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MerpudHo peasi3oBHI rpynu IIiACTAaHOBOK

I'pynna nidcmanogox Ha3u6AEMBCA MEMPU-
YHO PEani306H010, AKULO GOHG 130MODPHE AK 2PY-
na NIOCMaHOB0K 2pYni i3omMempitl JeaKr020 CKiH-
YEHH020 MEMPUYH020 npocmopy. Posesanymo
desxi eaacmusocmi peasizoenux epyn. Beedeno
KOHCMPYKULIO NPAMOL CYMU MEMPUNHUT NPOCMO-
PI6 1§ NOKA3AHO, WO MPAMG CYMA, NPpamutl Jdooy-
mox 1 6inuesuli JoOYmox 080T MEMPUIHO PEANI-
308HUX 2pyn Oyde MEMPUUHO DPEANIZ08HON 2PY-
noto. Oxrapaxmepusosano 6c¢i 2pynu nidCmaHo-
80K, W0 PEAMIBYIOMDBCA AK 2PYNU 130MEeMPLT CKIH-
YEHHUT YALMPAMEMPULHUT NPOCTOPILE.
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1. A well-known problem that sometimes
called generalized Koenig’s problem is formulated
as follows. For a given permutation group (G, X)
find a discrete structure X (e.g., graph, metric
space, ordered set, etc.) such that the automorphi-
sm group Aut(X) is isomorphic to (G,X) as a
permutation group (see [1]). Research in this di-
rection naturally include studying operations on
groups which preserve their property to be reali-
zed as automorphism groups of discrete structures.
In [2] and [3] it was investigated constructions of
graphs to show that wreath products and direct
sums of permutation groups are realizable as their
automorphism groups. In [5] and [6] constructions
of metric spaces were studied to show the reali-
zability of wreath products and direct products of
permutation groups as isometry groups.

In this paper consider
permutation groups, finite simple graphs (non di-
rected, without loops) and finite metric spaces.
We introduce a new construction of direct sum
of metric spaces. Using this construction we will
show that if two permutation group are isomorphic
(as permutation groups) to the isometry groups of
some metric space, then the direct sum of these
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Metric realizable permutation groups

A permutation group is said to be metric
realizable if it is isomorphic as a permutation
group to the isometry group of a metric space.
Some properties of metric realizable groups are
discussed. We introduce a new construction of
direct sum of metric spaces and show that direct
sums, direct products and wreath products of two
metric realizable groups are metric realizable. All
permutation group realizable as isometry group
of finite ultrametric space are characterized.
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groups also isomorphic to the isometry group of
a finite metric space. We also characterize all
permutation groups that are isomorphic to the
isometry groups of finite ultrametric spaces.

2. Let (G,X) and (H,Y) be permutation
groups. We say that the groups G and H are
isomorphic as permutation groups (|4]) if there exi-
st an isomorphism f : G — Y and a bijective map
6 : X — Y such that 6(z9) = 6(z)f9), where 29 is
the image of the element x € X under g € G.

Definition 1. A permutation group (G,X) is
called metric realizable if there exists a metric
space (Y,dy) such that the group (G,X) and
the isometry group (IsomY,Y) are isomorphic
as permutation groups. In this case we say that
the group (G, X) is realized on the metric space
(Y7 dY)

A permutation group (G,X) is said to be
graph realizable if there exists a simple graph
I' = (V, E) such that the group (G, X) and the
automorphism group (AutI', V') are isomorphic as
permutation groups.

Note that arbitrary simple graph I' = (V, E)
can be considered as a metric space. The distance
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dr(v1,v2) between vertices vy, ve € V is defined as
the length of the shortest path between v; and v9
in I'. In this case the automorphism group of the
graph I equals to the isometry group of the metric
space (I, dr).

We can formulate some properties of metric
realizable and graph realizable groups which are
not difficult to verify.

1) A multiply transitive group (G, X) is metric
realizable iff (G,X) is isomorphic as a
permutation group to the symmetric group
Sym(X) naturally acting on the set X.

The class of graph realizable groups is
a subclass of the class of metric reali-
zable group. Moreover, there exist fi-
nite permutation groups which are not
isomorphic to automorphism groups of
any graphs, but are metric realizable. For
example, a trivial group acting on 3 poi-
nts can not be realized as the automorphism
group of any simple graph. But this group is
the isometry group of the metric space with
the following matrix of distances:

0 2
1 3
2 0

w o =

The class of graph realizable groups coinci-
des with the class of metric realizable groups
on metric spaces such that their metrics
takes only three values.

There exist transitive groups that are
not isometry groups of any finite metric
spaces. For example, the regular cyclic group
(Cn,{1,2,...,n}) of order n > 3 is not

metric realizable.

If the permutation group (G, X) is metric
realizable, then there exists a metric d on X
such that the group (G, X) is realized on the
space (X, d).

Every intransitive group can be decomposed
in standard way into a semidirect product of
its transitive components. Therefore, property (1)
implies that it is sufficient to consider the problem
of realization permutation groups as isometries of
metric spaces for transitive groups only.

For a finite metric space (X,d) denote by
Distd the set of all possible values of metric d.
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Lema 1. If the isometry group Isom(X,d) of the
space (X, d) acts transitively on X, then

Distd < | X|. (1)
Proof. Let x, y be points of (X, d). Denote by D,
the set {d(u,x) | v € X}. If f is an isometry of
X and f(x) =y, then D, = D,. Hence, transiti-
vity of Isom(X,d) implies that for every z € X
we have Distd = D,. As |D;| < | X/, the required
inequality follows. O

For a two-point space the inequality (1)
transforms into the equality. Assume that (X, dx)
is an n-point discrete space, i.e., for distinct points
u,v € X we have dx(u,v) = 1. Then Distdx = 2.
Hence, in this case we have the relation

DiSth
RY

2
T
which can be made arbitrarily small.

3. Let (X,dx) and (Y,dy) be finite metric
spaces with X NY = () . Assume that b, ¢ are
positive numbers such that the inequalities

min > b-diamY

diamX < c,
z,yeX

(2)

hold. Define a function p.j on the union X UY by
the rule:

dx(z,y), ife, ye X
pep(x,y) = {b-dy(z,y), ifz, yeVY
c, in other cases

The following proposition is clear.

Lema 2. The function p.yp is a metric on the set
XUuY.

We call the metric space (X UY, p.p) the di-
rect sum of the metric spaces (X, dx) and (Y, dy)
and denote it by X H., Y.

It is not difficult to verify

Proposition 1. Let (X,dx) and (Y,dy) be fi-
nite metric spaces, b, ¢ be positive numbers such
that inequalities (2) hold. Then the space X B.pY
is ultrametric iff both metric spaces (X,dx) and
(Y, dy) are ultrametric.
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Following [4], we call a permutation group
(G x H/X UY) the direct sum of permutati-
on groups (G,X) and (H,Y) if every element
(9,h) € G x H acts on arbitrary t € X UY by

the rule:
Hoh) _ {tgv
th

Denote the direct sum of permutation groups
(G,X) and (H,Y) by (G,X) @ (H,Y).

itte X

) 3
ifteY 3)

Theorem 1. Let (X,dx) and (Y,dy) be finite
metric spaces, b, ¢ be positive numbers such that
inequalities (2) hold. Then the isometry group of
the direct sum X H.p, Y of the metric spaces X
and Y 1is isomorphic as a permutation group to
the direct sum of isometry groups of these spaces:

(Isom(X H.pY), XUY) ~
~ (IsomX,X)U (IsomY,Y).

Proof. Let (g,h) be an element of the group
(IsomX,X) & (IsomY,Y). We shall show that
@ = (g,h) is an isometry of X H.;, Y. The group
(IsomX, X) @ (IsomY,Y) acts on X UY. Hence
(g, h) is a bijective map on X H,. ;Y. Moreover, for
arbitrary points x, y from X H.;, Y we have

pep(p(2), p(y)) =

dx(z9,y9), ifz,yeX
) pepla ), ity eY 3
N pab(:cg,yh), ifreX,yeY N
pen(x,y9), otherwise
dx(x9,y9), ifr,ye X
I dy (2", y"), ifz,ycY
B c, freX, yeY
c, otherwise

As g € IsomX, y € IsomY, we obtain

Pep(p(), 0(y)) =

dX(ﬂf,y), lfI‘,yGX
=< b-dy(x,y), ifx,ye€Y = pcp(z,y).
c, otherwise

So ¢ preserves the metric p.;. Therefore ¢ is an
isometry of X H., Y.

Let now ¢ be some isometry of X H., Y, z
be a point of X B, Y. Using inequalities (2) we
have that if z € X then ¢(z) € X, if z € YV

2013, 2

Bulletin of Taras Shevchenko
National University of Kyiv
Series: Physics & Mathematics

then ¢(x) € Y. Hence the isometry ¢ acts on
each point x € X UY as some pair (g,h) €
IsomX x IsomY by rule (3). The proof of the
theorem is complete. O

Note that there are graph realizable groups
such that the direct sum of these groups in not a
graph realizable group (see [3]).

The proof of the following proposition follows
from Proposition 1 and Theorem 1.

Corollary 1. If permutation groups (G,X),
(H,Y) are metric realizable as isometry groups of
some ultrametric spaces, then the group (G, X) @
(H,Y) is metric realizable as isometry group of
some ultrametric spaces too.

Definition 2. We say that a binary operation x
on the class of finite permutation groups preserves
realizability if for arbitrary metric realizable finite
permutation groups (G, X) and (H,Y’) the group
(G, X) x (H,Y) is metric realizable as well.

Lema 3. [5] The direct product of finite metric
realizable permutation groups is metric realizable.

Theorem 2. The operations of direct sum, direct
product and wreath product preserve realizability.

Proof. From Theorem 1 and Lemma 3 it follows
that the operations of direct sum and direct
product preserve realizability. Using Theorem 4
from [6] we obtain that the wreath product of fini-
te metric realizable permutation groups is metric
realizable. O

Let B = {T1,T,...} be some countable
alphabet. Define a notion of a formula on the
alphabet B in three steps.

1) For every i, i > 1, the letter 7; from the
alphabet B is formula.

2) If Hy and Hy are formulas on alphabet B
then (Hl ZHQ), (Hl &) HQ), (Hl X HQ) are
formulas on the alphabet B.

3) There are no other formulas.

Let now (Gl,Xl), (GQ,XQ), ceey (Gn,Xn)
be permutation groups. For a formula
W(Ty,Ts,...,T,) denote by

W((G1,X1), (G2, X2),...,(Gn, Xpn))

its value on a sequence (G1,X1), (G2,X2), ...,
(G, X5).
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Corollary 2. Let W(T},T3,...,T,) be a formula.
Then for arbitrary metric realizable permutati-
on groups (G1,X1), (G2,X2), ..., (Gn,Xn) the
permutation group

W((Gla Xl)) (G27 X2)7 ey (Gnu XTL))
18 metric realizable too.

4. A permutation group is said to be u-metric
realizable if it is isomorphic as a permutation group
to the isometry group of an ultrametric space.

Theorem 3. A finite permutation group (G, X) is
u-metric realizable iff there exist positive integers
k and n;,1 < i < k such that the group (G, X)
1s 1somorphic as a permutation group to the group
EBf:l(Z?':lSmj), where Sy,; is the symmetric group
of degree m;.

Proof. Tt follows from |[7] that for every finite
ultrametric space (X, d) there exists a finite rooted
tree T = (V, E) such that (X,d) is isometric to
the space (V,dr). Then (IsomX, X) ~ (AutT, V).
The automorphism group (AutT, V') has a fixed
point (root) and splits as a permutation group
into the direct sums of transitive subgroups ([8]).
A subgroup H of the automorphism group of a
rooted tree is transitive iff H acts transitively on a
spherically homogeneous rooted subtree of T'. The
automorphism group of a spherically homogeneous
rooted tree is isomorphic as a permutation group
to the wreath product 17_; S, (for some n) of
symmetric groups. Therefore, a finite permutati-
on group (G, X) is u-metric realizable iff (G, X) is
isomorphic to the direct sum of wreath products
of symmetric groups. O
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