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Abstract r N

In this paper, we find the necessary and sufficient conditions under which a left-invariant Randers metric is a
Ricci-quadratic metric. Then, by using the Ha-Bumlee’s classification of left invariant Riemannian metrics and
our characterization of Ricci-quadratic left-invariant Randers metrics, we give the classification of left-invariant
Ricci-quadratic Randers metrics on three dimensional Lie groups. As an application, we find an interesting Ricci-
quadratic Randers metric on SU(2) which is a generalized Berwald metric while it is not Berwaldian. Also, we
prove that it is a generalized Douglas-Weyl metric which is neither Douglasian nor Weyl metric.
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1. INTRODUCTION

The notion of Riemann curvature R = R(x,y) is a basic concept in the Riemannian-Finsler geometry which was
introduced by Riemann in 1854 for Riemannian manifolds and was extended by Berwald in 1926 for Finsler manifolds.
The Riemannian curvature of every Riemannian metric is quadratic in y, while this fact does not hold for general
Finsler metrics. Therefore, the concept of R-quadratic Finsler metrics was born, namely, a Finsler metric is called
R-quadratic if its Riemannian curvature is quadratic in y. In other words, a Finsler metric is R-quadratic if and only if
the h-curvature of the Berwald connection depends on position only in the sense of Bécsé-Matsumoto [2]. But in fact,
it was Shen who chose such a name for these metrics. The class of R-quadratic Finsler metrics contains the classes of
Berwald metrics and R-flat metrics as special cases [17-19].

As defined in Riemann geometry, in Finsler geometry, the Ricci curvature Ric(z, y) is obtained by taking the trace
of Riemann curvature, namely, Ric(z,y) = trace(R(z,y)). A Finsler metric is called Ricci-quadratic if its Ricci
curvature Ric(z,y) is quadratic in y. By definition, every R-quadratic metric is Ricci-quadratic [9]. It is remarkable
that Shen proved that every closed R-quadratic metric is a Landsberg metric [19]. It is interesting to ask if the same
position holds for the Ricci-quadratic Finsler metric. Then, a natural question in Finsler setting arises as follows:

Conjecture. Dose a Ricci-quadratic Finsler metric on a closed manifold reduce to a Berwald metric?

In Finsler geometry, to get the answer to such a problem, people usually first research the class of Randers metrics
because such metrics are the simplest non-Riemannian Finsler metrics and also they are computable [6]. Recently, Bao
and Robles investigated the Ricci curvature of Randers metrics and obtained the necessary and sufficient conditions for
a Randers metric to be Einstein [5, 16]. In [24], Tayebi-Najafi proved that a homogeneous («, 3)-metric on a manifold
M is an R-quadratic metric if and only if it is a Berwald metric. In [13], Li and Shen studied Randers metrics with
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quadratic Riemann and Ricci curvatures. They found the equations that characterize Ricci-quadratic Randers metrics.
In [12], Hu-Deng proved that a homogeneous Randers metric is Ricci-quadratic if and only if it is a Berwald metric.

Suppose that G is a Lie group with a left-invariant Randers metric F' defined by the underlying left-invariant
Riemannian metric o and the left-invariant vector field U. Among the Finsler spaces, Lie groups equipped with
left-invariant metrics are very important spaces because of interpolation between algebraic and geometric properties
of Lie groups. S. Deng has achieved very important results on these spaces [8]. He introduced homogeneous Finsler
spaces for the first time in [7]. Homogeneous spaces, including Lie groups as a special case, have many applications in
physics. In [28], Zhang and Huang classified Lie groups of scalar Randers type. Therefore, it is natural to study and
characterize the left-invariant Ricci-quadratic Randers metrics on Lie groups . In this paper, we can characterize the
left-invariant Ricci-quadratic Randers metrics.

Theorem 1.1. Let G be a Lie group equipped with a left-invariant Randers metric F' defined by the underlying left-
invariant Riemannian metric a = \/a,(v,v) and the left-invariant vector field U, i.e., F(p,v) = v/op(v,v) + 0, (U, v).
Then, the Randers metric F' is a Ricci-quadratic metric if and only if for any left-invariant vector fields X, Y, and Z
the following holds

<[U7 X]>Y> + <X7 [U’ Y]> - <[U’ X]? U><U7 Y> - <[U’ Y]7U><U7X> a 0’ (1'1)
tr (vAdﬂ(Fe, —)) —(n— 1)a(U, v, (ad*(Fe))(U)]), (1.2)

where £ is the unit tangent vector in the direction of y € T, M, B(p,v) := a,(U,v) and V/\dﬂ = Sijlkdxj ®dz* ® 0/0x!
is the horizontal covariant derivative of dB with respect to c.

In [10], Ha-Bumlee studied 3-dimensional Lie algebras and classified the Left-invariant Riemannian metrics on
simply connected 3-dimensional Lie groups. Let us consider {z,y, 2} as a basis for a 3-dimensional Lie algebra. Then,
it is isometric isomorphic to one of the presented Lie algebras endowed with the given inner product in Table 1 (for
more details see Table 1). In this paper, using Ha-Bumlee’s classification, we classify Left-invariant Ricci-quadratic
Randers metrics as follows.

Theorem 1.2. A simply connected 3-dimensional Lie group G admits a Ricci-quadratic Randers metric F(p,v) =
Voap(v,v) + a,(U,v), where a denotes the left invariant Riemannian metric induced by the inner product given in
each case in the Table 1, if and only if G is isomorphism isometric with one of the following

(i) The 3-dimensional Euclidean space R3;

(ii) The Heisenberg group Nil;

iii) The solvable Lie group Eo(2);

iv) The simple Lie group SU(2);

(v) The non-unimodular Lie group G., where 0 < u < |c| and v > 0;

(vi) The non-unimodular Lie group G., where 0 < <1, v >0 and c=1.

—
— N —

In final section, we consider the Riemannian and non-Riemannian curvature properties of the Randers metric
F(p,v) = \/ap(v,v) + ap(z,v) defined on SU(2), where it is the special case (iv) of Theorem 1.2. More precisely,
in Proposition 5.1, we prove that: (i) F is not a Landsberg metric nor weakly Landsberg metric nor stretch metric;
(ii) F is a generalized Douglas-Weyl metric which is not Douglasian nor Weyl metric; (iii) F is a generalized Berwald
metric which is not Berwaldian; (iv) F' is not projectively flat; (v) F satisfies S = 0; (vi) F is Ricci-quadratic but not
R-quadratic.

2. PRELIMINARIES

Let (M, F') be a Finsler manifold. The following quadratic form g, : T, M x T, M — R is called fundamental tensor

1 02
g, (u,v) = 2301 F2(y 4 su + tv)} , u,v € T, M.

s=t=0

(=)=
E)NE
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Let € M and F, := F|r,». To measure the non-Euclidean feature of F,, one can define C,, : T, M xT, M xT, M — R

by

1d

T [gyﬂw(u,v)]tzo, u,v,w € Ty M.

The family C := {C,} e, is called the Cartan torsion.
For y € T, My, define 1, : T, M — R by

Cy(u,v,w) :=

I, (u) = Z 9”7 (y)Cy(u,8;,0;),

where {0;} is a basis for T, M at € M. The family I := {I,},eru, is called the mean Cartan torsion. By definition,
I,(y) =0 and I, = A"'I,, A > 0. Therefore, I, (u) := I;(y)u’, where I; :== ¢’*C;;y.
For a vector y € 1T, My, define the Matsumoto torsion My, : T, M x T, M x T, M — R by
1
M, (u, v, w) := Cy(u,v,w) ———
n

{ L hy (0,0) + L, @)y () + T, (0, ()}, (2.1)

where hy (u,v) := g, (u,v) — F~2(y)g, (v, u)g, (y, v) is the angular metric. A Finsler metric F is said to be C-reducible
it M, = 0. In [14], Matsumoto and Hgjo proved the following.

Lemma 2.1. A Finsler metric F' on a manifold of dimension n > 3 is a Randers metric or Kropina metric if and
only if M, =0 for all y € T Mj.

Let ¢ = ¢(t) be a C* curve and U(t) = Ui(t)%
U(t) along c by

c(t) be a vector field along c. Define the covariant derivative of

DeU(t) = { dgl (t)+ U () gj; (c(t), &(t)) } %

U(t) is said to be linearly parallel if D U (t) = 0.
For a vector y € T, M, define

()

L, (u, v, w) = %[Cd(t)(U(t),V(tLW(t))} oo,

where 0 = o(t) is the geodesic with ¢(0) ==, 5(0) =y, and U(t), V(t), W(t) are linearly parallel vector fields along o
with U(0) = u, V(0) = v, W(0) = w. F is called a Landsberg metric if L = 0.
For y € T, M, define the mean Landsberg curvature J, : T, M — R by J, (u) := J;(y)u’, where

d
I, () =< {I,, ¢ } ,
y(u) = 2 Lo (U (1)) o
Here, y € Ty M, 0 = o(t) is the geodesic with ¢(0) = z, 6(0) = y and U(¢),V(t), W(t) are linearly parallel vector
fields along ¢ with U(0) = u, V(0) = v, W(0) = w. A Finsler metric F is called a weakly Landsberg metric if J,, = 0.
For a Finsler manifold (M, F), a global vector field G is induced by F on T'Mj, which in a standard coordinate
(2%, y*) for TMj is given by
9 0
Ox? oy’
where G* = G%(z,y) are local functions on TM given by
.1 O?[F? O[F?]
G = gt ko b yerar
19 {8xk3yly ox! Y
G is called the associated spray to (M, F'). A Finsler metric is called a Douglas metric if

G:yi

1. . )
G = irék(w)yjy’“ + P(x,y)y",
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where F;k = Fék(x) is a scalar function on M and P = P(z,y) is a homogeneous function of degree one with respect
toy on TMy. If P =0, then F is called a Berwald metric.

For a Finsler metric F' on an n-dimensional manifold M, the Busemann-Hausdorff volume form dVy = o F(z)d:c1 <o da™
is defined by

Vol (B"(1))
voi{ (y7) € R* | F(y'5

op(x) =

2) < 1}
For y = y'0/0x"|, € T, M, the S-curvature is defined by

oG* , 0
S(y) = G, (e20) ~ ¥ 5 [m UF(:E)]. (2.2)
For a vector y € T, My, the Riemann curvature is a family of linear transformation R, : T, M — T, M which is

defined by R, (u) := Ri (y)u*d/0z*, where

, oG 0?Gt . - 0%GH oGt 0G7
R, =2— — ———y) +2G7 — - 2.3
k Oxk axiayky * Oyioyk  Oyi Oyk (23)
The family R := {Ry }yern, is called the Riemann curvature. Let us put
; 11 9*R; O*R}
g kL g{ayjayl © Oyioyk } (24)
Then
Rj = R} v’y (2.5)

Therefore R;; is quadratic in y € T, M if and only if R; «; are functions of position alone.
Let (M, F) be an n-dimensional Finsler manifold. Put

Ric := zn:gij (Ry(bi), bj)a
i=1

where {b;} is a basis for T, M. Ric is a well-defined scalar function on TMy. We call Ric the Ricci curvature. In a
local coordinate system,

Ric = g”R;; = RII".

3. PROOF OF THEOREM 1.1

Let G be a smooth n-dimensional connected Lie group endowed with a Riemannian metric o = a;; dx' @ dx?. We
denote the inverse of (a;;) by (a*). It is well-known that the Riemannian metric « induces the musical bijection
between 1-forms and vector fields on G, which is denoted by b : T,G — T;G and given by v — a,(v,—). The
inverse of b is denoted by f : TyG — T,G. Suppose that 8 = b;dz* is a 1-form on G, in which we have used Einstein’s
convention for summation. Then 8% = b’9/9z", where b* = a*/b;. Consider 3 such that ||| := \/a;;b?b7 < 1. In this
case, one can define a Randers metric F' on G which is defined as follows

F(p,v) = a(p,v) + B(p,v), Vpe M, YveT,M.

where we have

Oé(p,’l}) Y aijvivj’ B(}%’U) = (ﬁ’i)b(v) = aP(ﬂ’iﬂU)>
Put

1 1
Tij = g(bm‘ +bji) 5 Sij = §(bi|j —bji),

. m .__}m . j L j o j o j
Ty = 0", 85 = 0 S, Tio =iy, Si0 = sy, To =117, S0 = sy
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where “|” denotes the covariant derivative with respect to the Levi-Civita connection of c. We define the following
two 1-forms

§=s;det, 7 =ridat
Then for every vector field X on G, we have
5(X) = dp(X, B*) = X - B(B*) — B*.B(X) — B(IX, )
= X.a(f,5%) - .a(B, X) — o([X, 5], 67). (3.1)

T(Xa Y) = Tinin = (£ﬁn04)(X, Y) = ﬂﬁ~a(X7 Y) - OZ([Bﬁ,X],Y) - a(X7 [ﬁﬁ’YD7 (32)

where £: denotes the Lie derivative along B
Moreover, for every vector field X on G, we have

Hence
F(X) 4+ 5(X) = X -a(p*, 8%). (3.4)

It follows from (3.4), the norm of 8 with respect to « is constant if and only if r; +s; = 0.

A vector field X on a Lie group G is said to be left-invariant if it is invariant under every left translation of G.
Similarly, a Riemannian metric a on G is called left-invariant if every left translation of G is an isometry of a. Suppose
that X and % are left-invariant vector fields, and « is left-invariant Riemannian metric. Then, it is well known that
a(p¥, p%) and a(B%, X) are constant functions. Thus, from (3.1) and (3.3), we have

5(X) = —a([X, 8%, 8%), 7(X)=a(X,pB",5). (3.5)
Let us define

m
7

tij = SimS tj = bitij = SmS"]L».
In [13], Li-Shen characterized Ricci-quadratic Randers metrics and proved the following.

Theorem 3.1. ([13]) Let F' = a+ 3 be a Randers metric on an n-dimensional manifold M. Then F is Ricci-quadratic
if and only if the following hold

eoo = 2¢(a? — B?), (3.6)
Sko\k = (n — 1) Ao, (3.7)
where ¢ = c(z) is a scalar function on M, ¢y, := cur, Ag := Apy® and Ay, := 2csp + by + tg + 1/2¢y. In this case
Ric = Ric — 2tgy — th.0? + (n— 1)y, (3.8)
where Wo := Uyy* and Wy := 3cy, — ¢?Bby, + 2B8¢x, — cobk, + sosk + 250k — Skjo — 6¢sko-

Let G be a connected Lie group, g = T.G its Lie algebra identified with the tangent space at the identity element.
Suppose ( ,) is an inner product on g and « is the left Riemannian metric induced by ( ,) on G, i.e.,

(1, 0) = (L), (W), (L 1), (0) ),

Suppose U is a non-zero vector in g and % is the left-invariant vector field induced by U on G, i.e.,
B (p) = (Lp)+. (U).

It is easy to see that on the Lie algebra g the relation (3.5) becomes
5(X) = (U, X],U), r(X,Y)=—(U,X],Y)—(X,[U,Y]), VX, Yeg.

The relation (3.6) is equivalent to this fact that for all X, Y € g the following holds

([U.X],Y) + (X, [0,Y]) = ([, X, U)(U,Y) = (UYL, UNU,X) = =2¢((X,Y) = (U,X)(U, V). (39)

(&)
ENE
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By Ming’s paper [27], we have ¢ = 0. Hence, for all X, Y € g the following holds

(U, X1,Y) +(X,[0,Y]) = ([U,X],UNU,Y) = {[U, Y], U)(U, X) = 0. (3.10)
Now, we are ready to characterize Ricci-quadratic left-invariant Randers metrics.
Proof of Theorem 1.1: Suppose that “|” denotes the covariant derivative with respect to the Levi-Civita connec-

tion of a. Let us express s;;|;, in the index-free form. It is easy to see that s;;; are the components of the following

Vdp(X,Y, Z)

(3.11)

where X, Y, and Z are arbitrary vector fields on G. It is easy to see that Vdf is left-invariant [11]. On the other

hand, we have
VAB(X,Y, Z) = (VxdB)(Y, Z) = X.dB(Y, Z) — dB(VxY, Z) — dB(Y,V x Z).
Now, suppose that X, Y, and Z are left-invariant vector fields. Thus, we have
X.dp(Y,Z)=0.
From B* = U, it follows
dg(VxY,Z) = (VxY).a(lU,Z) - Z.a(U,VxY) — a(U,[VxY, Z])
= —a(U,[VxY, Z)).
Similarly,
dg(Y,VxZ) = Ya(UVxZ)— (VxZ).a(U,Y) — a(U,[Y,VxZ])
= —aU,[Y,VxZ]).
Therefore, one can see that for any left-invariant vector fields X, Y, and Z the following holds
VAB(X,Y, Z) = a(U, VxY, Z] + Y, vXZ])).
We need to express 5k0| i in the index-free form.
We know that
dpg = s,-jdxi A dz?,
and we set dj = sijdxj ® 0/0z". Then we have
a(dB(X),Y) =dB(X,Y), VXY € X.(G).
By definition, we get
dp(X,Y) = X.B(Y) = Y.5(X) — B([X,Y]).

(3.12)

(3.13)

(3.14)

(3.15)

We know that X and Y are left invariant vector fields, so S(Y)and 8(X) are constant functions. In this case, we

obtain
Y.A(X) = X.B(Y) =0
which implies that
df(X,Y) = —B([X,Y])
=—a(U, [X,Y)).
On the other hand, the following holds
a(dp(X),Y) = dB(X.Y).

(=)=
E)NE

(3.16)

(3.17)
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By (3.16) and (3.17), we have

a(dB(X).Y) = ~a(U,[X,Y])
=—a(U,ad(X)Y)
= —a((adX)*(U),Y).
Since Y is arbitrary vector field, so we get
dB(X) = —ad*(X)(U). (3.18)

m .
J

Now, we express t;; = $ims™; in the index-free form.
T(X,Y) :=dB(X,dB(Y))
= o (4B(x), d3(Y))
- a( — ad*(X)(U), ﬂtd*(Y)(U))
- a(U, ad(X)(ad*(Y)(U)),
and also we say t; = b't;; in the index-free form
i(x) = T(8%, X),
= dp(B*,dB(X))
= a(V, ad(U) (ad" (X))(V))
= a(U, U, (ad (X))(V)]).

By Ming’s paper, a homogeneous Finsler space has isotropic S-curvature if and only if it has vanishing S-curvature
[27]. Hence, we have

Ay =ty
Therefore, we have
Ay = a(U, [0, (ad*(Fé))(U)]). (3.19)
Then, we obtain
a(VAB(X,Y), Z) = VdB(X,Y, Z),
and by (3.15) we get
VAB(X,Y, Z) = a(U, VxY, Z] + Y, VXZ]),
Thus, one can deduce that
a(V/\dﬁ(X, Y), Z) - a(U, VxY, Z] + Y, VXZ]). (3.20)

On the other hand, for every left invariant vector fields such as X, Z, the vector field Vx Z is also left invariant. It is
easy to see that

VxZ =~ ([X, 7] — (adX)*Z — (adZ)*X). (3.21)

1
2
(&)
ENE
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By (3.21), we can rewritten (3.20) as follows:

a(VAB(X,Y), Z) = a((ad(VXY))*(U), Z)

Jr;{a((adYo adX) (), Z) - a((adX o (adY)")(U), Z)

+a((ad((adY)*(U)))*(X),z)}. (3.22)
Since Z is an arbitrary left invariant vector field and additionally, then we have
ad(VxY)"(U) = %{ad([X, Y)) (V) = ad(ad(X)"Y)*(U) — ad(ad(¥ )" X)*(U) }.
and
VB, Y) = 5 {ad([X,Y))*(0) ~ ad(ad(X)Y ) (U) - ad(ad(Y)* X)* (1)}
+ %{(adY o adX)"(U) — (adX o (adY)*)(U) + (ad((adY)*(U)))*(X)}. (3.23)
Then s¥, is the trace of VdB(F(,—), ie.,
o = tr (V/\dﬁ(FZ, f)), (3.24)

which gives us (1.2). O
As a consequence of Theorem 1.1, one can get the following.

Corollary 3.2. Suppose that G is a 3-dimensional Lie group equipped with a left-invariant Randers metric F defined
by the underlying left-invariant Riemannian metric o-and the left-invariant vector field U, i.e., F(p,v) = y/op(v,v) +
ap(U,v). Then, F is a Ricci-quadratic metric if and only if for any left-invariant vector fields X, Y, and Z the
following hold

(U, X],Y)+(X,[U,Y])+{[UX],UNU,Y) + ([U,Y],U){U,X) =0, (3.25)

tr (V/\dB(FZ, —)) =0. (3.26)
For the abelian Lie groups, we have d8 = 0. Clearly (1.1) and (1.2) hold. So, one can conclude the following result.

Corollary 3.3. Any left invariant Randers metric on an abelian Lie group is Ricci-quadratic.

Remark 3.4. As an observation if U € [g, g]* and ad(U) is skew-adjoint with respect to «, then (1.1) and (1.2) hold.
Therefore, in this case F'(p,v) = y/ap(v,v) + o, (U, v) is Ricci-quadratic. This observation verifies Theorem 1.1 in [19].

A Randers metric F(p,v) = y/a,(v,v) + a,(U,v) on Lie group G is said Z-Randers metric if U belongs to the
center of Lie algebra g. By this definition, we get the following result.

Corollary 3.5. Any Z-Randers metric F(p,v) = /oy (v, v)+a, (U, v) is Ricci-quadratic if and only iftr(v/\dB(FZ, -)) =
0 holds.

In [25], Téth and Kovacs considered the class of left invariant Randers metrics on the 3-dimensional Heisenberg
group. They gave a complete description of the Chern connection defined by a left invariant Randers metric on the 3
dimensional Heisenberg group. Here, we prove the following.
an
BE
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Proposition 3.6. Consider the Heisenberg group Nil with the basis {x,y,z} and the following Lie bracket

[z,y] =2, [z,2] =0, [y,2] =0. (3.27)
Then the Z-Randers metric F(p,v) = \/ap(v,v) + op(U,v) with U = z is Ricci-quadratic. In this case, the following
holds

Ric = Ric.
Proof. According to Corollary 3.5, Z-Randers metric F' is Ricci-quadratic if and only if

tr (V/\dﬁ(Ff, —)) =0.
We know that F/ is a tangent vector and at the identity element of G, i.e., e it is a linear combination of {z,y, z}.
Suppose that F'¢ = ax + by + cz, for some real constants a, b, c. By linearity of VdG(F¥¢, —) in its first argument, we
have

VdB(Ft,~) = aVdp(x, =) + bVdB(y, -) + Vdp(z, ),

Thus, it is sufficient to consider V/\dﬁ(a:, =), V/\dﬁ(y7 —) and V/\dﬁ(z, —). Using (3.27), we easily obtain the ad and ad*
operators for the Heisenberg group Nil as follows

0 0 O 0 0 O 0 00 0 0 -1
ad(z)=[10 0 0], ad()* =0 0 1]|,adly)y=( 0 0 0}, ad(y)*={0 0 0 (3.28)
01 0 0 0 O -1.0 0 0 0 O
and
ad(z) = ad(z)* = 0. (3.29)

By using (3.28) and (3.29), we have:
V/\dﬁ(x,x) =0, V/\dﬂ(x,y) =0, V/\dﬁ(m,z) = g,

and consequently

O O

tr (vAd@(x, 7)) = 0. (3.30)
)

Similarly,
- 00 0\ 00 0
Vaply,—) =0 0 o], Vdse—)=[0 0 o],
0 3 0 000
and consequently
tr(V/\dB(y,—) =0, tr(V/\dB(z,—))zo. (3.31)
Therefore tr (V/\dB(FE, —)) = 0. This completes the proof. O

Corollary 3.7. The Heisenberg group Nil with the Z-Randers metric F(p,v) = \/ap(v,v) + a,(U,v) with U = z and
a given in Table 1 is not an Finsteinian manifold.

Proof. @)rding to Proposition 3.6, The Heisenberg group Nil has Z-Randers metric F' and by (3.8), we have

Ric = Ric. By [15] there are directions U and V such that »(U) > 0 and r(V) < 0. Thus F is not an Einstein

metric. ]
an
BE
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4. PROOF OF THEOREM 1.2

Case (i) is obvious and case (ii) is proved in Proposition 3.6. Then, we prove the statement for simple Lie group
SU(2) and the non-unimodular Lie group G., where 0 < u < |¢| and v > 0. The other cases are similar to the
mentioned two cases. For this aim, we have to show that (3.25) and (3.26) hold.

For the simple Lie group SU(2) the (3.25) holds if i = A and for (3.26) we have:

0 0 O 0 0 0 0 0 1 0 0 -1
ad(z)=[0 0 —1|, ad(x)* =10 0 1),adly)=10 0 0], ad(y)*=(0 0 O |, (4.1)
01 0 0 -1 0 -1 0 O 1 0 O
and
0 -1 0 0 1 0
ad(z)=|1 0 0], ad(z)*=|-1 0 0 (4.2)
0 0 O 0 00
By (4.1) and (4.2) we get
VdB(e,x) = ~=, VdB(e,y) =0, Va(r,2) = 7,
S0
_ 0 0 3
Vdp(z,—)=|0 0 0],
-1 0 O
which implies that
tr (V/\dﬂ(x, —)) = 0. (4.3)
Similarly,
- 0 0 0\ 00 0
VdB(y,—)=10 0 1], VdB(z,—)= [0 0 0],
0 32 0 0.0 0
and
tr (V/\dﬁ(y, —)) =0, tr (V/\dﬁ(z, —)) =0. (4.4)

Therefore tr (V/\dﬁ(FE, 7)) = 0, which means (3.26) also holds.
For non-unimodular Lie group G, where 0 < p < |¢|] and v > 0, the (3.25) holds if 4 = ¢ and for (3.26), we have:

0 0 O 0 0 O 0 0 ¢ 0 0 O
ad(z)=[0 0 -1}, ad(x)*=10 0 O0),adly)=10 0 —2], ad(y)*=[(0 0 0], (4.5)
0 0 O 0 -1 0 0 0 O c -2 0
and
0 —c 0 0 1 0
ad(z)=|1 2 0], ad(z)*=|-c 2 0 (4.6)
0 0 0 0 0 0

By (4.1) and (4.2), we have
Vdp(z,z) =0, V/\dﬁ(m,y) =0, V/\clﬁ(x7z) =0.
So
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which implies that ¢r (V/\dﬁ(m7 —)) = 0. Similarly,
N N 0 0 0
0 0 O

Thus, tr(V/\dﬁ(y,—)) = 0 and tr(V/\dﬁ(z,—)) = 0. Therefore tr(V/\dB(FE,—)) = 0, and (3.26) also holds for this
case. (Il

5. APPLICATIONS OF THE CLASSIFICATION THEOREM 1.2

The well-known Wallach Theorem in Riemannian geometry explains that the 3-sphere group SU(2), consisting of
2 x 2 unitary matrices of determinant 1, is the only simply connected Lie group which admits a left invariant metric
of strictly positive sectional curvature. This motivates us to consider the Riemannian and non-Riemannian curvature
properties of the Randers metric F(p,v) = v/, (v, v) + (2, v) defined on SU(2), where it is the special case (iv) of
Theorem 1.2.

5.1. 1In [19], Shen showed that every R-quadratic Finsler metric on a closed manifold is a Landsberg metric. In other
words, on a compact Finsler manifolds, we have the following

{Berwald metrics} - {R—quadratic metrics} - {Landsberg metrics}.

On the other hand, the class of Ricci-quadratic Finsler metrics are a natural extension of the class of R-quadratic
Finsler metrics. Then, on arbitrary Finsler manifolds, the following holds

{Berwald metrics} C {R-quadratic metrics} C {Ricci-quadratic metrics}.

It is natural to ask if every Ricci-quadratic Finsler metric on a closed manifold is Landsbergian? We have an
example that shows this theorem is no longer true for Ricci-quadratic Finsler metrics. For this aim, let us consider
the simple Lie group SU(2) equipped with the following Randers metric

F(p,v) = y/ap(v,0) + ap(z,v), (5.1)

where « is the Reimaninan metric introduced in Table 1. By Theorem 1.2, F' is a Ricci-quadratic metric. On the
other hand, the related 1-form a,(z,.) is not parallel with respect to a which shows that F' is not Berwaldian nor
Landsbergian. On the other hand, by Lemma 2.1, every Randers metric is C-reducible

1
Cy (ua v, w) = T{Iy(u>hy (U’ w) + Iy (U)hy(u’ w) + Iy(w>hy (u7 1})}, (5'2)
By taking horizontal derivation of (5.2), we get

+1
Ly (0, w) = {3, (0)hy (0, w) + T (o) () + T, (w)hy (u,0) | (5.3)

n+1

According to (5.3), a Randers metric is Lansberg metric L = 0 if and only if it is a weakly Landsberg metric J = 0.
Thus, the Randers metric (5.1) is not a weakly Landsberg metric.

5.2.  As a meaningful extension of Landsberg curvature, Berwald introduced the non-Riemannian quantity called the
stretch curvature. He showed that a Finsler metric has vanishing stretch curvature if and only if the length of an
arbitrary vector is unchanged under the parallel displacement along an infinitesimal parallelogram. A Finsler metric
with vanishing stretch curvature is called stretch metric. For y € T, My, define 3, : T, M x T, M x T, M x T, M — R
by 2y(q,u,v,w) == ¥ jp(y)g'u/vFw!, where Sijn := Lijii — Lijije- The family ¥ := {Z,} ern, is called the
stretch curvature. F' is called a stretch metric if 3 = 0. It is proved that every R-quadratic metric is a stretch metric,
namely, 3 = 0 (see [24]). In [24], Tayebi-Najafi showed that every homogeneous («, §)-metric of stretch-type is a
Berwald metric. Since the Finsler metric (5.1) is not Berwaldian then it is not a stretch metric.

(&)
ENE
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TABLE 1. Euclidean 3-dimensional Lie algebras.

’ Cases \ algebra structure \ Associated simply connected Lie group \ Left invariant Riemannian metric

[z,y] =0 100
Case 1 [#,2] =0 R3 010
lv,2] =0 0 0 1
[w,y] =z vy 00
Case 2 Fn z]] =0 The Heisenberg group Nil 0 v 0 v >0
Y,z =0 0 0 ~
[z, y] =0 ] 100
Case 3 [z,2] = —= The solvable Lie group Sol 010 v >0
v, 2] =y 0 0 w
[z,y] =0 ) 11 0 .
Case 4 [¢,2] = —@ The solvable Lie group Sol 1 k0 20
v, 2] =y 0 0 w
[z,y] =0 . - X ° 0<k<1
Case 5 [z.2] =y The solvable Lie group Ey(2) 0 K 0 N
ly, 2] = —= 0.0 v
[z, y] = 22 . . z ) ° K2v>0
Case 6 {x z} = -2 The simple Lie group PSL(2,R) 0 Kk 0 550
Y, 2] = —22 00 v
[z, y] = = . . v ol >r>v
Case 7 Fsz} =y The simple Lie group SU(2) 0 x 0 TESE
v 2= 00 v
[z,y] =0 ) ] 100
Case 8 Fs z} =-z The non-unimodular Lie group Gy 01 0 v>0
Y,z = —y 0 0 v
[z, y] =0 . . 10 0 oo
Case 9 [#,2] = —y The non-unimodular Lie group G, 0 & 0 N
[y, 2] = cz — 2y 00 v
[z,y] =0 . . L oo k>0
Case 10 [¢,2] = —y The non-unimodular Lie group G, 0 Kk 0 v >0
ly, z] = e — 2y 00 v e=0
[,y] =0 . . br o 0
Case 11 [¢,2] = —y The non-unimodular Lie group G, 110 s
[y, 2] = cz — 2y 0 0 v
[z,y] =0 . . 100 0<k<1
Case 12 [z,2] = —y The non-unimodular Lie group G, 0 Kk 0 e=1
ly, 2] = ce — 2y 00 v v>0
[z,y] =0 1 v 0 0<r<l1
Case 13 [z,2] = —y The non-unimodular Lie group G, vy 10 <
[y, 2] = cx — 2y 0 0 v 0<y<1
[@,y] =0 . . 1o 0<r<e
Case 14 [z, 2] = —y The non-unimodular Lie group G, 1k 0 >0
ly, 2] = cz — 2y 0 0 v v >0
[z,y] =0 . . T = 0 0<r<1
Case 15 [¢,2] = —y The non-unimodular Lie group G, k10 v>0
[y, 2] = cx — 2y 0 0 v yr=+v1T—c

5.3. In [3], B4cs6-M. Matsumoto proved that a Randers metric F = a + (8 is a Douglas metric if and only if 8 is a
closed 1-form. On the other hand, for the Randers metric (5.1) on SU(2), we have

([z,y],2) = (z,2) # 0.
[c[v]
o] ¢ ]
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This shows that the related 1-form of Randers metric F'(p,v) = \/ap(v,v) + ap(z,v) defined on SU(2) is not closed.
Thus F' is not a Douglas metric.

5.4. Let F = F(z,y) be a Finsler metric on an open subset &/ C R™. Then, F is said to be projectively flat if its
geodesics are straight line segment in ¢/ [21]. In [4], it is proved that a Randers metric F' = « + 8 is projectively flat
if and only if « is locally projectively flat (or constant sectional curvature) and § is closed. However, as we prove in
above, the 1-form of (5.1) is not closed. Then, the Randers metric (5.1) is not projectively flat.

5.5. Now, we consider if the Randers metric (5.1) is of scalar flag curvature or not. Suppose that F' is of scalar flag
curvature K = K(z,y). Since F has vanishing S-curvature S = 0 and dim (M) = 3, then by Akbar-Zadeh theorem we
get K = K(z). This is equal to following
i 27
R; = K(x)F~h}, (5.4)

where h; = 6; — F~2y,y" denotes the angular metric. If K = 0, then F is locally Minkowskian which is a contradiction.
Suppose that K # 0. Taking the trace of (5.4) yields

Ric = 2K (z)F?. (5.5)

On the other hand, F' is Ricci-quadratic. Then the Ricci curvature of F' can be written as follows

Ric = f;;(z)y'y’. (5.6)
Comparing (5.5) and (5.6) gives us
F =\ e )y (57)
~\ 2K (@)Y '

(5.7) implies that F' is Riemannian while it is impossible. Therefore, F' is not of scalar flag curvature [28].

5.6. Suppose that G is a Lie group equipped with a left-invariant Randers metric F' defined by the underlying left-
invariant Riemannian metric & and the left-invariant vector field U, i.e., F(z,y) = /a.(y,y) + a-(U,y). In [1],
Atashafrouz-Najafi proved that F' is a generalized Douglas-Weyl metric if and only if for any left-invariant vector
fields X, Y, and Z the following holds

a(U,[VxY, Z] +[Y,Vx Z]) = ﬁ{a(X, Y) Z {a(U, [Vx,Xi, Z] + [ X3, VX,iZ])}}

. ! {23 (U, [Vx,Xe Y]+ (X0 Y Y) . (5.8)

where {X1,...,X,} is an orthonormal basis of the Lie algebra g = T.G. They showed that the Randers metric
F(p,v) = v/op(v,v) + ap(z,v) defined on SU(2) satisfies (5.8) and then it is a generalized Douglas-Weyl metric.

(&)
ENE
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5.7. A Finsler metric F' on a manifold M is called a generalized Berwald metric if there exists a covariant derivative V
on M such that the parallel translations induced by V preserve the Finsler function F' (see [22] and [26]). In this case,
F is called a generalized Berwald metric on M and (M, F) is called a generalized Berwald manifold. If the covariant
derivative V is also torsion-free, then F' reduces to a Berwald metric. Therefore, the class of Berwald metrics belongs
to the class of generalized Berwald metrics. Now, let X and 3* be a left-invariant vector fields and a be a left-invariant
Riemannian metric on a Lie group G. It is easy to see that a(j3%, 3%) and a(3%, X) are constant functions. By (3.1)
and (3.3), we get

Hence, we obtain
ri +s; = 0. (510)

In [26], Vincze proved that a Randers metric F' = a+ 8 is a generalized Berwald metric if and only if dual vector field
(% is of constant Riemannian length, namely, it satisfies (5.10). Consequently, the left-invariant Randers metric (5.1)
is a generalized Berwald metric.

5.8. Let F = a+ 3 be a Randers metric on an n-dimensional manifold M, where a = +/a;;(z)y'y’ and 3 = b;(x)y".
Then, we have dVip = e("tDr(#) gV, where p := In/1 — b2. The S-curvature of F is given by

S=(n+ 1){% — (s0 +P0)},

where po = pLiy’, €ij :=ri; +b;isj + bjs; and ego = €;;4'y’. In [20], Shen proved that a Randers metric has vanishing
S-curvature S = 0 if and only if the following hold e;; = 0. In [23], Tayebi-Eslami proved that a generalized Berwald
(o, B)-metric F' = a¢(s), s = B/a, on an n-dimensional manifold M with ¢'(0) # 0 satisfies S = 0 if and only
if B8 is a Killing form with constant length, namely, r;; = 0 and s; = 0. Then, the left-invariant Randers metric
F(p,v) = v/op(v,v) + ap(2,v) defined on SU(2) satisfies S = 0.

Here, we give another simple argument to show that F' has vanishing S-curvature. Since F' is Ricci-quadratic then
it satisfies (3.6). It is proved that a Randers metric has isotropic S-curvature S = (n + 1)cF if and only if the 1-form
B satisfies (3.6), where ¢ = ¢(x) is a scalar function on M (see [6]). On the other hand, in [27] it is proved that every
homogeneous Randers metric of isotropic S-curvature has vanishing S-curvature S = 0.

Summarizing the above explanations, we conclude the following.

Proposition 5.1. The left invariant Randers metric F(p,v) = y/ap(v,v) + ap(z,v) in (5.1) defined on SU(2) has
the following curvature properties:

(1) F is not a Landsberg metric nor weakly Landsberg metric nor stretch metric;

(2) F is a generalized Douglas-Weyl metric which is not Douglasian nor Weyl metric;
(3) F is a generalized Berwald metric which is not Berwaldian;

(4) F is not projectively flat;

(5) F satisfies S = 0;

(6)

6) F' is Ricci-quadratic but not R-quadratic.

6. CONCLUSION

In this paper, we have established the necessary and sufficient conditions for a left-invariant Randers metric to be
Ricci-quadratic. By combining these conditions with Ha-Bumlee’s classification of left-invariant Riemannian metrics,
we have provided a complete classification of left-invariant Ricci-quadratic Randers metrics on three-dimensional Lie
groups. As an application, we discovered a particularly interesting Ricci-quadratic Randers metric on SU(2)SU(2).
This metric exhibits notable properties: it is a generalized Berwald metric but not Berwaldian, and it is a generalized
Douglas-Weyl metric that is neither Douglasian nor a Weyl metric. These findings highlight the rich geometric structure
of left-invariant Randers metrics and contribute to a deeper understanding of their curvature properties. Our results
open up potential avenues for further research, particularly in exploring higher-dimensional cases or investigating other

(=)=
E)NE
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special Finsler metrics with similar curvature characteristics. The interplay between Ricci-quadratic conditions and
left-invariant structures provides a promising direction for future studies in Finsler geometry and its applications.
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