )\i},
j= j=

while |¢;;| < 7 by (5.1). Therefore ||u|| <  Inax leijld(xi, xj) < r-1y.
<i,j<m

Corollary 5.5. Let u= ) Niz; € Lg(X). Suppose that | = d(z;,x;) for every z; # x; € supp(u).
i=1
Then ||u|| = r -l where r = max{|\;| : 1 < i < n}.

6. FREE NA LOCALLY CONVEX SPACE

For the free locally convex F-spaces (where F = R or C) on uniform spaces we refer to Raikov [12].
Here we consider their NA analogue. Let F be an NA valued field. Recall [11, 18] that a Hausdorff NA
F-vector space V is said to be locally convex if its topology can be generated by a family of ultra-
seminorms.

Assigning to every NA locally convex F-space V its uniform space (V,U), we define a forgetiul
functor from the category pLCS 4 of all Hausdorff NA locally convex spaces to the category of all NA
Hausdorff uniform spaces Unif 4.
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Definition 6.1. Let F be an NA valued field and (X,U) € Unif .4, be an NA uniform space. By a free
NA locally convex F-space of (X,U) we mean a pair (Ly(X,U),i) (or, simply, Lp(X,U) or Ly(X)
when i and U are understood), where Lp(X,U) is a locally convex F-space and i : X — Lp(X,U)
is a uniform map satisfying the following universal property. For every uniformly continuous
map ¢ : (X,U) =V into a locally convex F-space V, there exists a unique continuous linear
homomorphism ® : Ly(X,U) — V for which the following diagram commutes:

(X,U) = Lg(X,U)

(]
\V

v

A categorical reformulation of this definition is that ¢ : X — Ly(X,U) is a universal arrow from
(X,U) to the forgetful functor pLCSy 4 — Unif 4. The uniformity ¢ in the following theorem is
obtained from the uniformity & by adding to X the element 0 as an isolated point. In particular, if ¢/
is metrizable and d is the corresponding ultra-metric, one can extend d from X to X such that d induces
the uniformity ¢ (apply Lemma 4.1).

Theorem 6.2. For every Hausdorff NA uniform space (X,U) the uniform NA free locally convex F-
space exists. Its structure can be defined as follows. Let D be the set of allU-uniformly continuous
ultra-pseudometrics on X := X U{0}. For every d € D we have the corresponding Kantorovich
ultra-seminorm || - ||q on Ly(X). Then Lp(X) endowed with the family T':={|| - ||4:d € D} of
Kantorovich ultra-seminorms defines the desired uniform NA free locally convex F-space which
we denote by Lp(X,U). The corresponding arrow i : (X,U) — Lr(X,U) is a uniform embedding.

Proof. First of all, observe that Lr(X,U) is Hausdorff. Indeed, this follows by analyzing Claims 4 and 6
of Theorem 4.2 (or, Proposition 5.4).

Next we have the following commutative diagram

(X,U) = Lg(X,U)

> @
v

Vv

Now we only have to show that @ is continuous. Since 0 is isolated in (X,U) and ¢ : (X,U) — V is

uniformly continuous, so is the natural extension ¢ : (X,U) — V. By our assumption V has a family I'y,
of ultra-seminorms which generate its topology. Every p € Iy induces an ultra-seminorm o, on Lg(X)

and an ultra-pseudometric d, on X defined by

op(u) := p(®(u)), dp(z,y) := ple(x) —(y)),
respectively.
Since ¢ : (X,U) — V is uniformly continuous we have d, € D. Consider the corresponding Kan-
torovich ultra-seminorm |- ||z, on Lg(X). Then o,(x —y) = d,(z,y) for every z,y € X. By the

maximality property (Definition 4.1 and Theorem 4.2) we obtain || - |[5, > 0,. This guarantees that
p(®(u)) < |[ullg, Tor every u € Lr(X), which implies the continuity of ®.

Finally, note that by Lemma 4.1 and Theorem 4.2 the family T" of Kantorovich ultra-seminorms
generates the original uniform structure & on X =i(X) C Ly(X). Hence i is a uniform embedding.

Proposition 6.3. Let F be an NA valued filed and K a subfield of F. Then for every Hausdorff NA
uniform space (X,U) the natural algebraic inclusion j : Lix(X) — Ly(X) of K-vector spaces is a
topological embedding.
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Proof. Let d be a uniformly continuous ultra-pseudometric on X := X U {0}. Denote by || - || and
|| -||F the corresponding Kantorovich ultra-seminorms of d in Lx(X) and Ly(X) respectively. Let

u= Y, 6 Nz € Lg(X) C Lp(X). Then clearly G, is an additive subgroup of K and of F. Therefore
i=1

by Theorem 5.2 we have ||u||® = ||u|[F. Now Theorem 6.2 guarantees that j : Lx(X) — Lp(X) is a

topological embedding.

As in the classical case of the fields R or C (see[15]) we have the following property for the NA case.

Proposition 6.4. The universal arrow i: (X,U) — Ly(X,U) is a closed embedding for any NA
valued field F.

Proof. We have to show that X = i(X) is closed in Lr(X). Let v € Ly(X) be a vector such that v ¢ X.
[t is enough to find a locally convex space V' and a continuous linear morphism ® : Lp(X) — V such
that ®(v) ¢ cl(®(X)). Forv = Az with A # 1 and € X consider the continuous functional

O:Lp(X) = F, > g = Y M
k=1 k=1

Then ®(v) = X ¢ cl(P(X)) = {1}. The same ® works for the case of v = 0.

Now we may suppose that v = >_7" | \;z; with non-zero coefficients A; and that supp(v) contains
at least two elements from X. That is, supp(u) = {1, z2,x3,...,2,}, Where 1,25 € X and n > 2.
Define V' as the 2-dimensional NA normed F-space F? (with the max ultra-norm). Since the uniform
space (X,U) is NA and Hausdorff, one may partition it into three clopen disjoint subsets

X=X1UXoUJXj3
such that
1 € X1,20 € Xo, 2 € X3 V3 <k <n.
Now define
(1,0) forx e X3
p: X 5>V =F o)=1(0,1) forze X,
(0,0) forz e Xs.

This map is uniformly continuous and F? is a locally convex NA F-space. Hence, by the universality
property, there exists the continuous extension ® : Lr(X) — V. Now observe that

(I)(U) = (>\17)‘2) ¢ Cl(é(X)) = {(1’0)’ (0’ 1)’ (0’0)}'

6.1. Normability and Metrizability

Theorem 6.5. Let IF be an NA valued field with a trivial valuation, (X,d) be an ultra-metric space
and U(d) be the uniformity of d. Then the free NA locally convex space Ly(X,U(d)) is normable by
the Kantorovich ultra-norm || - ||q4.

Proof. As in Lemma 4.1 consider the extension of d on X. Next, by Theorem 4.2, we have the
corresponding Kantorovich ultra-norm || - ||. It suffices to show that if ¢ : (X,d) — V is a uniformly
continuous map to a locally convex space V, then the linear extension @ : (Lg(X),||-|]) = V is
continuous. Being a locally convex space the topology of V' is defined by a collection of ultra-seminorms

{pi}icr. Clearly, ¢ : (X,d) — V is uniformly continuous. Fix ¢ > 0 and ig € I. It follows that there
exists § > 0 such that p;, (¢(z) — ¢(y)) < e Vz,y € X with d(x,y) < 0. Now assume that u € Ly(X)
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with |u|| < 6. We prove the continuity of ® by showing that p;, (®(u)) < e. By the definition of the ultra-

norm || - || there exists a decomposition u = > A;(x; — y;) such that ax [Aild(x;,y;) < 0. Since the
i=1 Stsn
valuation | - | is trivial we obtain [nax d(x;,y;) < 9. It follows that
Pio (® ZA i) = Pi(z Ailp(zi) = »(yi)))
< max |Ailpi (¢ (mi) —ovi)) = max pzo(w(a:i) — o) <e

[t is known that if a Tychonoff space X is non-discrete, then A(X) is not metrizable (see [2, Theorem
7.1.20]). This result inspired us to obtain the following.

Proposition 6.6. Let (X,U) be a non-discrete NA uniform space. Let F be a complete NA valued
field with a non-trivial valuation. Then Ly(X,U) is not metrizable.

Proof. Assuming the contrary, there exists a decreasing sequence {U, }»en Which forms a local base
at 0 € Lp(X,U). Since the valuation |- | is non-trivial, there exists A € F with |A| > 1. In view of
Theorem 6.2 (X,U) is a uniform subspace of Lp(X,U). By the continuity of the scalar multiplication
it follows that there exists a sequence of entourages ¢,, € U such that \"(z — y) € U,, Vz,y € &,. Since
U is non-discrete and Hausdorff we can find a sequence (x,,y,) € &, such that z,, # y, Vn € N and
Vi<n x, ¢ {x;,y;}. Clearly, the sequence w,, = \"(x,, — yn) € U, converges to 0. Let us show that
this leads to a contradiction. Since (X,U) is NA it is easy to define, by induction on n, a sequence
{fn : n € N} of uniformly continuous functions on (X, %) with values in F such that for every n > 1:

(@) < AT Ve € X

2. folor) = fu(ye) = fulyn) = Op Yk < n;

3. ful@n) = A7 = 30 (fe(zn) — fr(yn)) i :21(]0/%(%1) — fr(yn))| < A7 and fr(zn) = A" oth-

k=1
erwise.
n—1
By (3) and the strong triangle inequality we have |f,, () + > (fe(zn) — fu(yn))| > |A|7™. By (1) for
k=1

every x € X the sequence of partial sums { Z fr(z )} is Cauchy. Since the field F is complete,
neN

the function f = > f, is well defined. From (1) it follows that f is uniformly continuous, and thus it
n=1

admits, an extension to a linear continuous map f Ly(X,U) — F. For every n € N we have

[f )] = A" - IZ (fe(@n) = fi(yn))]
=1

n—1

= A" [falwn) + ) (fe(zn) = frulya))] = A" A" = 1.

k=1

It follows that the sequence {f(u,)} does not converge to 0, contradicting the continuity of f.

In contrast, note that the uniform free NA abelian topological group Ay (Definition 6.7) is
metrizable for every metrizable NA uniform space (X,U) (see [10] and also Remark 6.1).
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6.2. Free Abelian NA Groups and NA Tkachenko-Uspenskij Theorem
Recall the following definition from [10].

Definition 6.7. Let (X,U) be an NA uniform space. The uniform free NA abelian topological group
of (X,U) is denoted by Ay, and defined as follows: Ay 4 is an NA abelian topological group
for which there exists a universal uniform map i : X — Ay 4 satisfying the following universal
property. For every uniformly continuous map ¢ : (X,U) — G into an abelian NA topological
group G there exists a unique continuous homomorphism ® : Ay 4 — G for which the following
diagram commutes:

Let (X,U) be an NA uniform space and Eq(U) be the set of all equivalence relations from .

Theorem 6.8. [10, Theorem 4.14] Let (X,U) be NA and let B C Eq(U) be a base of U. For every
e € Bdenote by < e > the subgroup of A(X) algebraically generated by the set {x —y € A(X) :
(x,y) € e}. Then {< € >}.ep is alocal base at the zero element of Ay (X, U).

Remark 6.1. I is easy to see from the description above that if (X,d) is an ultra-metric space,
then Ay is metrizable. The following theorem provides a specific metrization which can be
viewed as a Graev type ultra-norm.

Lemma 6.2. Let (X,d) be an ultra-metric space treated as an ultra-metric subspace of (X,d)
as in Lemma 4.1. Then Ay 4 is metrizable by the Graev type ultra-norm defined as follows. For
u € A(X) let

n

[|lul| = inf{ 112%)%(1(331-,%) fu= Z;(xl —Yi), Ti,Yi € X}.
1=

Proof. Observe that fore < 1 we have By(0,¢) =< & >, where By(0,¢) is the open e-ball.

Remark 6.3. Suppose that (X,U) is an NA uniform space generated by a collection of ultra-
seminorms {d;};cr. Then using the idea of Lemma 6.2 one can show that the topology of Ax 4
is generated by the set of the corresponding Graev type ultra-norms {|| - ||4, }icr- So we have an
analogy with Theorem 6.2. At the same time we have one key difference. In the description of Ay
it is enough to consider any set of ultra-pseudometrics {d;}ic; which generate the uniformity U
on X.

By Tkachenko-Uspenskij theorem [21, 22], the free abelian topological group A(X) is a topological
subgroup of L(X) (here F = R). This can be derived (as in [22]) using the usual integer value property
and descriptions of Graev’s extension. Consider an NA valued field F of characteristic zero. It is clear
that, algebraically, Ay 4(X) is a natural subgroup of Ly(X) since Q is embedded in F as a subfield. So,
it is natural to ask for which NA valued fields F we have an analogue of Tkachenko-Uspenskij theorem.
Theorem 6.9 shows that this is true if and only if the valuation of F is trivial on Q. First we give a particular
example.

Example 6.4. Tkachenko-Uspenskij theorem is not true for the field F = Q, of p-adic numbers
(with its standard valuation). Clearly, limp™ = Op in F. Now, let x,y € X be a pair of distinct
points in an ultra-metric space X. By the continuity of the operations u,, := p"(x — y) converges
to zero in the free locally convex space Ly(X). At the same time it is not true in the free NA
abelian group Ay 4(X), as it follows from the internal description of the topology of Ax.i(X)
(see Theorem 6.8 or [10]).
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Theorem 6.9. Let F be an NA valued field and (X,U) be an NA uniform space. Suppose also that
char(F) = 0 and consider Ay A(X) as an algebraic subgroup of Ly(X). The following conditions
are equivalent:

1. Ay ais atopological subgroup of Ly(X,U).
2. Thevaluation of F is trivial on Q.

Proof. (1) =-(2): If the valuation on Q is not trivial, then by Ostrowski’s Theorem 3.1 this restricted

valuation is equivalent to the p-adic valuation. Now the proof is reduced to the concrete case of Example
6.4.

(2) = (1): By Proposition 6.3 we know that Lg(X,¥) is a topological subgroup of Ly(X,U). So
it suffices to show that A, is a topological subgroup of Lg(X,U). Let {d;}icr be a family of ultra-
pseudometrics generating the uniformity U. For every i extend d; to X as in Lemma 4.1. Then consider
the Kantorovich ultra-seminorm (Theorem 4.2) || - ||4, on Lg(X). Since the restricted valuation | - | on
Q is trivial, the topology of Lg(X,U) is generated by the family {|| - ||4, }ics. It suffices to prove the
following claim.

Claim : Let (X, d) be an ultra-pseudometric space, || - || be the corresponding Kantorovich ultra-
seminorm on Lo (X) and || - || be the corresponding Graev type ultra-seminorm on A, (from Lemma
6.2). Then |[u||* = ||u||* for every u € A(X).

Proof. Since Z is an additive subgroup of Q, it follows by Lemma 5.1 that

n
|ul|* = inf { max INild(zs,y5) :u = ;Ai(ﬂﬂz‘ — i), i,y € X, A € Z}
1=

max d(ws,y:) u = Ni(wi — i), 7,0 € X, i € Z}

n

max d(z;,y;) 1 u = Z(l"i —Yi), Ti,Yi € X} = ||U||A-
i=1

Example 6.5. Theorem 6.9 can be applied to the Levi-Civita field R. Indeed, as it was noted in
Example 3.1, R admits a natural dense valuation. Its restriction on Q is trivial. We conclude, by
Theorem 6.9, that Ay 4 is a topological subgroup of Lr(X,U) for every NA uniform space (X,U).

7. POINTED VERSION AND THE DUAL SPACE

Using similar techniques to those mentioned in the previous sections, one can study the pointed
version of NATP. However, its connection to the dual space is a unique feature which we present below.

Let (X,d,e) be a pointed ultra-pseudometric with a base point e. Let Lrp(X) be the free pointed
[F-vector space on the pointed set (X, e). As before let

LA(X) == { > Niwi € Le(X)| YA = oF}.
=1 =1

Definition 7.1. The Kantorovich ultra-seminorm is the ultra-seminorm on LY(X) given by the
following formula. For u € LY(X) let

n
[[u]| ;= inf { max \Nild(zs, i) :u = z;)\i(l'i — i), i,y € X, \i € F}
1=
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It follows from the definition of the Kantorovich ultra-seminorm that ||z — y|| < d(z,y) for every
z,y € X. As in the non-pointed case we can show that ||z — y|| = d(x,y) and || - || is an ultra-norm
whenever d is an ultra-metric. It is well known that the map x — = — e defines an isometric embedding of
a metric space (X, d) into the classical Arens-Eells space. See, for example, [25, Section 2.2]. One may
show that the same rule defines an isometric embedding of a pointed ultra-metric space (X, d,e) into
(LY(X), || - |]). For every pointed Lipschitz function f : X — F we have a canonically defined continuous
functional L2(X) — F. Moreover, for a nontrivially valued NA field F, the dual NA Banach space of
LY(X) can be identified with the NA Banach space Lip, of all pointed Lipschitz functions f : X — F.
We omit the verification which essentially is very similar to the arguments of [25, Theorem 2.2.2]. Note
that the nontriviality of the valuation is important in order to ensure that every continuous functional
LY(X) — Fis a Lipschitz function. See[18, Prop. 3.1].

APPENDIX

Let (X, d) be a pseudometric space and C be the field of complex numbers. As in the case of reals
(Equation (2.2)) define the Kantorovich seminorm on L2(X) as follows. For every v € L (X)

l l
||’U|| = inf { Z |p2|d(az,bz) U= Zpi(ai — bz), pPi € (C,ai,bi € X} (71)
=1 1=1

The following was mentioned in [5, 6, 25].

Theorem 7.2. Support elements do not determine the Kantorovich norm for the field F := C of
complex numbers.

The following example (which appears in [5, p. 90], [25, Ex. 1.5.7, p. 18] without details) implies
Theorem 7.2. That is, in general, the infimum in (7.1) cannot be achieved or even approximated by
support elements. This was mentioned also in [6]. As we show below, one may say even more: in this
example the infimum is attained outside the support.

Example 7.1. Let X ={e,p,q,r} and d be a metric on X defined as follows: d(p,q) = d(p,r) =
d(g,r) = 1and d(e,p) = d(e,q) = d(e,r) = . Let \=1-p+ pq+vr € LX), where S = {1, p, v}
denotes the set of the three complex cube roots of unity. We show that the infimum in the definition
of ||A|| cannot be achieved or even approximated by support elements. We also show that the

infimum is attained outside the support and that ||\|| = 3.

(a) Sincel+ p+v=0wehave = (p—e)+ u(g—-e)+v(r—e).ltfollows that ||\|| < d(p,e) +
\uld(g, €) + |v|d(r,e) = 3. We will show that the minimal sum-cost which comes from presen-
tations of A that include only support elements, is strictly larger than ;’ When dealing with
support elements it suffices to consider presentations of Aof the form A = cpq(p — q) + cpr(p —
) + cqr(q — 1) Where cpq, Cpr, cqr € C. Indeed, this follows from the reduction rules:

(1) Replace m(z —y) with —m(y — x).
(2) Replace the terms m(z —y), n(z —y) with (m + n)(x — y).
I[N =cpg(p—q) + cpr(p—7) + cr(q — 1) then cpg + cpr = 1, —Cpg + Cqr = 1, —Cpr — Cqr = . S0,
the infimum is
inf{|cpq|d(p, q) + |CpT|d(p,T) + |CqT|d(p,7“) Sepg tCpr = 1, —Cpg + Cr = s —Cpr — Cqr = vh.

Taking into account that d(p,q) = d(p,r) = d(q,r) = 1, we solve the system of linear equa-
tions and see that the latter expression is equal to tiné(m —t|+10—t|+ | —v —t|). Finding
€

this infimum is a simple geometrical problem since 0, u, —v are three vertices of an equilat-
eral triangle in the complex plane. It follows that the infimum is equal to /3. Clearly v/3 > g
as needed.
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(b) We will show that the infimum is attained outside the support and that ||| = 3. We already
know that there exists a presentation of X for which the value of the sum-cost is 3. So ||\|| <
;’ and it suffices to show that ||\|| > g This is done by showing that for every presentation
of Aof the form X\ = cep(e —p) + ceqle — q) + cer(e — 1) + cpg(p — q) + cpr(p — 1) + Cgr(qg — 1),
where cep, Ceq, Cer, Cpg, Cpry Cqr € C, we have

|cep\d(e,p) + |ceq\d(e,q) + [Cer|d(e, ) + |lcpgld(p, q) + \cpr\d(p,r) + ‘qu‘d(qu)

1 3
= 2(|Cep| + |Ceq| + |cer]) + |epg| + lepr| + legr] > 9

We compare the coefficients of e, p,q,r in the normal presentation of \ and in the "new"
presentation and obtain

(]) Cep + Ceq + Cor = 0,

(2) —Cep+ Cpg+ cpr =1,
(3) —Ceq — Cpg + Cqr = 1,
(4) —cCer — Cpr — Cqr = V.

Now, using the triangle inequality and properties (2) — (4), we obtain

1
2(|Cep| + |Ceq| + |cer]) + |Cpq| + |C;m"| + |qu|

1 1 1
2(| — Cepl + lepg| + lepr|) + 2(| — Ceq| + | — pgl + leqr|) + 2(| = Cer| + | = cpr| + | = cqr])

2 (| = Cep + pg + Cprl + | = Ceq = Cpg + Cor| + | = Cer — cpr — Cqr)

N —R DN =

3
(11 + Jul + ) = .

We showed that in the archimedean case the infimum can be attained outside the support. In fact, as
the following example shows, sometimes the infimum is not attained at all.

Example 7.2. Let X = {p,q,r} and d be a metric on X such that d(p,q) = d(p,r) = d(q,r) = 1. Let
F = Q(i) be the subfield of C, where Q(i) := {a+bi: a,b € Q}. We will show that the infimum
in the definition of ||u|| is not attained in F for w = (1 —i)p + iq — r. It suffices to show that the
infimum

inf{|cpq|d(p, q) + |cpr|d(p, ) + |cqr|d(q,7) : Cpg+ Cpr =1 — i, —Cpg + Cqr =1, —Cpr — Cqr = —1}
=inf(|t| + [t —i| + |t — 1)
teF

is not attained. Since F = Q(i) is a dense subfield of C it follows that the latter expression is
equal to tiné(\t — 4|+ |1 —t| + |t]). This infimum is attained at a unique point p € C that is the
€

Fermat-Torricelli point of the triangle in the complex plane with vertices 0,1,i. One can show
that p ¢ Q(i). By the uniqueness of p it follows that the infimum in the definition of ||ul| is not
attained in F.

8. SOME POSSIBLE DEVELOPMENTS AND PROBLEMS

1. One of the most attractive directions is the study of concrete applications of NATP (non-
archimedean transportation problem).

2. A natural perspective is to extend the discrete version of NATP to a continuous one (which in the
classical case is based on measures).

3. It would be interesting to look for additional properties of the free NA locally convex F-space.
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