GEORGIAN MATHEMATICAL JOURNAL: Vol. 4, No. 1, 1997, 41-64

HARMONIC MAPS OVER RINGS

A. LASHKHI

ABSTRACT. For the torsion-free modules over noncommutative prin-
cipal ideal domains von Staudt’s theorem is proved. Moreover, more
general (nonbijective) harmonic maps with the classical definition of
harmonic quadruple is calculated.

INTRODUCTION

K. von Staudt stated a theorem which clearly shows that it is important
to consider the manner in which the blocks are embedded in order to get in-
formation on the surrounding geometrical structure. It could be considered
as the spring of the geometric algebra.

The modern flavor of the subject was established by E. Artin [1], R. Baer
[2], and J. Dieudonné [3]. These classic studies described the theory over
division rings. R. Baer and J. von Neumann pointed out a possible ex-
tension of the structural identity between (projective) geometry and linear
algebra to the case of a ring, generating intense research activity in the
area of geometric algebra over rings. The main problem in this field is to
translate the specific maps from the geometrical point of view (perspectivi-
ties. collineations, harmonic maps) in algebraic language (by the semilinear
isomohphisms) — the fundamental theorems of geometric algebra. A con-
tinuing investigation by many scholars over the last 30 years has charted
the evolution of the classical setting into a stable form for the general rings.
NATO ASI held conferences twice on the subject and published two books
4, [5).

The boundaries of the subject “What is geometric algebra?” were es-
tablished by Artin, Baer, and Dieudonné. These classic studies described
the structure theory, actions, transitivity, normal subgroups, commutators
and automorphisms of the classical linear groups (general linear, symplectic,
orthogonal, unitary) from the geometrical point of view.
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On the other hand this field of problems is central in the isomorphism the-
ory of the classical groups, which gave way to an extensive isomorphism the-
ory of certain full classical groups. The isomorphism GL,(K) — GL,(K)
in turn gives rise to isomorphisms between the corresponding elementary
groups and the (projective) geometric versions of these groups.

What is the fundamental theorem of geometric algebra? For different
geometries it can be stated in various ways. However, in general, the prob-
lem is to represent specific geometrical maps by the linear functions, i.e.,
with the elements of GL(k, X), where X is a k-module. In the classical case
when k£ = F' is a field or division ring the following approximate versions of
the representations are well known:

(P1) Perspectivities by linear maps + trivial automorphism of F’;

(P2) Collineations by linear maps + automorphism of F';

(P3) Harmonic maps by linear maps 4+ automorphism or antiautomor-
phism of F.

Naturally, for different geometries (affine, projective, symplectic, orthog-
onal, unitary, etc.) all the above-mentioned versions have a specific flavor.
The most developed ring version is the projective case. Recall that the pro-
jective geometry PG(k, X) of a torsion-free k-module X can be realized as
the lattice of all k-free submodules. In this direction the most significant
result is Ojanguren and Sridharans’ theorem which generalizes to commu-
tative rings the classical theorem of projective geometry [6].

These and some later results give us a reason to suppose that the theorem
of type (P3) is true for some general noncommutative rings.

Let us formulate the theorem (K. von Staudt’s theorem) for the classical
case, i.e., for vector spaces over skew fields.

Theorem A (Case dim, A = 1). Let X and X1 be vector spaces over
the skew fields F' and Fy, respectively, dim, X = dim, X; = 1. Let f :
P(X) — P(X1) be some map. Then the following alternatives are equiva-
lent:

(a) f is bijective and harmonic;

(b) f is bijective and f, f~* are harmonic;

(¢c) f is a nontrivial harmonic map;

(d) f is bijective and harmonic for the fized quadruple;

(e) there exists either an isomorphism or an anti-isomorphism o : F —
Fy and a o-semilinear isomorphism p : X — X3 such that f(Fz) = Fiu(x)
forall x € X.

The definition of a semilinear isomorphism with respect to the anti-
isomorphism will be given later (Definition 5).

Naturally, for general rings the conditions (a)—(d) are not equivalent and
we get the following implications:
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(d) <<= (b)=—=>(a)
N\ |
(c)

To prove the fundamental theorem means to show the validity of (e) from
one of the conditions (a)—(d).

When trying to extend the concepts of (projective) geometry for a given
ring, the following question arises: what is the projective space? It can be
defined in two ways:

(i) P(X) as the set of all k-free direct summands of rank 1.

(ii) P(X) as the set of all k-free submodules of rank 1.

It is known that ZS(X ) does not always give the desired results. However,
taking into consideration P(X), we can get positive results for some general
noncommutative rings.

The first generalization of von Staudt’s theorem belongs to G. Ancochea
[7]. In spite of the foregoing theorem one can extend K. von Staudt’s theo-
rem to some special commutative rings, in particular, if k is a commutative
local or semilocal ring (N. B. Limaye [8], [9]), or if k is a commutative alge-
bra of finite dimension over a field of sufficiently large order (H. Schaeffer
[10]), or if k is a commutative primitive ring (B. R. McDonald [11]). Fur-
thermore, B. V. Limaye and N. B. Limaye [12] generalized the theorem to
noncommutative local rings by adopting the definition of a harmonic map.
However, for commutative principal ideal domains the Staudt’s theorem is
invalid [13], [14].

W. Klingenberg in 1956 introduced the idea of “non-injective collinea~
tions” between projective spaces of two and three dimensions. In a series of
papers F. Veldkamp (partly together with J. C. Ferrar) developed the theory
of homomorphisms of ring geometry, which are, roughly speaking, nonin-
jective collineations [15], [16], [17], [18]. The first article of non-injective
harmonic maps between projective lines was due to F. Buekenhout [19],
after D. G. James [20] got the same result. Buekenhout’s work described
the situation for division rings. In 1985 C. Bartolone and F. Bartolozzi
extended some of Buekenhout’s ideas for the ring case [14].

Cross-ratio, harmonic quadruple, and von Staudt’s theorem in Moufang
planes was studied by V. Havel [21], [22] and J. C. Ferrar [23].

Many interesting and fundamental results according, this and boundary
problems were obtained by W. Benz and his scholars [10], [24]-[26]. A.
Dress and W. Wenzel constitute an important tool of cross-ratios from a
combinatorial point of view [27].

Some other generalizations and related problems can be found in [28]-
[41]. For more complete information and an exhaustive bibliography in this
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area see [14], [28], [35].

Our aim is to calculate more general (nonbijective) harmonic maps satis-
fying the condition (c¢) with the classical definition of a harmonic quadruple
for some general noncommutative rings and to obtain a complete analog of
the classical case. Moreover, using some ideas from [37] we’ll consider not
only free modules but also the torsion-free ones and calculate o and p (i.e.,
semilinear isomorphism) having given f, X, k, P(X), PG(k, X).

The notions and definitions are standard. k is an arbitrary integral do-
main with unity; all modules are over k; PG(k, X) is the projective geometry
of the k-module X, i.e., the lattice of all k-free submodules; (X)) is the
complete lattice of all submodules X; (Y') denotes the submodule generated
by the set Y. Note also that to fix the basic ring k sometimes we’ll write

Pk(X) and mk(X)

1. PROJECTIVE SPACE, COLLINEATION AND CROSS-RATIO

Let k be a commutative ring with unit. For each k-free module X we can
construct a new object (see [6], [14]-[18], [35]), the projective space P(X)
corresponding to X. The elements of ]S(X ) are k-free direct summands of
rank 1. It is clear that each element of ]S(X) has the form ke, i.e., is a
one-dimensional submodule generated by the unimodular element e € X.
Remember that an element e is unimodular if there exists a linear form
pu: X — k such that u(e) = 1, i.e., the coordinates of e in one of the
bases X generate the unit ideal of k. If ey, ez,...,€,,... is a basis of the
k-module X, then e = 3" a;e; is unimodular if and only if Y ka; = k. This
definition of the projective space we widen in the following way:

Definition 1. Let k be an integral domain (not necessarily commuta-
tive). X is a torsion-free module over k. The projective space P(X) corre-
sponding to X is the set of all k-free submodules of rank 1.

Note that Definition 1 is meaningful for every torsion-free module X and
it can happen that for some k-module X, P(X) = @ while P(X) # @.
It is also obvious that if U C X is a submodule, then e is unimodular in
U while e is not unimodular in X. For every k-free submodule U — X
the projective dimension dim, will be defined as dim, U = dimU — 1. We
shall use the terms: “point”, “line”, “plane” for free submodules of the
projective dimensions 0,1,2. We shall condider the zero submodule as an
“empty element” of the projective space P(X) with projective dimension
—1.

Definition 2. The set of points {P,,a € A} of the projective space
P(X) will be called collinear, if there exists a line U — X such that P, € U
for every a € A and strictly collinear if there exists a line U for which
U =P, + Pg, for every a, 3 € A.
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If the set of points is strictly collinear, then the line U will be called the
principal line passing through these points.

In the sequel k* is the group of units of the ring k. If s € k is an arbitrary
element, then by [s] we denote the set of conjugate elements of the form
t~1st, where t € k*.

The points P,Q € P(X) are independent if PN @ = 0 and dependent if

PN #0.

Let P, = key, P, = kes be independent. If U = P, + P, and Py =
k(aer + Bea) — U is an arbitrary point, then it is obvious that the points
Py, Py, Ps are strictly collinear if and only if o, 8 € k*. It is also obvious
that if P, P», P3, P, are strictly collinear points and U is a principal line
passing through these points, then there exist unimodular elements ey, e
of this line U and an invertible element s € k* such that

Py =key, Py, =kes, szk(61+62), P4:]€(€1+S€2).

The element s € k* is called the cross-ratio of these points. If k is
commutative, then s is unique. For the non-commutative situation the
cross-ratio is [s]. For s’ = tst~! we have

Py = k(tey), P =k(tea), P;=k(ter +tes), Py=k(te; + s'(te2)).
On the other hand, if
P, =key, Pr=key, Ps=k(e1+e), Pi=k(e+sie),
then we have

P =key, Py=kes, P3=k(e;+e), P-k(e1+ s'tes)),
€1 = p1e1, € = pgez, €1+ e = uz(er + e2),
€1+ s’ = paler + sea) = prer + poea = pzler + e2),
P = fi2 = pg = pieq + 8 poes = paer + pases,
1 = pa = 5" pug = figs.

For the quadruple of strictly collinear points and their cross-ratio we use
the notation

[P1, P2, P3, Py] = [s].
We remark that the order of the points P; is essential.
Let now e; and ey be generators of a k-free submodule U of rank 2.
Consider the points k(aze1 + Biea), oy, 0; € k*, 1 <1i < 4. For i # j we
shall use the notation

i, ﬂi

o, B

—_~—

D.. — a;, B
o, Bj

ij = =8 —ajfBy; D=

-1 -1
= a0 — Bif;
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Proposition 1. The points k(a;e; + Biea) are strictly collinear if and
only if
Dij € k*, Dij € k*.

Proof. We have

B M (cier + Bie2) = B; 'azer + e2 = e,
B Hajer + Bjes) = B lajer + eg = ;
& —e = (B 'y — 5]10@‘)617
Bi(B; e — ﬁflaj)afl = Oéia;l - ﬂzﬂfl S
— €1,63 € k(aiel + ﬂieg) + k(ejel =+ ,6]'62).
The inclusion D;; € k* is proved straightforward. [

Proposition 2. If P1, Py, P3, Py are strictly collinear points and a; = 0,
01 =as=a3=as =1, then

D3aDyy' € [Py, Py, Ps, Py).
Proof.
k(er + Bsez) =

k(er + Baez) =

k[(Bs — B2)ez + (e1 + Bze2)],
k
=k
k
k

Baez — Baea + €1 + Paea

(Bs — B2) + €2 + e1 + Paes]

€2+ (81— B2) ' (e1 + Paea)]

(B3 — Ba)ea + (Bs — B2)(Bs — B2) " 'e1 + Bre)]. O
Proposition 3. If in Proposition 2, a1 = as = az3 = ag = 1, then

D41D4_21D32D3_11 € [P1, Py, P3, Py.

—_—

Proof. Suppose that
e1 + fzea = Ai(er + frea) + Aa(er + fBaez)

. AM+A=1 . AM=1-—X
A1B1 + Aoffe = B3 A1B1 + A2ffa = B3
= B1 + Aa(f2 — f1) = Bs.

Consequently, Ay = D13Df21. In the same way \; = D23Df21. From
Proposition 1 we have 3; — 8; € k* and 1 — 3; € k*. In our conditions for
1 <14,j5,k <4 we have

(Bi = B))(Br = B;) " —1=(8i — B; — B+ B;) (B — ;)"
= (Bi = Br)(Br — B) "
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Taking into account these equations, we find

k[—(e1 + Brea) + (81 — B3) (B2 — B3) " (e1 + Bre2)]
=k[((B1 — B3) (B2 — B3) " — D)er + [(B1 — B3)(B2 — B3) " B2 — Bilea]
= k[(B1 — B2)(B2 — B3) 'er + (B1 — B2)(B2 — B3) ' Bsez]
= k(B1 — B2)(B2 — B3) ' (e1 + Bsez)]
= kle1 + Bzea] = Ps;
k[—(e1 + Brez) + (81 — Ba) (B2 — B1) " (e1 + Bae2)]
= k[(—1+4(81—B1)(Bo—B1) " e1+[(B1—Ba) (Bo—Ba) " Bo—B1]e2]
=k[(B1 — B2)(Ba — B2) " 'er + (B1 — B2)(Ba — Ba) ' Bues)]
= k(e1 + fae2) = Py = k[—(e1 + Bie2)
+ (B — Ba) (B2 — Ba) (B2 — B3)(B1 — B3) " (B2 — B3) (e + Paea)]
= k[—(e1 + Bre2) + Da1 D33 D32 D37 (81 — B3) (B2 — B3) ' e1 + Bae2)].

Consequently, the equations

Py = k[—(e1 + Bre2)],
Py = k[(B1 — B3)(B2 — B3) ' (e1 + Bae2)]

complete the proof. [

The set k* C k splits in equivalent classes of conjugate elements. Then
for each class [s,] on the line U = P, U P, = P, UP; = P, U P35 we can
always find the point Py such that [Py, Py, P3, Py] = [s]. In fact, we can find
basic elements ej,eo € U such that Py = key, Py = kea, P3 = k(e + e2)
and then choose the point P;. The point P, is not uniquely defined by the
points Py, P, P3 and the cross-ratio. If the element s belongs to the center
of the ring k, then P, is unique, which is easy to check by straightforward
calculations.

Let Py, P>, P3, Py be a quadruple of strictly collinear points on the pro-
jective line U. Then the cross-ratio depends on the order of the points. The
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effect of inversion is illustrated by the equations (see [2])

[P1, Py, P3, Py] = [Py, Py, P3, Py] ™' = [Py, Py, Py, P3] 1,
[Pr, Py, P, Py = 1 — [Py, P3, Py, Py].

Note that if A C k is a subset then A=! %' {z=1 for all 2 € A}. The
first two equations we can check from Proposition 3. The generator of the
point can always be chosen in such a way that the coefficient of e; will be
1. Let

Pl :kel, PQ :k€2, P3 :k(Gl +62)a [P17P25P37P4] = [5]
Choose the basis {ej,ea} on {—eq,e; +ex}. Then

ea = —e1+ (e1 +e2), seg +ex=(1—38)(—e1)+ (e1 + e2)
— [P17P27P37P4] :1_[8]

The quadruple of the strictly collinear points Py, P, Ps, Py € P(X) is
in a harmonic relation if [Py, Py, P3, P4] = —1. Note that this definition
implies that % € k.

Proposition 4. Let X1 and X5 be torsion-free modules over the rings kq
and ko; «: P(X,) — P(Xs3) = 2 be a bijection, and rank X; = rank Xo;
then the following statements are equivalent:

(a) Pi, Ps, P3, Py € P(X1) are harmonic if and only if a(Py), a(P2),
a(Ps), a(Py) are harmonic;

(b) if P1, Py, P3, Py are harmonic, then a(Py), a(Ps), a(Ps), a(Py) are
harmonic, and if Q1,Q2,Q3,Q4 € P(X3) are harmonic, then o~ 1(Q1),
a HQ2), a71(Q3), a1 (Qy4) are strictly collinear.

Proof. (a)= (b) is obvious. (b) = (a). Let {e1,e2} and {f1, f2} be
bases of the lines U = Q; + Q; C X» and o '(U) = o 1(Q;) + o~ 1(Q;),
1 <14,5 < 4. Suppose that
Oé(klel) = Q1 = kaft, Oé(k1€2) = Q2 = kaf2,
a(ki(er +e2)) = Q3 = ka(f1 + f2),
a(ki(er + pes)) = Qa = ka(f1 — fa)-
It is clear that p € k*. Since the triple of the strictly collinear points
Q1,Q2, Q3 represents the fourth harmonic point @4, we have
alki(er —e2)) = Qs = alki(er + pez)) = p = —1.

The map f : P(X;) — P(X3) will be called harmonic if the images
of harmonic points are harmonic. f : P(X;) — 9(X3) will be called a
collineation if P; C P, + P3 implies f(P;) C f(P:) + f(P;). The map f
preserves linear independence if Py, ... , P, € P(X;) are independent if and
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only if f(P1),..., f(Pa) € M(X2) are independent, i.e., for every § € A we
have

|l U Pl=0o=rtrn| U f)|=0
YEANFB YEANFEB

A collineation which preserves linear independence will be called an LIP-
collineation.

Let e be the unimodular element in the k-free submodule A. Then kie C
Yot kie;, where {e;,i = 1,...,m} is some finite subset of the basis A. It
is obvious that if f is a collineation, then f(kie) C Y %, f(kie;).

Recall that the 1-1 map f : X3 — X5 is a semilinear (o-semilinear)
isomorphism with respect to o if ¢ : k; — ks is a ring isomorphism and

flawy +bws) = o(a) f(x1) + o(b) f(2)

for each a,b € k1,21, 72 € Xo.

Let U C X7 be a ki-free submodule; f : X; — X5 be a o-semilinear
map. It is clear that the image of the unimodular element e € U is unimodu-
lar. So we get an induced map, i.e., the projection P(f) : P(X1) — P(X2),
for which P(f)(k1e) = kaf(e) for all unimodular elements of all lines of X .
It is also obvious that P; C P+ Ps implies P(f)Py C P(f)P.+P(f)Ps. O

2. SOME FACcTS CONCERNING HARMONIC MAPS AND COLLINEATIONS
Let k£ be a commutative principal ideal domain, F' be the quotient field

of k. The canonical map o : k — F induces the semilinear isomorphism

o k"=k+k+ - +k—F'=F+F+---+F, n>2.
~—_——— ~—_———

n n

This one defines the map P(c") : P(k") — P(F™). When k = K (z)
is the ring of formal power series in z of some field, then P(c™) is bijective
[6], [13], [14].

Example 1. Let n > 3 and define the map « by Fig.1.
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Py=<1,0,0>D<x,0,0> Py=<x,1,0>D<az,0,0> P3=<0,1,0>
e — 1O e ———————————— (O ————————— (O p—— -
11=P,UP;3 lo=PUP3Cl4
«@ ot e} ot « a !
L=Q1UQ2
)
A\ N
Q1=<1,0,0>=<x,0,0> Q2=<z,1,0> Q3=<0,1,0>
Figure 1

The lines I; and Iy are defined over the ring k and the line L over the
field F. N

The map o' : P(L) — P(l;) is not a collineation. It is clear that
Q1 C Q2 + Q3. On the other hand,

1

lL=PLUP,=PiUP;Dls=P,UDP;
= a '(Q1)=P1 Za (@) Ua '(Q3) =P UPs.
Note that (x,0,0) & P(k").

_ Example 2. Suppose that n = 2 and define the harmonic map « :
P(l) — P(L) by Fig. 2

Pi=<z,1> Py=<z,—1> P3=<1,0> Py=<0,1>
e o) I I
e O gr— 1@ e O S ———— O————— -
I=P,UP, ICli=P1UP;
« ot a a1t [ a1t [} a~ !
L1=Q1UQ2
e A
O O O

Qi1=<z,1> Q2=<z,—1> Q3=<1,0>=<2z,0> Q4=<0,1>=<0,2>

Figure 2

It is easy to see that « is not harmonic, though it is bijective. Note that
the lines [ and [; are defined over the ring k and the line L over the field F.
It is obvious that a~! is not harmonic because the points Py, P, Ps, P, are
not strictly collinear.

For the completion of the picture we shall give an example which shows
that for the system of points P(X) over the principal ideal domain, von
Staudt’s theorem is not true.
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Example 3 (C. Bartolone and F.Di Franco [13]). Let k=F < x >,
where F is a field, charF’ # 2. Define the bijective map o : P(k?) — P(k?)
by the equations

a(k(0,1)) = k(0,1), a(k(1,0)) = k(1,0) for k(f,g) € P(k?),

_ Jk(f,g)  if deg(f) = deg(g) (mod 2),
o(f9)) = {k(—f,m if deg(f) # deg(g) (mod 2).

This map is harmonic on both sides but is not induced by the semilinear
isomorphism [13], [14].

Further, k is a non-commutative left principal ideal domain. Let us
investigate the map

fMmX) — M(Xy),

which preserves the lattice-theoretical operation of union (U-preserving
map).

Thus, such map is defined with its restriction on the projective space
P(X), so it is natural for the beginning to consider the map f: P(X) —
MM(X1). Since for our general maps the images of the points are not always
points, it is natural to generalize the definition of the harmonic map.

Definition 3. The map f : P(X) — 9M(X;) will be called harmonic
if for each quadruple of harmonic points P;, Ps, P3, Py € P(X) and their
images f(P1), f(P2), f(Ps), f(P1) € 9MM(Xy) there exist y1,y2 € X1 such
that

Q1 = kiy1 — f(P),
Q2 = k1y2 — f(P2),
Q3 = k1(y1 +y2) — f(P3),
Q4 = k1(y1 — y2) — f(Pu),

i.e., the points Q1,Q2, @3, Q4 are in a harmonic relation.

Let F be a quotient field of k. According to U. Brehm [37], consider the
tensor product X = F ®; X and the canonical map i : X — F ®;, X. The
module X will be considered as a k-submodule of the F-vector space X. It
is obvious that FX = (FX) = X.

Suppose as well that Fy is some skew field and k; is a subring of Fj.
Let X; be a Fj-vector space and X; be a kj-submodule of X; such that

<F1X1> = Yl.
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__ Proposition 5. Let f: M(X) — M(X1) be U-preserving map and pu
X — X1 be a semilinear isomorphism with respect to the isomorphism
o: F — Fy. If there exists a subring K1 — Fy for which

o(k) C K1 CF, Kiu(X)C Xy, flhr)=Kip(z),
then f is a LIP-collineation.
Proof. Let Py = kxy , P, = kxo, P3 = kxg, P1 C P, + P35 then we have

x1 = mxs +nxs = p(xr) = o(m)p(xe) + o(n)pu(zs) = Kip(xr)
C [Kio(k)u(x2)] U [Krio(k)pu(zs)] C [Kip(zz)] U [Kip(zs)]
= f(kx1) — f(kzo) U f(kx3) = f is a collineation,

so that

0 # Fi[f(kx)] N Fi[f(ky)] = Fi[Kyp(2)] 0 F K p(y)]
= n(z) € Fiply) =z € Fy
— f preserves linear independence 1.

Suppose that f: MM(X) — PM(X;) is an LIP-collineation. Let us observe
some general facts concerning collineations and harmonic maps.

(I1) From the linear independence of f we get f(0) = 0. It is also clear
that dim Fy f(kx) = 1 for all x € X. Indeed, let P be a point, i.e., P = kx
and dim F; f(P) = 2, then all submodules of this point are one-dimensional
and have non-zero intersections. Since in Fi f(P) we can always find two
non-incident points, we get a contradiction.

(I2) Let us show that if Fxy = Fxo for x1,29 € F, then Fyf(kz1) =
Fif(kXo).

By the condition there exists 5,7 € F such that 7x; = Szo. Consequently,
we can find s,r € k for which rz; = sx3. So we have

k(sxzo) C k(xz2), k(sza)=k(rai) C k(z1)
= f(k(sx2)) C f(ka1) N f(ka2)
= 1 f(kz1) = F1f(kz2).
(I3) Define the map
f1 Y\O — DﬁFl(Yl)
in the following way: for x € X, z # 0,
fi(z) = Fif(ky), yeXnN(Fz\0).
For each n € N and arbitrary z,y1,... ,y, € X \ 0 from (I3) we get
Fz 0 (UL Fy) = 0= fi(z) N (UL f1(y:)) =0
= if Fzx#Fy, then fi(x)# fi(y).
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Since f is a collineation for z,y1,y2 € X \ 0, we have: if x € Fy; + Fys,

then fi(z) C fi(y1) + fi(y2)-
(I4) By induction we can prove that if © € Fxq + Fxg + -+ Fa,y,, then

fi(x) € feen) + fi(ze) + -+ fi(om).
For m =1,2 and z € Fz,, the statement is obvious. Let x & Fxy,, then
there exist y, z € X such that

xe€F(ly+z), ye Fey+-+-+ Fapmo1, 2z € Fap, y#0.
Consequently, by the induction hypothesis we get

A) € A1)+ + fil@m—).
On the other hand,

WS Fy"’_Fxm - fl(m) g fl(y) +f1(‘rm)
= fi(z) C filzr) + fi(we) + -+ fi(zm—1) + fi(zm).

(I5) In the sequel we shall often use the following fact:

Proposition 6. Let x and y be linear independent elements of X and
0#z2€X,z¢€ (Fz+ Fy)\ Fy. Then there exists 0 # d € F such that
F(x+dy) = Fz.

It is obvious that Fz = F(ax +by) and d = a~1b. It is also obvious that
d has only one representation by Fz.
(Is) Let B be a basis of X and x¢ be an arbitrary but fixed element of
B. Define
p:B— Xy, Fipz)=fi(z), z€B.

So we have
xo+z € Fag+ Fx, © € B\ xg = fi(x0+ z)
C fi(wo) + fi(z) = Fiji(wo) + Fiju(x).

Taking Proposition 6 into consideration, we conclude that there exists d €
F, d # 0 such that

fi(zo +2) = Fi(p(zo) + dp(x)).
Definition 4. u(x) e di(z), xo#x € B, u(xg) 2 f(zg).

So for all x € B we have fi(x) = Fiu(x) and fi(xo + z) = Fi(u(zo) +
wu(x)), where x € B\ zp. Consequently, from (I3) we conclude that u(B) C
X is a linear independent set.

(l;) Let a € F, x € B\ xo, o+ ax & Fz. Then from Proposition 6 we
can conclude that there exists only one element o(a,x) € Fy for which

filao + ax) = Filu(zo) + o(a, z)u(2)].
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Note that the theorem of von Staudt deals with the harmonic maps of
the projective line, i.e., it considers the case when dim, X = 1. In this
situation B = {x,z} and o(a,z) = o(a).

Generally, as we shall show in [9], o does not depend on z, i.e., o(a,z) =
o(a).

So ¢ is an injective map. From the above we conclude that o(0) =
0, o(1)=1.

3. HARMONIC MAPS GENERATED BY SEMILINEAR ISOMORPHISMS

Let 1 € k, dim, X =1 and f: P(X) — 9y, (X1), be a harmonic map
(Definition 3). In the previous paragraph we have defined the maps f1, o, p.
It is clear that a set-theoretical map f; defined on the elements of X can
also be considered as the map determined on P(X). Let us show now that
o is either a isomorphism or an anti-isomorphism. Recall that o : k — k;
is an anti-homomorphism if o(z + y) = o(z) + o(y),o(zy) = o(y)o(x) for
all x,y € k. We cannot use the classical theorem of K. von Staudt because,
on the one hand, f; is the map of the projective line over a ring which is
not in general a skew field, and on the other hand, f; is not bijective.

Consider the lines [ = kxg + kz and L = Fyu(zo) + Fiu(z). On the line
[ the points

k(xo + ax), k(zo+ bx),
a+b

) = k[2z0 + (a+ b)z], Kk[(a—b)a] = k(“ - bx)

k(zo + 5

are in a harmonic relation. According to the definition of f we have

X
ro+azx zo+bx ac0+aTbx (a—b)z
O O O O
f1 f1 f1 f1
l
O A A\ A\

Fi(p(zo)+o(a)u(z))  Fi(p(zo)+o(®)u(x))  Fi(u(zo)+o (L) u(z)) Fi(ola—b)u(z))

Figure 3
Figure 3 represents the map of the elements of the k-module X on the
projective line L over the skew field F.
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Note that since f is a harmonic map, for the elements x1, z2, 3, 24 € X
we have that if the points kx1, kxs, kxs, krs are in a harmonic relation,
then the points f1(x1), f1(x2), f1(x3), f1(x4) are also in a harmonic relation.
Consequently, the quadruple

Fy(p(zo) + o(a)u(x)),  Fi(u(zo) + o (b)u(x)),

ﬂwmw+a(%fﬁuu»,.ﬂwm—wmm=me>

is harmonic. So, taking Proposition 3 into consideration, we get

[0 (452 +o) [~ o (“52) +ot@] =120 (5 ) 0w

o (S oy o (1) 2 20 2

Suppose that in this equation b = 0; then we get o (%) = @ If now we
suppose that b = a, then we have

o (2;) =o(a) = @ = 0(2a) =20(a) = o(a+b)

—0q (2(6‘; b)) =2 (a;b) =2 <U(2a) + J(;)) = o(a) + o(b).

So o is an additive isomorphism.
Suppose now that [o(a)]~! = o(a™?) for every a € F. Then we have

a=al—a)(l—a)'=a(l—a)"' —a*(1—-a)!
=at+a*(l—a)t=1+a(l—-a) ' —1=d* e+ (1-a)]
=ala '+ (1-a)|-1=2d*=a—[a'+(1—-a) !
= 0(a?) = o(a) — [o(@)* + (1 - 0(@) 1! = [o(a)]?

ab+ba = (a+b)? — a* — b* = o(ab) + o(ba)
— [o(a+ D) — (@) = [o O = [o(@)] + (o))
+ a(@)o(b) + o()(a) — [o(@)] - [o(B)?
= o(ab) + o(ba) = o(a)o(b) + o(b)o(a).

R

From (lg) it is obvious that f, and consequently p can be defined in many
different ways, i.e., for every a € F one can define u; = apu, and pp also
has the same meaning. Consequently o is defined for fixed xy and for fixed
w(wo) € X1. If now we start from 1 and u(z1), then in the same way we
can construct 7: F — F}.
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In fact, [7(a)] ™! = o(a™!). Indeed,

filazo + 1) = Filr(a)u(wo) + p(x1)] = Fi[u(wo) + [7(a)] ™ p(w1)]

fi(zo +a™ a1) = Fi[u(wo) + o(a™p(a1)] = [r(a)] ™' = o(a™);
Similarly,
(@)™ = r(a™).

So we have to prove that o(a=1) = [o(a)]~!. Suppose that 14+a and 1 —a
are units of k. Then the points

Py =k(xg +axy), P»=k(axo+ 1),
Ps = k[(xo + axy) + (axo + z1)] = k[(1 + a)(zo + 21)] = k(zo + x1),
Py =kl[(xo + ax1) — (axg + 21)] = K[(1 — a)xo + (a — 1)z1]

=k[(1 —a)(xo — 21)] = k(zo — 21)

are in a harmonic relation. On the other hand, consider the points

Q1 = k(axo + a*x1), Q2 = k(a’zo + ax1),
Qs = k[(a+a®)(zo+21)], Q= Fk[(a—a®)(xo—z1)].

It is obvious that they are in a harmonic relation while they are strictly
collinear, ie., @Q; C Q; UQy, 1 <1,j,k < 4.
We have
(a4 a®)(zo + z1) + (—a’zg — axy) = axo + a’x1 € k(a®zo + axy)
+ k[(a + a?)(zo + 21)] = Q1 € Q2 U Qs;
(a —a®)(zo — z1) + (a + a®)(xg + z1) = 2az¢ + 203z,
= 2(azg + a®r1), azo + a*xy € k[(a + a?)(wo + x1)]
+ k‘[(a - az)(xo — ’Il)] = Q1 € Q3UQy.

All other inclusions can be proved similarly. Further,

fila(zo + ax1)] = fi(zo + axy) = fi(axe + a®zy) =
= Filp(zo) + o(a)u(z1)] = Ly,
filazo + x1) = fi(a®zo + azq) = Fi[r(a)pu(zo) + p(z1)]
= Fi[u(xo) + ()] p(x1)] = Lo,
(zo +21) = Fi[u(zo) + p(x1)] = Ls,
(zo — 21) = Fi[u(zo) — p(z1)] = La.
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Either the quadruple P, P>, P3, Py or the quadruple Q1,Q2, @3, Q4 is
harmonic, so we get that the quadruple L1, Ls, L3, L4 is also harmonic. For
the points Ly, Lo, L3, L4 we have

1, -1 L -1

Pa=[1 g b Pe=]y g |
1, 1 IR

D=1 g b Po=l o

Let now 151, 132, ]33, ]54 be arbitrary strictly collinear points over the ring
k. Then we can assume that

ﬁl = kel, ﬁg = k‘eg, ﬁ3 = k(el + 62),

ﬁ4:k(€1 +S€2), [ﬁl,ﬁ%ﬁ&ﬁd:[s].
Asl1—t~1st = t_l(l — 8)t we can conclude: if s passes through the whole
class of conjugate elements, then 1 — s is also the whole class of conjugate

elements. Consequently, to each class [s] there corresponds the class [1 — s].
Taking into consideration that

Py =k(er +ses), Pr=k(—e1), P»=lk(er+ ses) + (—e1)],
Ps = k[(e1 + sea) + (1 — s)(—e1)] = k[s(er + e2)],
we conclude that for arbitrary strictly collinear points the equation
[1547ﬁ17ﬁ27§3] =1- [ﬁ17ﬁ27ﬁ37ﬁ4]

is true.
Turning back to our consideration, we can check

[L47L17L23L3] =1- [LlaL27L37L4} =2

From Proposition 3 we get [Py , Po, Ps, Py = D14D2_41D23D1_31. Redenote
L4 = Ll,Ll = L27L2 = Ld,L3 = L4; then we have

2=[Ly, Lo, L3, L4] = D14[D24]71D23[D13]71
! 1, of(a)
: -1

1, -1 [1, o(a) 1, -1 |"
A S N R | 1, o(a™) "1, o(a™t)
=2[1 —o(a)] o(a™) —a(a)]lo(a”t + 1]
= [o(a™") —a(a)]lo(a™!) + 17" = [1 — o(a)]
= o(a™)—a(a)=[1-0(a)llo(a™ ) +1]=1+0(a"")~a(a)o(a™")~a(a)
= o(a)o(a™)=1=c(a™?) = [o(a)] !
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So we have constructed the map o with the following properties:

(1) 0(0)=0, o(1) =1
(2) o is an additive isomorphism;

(3) [o(a)™ = a(a™);
(4) o(ab) + o(ba) = o(a)o(b) + o(b)o(a).

Thus, o satisfies the conditions of the Theorem 1.15 from [1]. Taking
into consideration that this theorem formulated for skew fields is also true
for general rings we conclude that o is either an isomorphism or an anti-
isomorphism (see, also, [2], [29], [32]-[34]).

Let k1 and ko be arbitrary rings. The map o : k; — ko will be called
a semi-isomorphism if it is either an isomorphism or an anti-isomorphism.
So for fixed 29 € B and p : B — X we can construct a semi-isomorphism
o: F — F (see (Ig)). If now we replace p by 1 = @u, this will influence o.

Definition 5. Let X; and X, be vector spaces over the skew fields k;
and ko, dim X; = dim Xo = 2 and ¢ : k; — ks is an anti-isomorphism. The
map u: X1 — X will be called a semilinear isomorphism with respect to
o (o is a semilinear anti-isomorphism), if u is defined on the basis B (i.e.,
for eq, eo the images p(e;) and u(es) are fixed), and then we shall continue
as follows:

(1) wlaei) =o(a)ule;), i=1,2
(ii) plarer + azez) = [o(az)] pler) + [o(ar)] " ulea).
for each a,ay,as € k, ay,as # 0.

It is clear that po = 0 and p(ey £ e2) = puler) £+ plez).

Now let us turn back to our considerations. We have the following alter-
natives:

(i) o is an isomorphism. Then

filazo + a1x1) = f(xo + agtarzy) = Fi[u(zo) + o(ag tar)u(z1)]
= filu(zo) + [o(a0)] ™ o (ar)u(wo)] = Filo(ao)u(xo) + o(ar)p(z1)].
(ii) o is an anti-isomorphism. Then
filaozo + arz1) = fi(zo + ag 'arzy) = Fi[u(z) + o(ag ' ar) (1))
= Fi[o(ay  ao)p(xo) + p(x1)] = Fi[p(xo) + o(ar)[o(ao)] " (1))
= Fifo(ao)[o(a1)] ™" (o) + p(x1)] = Fillo(ar)] ™ u(zo) + [o(ao)] " p(1)]-

Thus, for fixed zg € B and u : B — X; we have defined the semi-
isomorphism o and the o-semilinear (anti)-isomorphism pu, though for all
x € X it is true that fi(x) = Fiu(z).
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Define the subring K7 «— F; as follows: f(kxo) = Kip(zo). It is clear
that K7 is a ki;-submodule in F}. Let us show that

(a) f(kz1) = Kip(z1),
(b) f(k(aozo + arz1)

B {Kl([a(al)]1u(9:0)+[0(a0)]1u(x1) if o is an anti-isomorphism,

K (o(ao)p(zo)+o(ar)p(z) if o is an isomorphism.

(a) The k-points kxg, kx1, k(zo+21), k(xo— 1) are harmonic and kxzg C
k(xo + x1) + kx1. From this in general we cannot conclude that f(kxg) C
f(k(zo £ 21)) + f(ka1), though Fiu(zo) € Fi[u(zo) + p(z1)] + Fip(z),
and the points Fyu(xo), Fip(z1), Fi[p(zo) + w(z1)], Filu(zo) — p(x1)] are
harmonic. By the definition of the harmonic map, in the images f(kzg),
f(kxy), f(k(zo + x1), f(k(xg — 21)), we can find harmonic k;-points

kilaap(zo)l, Fifoop(zy)], kalas(u(zo)+p(en))ls kiloa(u(zo) —p(21))].

In fact, we can choose the elements «;, s, a3, a4 in such a way that
ap=ao,1=1,2 3,4

kilarp(xo)] C kiloop(z)] + ki[az(p(zo) — (1))l = a1 = asff = s,

ki los(p(wo) — p(21))] C ka[onp(zo)] + krfaep(21)] = az = far = yas.

Consequently, 3,&,~ are invertible elements so that a3 = as = a3. The
same version is also true for ay, i.e., a; = 4. It is obvious that we can

choose « such that ky[au(xg)] C kip(ze) C f(kzo).
Thus we have

kilop(zo)] ©  kafa(u(zo) £ (1)) +  kifap(z)]

al N al
k(o) ka[p(zo) + p(x1)] k()

N N N
(ko) k(o + 21)] f(kay)

N N N

Fip(zo) < Fifp(zo) £p(z1)]  +  Fip(a) .

Let b € K7 be an arbitrary element. Then we get

blap(o)] = enla(p(zo) — p(1))] + asfap(z1)]
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=>b=a1 =y = b/L(IBl) € f(kfﬂl) = Kl,u(:vl) - f(kxl)

Suppose now that cu(z1) € f(kx1). Changing the roles to xy and z1, we
get cu(xo) € f(kxo) = Kip(zg) = ¢ € Ky = f(kx1) = Kip(x1). It is clear
that f(k(ax;)) = Kiu(az;),i = 0,1 are true for arbitrary a € K.

(b) Suppose that ¢ is an anti-isomorphism. The k-points

k(apzo), k(aix1), k(aoxo+ ar1x1), k(agzo —aizy)

are harmonic. So we have

f(k(aiz;)) — Fip(aiz;), i=0,1;
flk(aomo £ arz1)] — Fi([o(a1)] " ulxo) + [o(ao)] " p(x1)].
Let b € K1, then

bu(ago) = bo(ag)u(xo) € Fi([o(ar)]™ u(xo)
+ [o(a0)] (1)) + F(lo(an)] ™ (o) — [o(ao)] ™ (1))
=>b0(a0)u(f€0)—a1([ (a1)] " (o) + [o(a)] (1))
+ as([o(a1)) " ulzo) — [o(a0)] " (1))
= a1 =ay = bo(ag)u(zo) =2a1[0(a1)] " p(zo) = 2a1 =bo(ag)o(ar)
= bo(ag)o(ar)(lo(ar)] ™" p(wo) + [o(ao)] " u(21))
€ flk(arao(aomo + ar21))] = Fro(ao)o(ar)[lo(ar)] ™) u(xo)
+ [o(a0)] i(a1)] = Ki([o(ar)] ™ (o)
+ [o(a0)] " u(ar)) € flk(aozo + arzy)).
On the other hand, if

c(fo(a)] ™ (o) + [o(a0)] ™ u(a1)) € flk(agao + arz1)],
then we get

(@) = cplay o) € flkp(ar zo)]

= Kip(ay o) = Kifo(ar)] ™" p(xo);
clo(ao)]~ p(x1) € Ki[o(ao)] ™ p(z1) = c € K
= flk(aomotarz1)]=Ki([o(ar)] ™ p(zo)+[o(ao)] " u(x1)).

The case where ¢ is an isomorphism is easier and can be proved by similar
arguments. -
If o € k,z € X\ 0, then we have

Kio(o)u(z) = Kip(az) = flk(ax)
= Kl,u( )=>K10(]€)

clo(ar)]

| € f(kx)
K.
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In general, the constructed subring and the maps p and o are not unique.
If 0 # a € F, then Ky := Kja™! is a k;-submodule and 1 := ap is the
semilinear (anti)-isomorphism with respect to o1 = aca™!. In fact

Ksoy(k) = Kia lao(k)a™ = Kio(k)a™ = Kja™! = K,
= Kou (r) = Kia tap(z) = Kyu(x).

Consequently, there exists a ring K; such that 1 € K;. In fact, K; and
1 can be constructed up to a constant factor.
Thus the following inclusions are true:

U(k?) — K17 O'(k) — k‘1 — Fl.
By the definition of f : M(z) — (X;) we have K;u(X) C X;. Thus we

prove

Theorem 1 (Representation of Harmonic Maps by the Semi-
linear Isomorphisms). Let k be a non-commutative left principal ideal
domain, % € k and X be a torsion-free module over k, dim, X = 1.
If f : P(X) — DM, (X1) is a harmonic map, then there exist a semi-
isomorphism o : F — F|, a o-semilinear (anti)-isomorphism p : X —
X1 and a subring K1 — Fy, 1 € Ky, such that Kiu(X) C X3,

o(k) C K
a3 3
kG F

and f(kx) = Kyp(z) for all x € X.

From the theorem we get: if f : P(X) — P(X;) is a bijection, then
K7 =k and k1pu(X) = X;. So we have

Corollary (K. von Staudt’s Theorem). Let k be a noncommutative
left principal ideal domain,% € k; X be a torsion-free module over k,
dim, X = 1. The bijection f : P(X) — P(X1) is harmonic if and only
if there exist an isomophism or an anti-isomorphism o : k — ki and o-
semilinear isomorphism p : X — X1 such that f(kz) = kiu(z) for every
reX.

Proposition 7. Let i and py be the semilinear (anti)-isomorphisms with
respect to o, 01 : F' — Fy and dim X > 2. If K and K; (1 € K, K3 ) are
subrings of F such that Kypyi(x) = Ku(z) for allx € X and



62 A. LASHKHI

K D o(k) C K,
N 8
F, ~— ) Jy C F

then there exists an element a € K such that
Ki=Ka™', p=au

For this suppose that the points F'z and F'y are distinct. Then there
exist a,b,c € F such that

pi(x) = ap(z), pw(y) =du(y), mr+y)=cu(z+y)
= ap(r) +bu(y) = p(x) + pa(y) = pi(r +y)
=cu(z+y) =>a=b=c= p1(z) = ap(z).

Since FX = X, we get pu1(x) = ap(x) for all x € X. Let x € X \ 0; then
Ku(z) = Kipi(2) = Kyap(r) = K = Kia, K; = Ka™'.

As 1 e K, it is clear that a € K.

Some of results presented here were announced in [40], [41].

To conclude we would like to note that the remarkable comprehensive
monograph [42] has recently been published, describing the state of the art
of this field and prospects for further study.
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