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ALMOST GEODESIC MAPPINGS ONTO GENERALIZED
RICCI-SYMMETRIC MANIFOLDS

VOLODYMYR BEREZOVSKY, JOSEF MIKES, AND ALENA VANZUROVA

ABSTRACT. Our aim is to continue investigations concerning existence of
almost geodesic mappings of manifolds with linear connection. We deduce
necessary and sufficient conditions for existence of the so-called canonical
almost geodesic mappings of type 7 of a manifold endowed with a linear
connection onto generalized Ricci-symmetric manifolds. Our result is a
generalization of some previous results by N. S. Sinyukov.

1. INTRODUCTION

First let us recall the main concepts and terminology. Let (M, V) be a smooth
(C*°) n-dimensional manifold endowed with a linear connection V. Let T'M de-
note the tangent bundle of M, let pas: TM — M be the natural projection, and
let A2T'M denote the associated vector bundle of bivectors. X (M) denotes the
F(M)-module of vector fields on M over the ring F(M) of smooth functions
on M. If f: M — M is a diffeomorphism then T'f: TM — TM is the corre-
sponding tangent mapping, or differential, T'f = f.. Unless otherwise specified,
all objects under consideration are supposed to be differentiable of a sufficiently
high class.

1.1. Vector fields and distributions parallel along a curve. Recall that an
n-dimensional distribution on an open neighborhood U C M (dim M =m > n)
isamap D: U — TU, U > z +— D, CT,M, and D is called differentiable
of the class C¥ if it admits a local C*-basis around any point. In short, D =
span (X1,...,X,) on V. A Ck-vector field X (on U) belongs to D, X € D, if
X, €D, forall x e U.
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Let c: I — M, t +— c(t), with I C R being an open interval, denote a (C*-,
or smooth) curve on M. Let ¢ denote the corresponding (C*~!, or smooth)

tangent (“velocity”) vector field along ¢, &(t) = <c(t), dc(t)), t € I. In the

dt
following, we will consider only those curves which are reqular in the sense that
the tangent vector field & along ¢ does not vanish on the definition domain I,
that is, ¢/(t) = dfi—(tt) # 0 for all t € I. Besides the velocity field &, let us introduce
vector fields &1, &, associated to a curve ¢, by the formula

(1) &1 = V&, & = V&

Under a (C*-)vector field along ¢ we mean a (C*-)mapping Y : I — TM such
that pas oY = ¢, that is, Y(t) € T,;)M for any ¢t € I. Similarly, a differentiable
n-distribution along ¢ can be introduced as a span of an n-tuple of (differen-
tiable) vector fields along c. The velocity field £(t) generates a one-dimensional
distribution = along c¢. Remark that any differentiable vector field (differentiable
distribution, respectively) along ¢ can be extended into a differentiable vector
field (distribution) on some neighborhood U of ¢(I).

Denote by 7.(1,),c+) the parallel transport along c relative to V from c(to) to
c(t). A vector field Y along c on (M, V) is called parallel along c relative to the
given connection if V¢Y = 0. A distribution D (defined along ¢, or on some
open neighborhood of ¢(I)) is called parallel along c if for any to € I and any
vector Xog € D), the image of Xo under the parallel translation 7 along c
(from the point c(to) to c(t)) belongs to D, Toy),c(4)Xo € Dy forall t € 1. A
distribution D parallel along ¢ admits a (local) basis parallel along c¢; parallelism
along c is independent on reparametrizations of the path.

Lemma 1. Let D be a two-dimensional distribution along c. Let X1, X5 be
vector fields along ¢ which form a basis of D; D = span(Xy, X2). Then the
necessary and sufficient condition for D to be parallel along ¢ may be expressed
as follows: there are real function al: I — R of the parameter t such that

(2) VeX; =alX;,  i,je{1,2}

hold (covariant derivatives along ¢ of basis vector fields belong to the distri-
bution, [5, p. 4].

1.2. Almost geodesic curves. Let (M, V) be a smooth manifold endowed with
a linear connection. Let c: I — M be a smooth regular curve on M. Recall that
cis called a geodesic curve (in short, g.c.), under a general parametrization, if for
any initial value ¢y € I of the parameter, the vector field 7,,) c+)(£(t0)) along
¢ arising from images of £(¢o) under the parallel propagation along ¢, belongs to
the 1-dimensional distribution = = span (§) along ¢ (generated by the velocity
field). Hence the vectors &;(t) and &(t) are collinear for any ¢ € I if and only if
c is a geodesic curve. Equivalently, ¢ is a g. c. if and only if £ is recurrent along
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¢ which means: there is a real function A(t): I — R such that the formula

(3) Vew&(t) = A)E(t)

holds. If the curve is parametrized by canonical (affine) parameter, the condition
(3) for geodesic curves take the usual form Ve ,)€(s) = 0 for € I, and we speak
about geodesics.

Geodesic curves can be naturally generalized as follows. According to [5], we
call ¢ almost geodesic if there is a 2-dimensional (differentiable) distribution D
(along ¢, or on some neighborhood of ¢(1)) parallel along c relative to V such that
the tangent vector field £ belongs to D (or Z is a subdistribution of D), £(t) €
D, for t € I. Equivalently, ¢ is almost geodesic if and only if there exist vector
fields X1, X5 along c satisfying (2), i.e. parallel, and (differentiable) real functions
bi(t), t € R, defined along c, such that & = b'X; + b2X5 holds. Obviously,
geodesic curves, particularly geodesics, can serve as examples of almost geodesic
curves.

For almost geodesic curves, & and & from (1) belong to the corresponding
distribution D. If the vector fields £ and & are independent at any point (the
(local) curve ¢ is not a geodesic one), then D = span (£,£1). So we can easily
check that another equivalent characterization is:

Lemma 2. A curve is almost geodesic if and only if & € span (€,&7).

2. ALMOST GEODESIC MAPPINGS

The concept of an almost geodesic mapping was introduced by V. M. Cher-
nyshenko [3], and later on by N. S. Sinyukov, from a rather different point of
view, [5, 6, 7, 8]. The theory of almost geodesic mappings in a developed form
can be found in [5, 6, 7, 8].

Let (M, V), (M, V) be smooth n-dimensional manifolds, n > 2, endowed with
torsion-free linear connection.

Definition. [5, 6, 7, 8] A diffeomorphism f: M — M is called almost geodesic
if any geodesic curve of (M, V) is mapped under f onto an almost geodesic curve
in (M,V).

Conventions. From now on, all connections under consideration are torsion-
free (= symmetric). If f: M — M is a diffeomorphism we always suppose that
the connections V and V are defined on the same manifold M, and we may
in fact assume diffeomorphisms f: (M, V) — (M, V), which is more convenient
from the technical reasons: we can make use of the well-known fact that two

linear connections V and V on the same manifold M always differ up to a
(1,2)-tensor field P,

(4) V(X,Y)=V(X,Y)+P(X,Y), X,YeXM),

and if the connections are symmetric, then P is also symmetric in X,Y. More-
over, we always identify a given curve ¢ with its image ¢ = f o ¢, similarly we
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identify the tangent vector function £(¢) with the corresponding vector function
£(t) = TF(E(®)). Given a diffeomorphism f: (M, V) — (M,V) then P deter-
mined by (4) will be called here the deformation tensor of the given connections
under f ([6]). For a deformation tensor P (of type (1,2)), let us introduce a new
tensor field (of type (1, 3), denoted by the same symbol) by

P(X,)Y,Z)= Y  VzP(X,Y)+P(P(X)Y), Z), X,Y,Z€X(M)
CS(X,Y,Z)

where ), s(,,) means the cyclic sum on arguments in brackets (i. e. symmetriza-

tion without coefficients). Let X AY means a decomposable bivector, an exterior
product of X and Y. A diffeomorphism f: (M,V) — (M, V) is almost-geodesic
if and only if the deformation tensor P satisfies

(5) P(X1, X2, X3)AP(X4,Xs5)AXe=0for all X; € X(M), i=1,...,6.

In local coordinates, (5) reads P([ZqTPguéi]) = 0 where the round and square

brackets denote symmetrization and alternation of indices, respectively.

3. CLASSIFICATION OF ALMOST GEODESIC MAPPINGS

N.S. Sinyukov distinguished three kinds of almost geodesic mappings, [5, 6],
namely 71, mo, and w3, characterized, respectively, by the conditions for the
deformation tensor:

m: P(X, X, X)+ P(P(X,X),X)=0a(X, X)X +bX)P(X,X), Xe€X(M),
where a is a symmetric type (0,2) tensor field and b is a one-form;
mo: P(X, X) =¢(X) - X+ ¢(X) - F(X), XeX(M),

where ¢ and ¢ are one-forms, and F' is a type (1, 1) tensor field satisfying

(VE)(X; X))+ F(F(X),X)=uX) - X+oX) - F(X), XeX(M)
for some one-forms p, g;

m3: P(X, X) = (X)X +a(X,X)-Z, X eX(M)
where 1) is a one-form, a is a symmetric bilinear form and Z € X(M) is a vector
field satisfying
(V) (X)=h-X+0(X)-Z

for some scalar function h: M — R and some one-form 6.

The so-called 71-mappings, canonical almost geodesic mappings, are charac-
terized among almost geodesic mappings by the condition b = 0 on the right
hand side. That is, the deformation tensor of a 71-mapping satisfies

(6) P(X,X,X)+ P(P(X,X),X)=a(X,X) - X, XeXx(M).

It is known that any mi-mapping arises as a composition of a 71-mapping and
a geodesic one. But geodesic mappings can be considered as trivial almost
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geodesic mappings, and can be omitted in our further considerations; they have
been analysed and classified in [1]. Our aim is to study 7;-mappings of affine
manifolds onto particular types of Riemannian spaces, namely those cases that
induce integrable systems.

4. RICCI-SYMMETRIC AND GENERALIZED RICCI-SYMMETRIC MANIFOLDS

Under a Ricci-symmetric manifold (space) we mean a manifold (M, V) with
linear connection (a pseudo-Riemannian space (M, g), respectively) for which
the Ricci tensor is parallel (=covariantly constant),

VRic = 0.

It was proven in [6] that the family of all 71-mappings of a manifold (M, V)
(= “affine manifold”) onto Ricci-symmetric (pseudo-)Riemannian spaces (M, g)
(VRic = 0) is given by an integrable system of differentiable equations (in covari-
ant derivatives). Consequently, given a manifold with a symmetric connection,
the family of all Ricci-symmetric Riemannian spaces (M, g) which can serve as
images of the given manifold (M, V) under some 7r;-mapping, depends on a finite
set of parameters.

On the other hand, geodesic mappings form a subset in the set of 7;-mappings;
they obey the definition. But basic equations describing geodesic mappings of a
manifold with linear connection do not form an integrable system of Cauchy type,
since a general solution depends on n arbitrary functions. It follows that the
conditions (6) describing 71-mappings (i.e. canonical almost geodesic mappings)
of affine manifolds do not, in general, induce an integrable system.

In the following, we consider a particular case when (6) can be transformed
into an integrable system, generalizing the results of Sinyukov. Namely, we
will investigate 71-mappings of an affine manifold (M, V) onto the so-called
generalized Ricci-symmetric manifolds.

An affine manifold (M, V) will be called a generalized Ricci-symmetric man-
ifold if its Ricci tensor satisfies

(7) VRic (Y, Z; X) + VRic (X, Z;Y) = 0,

that is, VxRic (Y, Z) = —VyRic (X, Z). We do not a priori suppose the Ricci
tensor be symmetric. If Ric is symmetric and (7) holds then Ric is parallel,
VRic = 0, and (M,V) is a Ricci-symmetric manifold. Einstein spaces (Rie-
mannian spaces characterized by the property that the Ricci tensor is propor-
tional to the metric tensor) satisfy (7) since they satisfy VRic = 0, hence are
generalized Ricci-symmetric. In this sense, generalized Ricci-symmetric spaces
can be considered as a certain generalization of Einstein spaces.
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5. ALMOST GEODESIC MAPPINGS 7; ONTO GENERALIZED RICCI-SYMMETRIC
MANIFOLDS

Given affine m-dimensional manifolds A = (M, V) and A = (M, V) with the
corresponding curvature tensors R and R, respectively, all connection-preserving
mappings f: M — M can be described by the following system of (differential)
equations, [6, 7, 8]:

3(VzP(X,Y)+ P(Z,P(X,Y)))
= > (RYV,2)X-RY,2)X)+ > aX,Y)Z
CS(X,Y) CS(X,Y,Z)

It becomes clear that the above invariant formulas are rather complicated. As
for the rest, we prefer to express our equalities in local coordinates (with respect
to a map (U, ¢) on M). This formulas have the following local expression

(8) 3(Py + PR P5) = Rl — Rl + agiion,
where Pz-’;-, Qij, R?jk, R?jk are local components of tensors P, R, R and a,

respectively, (52 is the Kronecker delta, “,” denotes covariant derivative with
respect to V.
The system (8) can be considered as a system of partial differential equa-

tions for functions PZ}- on M, i.e. for components of the deformation tensor; the

corresponding integrability conditions are
Riiyine = Ry + 00500 = 06050k = 3(= P Rare + Pa Rijee)
h « Do a h e’ DQ «
— Pon(R{ijye — BiijebGiaie) + Poao(Rije — Biijk0(Gax))-

Passing from VR to VR on the left hand side we get the following integrability
conditions of the system (8):

9) Rl = 005, — 0050, + Olfe
where
@zhjkﬁ = R?ij)[k,é] - 3(—P§ngz + Po}}(j Dke)
— Pl (R0 — REjy000aje) + PL(REy, — R 00asm))
Sh Sh Sh Sh
= PoaBlapn = P B)an + PegiBia e + P l)ae-
Using the Bianchi identity we can write (9) in local coordinate as
Ry + Rl = 0(:a50).0 = 0050y 1 + Ol

2

where “;” denotes covariant derivative with respect to V. Contraction in h and
k gives the following equality for covariant derivatives of components of the Ricci
tensor Ric of V:

(10) Riej + Rjei = (n + 1)agje — agiij) + O
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In the following let us suppose that the affine manifold (M, V) is a generalized
Ricci-symmetric space, that is, (7) holds. In local coordinates, (7) reads

Rij;k + Rkj;i =0.
Under this assumption, (10) reads
(11) (n +1Daje — anij — agji = —Ofjar-
Using symmetrization in ¢, 7 gives

N 2
eij + atji = =~ O al;) T dije-
Now (11) reads

n*+n—2 o 1
(12) - . Aijt = =~ 9 — E@(uea\j)'

Applying covariant differentiation with respect to V to the integrability condi-
tions (9), followed by passing from covariant derivative V to V on the right hand
side, we get

(13) R{iyesem — Blijyemp = 00s@ik).em — 005050) km + Tem »
where
Tijkem = Romi B0 = RomiRiija = BomiRiaye — RimnRljaye
Pl 60y — P i6liaar) e — Prid(n@ir).c — Pagd(atij).e — Poid(i05k).a
— Pho6Gaseyk + Paid(aaio) i + Poyioliaan i + Pard(iae.a — Prid(iaje k
- Gzhjkz,m amewke mzea]kﬁ jezaké 'r?zkezhjaﬁ - P%ﬂ?jka-
Alternating (13) in ¢, m we obtain
R jymoar = Blijyemn = 0(:05m) ke = 0(:50) km + Tijuium)
(14) + Rlsjant Byme + Biijyaltime = By Rame + Rogin Bme
+ 5(aajk)Riém + 5(aaik)R]O~‘£m + (58-%@)]«2?5”1 — 5(;ajk)Rg€m

Due to the properties of the Riemannian tensor, (14) can be written as

(15) R?mﬁ;jk + R?mﬁ;ik = 5€liajz)7km - 6?iajm),k£ - Ni}}kﬁm )
where
Nlom = Titom) T BioeRlojye + B Rlniyk + Bime Rl j)a

- RngR(()z])k + 6?aajk) R'(L)zm + 5?010’1:16) R?Em + 5?aaij)Rg€m - a(inZ)Em
Let us alternate (15) in j, k. We get
R} vsin = Rloneij = 00:050) km — 0(3@m) ke = 0(30ke) jm + O(30km) j¢
N i[jk]€m + RZmKR?k:j + Rzaﬂ mkj + Rh ngj RzméR

1TmMmo

(16)

akj *
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Let us interchange ¢ and & in (15), and then use (16). We evaluate

2R]m£ ik T 5€Liaj£)vkm - 5?iajm),ké - 5?]gajm),i£

(17)
+ 5(hz‘akm),j€ - 5Zake),jm + 5?jeak),im + Qs

where
ngkﬁm = _Ni};kzﬁm + Nl?[z]]kﬁm - R ZR(k])z + R océRmzk + R]mozR?ik
- Rh i(j k)me + R]aZRmzk + R;lmaRéik - RaméRikj - RiaéRmkj + Rzm[ZRZ]kj :

On the left hand side of (17), let us pass from covariant derivative with respect
to V to V:

2R]m£ ik T 5Z'aj€),km - 5?iajm),k€ - 5(hkajm),i€

(18) + 5€Liakm),j£ - 5?¢ak€),j'm - 6(hkaj€),im + S k>
where
Szgkem = thjkﬁm — 2[R, Pl — Ramé iPji.
Rgae Pk — R?moz P — Rgme o i
— (RS, Py — R, PS— R, PG — R M)Pk
— ]mZP(ilﬁ R(})LszPB] R; aéPﬁm R?maPﬁK)Pﬁc
(Rme = Rime " = RiarPi = RsnaPi) Py
— (R§3 Pl — RhgPj — R} P — R PR) Py,
— (RS, — RlusPfi — Riag P — Rlo Y PL).
Denoting R]mh = R;?mevi, i. e. introducing a new tensor field of type (1,4) we
can write the system (18) in the following form
(19) R]me i R;'me
and
(20) 2R}, ik = 0(5@50) km — O(i0jm) ke — O(k@jm).it

+ 5(¢akm),j£ - 5(z‘ak€),jm + 6?kaj£),im + Szhjkfma

where we used (12).

It can be verified that the equations (8), (12), (19) and (20) for functions
Pl (x), aij(x), R} (x) and Rl (x) on (M, V) form an integrable system; the
above functions must satisfy also additional algebraic conditions

Pj(z) = Pji(z), aij(2) = aj (:1;), Rh(jk) () = Riyjp) (z) =0,

21
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So we have succeeded to prove the following generalization of the result of
Sinyukov [7, 8] (we use the above notation).

Theorem. Let (M,V) be a manifold with affine connection and (M,?) a gen-
eralized Ricci-symmetric manifold. There is a 7 mapping f: M — M (i.e. a
canonical almost geodesic mapping of type m ) if and only if there exist func-

tions P))(z), ai;(x), thjk (x) and R?jkm (x) which satisfy the equations (8), (12),

(19), (20), and (21). The system of equations (8), (12), (19) and (20) forms a
Cauchy type system of PDE’s in covariant derivatives.

As a consequence we obtain

Corollary. The family of all generalized Ricci-symmetric manifolds, which can
serve as an image of the given affine manifold (M, V) under some 71-mapping,
depends on at most

1
(22) 5 n(n +1)(2n® — 4n? + 5n + 3)

parameters.
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