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ON THE FINSLER GEOMETRY OF THE HEISENBERG GROUP
Hyy, 11 AND ITS EXTENSION

MEHRI NASEHI

ABSTRACT. We first classify left invariant Douglas («, 3)-metrics on the
Heisenberg group Ha, 1 of dimension 2n + 1 and its extension i.e., oscillator
group. Then we explicitly give the flag curvature formulas and geodesic vectors
for these spaces, when equipped with these metrics. We also explicitly obtain
S-curvature formulas of left invariant Randers metrics of Douglas type on these
spaces and obtain a comparison on geometry of these spaces, when equipped
with left invariant Douglas («, 3)-metrics. More exactly, we show that although
the results concerning bi-invariant Douglas (¢, 3)-metrics on these spaces are
similar, several results concerning left invariant Douglas («, 3)-metrics on these
spaces are different. For example we prove that the existence of left-invariant
Matsumoto, Kropina and Randers metrics of Berwald type on oscillator groups
can not extend to Heisenberg groups. Also we prove that oscillator groups
have always vanishing S-curvature, whereas this can not occur on Heisenberg
groups. Moreover, we prove that there exist new geodesic vectors on oscillator
groups which can not extend to the Heisenberg groups.

1. INTRODUCTION

The search for left-invariant metrics on Lie groups in differential geometry leads
to develop our understanding of which geometrical properties are strictly related
to the metric signature and which ones are more general. This study began with
the classical work of Milnor [I9], who investigated the curvature properties of
left-invariant Riemannian metrics on three-dimensional Lie groups. Among these
Lie groups, the only two-step nilpotent Lie group with a 1-dimensional center is a
Heisenberg group.

Heisenberg groups play an important role in various areas, such as physics,
quantum mechanics, signal theory and number theory [4]. The study of left-invariant
metrics on Heisenberg groups has attracted a considerable attention of geometers.
For example, it is proved that up to homothety, there is a unique left-invariant
Riemannian metric on the Heisenberg group Hs, whereas there are three metrics in
the Lorentzian case on these spaces [24]. In [25] this study generalized to Riemannian
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and Lorentzian metrics on the Heisenberg group Hs, 11 of dimension 2n + 1 and a
classification of left-invariant Riemannian and Lorentzian metrics on this group is
given.

On the other hand Finsler metrics which are a generalization of Riemannian
metrics on these spaces have been studied in the recent years. For example, recently
left-invariant Randers metrics on three and five dimensional Heisenberg groups have
been investigated in [I6] [I7]. Also in [20] we investigated left-invariant Randers
metrics of Douglas type on two-step nilpotent Lie groups of dimension five and in
[22] and [12] this study is extended to a (2n + 1)-dimensional Heisenberg group
with a special left-invariant Randers metric.

These findings motivated us to extend this study for left-invariant Douglas
(a, B)-metrics on this Lie group and its extension i.e., oscillator group and obtain a
classification of these metrics on these spaces. We show although there is a unique
left-invariant Douglas («, 3)-metric on the Heisenberg group Hay, 1, there are four
left-invariant Douglas («, 8)-metric on its extension. We also obtain several similari-
ties and differences on the results concerning to left-invariant Douglas («, 5)-metrics
on these two Lie groups and show that although there exist some similarities bet-
ween these spaces, there exist several results concerning the left-invariant Douglas
(a, B)-metrics on oscillator groups that cannot exist on Heisenberg groups.

The structure of the paper is as follows. In Section 2 we remind some facts
about Heisenberg groups and oscillator groups. Then we obtain («, 3)-metrics of
Berwald type and explicitly obtain left-invariant Randers, Matsumoto and Kropina
metrics of Berwald type on these spaces. We also give a complete description of
left invariant Randers metrics of Douglas type on these Lie groups and apply them
to obtain a classification of left-invariant Douglas (a, §)-metrics on these spaces.
In Section 3 we first investigate the existence of bi-invariant Douglas («, 8)-metrics
on these spaces and prove that neither Heisenberg groups nor oscillator groups
can admit any bi-invariant Douglas («, §)-metric. We also explicitly obtain the
flag curvature formulas and geodesic vectors on these spaces when equipped with
left-invariant Douglas («, 8)-metrics and obtain some new geodesic vectors on
oscillator groups equipped with left-invariant Douglas («, 3)-metrics which do
not exist on Heisenberg groups. In Section 4 we explicitly give the S-curvature
formulas on these spaces when these spaces are equipped with left-invariant Randers
metrics of Douglas type. We also prove that oscillator groups have always vanishing
S-curvature, whereas this can not occur on Heisenberg groups. Moreover, we show
that oscillator groups which are equipped with left-invariant Randers metrics of
Douglas type are Ricci quadratic, whereas Heisenberg groups are not Ricci quadratic.
Then we apply this result to prove that Heisenberg groups which are equipped with
left-invariant Randers metrics of Douglas type can be non-Berwardian generalized
Berwald spaces, whereas oscillator groups are generalized Berward spaces which
are Berwardian.
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2. LEFT-INVARIANT DOUGLAS («, 3)-METRICS ON THE HEISENBERG GROUP
Hjp 41 AND ITS EXTENSION

Heisenberg group: The Heisenberg group Ha,+1 is a 2-step nilpotent Lie group.
Moreover, any 2-step nilpotent Lie group of odd dimension with a one-dimensional
center is locally isomorphic to the Heisenberg group Hay,+1 [25]. By Theorem 3.1 in
[25] any left-invariant Riemannian metric on Hap, 11 is given by ¢§ ; and by [21] with
respect to this metric we get the orthonormal basis {z1,...,Zn,y1,...,Yn,t} and
[Ti,y:] = % Then by adapting the convention R(e;,e;) = Ve, e;] = [Ve;, Ve, ], up
to symmetry the non-vanishing components of curvature are given by

-3\ A

R(xi,yi)xi = —5 R(x;, t)x, = 102

A
40'1‘2 Yi s tv R(ylat)yz - 72t

4Ui
Oscillator group: The oscillator group G,,(\) = G, (A1,. .., A,) is the connected,
simply connected Lie group with the Lie algebra G,,(A). This Lie algebra decomposes
as a semi-direct product of the Heisenberg algebra Ha,, 1 (generated by Xi, ..., Xp,
Yi,...,Y,,T) and the one-dimensional abelian Lie algebra (for more details see
[13]). Thus it can be realized on R x €™ x R with group product given by

(taZh"'aznvq)(tlvzia"'a’z;’q/)

1 — N , _
= (t +t' + 3 E %(Zje”‘]q?«’;), 21+ MUz, e g+ q’) ,
=1

and is the real (2n+ 2)-dimensional solvable Lie algebra with non-zero commutators
[X;,Y;] =T,[X;, Q] = —\;Y; and [V, Q] = A\; X, where \; are positive real numbers
[5]. If we consider left-invariant Riemannian metric g on G, (), which is defined
by the inner product

(@i, 23) =035, (Wi, us) =06i5, (g,q)=1, (t,t)y=1,

where z; = X;, y; = Y;, t = P and ¢ = @, then we obtain the orthonormal basis
{x1,. s Zn, Y1, -, Yn,t,q} and non-zero Lie brackets [z;,y;] = ¢, [zi,q] = —Aivs,
and [y;, q] = A;x;. Thus we obtain the following non-zero Levi-Civita connection
components:

1 1
Vo, yi = St = —Vy, @i Vy,t = 5% = Viyi, Vi = Niyi
1
Vixi = =34 = Va.l, Vayi = =Aiwi,
where i = 1,...,n. Thus up to symmetry the non-zero curvature components are
given by
-3 t

R(xs, yi)ri = —yi R(xi, t)x; =

4 4’
Recall that a (a,3)-metric on a manifold M is a Finsler metric of the form
F= aq’)(g), where a(z,y) = v/a(y,y) and ¢: (—bg,by) — RT is a C>° function

t
R(ys, t)y: = 1
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satisfying
0(s) =56 (5) + (° = 570" (s) >0, V[s| <b<bo,

and [|B]|a < bo [6]. In the case that M = G is a Lie group, then F is said to be
a left-invariant (o, 3)-metric, when for any € G and y € T,G satisfying the
condition F(z,y) = F(e,dl ,-1y), where e is the unit element of G and [, denotes
the left translation [10]. To obtain all left-invariant («, 3)-metrics of Berwald type
on these spaces we use Theorem 4.1 in [I8] which says that a left-invariant («, )
metric F' on a Lie group G, arising from a left-invariant Riemannian metric g and
a left-invariant vector field X is of Berwald type if and only if for all y, z € G, the
following conditions are valid

(2.1) 9([y, X}, 2) +9([z, X],y) =0, g(ly,2],X) = 0.
Using these conditions we obtain the following result.

Theorem 2.1. Oscillator groups admit left-invariant (a, 3)-metrics of Berwald
type, whereas this can not occur for Heisenberg groups.

Proof. It is sufficient that for the oscillator group G, () in the equation (2.1)) we
consider X = bop,42q. O

By Theorem 3.1 in [9] there is not any non-Berwaldian Matsumoto and Kropina
metrics of Douglas type. Recall that left-invariant Randers, Kropina and Matsumoto
metrics on Lie groups are defined as follows:

_ — _9w) _ 9(v,y)
F(.’E,y) - g(yvy)—l—g(X(x)?y)? F(£E7y) - g(X(ac),y)’ F(xvy) \/m—g(X(x),y)7
where the left-invariant vector field X on G corresponds to 1-form §i.e. g(X(z),y) =
B(z,y) and Randers and Matsumoto metrics are Finsler metrics if and only if we
have ||Bzlla = /9% (@)b;(x)b;(x) < 1 and [|B, e = /97 (2)bi(2)b;j(z) < 1. Using
these facts and Theorem we obtain the following result.

Corollary 2.2. a) There does not exist left-invariant Randers, Matsumoto and
Kropina metrics of Berwald type on the Heisenberg group Hopyq.

b) Left invariant Randers, Matsumoto and Kropina metrics of Berwald type on the
oscillator group G (X\) are respectively given by

(22) F(y) = k% + e + k%n—&-Q + k2n+2b2n+2 y ’LUZth | b2n+2 |< 1 3

kP 4o+ k3, , 1
(2.3) F(y) = ! Znt2 »with | banya |< 5,

k% 4+ .+ k§n+2 — kzn,+2b2n+2
and

KP4+ k3,00
(2.4) F(y) =

koni2b2n 2

where y = 1 (kixi + knti¥i) + kang1t + kong2q and X = baniog.

)
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Now to give a complete description of left invariant Randers metrics of Douglas
type on these Lie groups, we recall that if F' = o+ ( is a left invariant Randers
metric on the Lie group G where F is defined by an inner product (, ) on § and a
left-invariant vector field V', then F is of Douglas type if and only if V satisfies
the following condition ([m,n],V) = 0, for all m, n € §. For more details see
Proposition 7.4 in [8]. Thus we obtain the following result.

Theorem 2.3. a) Any left-invariant Randers metric of Douglas type on Hapy1 is
given by

2n
(2.5) Fly)=\/k}+ -+ k3, 1 + > kid;,
=1

wherey = >0 (kixi+kngiyi) +konat, VA3 4+ d3, <1landV =31 (diz;+
dn+i¥i)-
b) Any left-invariant Randers metric of Douglas type on G, () is given by

(2.6) Fly) = \/ KT+ k3 + -+ k3,0 + koniadanto

where y = Y i (ki + kngii) + kans1t + kontoq, [donto| <1 and V = dopioq.
In all above cases dy, . ..,don42 are real constants.

It is proved in [I8] that a Douglas homogeneous («, 3)-metric must be a Berwal-
dian metric or a Douglas Randers metric. Thus by using Corollary 2.2] and Theorem
we obtain the following result which gives us a classification of left-invariant
Douglas (a, 3)-metrics on Heisenberg groups and oscillator groups.

Theorem 2.4. Any left-invariant Douglas («, 3) metric for Honi1 is given by

(2.5), while for G,,(\) is given by one of the cases (2.2)), (2.3), (2.4) and (2.6).
Thus we can state the following result.

Corollary 2.5. Left-invariant Douglas («, 3)-metrics for Hapi1 coincide with
left-invariant Randers metrics of Douglas type, while this property does not occur

for G (N).

3. FLAG CURVATURES AND GEODESIC VECTORS ON THE HEISENBERG GROUP
Hj, 11 AND ITS EXTENSION

Flag curvature is the most important quantity in Finsler geometry, as it ge-
neralizes sectional curvature in Riemannian geometry. To explicitly obtain the
flag curvature formulas of left-invariant Douglas («, 3)-metrics on Heisenberg and
oscillator groups, we notice that if these metrics are bi-invariant, then we will have
simple computations to obtain these curvatures. Thus we investigate the existence
of these metrics by the following result.

Theorem 3.1. None of the left-invariant Douglas («, 3)-metrics which are given
in Theorem on Heisenberg groups and oscillator groups are bi-invariant.
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Proof. Assume that left-invariant metrics given in Theorem[2.4)are also right-invariant.
Then by Theorem 3.2 in [I5] for any z, y, z € G, we must have ([z, y], 2)+([z, 2], y) =
0. By replacing z;, y;, t for the Heisenberg group Hs,+1 we have the contradiction
A = 0 and for the oscillator group G,,(\) we have the contradiction 1 = X; =0. O

Thus we can state the following result.

Corollary 3.2. Neither Heisenberg groups which are equipped with the metric
g3 1, nor oscillator groups which are equipped with the metric g, can admit any
bi-invariant Douglas («, §)-metric.

Theorem shows that to explicitly obtain flag curvature formulas on these
spaces we need to do some computations. Thus we first recall that the flag curvature
of left-invariant Randers, Matsumoto and Kropina metrics of Berwald type and the
flag curvature of left invariant Randers metrics of Douglas type are respectively
given by

g?K9(P)

e

B (2— F)K9(P)

T F22F2g2(X,0)+2—F)’

(3.1) Kf(Py)=

(32) K7(Py)

K9(P)
F4g2(X,v) + F2’

(33) K'(Py)=

and

a?(y)K9(P)
F2(y)

where K9(P) is the sectional curvature of a left-invariant Riemannian metric g

and is given by K9(P) = %, when P = span{y,t} and {y,t} is
an orthonormal set with respect to g [I1} [9]. Thus to explicitly obtain the flag

curvature on these spaces we first need to obtain the following result.

BU(y,y),V)> = 4F (y)(U(y,U(y, 1)), V))

(B4)  K(Py)- i) ,

+

Theorem 3.3. a) Consider the Heisenberg group Ha,q1 with the left-invariant
Riemannian metric g 1. If y = Sor (ki + kpyiyi) + kopaat and s = >0 (Ko +
k), iyi) + kg, it are arbitrary vectors in the Lie algebra Hoyy1, then the sectional
curvature K9(P) is given by

o —3A A
KSa(P) =" 152 Rikiyi + Kiknii)® + > 153 Kikanir — kon41K7)?

A
+3 Fig(kénJrlknJri — kan1ky,)?

b) Consider the oscillator group Gy () with the left-invariant Riemannian metric
g.- If y =31 (kiws + kngii) + kong1t + kanyoq and s = 0 (Klai + k], y:) +
ki1t + k9, i0q are arbitrary vectors in the Lie algebra Gy, (N), then the sectional
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curvature K9(P) is given by

-3 1
KI(P) = 37 = (ks o+ Kilonsd)? o+ 3 5 (ki = a1k’

1
+ Z Z(kén+1kn+i - k2n+1k;+1’)2 .

Where P = span{s,y} and {s,y} is an orthonormal basis with respect to the metric
g.

In [20] we obtained the flag curvature and S-curvature formulas on two-step
nilmanifolds of dimension five. Here we extend these formulas for an arbitrary (2n -+
1)-dimensional case of these spaces, i.e., Heisenberg groups and their semi-direct
product with a line i.e., oscillator groups as follows.

Theorem 3.4. a) Consider the Hez'senberg group Ha, 41 with the left-invariant Dou-

glas (o, B)-metric @5). If y = > iy (ki + kniyi) + kansat and s = >0 (Kiz; +
k! _Hyz) + anHt are arbitrary vectors in the Lie algebra Hoyp41 such that {s t} is
an orthonormal set, then the flag curvature K¥ (P, y) is given by

K7 (P,y) =
4o Z%H kQKg(P)(\/ Z%H k2+22n diki)?+3 SV Nean 1 (kntidi — kidn ;)
4‘71‘(\/% + o7 diks)
M, (kidi + Raida)
o2 (ST R+ 2 diki)
b) Consider the oscillator group Gy () with left-invariant Douglas («, 5) metrics
given in Theorem . If y = Y0 (kiwi + kngivi) + kont1t + konioq and s =

St (Kwi 4+ K, yi) + kbpyqt + kb, 0q are arbitrary vectors in the Lie algebra
S, (N), then the flag curvature K¥ (P,y) has one of the following forms

K9(P 2"“ k2
(1) KF(P,y) \/22"”)22 , when F' is given in (2.2)).
k2 +banqokant2)?

20/> 0 k2 —=2koniobansa—y  kI)(\/ Y, kP —koniabansa)’ KI(P)
O, k2)? z(z k2)202, 2,1,+2+(2\/Zi k2 —2kan 2bania—y kg)(\/zi k2 —kapiobonsa)
wheni=1,---,2n+2 and F is given in (2.3).

K9(P)b2, , ki o
(3) KF(P,y) = o ]iz)) (21:;222122 — when F is given in (2.4]).

k2P (YK L
, when F' is given in (2.6)).
(\/Z k24-donyokani2)? g

In all above cases K9(P) is given in Theorem|[3.3

(4) KF(Py) =

Proof. For G, (\) by Theorem[2.4we have four left-invariant Douglas («, 3)-metrics.
For the metric (2.2)) we use the formula (3.1)) and for the metrics (2.3) and
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(2.4) we use formulas and . Thus by some computations we obtain
the cases (1), (2) and (3) of theorem. For the metric (2.6), we assume that
z =y (K@i + K yi) + kS, 1t + kb, 0q is an arbitrary vector in the Lie
algebra G,,(\). Then by using the equation 2(U(y, s), z) = ([z, s],y) + {[z,v], s), we
obtain

1
Uly,s) = 5 Z[kn+i(k/2n+1 — Nik,, o) + i (Fangn — Nikan o] @i

1
—3 D [kilkhy g1 = Aikbo) + Ki(kon g1 — Aikanta)yi
which implies that (U(y,y), V) =0 and (U(y,U(y,y)),V) = 0, where V is given in
(2.3). Then by replacing these equations in the equation (3.4]) and using T heorem
we obtain the result. For Hy, 11 we have a similar argument. O
Thus as an immediate consequence we obtain the following result.

Corollary 3.5. The flag curvature and sectional curvature of G, (\) equipped with
a left-invariant Randers metric of Douglas type have the same sing, whereas this
may not occur for Hopyq.

Geodesics of left-invariant Riemannian metrics on Lie groups were studied by
Arnold, extending Euler’s theory of rigid-body motion [2] and have important
applications to mechanics. Here to obtain geodesic vectors on Heisenberg and
oscillator groups which are equipped with left-invariant Douglas («, 3)-metrics, we
recall that by [23] the vector X is a geodesic vector of (a, §)-metric if and only if
X is a geodesic vector of a Riemannian metric g. Thus we obtain the following
result which gives us some new geodesic vectors on oscillator groups which do not
exist on Heisenberg groups.

Theorem 3.6. Let G be a Heisenberg group Hap,y1 or an oscillator group G, ()
which is equipped with a left-invariant Douglas (a, 3) metric given in Theorem .
(a) If G = Hapy1, then y is a geodesic vector of (Hapi1, F) if and only if y
has one of the following forms
(1) Yy S V = Span{xl7"' 7$nuy17"‘7yn};
(2) y € V =span{t}.

(b) If G = Gn(N), then y is a geodesic vector of (Gn(X), F) if and only if y
has one of the following forms
(1) ye V=span{x1,...,Tn,Y1,---,Yn,t,q} satisfying koni1 = Nikanta;
(2) y e V=span{yi,...,Un,t,q} satisfying kapn+1 = Nikanto;
(3) y e V =span{xy,...,zn, t,q} satisfying koni1 = Nikonia;
(4) y € V =span {t,q};

Proof. For G,,()\) by geodesic lemma in [I4] y is a geodesic vector of (G, g) if
and only if ([y, 2],y) = 0 for any z € G,,(A). Hence y = >0 | (kiz; + kntiyi) +
kont1t+konyoq is a geodesic vector of (G,,(N), F) if and only if we have ("7 (k;z;+
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Kntiyi)+kani1t+kantag, eil, Y1y (kiwithnyiyi) thon 1t +kony2q) = 0, when e; =
Zi, Y, t,q, with ¢ = 1,...,n. Thus we obtain the system of equations k;,y;kont1 —
Aikonyoknti = 0 and k;jkon+1 — Aikantok; = 0. To solve these equations we consider
the following cases:
a) ki # 0 # kp4i: this yields the case (1).
b) k; = 0 # ky44: this implies the case (2).

¢) k; # 0 = k,44: this gives us the case (3).
d) k; = 0 = ky,4,: this yields the case (4).
For Hs, 41 we have a similar proof. O

Comparing the results on oscillator groups and Heisenberg groups given in the
above theorem, we obtain the following result.

Corollary 3.7. There exist some new geodesic vectors on oscillator groups which
are equipped with left-invariant Douglas («, 3)-metrics while these geodesics do not
exist on Heisenberg groups.

4. S-CURVATURE ON THE HEISENBERG GROUP Ha, 11
AND ITS EXTENSION

The concepts of S-curvatures are fundamental quantities in Finsler geometry
which vanish for the Riemannian metrics. Here to explicitly obtain the S-curvature
formulas on Heisenberg groups and their extension i.e., oscillator groups we recall
some facts from [8]. Assume that G is a Lie group with a left-invariant Randers
metric F which is defined by an inner product {,) on the Lie algebra § of G and a
left-invariant vector field V. Then the S-curvature is given by

n;1{<[v,y},<g,(yV)>V—y> ~ (Wl v}

see [7]. Using these facts and Theorem we can obtain the following result.

(4.1) S(e,y) =

Theorem 4.1. Let G be the Heisenberg group Hay 1 or the oscillator group G, (\)
which is equipped with a left-invariant Randers metric of Douglas type given in
Theorem 2.3 Then the S-curvature on G = Hap 1 is given by

kons1 Y iy (M) }

VIR

and for G = G () is given by S(e,y) = 0. Wherey = >0 (kixi+kntiyi) +kongt
is an arbitrary vector in Hop 1 and e is the identity element of G.

Proof. For Hs, 1 by Theorem we obtain V = Y  (d;x; + dntiyi). Then
we get [V,y] = Y1 tf(d knti — dnyiki) which implies that ([V,y], (y, V)V —

7 1 o;
Y) = —kont1 D (d kn+i — dpsik;) and ([V,y],V) = 0. Thus by replacing
these equations in , we get the formula . For G, (\) we have [V,y] =
>y a2n+1)\i(kiyi_kn+ixi) which gives us ([V,y], (y, V)V —y) = 0and ([V,y], V) =
0. Thus by replacing these equations in we obtain the result. ([

(4.2) S(e,y) = —VA(n + 1){
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Using the above result we obtain the following corollary.

Corollary 4.2. Oscillator groups equipped with left-invariant Randres metrics of
Douglas type given in Theorem have always vanishing S-curvature, whereas
this can not occur on Heisenberg groups.

The spaces with vanishing S-curvature have a close relationship with generalized
Berwald spaces and Ricci-quadratic spaces [3] [§]. Recall that a Finsler metric
is called Ricci-quadratic, if its Ricci curvature Rice(z,y) is quadratic in y. By
Theorem 7.9 in [8] a homogeneous Randers space is Ricci quadratic if and only if
it is of Berwald type. Thus by Theorem [2.I] we obtain the following result which
gives us a property on oscillator groups which does not exist on Heisenberg groups.

Corollary 4.3. Heisenberg groups equipped with left-invariant Randres metrics of
Douglas type given in Theorem[].]] are never Ricci-quadratic spaces, while oscillator
groups can be considered as Ricci-quadratic spaces.

Recall that a Finsler manifold (M, F) is a generalized Berwald manifold if there
exists a covariant derivative V on M such that the parallel translations induced
by V preserve the Finsler function F. By [I] any left invariant Finsler metric on
a Lie group is a generalized Berwald space. Thus by Theorem we obtain the
following result which gives us the existence of generalized Berwald spaces which
are non-Berwardian.

Corollary 4.4. Heisenberg groups equipped with left-invariant Randres metrics of
Douglas type given in Theorem [4.1] are non-Berwardian generalized Berwald spaces,
whereas oscillator groups are of Berward type.
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