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Abstract

For studying homogeneous geodesics in Riemannian and pseudo-Rie-
mannian geometry (on reductive homogeneous spaces) there is a simple
algebraic formula which works, at least potentially, in every given case.
In the affine differential geometry, there is not such a universal formula.
In the previous work, we proposed a simple method of investigation of
homogeneous geodesics in homogeneous affine manifolds in dimension 2.
In the present paper, we use this method on certain classes of homogeneous
connections on the examples of 3-dimensional Lie groups.

Key words: affine connection, affine Killing vector field, homoge-
neous manifold, homogeneous geodesic
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1 Introduction

Let M be a pseudo-Riemannian manifold. If there is a connected Lie group
G C Iy(M) which acts transitively on M as a group of isometries, then M
is called a homogeneous pseudo-Riemannian manifold. Let p € M be a fixed
point. If we denote by H the isotropy group at p, then M can be identified
with the homogeneous space G/H. In general, there may exist more than one
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such group G C Iy(M). For any fixed choice M = G/H, G acts effectively on
G/H from the left. The pseudo-Riemannian metric g on M can be considered
as a G-invariant metric on G/H. The pair (G/H,g) is then called a pseudo-
Riemannian homogeneous space.

If the metric g is positive definite, then (G/H, g) is always a reductive homo-
geneous space: We denote by g and h the Lie algebras of G and H respectively
and consider the adjoint representation Ad: H xg — g of H on g. There exists a
direct sum decomposition (reductive decomposition) of the form g = m+h where
m C g is a vector subspace such that Ad(H)(m) C m. If the metric g is indefinite,
the reductive decomposition may not exist (see for instance [12] for an example
of nonreductive pseudo-Riemannian homogeneous space). For a fixed reductive
decomposition g = m + h there is a natural identification of m C g = T.G with
the tangent space T, M via the projection 7: G — G/H = M. Using this natu-
ral identification and the scalar product g, on T, M we obtain a scalar product
(,) on m. This scalar product is obviously Ad(H )-invariant.

The definition of a homogeneous geodesic is well known in the Riemannian
case. In the pseudo-Riemannian case it must be modified as follows:

Definition 1 A geodesic y(s) through the point p defined in an open interval
J (where s is an affine parameter) is said to be homogeneous if there exists
(1) a diffeomorphism s = ¢(t) between the real line and the open interval J;
(2) anonzero vector X € g such that v(¢(t)) = exp(tX)(p) for allt € (—o0, +00).
The vector X is then called a geodesic vector.

For results on homogeneous geodesics in homogeneous Riemannian manifolds
we refer for example to [4], [15], [18], [20], [22]. A homogeneous Riemannian
manifold all of whose geodesics are homogeneous is called a Riemannian g.o. ma-
nifold. For many results and further references on Riemannian g.o. manifolds
see for example [7], [10], [14], [19], [2]. Homogeneous geodesics are interesting
also in pseudo-Riemannian geometry and null homogeneous geodesics are of
particular interest. In [12] and [24], the authors study plane-wave limits (Penrose
limits) of homogeneous spacetimes along light-like homogeneous geodesics. In
these papers, each geodesic vector X is characterized by the formula (1). See
also [5], [8], [9]. A rigorous mathematical proof of this characterization is given
in [8]:

Lemma 2 Let X € g. Then the curve y(t) = exp(tX)(p) (the orbit of a one-
parameter group of isometries) is a geodesic curve with respect to some param-
eter s if and only if

(X, Z)m, Xon) = k(Xw, Z) for all Z € m, where k € R is some constant. (1)

Further, if k = 0, then t is an affine parameter for this geodesic. If k # 0, then
s = e % is an affine parameter for the geodesic. The second case can occur

only if the curve (t) is a null curve in a (properly) pseudo-Riemannian space.

For the study of homogeneous geodesics in homogeneous affine manifolds, we
cannot use the algebraic tools as in pseudo-Riemannian geometry. In [11], the
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present authors described a new, elementary method for studying homogeneous
geodesics in homogeneous affine manifolds. Let us now recall this method.

Definition 3 Let V be an affine connection on a manifold M. Then V, or also
(M, V), is said to be homogeneous, if for each two points z,y € M there exists
an affine transformation ¢: M — M such that ¢(x) = y. It means that ¢ is a
diffeomorphism such that

V. 9.V =¢.(VxY)

pox T
holds for every vector fields X,Y defined on M.

Definition 4 A vector field X on an affine manifold (M, V) is called an affine
Killing vector field if the Lie derivative £xV vanishes, or, equivalently, if X
satisfies the equation

[X,VyZ] - Vy[X,Z] —V[X,y]ZZO, (2)
for all vector fields Y, Z.

Proposition 5 Let (M,V) be a homogeneous affine manifold and p € M.
There exist n = dim(M) affine Killing vector fields which are linearly inde-
pendent at each point of some neighbourhood U of p.

Proof Let (M,V) be homogeneous, i.e., M = G/H, where V is G-invariant.
Let X1,...,X, be an n-tuplet of linearly independent vectors of T},(M). For
each index ¢ = 1,...,n, there exists a vector Z; € g such that

% exp(tZ;)(p)li=0 = Xi. ®)

Let us define, for each i = 1,...,n, a vector field K; by
d
K;(q) = pn exp(tZ;)(q)|t=0 for each ¢ € M. (4)

Then each K, is called a fundamental vector field attached to Z; ([13]). At
the same time, K7, ..., K, are affine Killing vector fields on (G/H). They are
linearly independent at p and they must be linearly independent also at each
point ¢ of some neighbourhood U of p. O

Definition 6 In a homogeneous affine manifold (M,V), by a homogeneous
geodesic we mean a geodesic which is an orbit of an one-parameter group of
affine diffeomorphisms. The canonical parameter of the group need not be the
affine parameter of the geodesic.

Recall that a parametrized curve in a manifold M is said to be regular if
v/ (t) # 0 for all values of ¢t. The following proposition is well known:
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Proposition 7 Let M = G/H (where G acts transitively and effectively on M )
be a homogeneous space with a left-invariant affine connection V. Then each
regular curve which is an orbit of a 1-parameter subgroup g¢ C G on M is an
integral curve of an affine Killing vector field on M.

Definition 8 A nonvanishing smooth vector field Z on M is said to be geodesic
along its regular integral curve 7 if the curve 7(¢) is geodesic up to a possible
reparametrization. If all regular integral curves of Z are geodesics up to a
reparametrization, then the vector field Z is called a geodesic vector field.

Proposition 9 ([11]) Let Z be a nonvanishing Killing vector field on (M, V).
1) Z is geodesic along its integral curve vy if and only if
V.02 =k Zyy (5)

holds along -y, where k, € R is a constant. If k, = 0, then t is the affine
parameter of geodesic y. If ky # 0, then the affine parameter of this geodesic is
—k~t
s =e it
2) Z is a geodesic vector field if and only if

VyZ=k 7 (6)

(%)

holds on M. Here k is a smooth function on M, which is constant along integral
curves of the vector field Z.

Let us now remind the classification of homogeneous affine connections in
dimension 2. The following basic theorem from [3] is a generalization of the
classification result by B. Opozda, [23], to connections with nonzero torsion.
We only change slightly the notation:

Theorem 10 Let V be a locally homogeneous affine connection with arbitrary
torsion on a 2-dimensional manifold M. Then, in a neighborhood U of each
point m € M, either V is locally a Levi-Civita connection of the unit sphere or,
there is a system (u,v) of local coordinates and constants A, B,C,D,E,F,G, H
such that V is expressed in U by one of the following formulas:
Type A

Vo, 0u = A0y + B0y, Vop,0, =C0,+ DO,

Vo,0un = EO, + F0O,, Vp,0, =G0, + HO,.
Type B

Vo, 0 = %au + %61,, Vo, 0y = %&L + %61,,

Vo,0u=£0,+£0,, Vy,0,=2%0,+%0,,

where not all A,B,C,D,E,F,G,H are zero.

In [11], the present authors studied in details the homogeneous affine con-
nections of type A in the plane R? and those of type B in the open half-plane.
We proved that any connection of type A admits at least one geodesic Killing
vector field. Connectios of type B do not admit geodesic Killing vector fields in
general, but they admit at least one homogeneous geodesic through any point.
In this paper, we are going to study some 3-dimensional examples.
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2 Homogeneous connections in dimension three

Let now (M, V) be a 3-dimensional manifold with an arbitrary affine connection.
Let the vector field X be an affine Killing vector field on (M, V). If there is
a system (u!, u?, u3) of global coordinates on M, then the formula (2) is satisfied
for all Y, Z if, and only if, it is satisfied for all coordinate vector fields (Y = 0,
Z = 0O), where 1 < j k < 3. Moreover, the inequality j < k can be added

if the torsion is zero. If we denote by I‘é.k = Fék(ul,uz,US) the corresponding

Christoffel symbols (1 < j,k,1 < 3) and put X = Z?Zl X(ut, u?,u3)0;, then X
is an affine Killing vector field if, and only if, the following system of 27 partial
differential equations holds:

2 n
0 X'+ (Xi 0 rl, -1 0 Xl+rgiixi+r§kixi> =0. (7)
i=1

Oukous ou’ Ik Oy ouk ouI

As well known, the symmetrization of any affine connection V has the same
geodesics as V. Hence we can restrict our calculations to the case of zero
torsion. We use the inequality j < k and the number of equations is reduced to
18. We first simplify our notation as follows:

ub, u?, ud = u,v,w,
X u, v, w), X2 (u,v,w), X3(u,v,w) = a(u,v,w),b(u, v, w), c(u, v, w),

i, = AL s, — BY T4y — CL Ty — B Ty — FL Th, — GY 1=1,2,3.
Then, an affine Killing vector field )
X = au,v,w)d, + b(u, v, w)dy, + c(u, v, w)dy

is characterized by the system of PDEs as follows:

Ay + @AY — 4y A? — ay A% + 20, B + 2, F! 4+ a AL + bAL + cAL =0,
buu + 20, A + b, (2E% — AY) — b, A® 4+ 2¢,F% + aA% + bA2 + cA2 =0,
Cuu + 204 A% + 20, E3 + ¢, (2F3 — AY) — ¢, A% — ¢, A + aAi + bAf; + CA?U =0,
Ay + ay(A* — E?) — a4 E® + b,B* +b,E* + ¢,G' + ¢, F!
+aE} +bE; +cE, =0,
buy + 0y E? + ayA? + by (B* — E) — by B> 4 ¢,G? + ¢, F>
+aE? +bE? + cE? =0,
Cuv + @y B> 4+ ayA® + 0, B® + b, E? + ¢, (G® — EY) + ¢, (F? — E?) — ¢, F?
+aE2 +bE3 + cE3 =0,
Quw — G F? + ay(AY — F3) +0,G' 4+ by B + ¢,C" + ¢, F*
+aF} +bF! + cFl =0,
buw + @ F? 4 ayA? + by (G? — F1) — b, F? + by (E* — F?) + ¢,0% + ¢, F?
+aF2 +bF2 4+ cF2 =0,
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Cow F A F? + ay A3 +b,G? + by B + ¢,(C® — F1) — ¢, F?
+aF2 4+ bF2 + cF2 =0,
Ay — @y B* + a,(2E* — B?) — a,, B* + 2b, B! + 2¢,G*
+aB,, + bB. + ¢B,, = 0,
buy + 20, E* — b, B! + b,B? — b, B® + 2¢,G* + aB> + bB? 4 cB2 = 0,
Cov + 20, E3 +2b,B3 — ¢,B' + ¢,(2G® — B?) — ¢,,B?
+aB2 +bB2 +¢B3 =0,
Gow — ayGY 4 ay(FY — G?) + ay(E' — G®) + b,G' + by B! + ¢,C* + ¢,G*
+aGy, + bGL + cGL, =0,
bow + @ F? + aywE? — b,G' 4 by (B? — G3) + ¢,0% 4 ¢,G?
+aG? +bG? + G2 =0,
Cow + @ F? + apE? + b,G? 4+ b, B® — ¢,G' 4 ¢,(C® — G?)
+aG3 +bG3 4 cG3 =0,
Aww — 0Ot — a,C? + ay(2F' — C3) + 2b,G' + 2¢,,C*
+aCl +bCL+cCL =0,
buww + 26, F? — b,C* — b,C% 4 b, (2G* — C?) + 2¢,,C?
+aC2 +bC? + cC? =0,
Coww + 20 F? 4 2b,G* — ¢,C* — ¢,C* + ¢,C* + aC3 + bC2 +cC2 =0.  (9)

We shall now consider some 3-dimensional groups and invariant affine connec-
tions on them. From now on, we will write the indices by A,...,G down.
3 The abelian group R?

Let us consider the abelian group R3(u, v, w) with the affine connection whose
Christoffel symbols

Ar,...,Gs (10)

are constants and let this group act on itself by the left translations. The
infinitesimal translations are the vector fields

Ouy Oy, Oy (11)

and it is easy to verify that these are affine Killing vector fields. Hence the
translations are affine diffeomorphisms and the group R?® with the given affine
connection is an affine homogeneous manifold.

Let us now consider the general Killing vector field

X =20, + y0y + 20, = (2,y, 2)
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and investigate the condition VxX = kX. We obtain, after splitting this
equation with respect to the basic Killing fields 9,,, 0, 0., the three equations

22 Ay + y? By + 22Cy + 22yFy + 2x2F) 4 2y2G, = kx
22 Ay + y? By + 220y + 2ayFy + 2x2F5 4+ 2y2Gy = ky (12)
22 As + y?Bs + 22Cs + 22yFs + 222F5 4 2y2Gs = kz.

Now we denote by Li(z,y, 2), La(x,y,2) and Lz(x,y, z) the left-hand sides of
these equations and we eliminate k in the right-hand sides. We obtain three
conditions

S1(2,y,z) = La(2,y,2)z — Ls(z,y, 2)y = 0,
Sa(w,y,2) = La(x,y,2)x — L1(z,y,2)z = 0, (13)
S3(z,y,2) = Li(x,y, 2)y — La(z,y, 2)x = 0.
Explicitly, we have
Si(x,y,2) = 122A5 — 2%yAs + y?2By — Y3 Bs + 23Cy — y22C3
+2xyzEy — 22y B + 2222 Fy — 22yzFs + 2y22Goy — 2y%2G3 = 0,
So(x,y,2) = —2%2A; + 23 A3 — y*2B; + 2y*Bs — 22C1 + 22°Cs

—2xyzEy + 22%yEy — 2022 Fy 4 2222 F3 — 2y22Gy + 22y2Gs3 = 0, (14)
Ss(z,y,2) = 2?yA; — 23 Ay + y3 By — 2y? By + y2°Cy — 222Cs
+22y2 By — 222y Ey + 22yzFy — 222 2Fy + 292G — 22y2Go = 0.
Here we have the algebraical dependency of S1, Ss, S3,
xsl(w,y,z)+y52(x,y,z)+z5’3($7y,z) = 0. (15)

It is easy to see that just these three (algebraically dependent) equations (13)
together give the full information, i.e., these three equations are equivalent with
the conditions (12), and two of them are not enough for such equivalence.

For the later use, we shall need the following

Lemma 11 Two cubic curves in the real projective plane P>(R) have always
a non-empty real intersection.

This statement must be known from some literature. But, instead of giving
references, we present here a short proof which was kindly offered us by Professor
Thomas Friedrich. We start with

Theorem 12 (Borsuk—Ulam, [1]) Let f: S™ — R" be a continuous map.
Then there exists a point x* € S™ such that f(x*) = f(—x").

In particular, if f: S — R” is an odd map (i.e. f(x) = —f(—x)), then there
exist always a point x* € S™ such that f(x*) = o (the origin).

Put n = 2 and consider two cubic curves in P»(R), or, equivalently, two
homogeneous polynomials U(z, y, z) and V (z,y, z) of degree 3 defined on R3\ o.
Then we define a map f: S2 — R? by the formula

f(z,y,2) = (U(x,y,2),V(z,y,2)) for each (z,y,2) € S* C R®.



36 Zdenék Dusek, Oldrich Kowalski, Zdenék Vlasek

Here f is continuous and it satisfies the condition f(—x) = —f(x), x € S2.
Consequently, by the Borsuk-Ulam theorem, there exist a point x* € S? such
that f(x*) = (0,0), i.e. U(x*) =0 and V(x*) = 0. This concludes the proof of
Lemma 11. O

We get the following main result:

Theorem 13 Let one of the following conditions holds:

a) (G1)2 — BiC; < O,

b) (Fy)? — AyCy <0,

c) (BE3)?—A3B3<0.

Then the invariant affine connection on R3 corresponding to the given param-
eters Ay, As, ..., G3 admits at least one geodesic Killing vector field.

Proof Let a) be satisfied. Put = 0 in the equations Sy = 0,53 = 0. Then
we obtain the equations

fz(B1y2 +2Gyz + Cle) =0, y(Bly2 +2Gyz + 0122) =0.

Because the quadratic form Biy? + 2G1yz + C;2? is strictly definite, the only
consequence is y = 0,z = 0. Hence we see that, if (29,0, 20) is a nontriv-
ial common solution of the equations S, .S3, which always exists according to
Lemma 11, then zy # 0. From the formula (15) we see that (zg, yo, 20) is also a
solution of the equation S; = 0. Thus all conditions for existence of a solution
of the equations (14) are satisfied and a geodesic Killing vector field exists.
Now, the cases b) and c) are treated analogously: we substitute first y = 0
in the equations S; = 0,53 = 0 and then z = 0 in the equations S; = 0,55 = 0.
O

Corollary 14 On an unbounded open domain of the parameter space R®[Ay,
As, ..., G3], the corresponding invariant connections admit at least one homo-
geneous geodesic through any point p € R3.

4 Other examples

In this section we will consider other examples of 3-dimensional groups with
invariant affine connections. For these groups, we will not consider geodesic
Killing vector fields, because there are no such vector fields in general. For
a Killing vector field, we will investigate just the integral curve through the
origin. Because the connection is homogeneous, we obtain immediately the
same properties at other points.

4.1 The Heisenberg group Hj

The Heisenberg group Hs can be represented by the matrices of the form

(16)

O O =
O~ 2
—_ g
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hence H3 can be identified with the 3-space R®(u,v,w) equipped with the Rie-
mannian metric ds? = du?+ (dv —udw)? +dw?. Then H3 acts on itself from the
left by isometries with respect to this metric and corresponding Killing vector
fields (infinitesimal isometries) are 0, Oy, Oy + wd,. Now, an affine connection
V on Hj is left-invariant if, and only if, the Lie algebra span{9, + wd,, Oy, Oy }
consists of affine Killing vector fields of V. We write down the equations (9) for
the three choices

1) a(u,v,w) =1, b(u,v,w) =w, c(u,v,w)=0;

2)  a(u,v,w) =0, blu,v,w) =1, c(u,v,w) = 0;

3) a(u,v,w) =0, blu,v,w) =0, c(u,v,w) =1.
By solving this system of 54 differential equations, we obtain the Christoffel
symbols in the form

A (u,v,w) = Ay,
As(u,v,w) = As + Aszu,
As(u,v,w) = As,
Bi(u,v,w) = By,
Bs(u,v,w) = By + B3su,
Bs(u,v,w) = Bs,
C1(u,v,w) = O — 2G1u + Biu?,
Cg(u v ’U}) CQ + (03 — QGQ)U + (BQ — 2G3)U + Bgu
C3(u (% w) C3 — 2G3u + B3u (17)
Ei(u,v,w) = Fy,
Es(u,v,w) = Ey + Esu,
Es(u,v,w) = Es,
Fl(u v ’U}) F1 Elu
FQ(U v w) Fy + (Fg — Eg)u — E3u
F3(u (% w) F3 — E3u
G1(u,v,w) = Gy — Byu,
Ga(u,v,w) = Gz + (G3 — Ba)u — B3u?,
Gs(u,v,w) = G5 — Bsu,
where Aj,...,G3 are constant parameters. We will investigate existence of

homogeneous geodesics for this class of connections.

Our next step will be more subtle than for the group R3. Consider a general
affine Killing vector field from span{d,, Oy, 0y + wd,}, i.e. X = (9, + wd,) +
YOy + 20y, where x,y, z are arbitrary parameters. Now we shall look at Killing
vector field for V which is geodesic along an integral curve. If such a vector
field exists, then (Hs, V) admits affine homogeneous geodesics.

We see easily that the general trajectories of the vector field

X = x(0y + wdy) + yOy + 20y
are given by

u(t) =at +ci, v(t)=x2t?/2+ (y+ c3x)t +co,  w(t) = 2t + c3. (18)
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Now, we shall study only the trajectory starting at the origin of Hs(u,v,w),
i.e. we put the integration constants ci, c2, c3 equal to zero. Its tangent vector
v (t) satisfies

W)=z, V(t)=xzt+y, w(t)=-z (19)

We express the equation V. )y (t) = k,7'(t) along v(t) and we evaluate it at
the origin (¢t = 0). We obtain the equations

22 A1 + y? By + 22Cy + 22yFy + 2z2F) 4 2y2Gy = kx
22 As + y? By + 22Cy + 22y FEs + 22(2F + 1) + 2y2Go = ky (20)
22 As + y?Bs + 22C3 + 22yFs + 202F3 4 2y2Gs = kz.

Again, by the elimination of the factor & from the right-hand sides, we obtain
the cubic equations. In this case, we have

S1(z,y,2) = 2%2A9 — 2%yAz + y?2By — y3Bs + 230y — y22Cs
+ 20y2Fy — 22y*E3 + 222 (2F, + 1) — 2zy2F3 + 2y22Ga — 2y%2G3 = 0,
So(z,y,2) = —222A1 +23A3 — y*2By + 2y?Bs — 230 + 22%C;
— 2wyzEy + 222y Es — 2022 Fy + 2222 F3 — 2y2%Gy + 22y2G3 = 0,
S3(z,y,2) = 22yA; — 23 Ay + y3 By — 2y? By + y22C) — 122Cy
+ 22y? By — 222y By + 22yzF) — 222(2F + 1) + 2y%2G — 22y2Go = 0.
(21)
In contrast with the equations (12) and (14) which characterized the ex-
istence of geodesic Killing vector field, equations (20) and (21) characterize
existence of Killing vector field geodesic along its integral curve through the ori-
gin e € H3. Nevertheless, we can prove in the same way as for R? the existence
of a solution of the system (21). This solution implies existence of a homoge-
neous geodesic through the origin e € H3. Because considered connections are
homogeneous, the same property holds at any point p € H;. Hence, we obtain
the following:

Theorem 15 Let one of the following conditions holds:

a) (G1)?—B1Cy <0,

b) (Fy+1/2)2 — A303 <0,

c) (BE3)?—A3B3<0.

Then the invariant affine connection corresponding to the given parameters

Ay, As,...,G3 admits at least one homogeneous geodesic through any point
pE H3.

4.2 The group E(1,1)

The group E(1,1) can be represented by the matrices of the form

e ™ 0 u
0 e” v |. (22)
0 01
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Hence, E(1,1) can be identified with the 3-space R?(u, v, w) equipped with the
Riemannian metric ds? = e*du? + e~?"dv? + dw?. The right-invariant vector
fields (the Killing vector fields) are 0y, 0y, 0y — udy + v9,. For the Christoffel
symbols Ay, ...,Gs, we obtain by solving the equations (9) the conditions

Ar(u,v,w) = Are®,
Ag(u,v,w) = Azed?,
Az(u,v,w) = Aze®?,
Bi(u,v,w) = Bie 3%,
Bs(u,v,w) = Bae ™,
Bs(u,v,w) = Bze 2%,
Cy(u,v,w) = Cre ",
Co(u,v,w) = Cae,
Cs(u,v,w) = Cs, (23)
Ey(u,v,w) = Eje®,
Es(u,v,w) = Eqe™,
Es(u,v,w) = E3,
Fi(u,v,w) = Fy,
Fy(u,v,w) = Fpe??,
F3(u,v,w) = Fze¥,
Gi(u,v,w) = Gre 2w,
Ga(u,v,w) = Gy,
G3(u,v,w) = Gze™,

where Ay, ..., G5 are constant parameters. Again, we will consider this class of
connections and investigate existence of homogeneous geodesics.
Now we shall consider the Killing vector field

X =20, + Y0y, + 2(0w — udy + v0y),
where z, y, z are arbitrary parameters. We see easily that the general trajectories
of the vector field X = 20, + y0y + 2(0y — udy, + v9,) are given for z # 0 by
u(t) = g +ee”® w(t) = —% +cget®, w(t) =zt +c3 (24)
and for z = 0 by
u(t) =at +c1, v(t)=yt+ca, w(t)=cs. (25)

We shall study again the trajectories starting at the origin of Eq qy(u, v, w).
Hence, for z # 0, we choose the integration constants

01:—E7 CQZQ, 63:0. (26)

The tangent vector 4/ (t) satisfies now

tz

u'(t) = xze ¥, v (t) = ye'?, w'(t) = z. (27)
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We calculate again the equation V.. ;)7 (t) = k,'(t) along v(t) and we evaluate
it at the origin (¢ = 0). We obtain the equations

22 A1 + y? By + 22Cy + 22yFEy + 2z(2F; — 1) + 2yzG1 = kx
22 Ay 4+ 9° By + 22Co + 220y Fo + 222F5 + y2(2Go + 1) = ky (28)
22 As + y?Bs + 22Cs + 2ayFs + 222F3 4 2y2Gs = kz.
In an analogous way as for the previous groups, we deduce the following:
Theorem 16 Let one of the following conditions holds:
a) (G1)>-BC; <0,
b) (F3)? - ACy <0,
c) (E3)?—A3B3<0.
Then the invariant affine connection on E(1,1) corresponding to the given pa-

rameters Ay, As, ..., G3 admits at least one homogeneous geodesic through any
point p € E(1,1).

4.3 The product group

Let us consider the group G of matrices of the form

e’ 0u
01w, (29)
001

which is a semidirect product of a nonabelian 2-dimensional group and the real
line. The right-invariant vector fields (the Killing vector fields) are 9,,, 0y, 0y +
u0y. For the Christoffel symbols A;, As, ..., G3, we obtain by solving the equa-
tions (9) the conditions

A;(u,v,w) = Aje™,
As(u,v,w) = Age 2%,
As(u,v,w) = Aze 2%,
Bi(u,v,w) = Bie¥,
Bs(u,v,w) = Ba,
Bs(u,v,w) = Bs,

Cy (u,v,w) = Cre®,
Co(u,v,w) = Cy,
Cs(u,v,w) = Cs,
Eq(u,v,w) = Fn, (30)
Es(u,v,w) = Eqe™ ",
Es(u,v,w) = Eze”",
Fi(u,v,w) = Fy,
Fy(u,v,w) = Fae™™,
Fs(u,v,w) = Fze™™,
G1(u,v,w) = Gre¥,
Ga(u,v,w) = Ga,
G3(u,v,w) = G3
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where Aj,...,G3 are constant parameters. We continue with the same proce-
dure as with the group F(1,1). Now, the integral curves of the Killing vector
field X = z0, +y0, + z(udy, + 9,,) and passing through the origin e € G are for
z#0

u(t) = Z(-1+exp(tz), o) =yt w(t) = =t (31)
and for z =0
u(t) = «t, v(t) = yt, w(t) = 0. (32)
The tangent vector 4/(t) satisfies now
u'(t) = xe', V' (t) = v, w'(t) = z. (33)

From the equation V./(4)7/(t) = k,7'(t) at the origin (¢ = 0), we obtain now
the equations

22 Ay + 2By + 2°Cy + 20y By + 22(2F) + 1) + 2y2Gy = kx
22 A + y? By + 220y + 220yFEs + 222F5 4+ 2y2Gs = ky (34)
22 As + y?Bs + 22C3 + 22y Fs + 202F3 4 2y2Gs = kz.

In an analogous way as with previous groups, we obtain the following result:

Theorem 17 Let one of the following conditions holds:

a) (G1)?—-DBCy <0,

b) (F)? - AyCy <0,

c) (E3)?— A3B3<0.

Then the invariant affine connection on G corresponding to the given parame-

ters Ay, Ao, ..., Gz admits at least one homogeneous geodesic through any point
p€eQG.

5 Conclusions

Let us remark that the question about existence of homogeneous geodesics in
homogeneous manifolds with an invariant affine connection was solved affirma-
tively in general during the preparation of this manuscript and the result is
published in the short form in [6]. The examples in the present paper were the
crucial step for understandnig the general situation.
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