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Abstract: In the present paper, we study geodesic mappings of special pseudo-Riemannian manifolds
called Vn(K)-spaces. We prove that the set of solutions of the system of equations of geodesic
mappings on Vn(K)-spaces forms a special Jordan algebra and the set of solutions generated by
concircular fields is an ideal of this algebra. We show that pseudo-Riemannian manifolds admitting
a concircular field of the basic type form the class of manifolds closed with respect to the geodesic
mappings.
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1. Introduction

The problem of geodesic mappings of the pseudo-Riemannian manifold was first studied by
Levi-Civita [1]. There exist many monographs and papers devoted to the theory of geodesic mappings
and transformations [1–37]. Geodesic mappings play an important role in the general theory of
relativity [8,26].

Let An = (Mn,∇) be an n-dimensional manifold Mn with an affine connection∇ without torsion.
We denote the ring of smooth functions on Mn by f (Mn), the Lie algebra of smooth vector fields on
Mn by X(Mn) and arbitrary smooth vector fields on Mn by X, Y, Z.

A diffeomorphism f : An → Ān is called a geodesic mapping of An onto Ān if f maps any geodesic
curve on An onto a geodesic curve on Ān [6,24–26,33].

A manifold An admits a geodesic mapping onto Ān if and only if the equation [6,24–26,33]

∇̄XY = ∇XY + ψ(X)Y + ψ(Y)X

holds for any vector fields X, Y and where ψ is a differential form on Mn(= M̄n).
If ψ = 0 then geodesic mapping is called trivial and nontrivial if ψ 6= 0.
Let Vn = (Mn, g) be an n-dimensional pseudo-Riemannian manifold with a metric tensor g and

∇ be a Levi-Civita connection.
A pseudo-Riemannian manifold Vn admits a geodesic mapping onto a pseudo-Riemannian

manifold V̄n if and only if there exists a differential form ψ on Vn such that the Levi-Civita
equation [6,24,26,33]

(∇Z ḡ)(X, Y) = 2ψ(Z)ḡ(X, Y) + ψ(X)ḡ(Y, Z) + ψ(Y)ḡ(X, Z) (1)

holds for any vector field X, Y, Z.
Or in the coordinate form

ḡij,k = 2ψk ḡij + ψi ḡjk + ψj ḡik, (2)
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where ψi = ∇iΨ, Ψ is a scalar field, ḡij are components of the metric ḡ and comma “ , ” denotes a
covariant derivative with respect to ∇.

The Levi-Civita Equation (1) is not linear so it is not convenient for investigations.
Sinyukov [24,33] proved that a pseudo-Riemannian manifold Vn admits a geodesic mapping if and
only if there exist a differential form λ and a regular symmetric bilinear form a on Vn such that
the equation

(∇Za)(X, Y) = λ(X)g(Y, Z) + λ(Y)g(X, Z) (3)

holds for any vector field X, Y, Z. Or in the coordinate form

aij,k = λigjk + λjgik, (4)

where aij and λi are components of a and λ, respectively. Note that λi = ∇iΛ, Λ is a scalar field.
Solutions of (2) and solutions of (4) are related by the equalities

aij = exp(2Ψ(x)) · ḡαβ giα gjβ and λi = − exp(2Ψ(x)) · ḡαβ giα ψβ

where gij are components of the metric g, (gij) = (gij)
−1 and (ḡij) = (ḡij)

−1.
If Vn (n > 2) admits two linearly independent solutions not proportional to the metric tensor g

then [24]
(∇Yλ)(X) = K a(X, Y) + µ g(X, Y) and ∇Xµ = 2K λ(X), (5)

where K is a constant and µ is a scalar field on Vn or in the coordinate form

∇jλi = K aij + µ gij and ∇kµ = 2K λk. (6)

A pseudo-Riemannian manifold satisfying the Equations (3) and (5) is called a Vn(K)-space.
These spaces for Riemannian manifolds were introduced by Solodovnikov [34] as V(K)-space

and in another problem for pseudo-Riemannian manifolds were introduced by Mikeš [14,24] as
Vn(B)-space (in this case B = −K).

A vector field ϕ on a pseudo-Riemannian manifold Vn is called concircular if

(∇Y ϕ)X = $ g(X, Y), (7)

where $ is a scalar field on Vn, see Reference [24] (p. 247), Reference [33] (p. 83) and Yano [38].
If $ 6= 0 a concircular field belongs to the basic type otherwise it belongs to the exceptional type.
A pseudo-Riemannian manifold Vn admitting a concircular field is called an equidistant

space [24,33]. The equidistant space belongs to the basic type if it admits a concircular field of the
basic type and it belongs to the exceptional type if it admits concircular fields only of the exceptional
type [33].

Concircular fields play an important role in the theories of conformal and geodesic mappings
and transformations. They were studied by a number of geometers: Brinkmann [39], Fialkow [40],
Yano [38], Sinyukov [33], Aminova [3], Mikeš [13–16,24], Shandra [28–31] and so forth.

Let us denote the linear space of all concircular fields on Vn by Con(Vn). If
1
ϕ , . . . ,

m
ϕ is a basis in

Con(Vn) then the tensor field

a =
m

∑
α,β=1

C
αβ

(
α
ϕ ⊗

β
ϕ )

is a solution of the system (3), where C
αβ

(= C
βα
) are some constants. So Vn admits the geodesic mapping.

Pseudo-Riemannian manifolds admitting concircular fields form the class of manifolds which is
closed with respect to the geodesic mappings [24,33]. Let a pseudo-Riemannian manifold Vn admit a
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geodesic mapping onto a pseudo-Riemannian manifold V̄n , if there exists a concircular field ϕ on Vn

then there exists a concircular field ϕ̄ on V̄n such that

$̄ = exp(Ψ) ($ + gij ϕiψj). (8)

A concircular field ϕ is said to be special if

Z($) = K g(Z, ϕ), (9)

where K is a constant and it is said to be convergent if $ is a constant. A pseudo-Riemannian manifold Vn

admitting a convergent field is called a Shirokov space, see References [24,31–33].
If there exist two linearly independent concircular fields on Vn then all concircular fields on Vn

are special with the same constant K, see Reference [24]. A pseudo-Riemannian manifold Vn admitting
a special concircular field is a Vn(K)-space. On a Vn(K)-space any concircular field is special.

2. Shirokov Spaces and Vn(K) Spaces (K 6= 0)

Lemma 1. Let a pseudo-Riemannian manifold Vn+1 = (Mn+1, G) admit convergent fields ϕ̃ such that

a) ‖ϕ̃‖ < 0 and b) (∇̃Ỹ ϕ̃)X̃ = K · G(X̃, Ỹ), (10)

for any vector field X̃, Ỹ on Mn+1, where K ( 6= 0) is a constant. Then there exists the adapted coordinate system
(xI) = (x0, xi) in which the components GI J of the metric G are reduced to the form

GI J = exp(2 K x0) ·

 −1 0

0
gij(xk)

K

 (11)

where gij(xk) are the components of the metric of some Vn=(Mn, g), I, J, . . .= 1, . . . , n+1, i, j, . . .= 1, . . . , n.

Proof. Let ϕ̃I be the components of the vector fields ϕ̃ g-conjugate with a convergent fields ϕ̃ in a
coordinate system (xI) on Vn+1 = (Mn+1, G). Then due to (10b) they satisfy

∇̃J ϕ̃I = K δI
J . (12)

Let D be the linear space of all vector fields on Vn+1 which are orthogonal to
∗
ϕ . It is easy to check

that D is involutive. So if we use as a natural basis of X(Mn+1) the basis {eI} = {
∗
ϕ , ei}, where {ei},

is the basis in D, we get the coordinate system (xI) = (x0, xi) in which

a) ϕ̃I = δI
0; b) Gi0 = 0. (13)

In these coordinates the Equations (12) are equivalent to

Γ̃I
0J = K δI

J , (14)

where Γ̃I
JK are the components of the Levi-Civita connection of the metric G.

Let us consider the conditions (14). If I = 0, J = j we have

∂jG00 = 0. (15)

If I = 0, J = 0 we get
∂jG00 = 2K G00. (16)
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It follows from (15) and (16) that G00 = C · exp (2K x0), where C is a constant. Due to (10a) it
holds C < 0. We can choose it such that C = −1. So

G00 = − exp (2K x0). (17)

If I = i, J = j we obtain ∂0Gij = 2K Gij. So

Gij = exp (2K x0)
gij(xk)

K
. (18)

It follows from (13b), (17) and (18) that in the coordinate system (xI) = (x0, xi) the components
GI J reduce to the form (11).

Conversely, if the components GI J of the metric G in the coordinate system (xI) = (x0, xi) reduce
to the form (11) then the components Γ̃I

JK of the Levi-Civita connection reduce to the form:

Γ̃0
00 = K, Γ̃0

0j = 0, Γ̃i
0j = δi

j, Γ̃0
ij = gij, Γ̃k

ij = Γk
ij, (19)

where Γk
ij are the components of the Levi-Civita connection of the metric g. Using direct calculations

it is easy to verify that a vector field with components ϕ̃I
0 = δI

0 by virtue (19) satisfies the conditions
(10a) and (12).

Remark 1. The components GI J of the inverse metric G in the adapted coordinate system (xI) = (x0, xi)

reduce to the form

GI J = exp(−2 K x0)

(
−1 0

0 K gij(xk)

)
. (20)

Lemma 2. The pseudo-Riemannian manifold Vn+1 = (Mn+1, G) with the metric defined by the conditions (11)
admits an absolutely parallel covector field ϕ̃ if and only if its components in the adapted coordinate system
(xI) = (x0, xi) reduce to the form

ϕ̃I = exp(Kx0)
(

$(xk), ϕi(xk)
)

, (21)

where $(xk) and ϕi(xk) satisfy the following equations on Vn = (Mn, g):

∇j ϕi = $ gij, (22)

∇j$ = K ϕj. (23)

Proof. Let ϕ̃I be the components of an absolutely parallel covector field ϕ̃ in the adapted coordinate
system (xI) = (x0, xi) on Vn+1 = (Mn+1, G). So

∇̃J ϕ̃I = 0 (24)

If I = 0, J = 0 we get from (24) by virtue (19): ∂0 ϕ̃0 − K ϕ̃0 = 0.
Thus

ϕ̃0 = exp(Kx0) $(xk). (25)

If I = i, J = 0: ∂0 ϕ̃i − K ϕ̃i = 0. Hence,

ϕ̃i = exp(Kx0) ϕ̃i(xk). (26)
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If I = 0, J = j: ∂j ϕ̃0 − K ϕ̃j = 0. Due to (25) and (26) we have (23) and
if I = i, J = j: ∂j ϕ̃i − gij ϕ̃0 − Γa

ij ϕ̃a = 0. Thus, we obtain (22).
Conversely, using direct calculations it is easy to check that if the covector field ϕ̃ has components

ϕ̃i = exp(Kx0) ($(xk), ϕi(xk)) in the adapted coordinate system (xI) = (x0, xi) on Vn+1 = (Mn+1, G)

with metric (11), where $(xk) and ϕi(xk) satisfy the Equations (22) and (23) on Vn = (Mn, g), then ϕ̃

due to (19) it is absolutely parallel.

Remark 2. The Equations (22) and (23) are the coordinate forms of the Equations (7) and (9) defining a
special concircular field. So the conditions (21) establish a one-to-one correspondence between absolutely parallel
covector fields on the Shirokov space Vn+1 = (Mn+1, G) and special concircular fields on the Vn(K)-space
K 6= 0.

In a similar way, it is possible to prove the following statement.

Lemma 3. The pseudo-Riemannian manifold Vn+1 = (Mn+1, G) with the metric defined by the conditions (11)
admits an absolutely parallel symmetric bilinear form ã if and only if its components in the adapted coordinate
system (xI) = (x0, xi) reduce to the form

ãI J = exp(2 K x0)

(
µ(xk) λi(xk)

λj(xk) aij(xk)

)
(27)

where aij(xk), λi(xk) and µ(xk) satisfy the Equations (4) and (6) on Vn = (Mn, g).

Remark 3. The Equations (4) and (6) define a Vn(K)-space. So the conditions (27) establish a one-to-one
correspondence between absolutely parallel symmetric bilinear forms on the Shirokov space Vn+1 = (Mn+1, G)

and solutions of the system (4) and (6) defining geodesic mappings of the Vn(K)-space (K 6= 0).

Remark 4. The set of absolutely parallel symmetric bilinear forms on Vn = (Mn, g) is a special Jordan algebra

J0 with the operation of multiplication
1
A ∗

2
A = {

1
A ;

2
A}, where A is the linear operator g-conjugate with a

bilinear form a, defined by g(AX, Y) = a(X, Y) and {
1
A ;

2
A} are Jordan brackets

{
1
A ;

2
A} = 1

2

(
1
A

2
A +

2
A

1
A
)

. (28)

The condition (28) can be rewritten in the vector form as

2 {1
a ;

2
a}(X, Y) =

1
a
(

2
A X, Y

)
+

1
a
(

2
AY, X

)
(29)

or in the coordinate form

2 {1
a ;

2
a}ij = gab

(
1
a ai

2
a bj +

1
a aj

2
a bi

)
. (30)

This statement follows from the Lemma 2.

Theorem 1. The set of solutions of the system (4) and (6) on a Vn(K)-space (K 6= 0) forms a special Jordan

algebra J with the operation of multiplication
{
(

1
a ,

1
λ ,

1
µ ); (

2
a ,

2
λ ,

2
µ )

}
= (

3
a ,

3
λ ,

3
µ ), where

2
3
a (X, Y) = K

(
1
a (

2
A X, Y) +

1
a (

2
AY, X)

)
−
(

1
λ ⊗

2
λ +

2
λ ⊗

1
λ

)
(X, Y), (31)
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2
3
λ (X) = K

(
1
λ (

2
A X) +

2
λ (

1
A X)

)
−
(

1
µ

2
λ (X) +

2
µ

1
λ (X)

)
, (32)

3
µ = K g−1

(
1
λ

2
λ

)
− 1

µ
2
µ . (33)

The algebra J is isomorphic to the special Jordan algebra J0 of absolutely parallel symmetric bilinear forms
on the Shirokov space Vn+1 = (Mn+1, G) with the metric (11).

Proof of the theorem follows immediately from the Lemma 2 and (20), (27) and (30).

Remark 5. Due to (29) the unit of the algebra J0 is G so the unit of the algebra J is
( g

K
, 0,−1

)
.

Remark 6. If there exists a convergent field ϕ̃ on Vn+1 = (Mn+1, G) such that ‖ϕ̃‖ > 0, then there exists the
adapted coordinate system (xI) = (x0, xi) in which the components GI J of the metric G reduce to the form

GI J = exp(2 K x0)

 1 0

0
−gij(xk)

K

 ,

where gij(xk) are the components of the metric of some Vn = (Mn, g). Using this metric and (29) we can define

a new operation of multiplication {·, ·}2. It is obvious that {
1
A ;

2
A} = −{

1
A ;

2
A}2.

Corollary 1. Let Vn = (Mn, g) be a Vn(K)-space (K 6= 0) then there exists the solution (a, λ, µ) of the
system (4) and (6) satisfying the following conditions:

K a(AX, Y)− (λ⊗ λ)(X, Y) =
e g(X, Y)

K
, (34)

K λ(AX)− µ λ(X) = 0, (35)

K g−1(λ, λ)− µ2 = −e, (36)

where e takes values ±1, 0.

Proof. Let b̃ be an absolutely parallel symmetric bilinear form on the Shirokov space Vn+1 = (Mn+1, G)

with the metric (11). Then as it has been shown in Reference [11] there exists the absolutely parallel
symmetric bilinear form ã on Vn+1 = (Mn+1, G) such that Ã2 = e or in the equivalent form

ã(ÃX̃, Ỹ) = e G(X̃, Ỹ). (37)

The Equation (37) means that {ã, ã} = e G. Hence if (a, λ, µ) is the corresponding solution of the
system (4) and (6) on the Vn(K)-space (K 6= 0) then taking into account (31)–(33) we get (34)–(36).

As mentioned above concircular fields generate a solution of the Equation (2). Denote this set of
solutions by Jc.

Theorem 2. Jc is an ideal of J.

Proof. To prove that Jc is an ideal of J on Vn = (Mn, g) it is equivalent to prove that J0c is an ideal of J0

on Vn+1 = (Mn+1, G), where J0c is the set of absolutely parallel symmetric bilinear forms generated by
absolutely parallel covector fields.
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Let
1
ϕ , . . . ,

m
ϕ be a basis of the linear space Conv(Vn+1) of absolutely parallel covector fields on

Vn+1 = (Mn+1, G). Then any absolutely parallel symmetric bilinear form generated by absolutely
parallel covector fields has the components

b̃I J =
m

∑
α,β=1

C
αβ
(

α
ϕ I

β
ϕ J),

where C
αβ

(= C
βα
) are some constants. Let ãI J be the components of the arbitrary absolutely parallel

symmetric bilinear form ã. We should prove that {ã, b̃} ∈ J0c. We have

2{ã, b̃} =GDT
m

∑
α,β=1

C
αβ
(

α
ϕ I

β
ϕ D ãTJ +

α
ϕ J

β
ϕ D ãTI) =

m

∑
α,β=1

C
αβ
(

α
ϕ I

β

Φ J +
α
ϕ J

β

Φ I), (38)

where
β

Φ I =
β
ϕ D ãTI GDT is an absolutely parallel covector field. Therefore,

β

Φ I =
m

∑
γ=1

Fβ
γ

γ
ϕ I (39)

where Fβ
γ are some constants. It follows from (38) and (39) that

2 {ã, b̃}I J =
m

∑
α,β,γ=1

(
Fγ

β C
αγ

+ Fγ
α C

βγ

)
α
ϕ I

β
ϕ J .

Thus, {ã, b̃} ∈ J0c.

3. Vn(0)-Spaces

Let (Mn.g) be a Vn(0)-space, then there exists a solution of the system

∇kaij = λigjk + λjgik, (40)

∇kλi = µ gik, (41)

where µ is a constant and λi = ∇iΛ. Thus, a Vn(0)-space is a Shirokov space.

Lemma 4. If the Vn(0)-space does not admit any convergent field of the basic type and ϕ is an absolutely
parallel covector field on it, then there exists the sequence of absolutely parallel covector fields

{
α
ϕ
}

(α ∈ N)
such that

a)
α+1
ϕ (X) =

α
ϕ (AX)−

α
f λ(X), b)

α
ϕ (λ∗) = 0, ∀α ∈ N, (42)

where
1
ϕ = ϕ, d

α
f =

α
ϕ , λ∗ is the vector field g-conjugate with λ.

Proof. Taking into account that the Vn(0) does not admit any convergent fields of the basic type we
obtain from (41) that

∇kλi = 0. (43)

Let ϕi be the components of an absolutely parallel covector field ϕ on a Vn(0). Denote
1
ϕ = ϕ.

Consider the covector field
2
ϕ i = at

i
1
ϕ −

1
f λi, (44)
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where at
i are components of the linear operator A (aj

i = gjlail). It follows from (44) due to (40) and (43)

∇k
2
ϕ i =

1
ϕ tλ

tgik, (45)

where λt = gtiλi. According to our assumption it follows from (45) that

1
ϕ tλ

t = 0 and ∇k
2
ϕ i = 0.

Applying now similar argumentation to the covector
2
ϕ i and continuing the process in this way,

we obtain the desired sequence.

Remark 7. The Equation (42b) due to (42a) can be rewritten as

ϕ(
α−1
λ ∗) = 0, ∀α ∈ N, (46)

where
α
A is the α-s power of the linear operator A.

Theorem 3. Let a pseudo-Riemannian manifold Vn be a Vn(0)-space. Then there exists a convergent field of

the basic type on Vn or there exists the sequence of linearly independent absolutely parallel covector fields {
α
λ},

(α = 1, 2 . . . , p ≤ n− 1) such that

α+1
λ (X) =

α
λ (AX)−

α
Λ α(X), λ(

α−1
A λ∗) = 0, ∀α ∈ A, (47)

p
λ (AX) =

p
Λ λ(X), (48)

where
1
λ = λ, λ∗ is the vector field g-conjugate with λ.

Proof. (1) It follows from (41) that if µ 6= 0 then λ is a convergent field of the basic type on Vn(0).
(2) Let µ = 0, then ∇λ = 0. According to the Lemma 4 and the Remark 7 we can construct the

sequence of absolutely parallel covector fields {
α
λ} (α ∈ N) such that

α+1
λ (X) =

α
λ (AX)−

α
Λ λ(X), λ(

α−1
A λ∗) = 0, ∀α ∈ N.

This sequence contains no more than p (≤ n− 1) linearly independent covectors. Otherwise,
Vn(0) will be locally flat and so it will admit a convergent field of the basic type. Thus,

p+1
λ =

p

∑
α=1

Cα

α
λ ,

where Cα are constants and
1
λ , . . . ,

p
λ are linearly independent. Changing

α
Λ (defined to a constant) we

can make
p+1
λ = 0. So we get (48).

Corollary 2. If the Vn(0)-space does not admit any converging fields of the basic type and ϕ is an absolutely
parallel covector field on it, then

α−1
λ (ϕ∗) = 0, ∀α ∈ N (49)

where ϕ∗ is the vector field g-conjugate with ϕ.
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Proof. We get from (46): (
α−1
A λ∗) =

α−1
A λ(ϕ∗) =

α−1
λ (ϕ∗) = 0.

The following statement holds.

Theorem 4. Let a pseudo-Riemannian manifold Vn admit a geodesic mapping onto a pseudo-Riemannian
manifold V̄n if there exists a concircular field of the basic type on V̄n, then there exists a concircular field of the
basic type on Vn.

Proof. Let ϕ̄ be a concircular field of the basic type on V̄n ($̄ 6= 0), then there exists a concircular field ϕ

on Vn. Let us suppose the contrary, namely that Vn does not admit concircular fields of the basic type.
It means that $ = 0. So ϕ is an absolutely parallel covector field and, therefore, Vn is a Vn(0)-space [30].
So according to Theorem 3 there exists a Vn on the sequence of linearly independent absolutely parallel

covector fields {
α
λ} (α = 1, 2, . . . , p ≤ n − 1) satisfying (47) and (48). The Equation (48) in the

coordinate form can be written as

at
i

p
λ t =

p
Λ λi. (50)

Contracting (50) with āi
j (the inverse operator to ai

j) by i and taking into account that λi = −at
i ψt

we get
p
λ j = −

p
Λ ψj. (51)

The condition (49) means that ϕt
p
λ t = 0. Hence, due to

p
Λ 6= 0 it follows from (51) that ϕtψt = 0.

On the other hand since $̄ 6= 0 and $ = 0 the Equation (8) gives us ϕtψt 6= 0. This contradiction proves
the theorem.

Remark 8. The Theorem 4 shows that pseudo-Riemannian manifolds admitting a concircular field of the
basic type (i.e., equidistant spaces of the basic type) form the class of manifolds closed with respect to the
geodesic mappings. The same properties have spaces of constant curvature [24,33], Einstein spaces [17,24]
and Vn(K)-spaces [24].

Corollary 3. Let an equidistant space of the exeptional type Vn admit a geodesic mapping onto a
pseudo-Riemannian manifold V̄n, then V̄n is an equidistant space of the exeptional type.
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4. Zlatanović, M.L.; Velimirović, L.S.; Stanković, M.S. Necessary and sufficient conditions for equitorsion

geodesic mapping. J. Math. Anal. Appl. 2016, 435, 578–592. [CrossRef]
5. Aminova, A.V.; Zorin, S.A. Geodesic structure of 4-dimensional Shirokov spaces. Russ. Math. 1996, 40, 1–15.
6. Eisenhart, L.P. Riemannian Geometry; Princeton University Press: Princeton, NJ, USA, 1949.

http://dx.doi.org/10.1023/A:1021041802041
http://dx.doi.org/10.1016/j.jmaa.2015.10.052


Mathematics 2019, 7, 692 10 of 11

7. Formella, S.; Mikeš, J. Geodesic mappings of Einstein spaces. Szczec. Rocz. Nauk. Ann. Sci. Stetin. 1994, 9,
31–40.

8. Hall, G. Projective structure in space-times. AMS/IP Stud. Adv. Math. 2011, 49, 71–79.
9. Hinterleitner, I.; Mikeš, J. Fundamental equations of geodesic mappings and their generalizations.

J. Math. Sci. 2011, 174, 537–554. [CrossRef]
10. Hinterleitner, I.; Mikeš, J. Projective equivalence and spaces with equiaffine connection. J. Math. Sci. 2011,

177, 546–550. [CrossRef]
11. Kiosak, V.A.; Matveev, V.S.; Mikeš, J.; Shandra, I.G. On the degree of geodesic mobility for Riemannian

metrics. Math. Notes 2010, 87, 586–587. [CrossRef]
12. Kruchkovich, G.I.; Solodovnikov, A.S. Constant symmetric tensors in Riemannian spaces. Izv. Vyssh. Uchebn.

Zaved. Matem. 1959, 3, 147–158.
13. Mikeš, J. Geodesic Mappings of Semisymmetric Riemannian Spaces; Archives at VINITI, No. 3924–76; Odessk

University: Moscow, Russia, 1975; 19p.
14. Mikeš, J. Geodesic and Holomorphically Projective Mappings of Special Riemannian Space. Ph.D. Thesis,

Odessa University, Odessa, Ukraine, 1979.
15. Mikeš, J. On Sasaki spaces and equidistant Kähler spaces. Sov. Math. Dokl. 2010, 34, 428–431.
16. Mikeš, J. On geodesic mappings of 2-Ricci symmetric Riemannian spaces. Math. Notes 1980, 28, 622–624.

[CrossRef]
17. Mikeš, J. Geodesic mappings of Einstein spaces. Math. Notes 1980, 28, 428–431.
18. Mikeš, J. Geodesic mappings of affine-connected and Riemannian spaces. J. Math. Sci. 1996, 78, 311–333.

[CrossRef]
19. Mikeš, J. Holomorphically projective mappings and their generalizations. J. Math. Sci. 1998, 89, 1334–1353.

[CrossRef]
20. Mikeš, J.; Berezovski, V. Geodesic mappings of affine-connected spaces onto Riemannian spaces. Colloq.

Math. Soc. János Bolyai 1992, 56, 343–347.
21. Hinterleitner, I.; Mikeš, J. On geodesic mappings of manifolds with affine connection. Acta Math. Acad.

Paedagog. Nyházi. 2010, 26, 343–347.
22. Mikeš, J.; Kiosak, V.A. On Geodesic Mappings of Four Dimensional Einstein Spaces; Archives at VINITI, 9.4.82;

No. 1678-82; Odessk University: Moscow, Russia, 1982.
23. Mikeš, J.; Kiosak, V.A. On geodesic mappings of Einstein spaces. Russ. Math. 2003, 42, 32–37.
24. Mikeš, J.; Stepanova, E.; Vanžurová, A.; Bácsó, S.; Berezovski, V.E.; Chepurna, O.; Chodorová, M.; Chudá, H.;

Gavrilchenko, M.L.; Haddad, M.; et al. Differential Geometry of Special Mappings; Palacky University Press:
Olomouc, Czech Republic, 2015.

25. Norden, A.P. Affine Connection; Nauka, Moscow, Russia, 1976.
26. Petrov, A.Z. New Methods in the General Theory of Relativity; Nauka: Moscow, Russia, 1966.
27. Shandra, I.G. V(K)-spaces and Jordan algebra. Dedic. Mem. Lobachevskij, Kazan 1992, 1, 99–104.
28. Shandra, I.G. On the geodesic mobility of Riemannian spaces. Math. Notes 2000, 68, 528–532. [CrossRef]
29. Shandra, I.G. On completely indempotent pseudoconnections on semi-Riemannian spaces and

pseudo-Riemannian spaces and concircular fields. Russ. Math. 2001, 45, 56–67.
30. Shandra, I.G. On concircular tensor fields and geodesic mappings of pseudo-Riemannian spaces. Russ. Math.

2001, 45, 52–62.
31. Shandra, I.G. Concircular vector fields on semi-Riemannian spaces. J. Math. Sci. 2007, 142, 2419–2435.

[CrossRef]
32. Shirokov, P.A. Selected Investigations on Geometry; Kazan’ University Press: Kazan, Russia, 1966.
33. Sinyukov, N.S. Geodesic Mappings of Riemannian Spaces; Nauka: Moscow, Russia, 1979.
34. Solodovnikov, A.S. Spaces with common geodesics. Tr. Semin. Vektor. Tenzor. Anal. 1961, 11, 43–102.
35. Stepanov, S.E.; Shandra, I.G.; Mikeš, J. Harmonic and projective diffeomorphisms. J. Math. Sci. 2015, 207,

658–668. [CrossRef]
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