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Abstract In the present paper, we consider a five-dimensional Riemannian manifold with
an irreducible SO(3)-structure as an example of an abstract statistical manifold. We prove
that if a five-dimensional Riemannian manifold with an irreducible SO(3)-structure is a
statistical manifold of constant curvature, then the metric of the Riemannian manifold is
an FEinstein metric. In addition, we show that a five-dimensional Euclidean sphere with an
irreducible SO(3)-structure cannot be a conjugate symmetric statistical manifold. Finally,
we show some results for a five-dimensional Riemannian manifold with a nearly integrable
SO(3)-structure. For example, we prove that the structure tensor of a nearly integrable SO(3)-
structure on a five-dimensional Riemannian manifold is a harmonic symmetric tensor and it
defines the first integral of third order of the equations of geodesics. Moreover, we consider
some topological properties of five-dimensional compact and conformally flat Riemannian
manifolds with irreducible SO(3)-structure.
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1 Introduction

In the present paper, we consider a five-dimensional Riemannian manifold with an irreducible
SO(3)-structure as an example of an abstract statistical manifold used in information geom-
etry. On one side, our paper shows new geometrical interpretation to the theory of abstract
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statistical manifolds, on the other side, we study new geometrical and topological properties
of five-dimensional manifolds with SO(3)-structures.

This paper is a continuation of studies of abstract statistical manifolds, which the second
author began in her papers [49,50].

The paper is organized as follows. In Sect. 2, we give brief overview of the information
geometry, the theories of abstract statistical manifolds and irreducible SO(3)-structures. In
Sect. 3 of the paper we consider conjugate connections on statistical manifolds which are
one of the fundamental concepts of information geometry. We also consider properties of
a well-known conjugate symmetric statistical manifold and define a harmonic statistical
manifold. In addition, we prove “vanishing theorems” about obstructions to the existence
of compact conjugate symmetric statistical manifolds with the positive definite curvature
operator and compact harmonic statistical manifolds with the negative definite curvature
operator. For this, we use the Bochner technique that is one of the oldest and most important
techniques in modern Riemannian geometry [41, pp. 187-234]. In Sect. 4, we study a five-
dimensional Riemannian manifold with an irreducible SO(3)-structure as a model of an
abstract statistical manifold. For example, we prove that if a five-dimensional Riemannian
manifold with an irreducible SO(3)-structure is a statistical manifold of constant curvature,
then the metric of this Riemannian manifold is an Einstein metric. In addition, we show that a
five-dimensional Euclidean sphere with an irreducible SO(3)-structure cannot be a conjugate
symmetric statistical manifold. Moreover, we consider some topological properties of such
manifolds. Finally, we present some results for a five-dimensional Riemannian manifold
with a nearly integrable SO(3)-structure. For example, we prove that the structure tensor of a
nearly integrable SO(3)-structure on a five-dimensional Riemannian manifold is a harmonic
symmetric tensor and it defines the first integral of third order of the equations of geodesics.
Moreover, we show that an irreducible SO(3)-structure on a five-dimensional Riemannian
manifold cannot be nearly integrable if the curvature operator of Riemannian manifold is
negative definite.

2 Basis definitions and notations
2.1 Information geometry

In this section, we present brief historical overview of information geometry. We want to high-
light how many researchers have contributed to the development of information geometry,
its theory and applications.

Information geometry studies invariant properties of a family of probability distributions
and can be applied to various problems in science. Statisticians use statistical models to
derive inferences; they use families of probability distributions which form, in most cases, a
finite-dimensional manifold which in information geometry is called a statistical manifold.
Then one can ask: What are the intrinsic properties of such manifold and how the geometrical
structure of such manifold is related to characteristics of statistical inference? Information
geometry emerged from these questions [4].

Many authors contributed to the development of information geometry and geometrical
theory of statistics. The results of their research are reflected in numerous papers and the
following monographs ([1,3,7,8,12,27,33,34,53] and etc.). Moreover, a number of inter-
national workshops and symposiums on this subject were held: in UK (London, July 10—
14, 2000), Italy (Pescara, Sept. 1-5, 2002), Denmark (Leipzig, August 27, 2003), Canada
(Toronto, May 8-18, 2004), USA (Ann Arbor, July 29, 2004), Japan (Tokyo, December
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12-16, 2005 and Nara, March 6-10, 2012), China (Chenghu, September 3, 2006) and other
countries.

There are two main natural geometrical objects on any statistical model equipped with a
differentiable structure. Namely, they are the Fisher information tensor and the Chentsov—
Amari connection.

The information tensor was introduced by R.A. Fisher in 1925 as an information charac-
terization of a statistical model [22]. In the 1945 paper [43], Rao pointed out that the Fisher
information tensor determines a Riemannian metric (which is now called the information
metric or Fisher metric) for the manifold obtained from the family of probability density
functions.

Let us consider the recent concept of this metric in more details. Let ® C R” be the
parameter space of an n-dimensional smooth family defined on some fixed event space €2, i.e.,
{pol0 € ®} with fg po = 1 forall® € ©. Under certain assumptions, the Fisher information
matrix defines the unique Riemannian metric g on 2 with the following components [3, p.
321, [7, p. 28]:

B rados bl B al ol 321
gij = Egldilog podilog pol = | po s0i 307 ) =~ | P\ 357907 )
Q Q

where Ey denotes the expectation with respect to pg, i.e., Eg[ f] := fQ fX)po,l =log ps
and 0’ are coordinates of # € ® C R”. Then the set S = {py|0 € ® C R"} with the Fisher
metric g can be considered as a Riemannian manifold (S, g) [3, p. 341, [7, p. 32].

Chentsov proved that the Fisher metric is a unique invariant metric [14]. Moreover, he
defined in [14] a one-parameter group of invariant affine connections in the space of statistic
distributions (which is now called the Chentsov—Amari connections), leaving Efron [19] to
expose the relationship between statistical curvature and the characteristics of inference. S.-I.
Amari and H. Nagaoka introduced a conjugate structure (or duality structures) in information
geometry, a finding that has played a fundamental role in development of more applications of
information geometry [7]. In particular, the notion of dually flat metrics was first introduced
by Amari and Nagaoka [7] when they studied information geometry on Riemannian spaces.
Later on, Shen extended the notion of locally dually flatness for Finsler metrics [47]. He
identified and studied the dually flat Finsler metrics that are a special and valuable class of
Finsler metrics in Finsler geometry, which play a very important role in studying flat Finsler
information structures [16].

Next, we shall inform the reader about the basic facts of the geometry of Chentsov—Amari

connections. Namely, consider for « € R functions lq‘,' i,k which map each point 6 € © to the
following value [3, p. 341, [7, p. 32]:

a 1- 1-
Tijx = Eo [(a,-a,-l + T“a,-za_,»z) (akz)] - / (a,‘a‘,-z + T“a,-za,-z) ol po.
Q

o o
Foreverya € R, the n3 functions T ij,k are the Christoffel symbols of an affine a-connection V
on S. This connection is clearly a symmetric connection. Moreover, the relationship between

B
the a-connection % and B-connection V is given by (see [7, p. 33])

B o oa—pf
Cijk—Tijk = — Tijk»
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where T;j; are components of a covariant completely symmetric tensor field of order 3

which is defined by the equation T;jx = Eg[9;/9;/0;/]. In addition, we also note that % =

1 -1
HT"‘ vV + “T“ V and the O-connection is the Levi-Civita connection with respect to the

Fisher metric [7, p. 33]. Numerous articles develop further the theory of the Chentsov—Amari
connection.

In addition, now we can see a new trend of the information geometry which is called
Quantum information theory [12,21,23,37,42]. This theory is based on information geome-
try and quantum mechanics. For example, Nagaoka [37] and Petz [42] studied the information
geometry of quantum probability. On the other hand, Gibilisco and Isola in [21] gave a math-
ematical foundation that extended information geometry to the function space. In particular,
they showed that a family of inequalities, which relates to the uncertainty principle, has a geo-
metric interpretation in terms of quantum Fisher information. At the same time, Cafaro [12]
considered problems of classical and quantum chaos using the information geometry.

Further on the role of differential geometry and its applications in the probability theory
and statistics, one can refer to [11] and to the special issue of AISM 59 : 1 (2007) with the title
“Information Geometry and its Applications”. In particular, some authors [6,51,54] reported
applications of information geometry to Bayesian statistics [32] and Bartlett correction [15].
In addition, we must say that information geometry is applied not just to statistics and
information theory but also to combinatorics of neural networks and psychology [5], physics
[20] and many other fields.

2.2 An abstract statistical manifold

Lauritzen [8, pp. 165-215] gave a modern differential geometric treatment of statistical
problems by introducing the notion of an abstract statistical manifold. This generalization
has been considered in many papers by other geometers ([6,24,29,30,49,50] and etc.). In
this section, we give an overview of the geometry of such manifold.

According to Lauritzen [8, p. 179], a statistical manifold is a triplet (M, g, T'), where M is
a connected C*°-manifold, g is a Riemannian metric with components g;; and T'is a smooth
covariant completely symmetric tensor field of order 3 with components T;jx = T(9;, 9;, d%)
on each chart U(x!, ..., x") c M,ie.,T € C®S3M. This tensor T is called the skewness
tensor [8, p. 179]. Further, Lauritzen defines a one-parameter group of affine torsion-free o-

connections % whose Christoffel symbols i’l‘f‘] on each chart U (xl, ..., x™) C Mare related

to the Cristoffel symbols Fl’fj of the Levi-Civita connection V by the following identities:

o o

k k

k
ST 2.1)

for a real parameter « and
Tll] = glkT,-jk, (2.2)

where the inverse of the matrix (g;;) is denoted by (gij ). After that, Lauritzen proves the
identity [8, p. 180]

o
Vi gij = & - Tiij, (2.3)

o
and hence V g is a covariant completely symmetric tensor field of order 3. The identities (2.3)
are called the Codazzi equations and g is called a Codazzi tensor with respect to o-connections

V [39, p. 211, [48, pp. 56, 68, 142].
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o B
It is well known from [17], [48, p. 53] that the affine torsion-free connections V and V are
called conjugate connections (or dual connections) relative to the non-degenerate bilinear

B
form g if their Christoffel symbols lo*lf ¢ and Fﬁ « on each chart U (x', ..., x™) C M satisty
the following conditions:

B g = gt + gl 2.4
k 8ij _gjlrik+gllrjk~ (2.4)

B
In this case, we say that {%, g, V} are conjugates. In particular, from (2.4) we conclude

that {%, g, Va} are conjugate and the Levi-Civita connection V := % is a self-conjugate
connection [8, p. 181]. Conjugate connections have a simple interpretation [39, p. 21].

Next, Lauritzen [8, p. 185] introduces a tensor field F € C>§3 M which plays an important
role for the statistical manifold. It is defined as follows:

Fiji = ViTjjk. 2.5
If F e C®S*M, ie., F is completely symmetric, then (M, g, T) is said to be a conjugate
symmetric statistical manifold. For this manifold, a simple calculation shows that
o o

o o a o
0= ViV 8ij — ViVk &j = —Rjitk — Rijik>

o o o o o
where Rjiur = gjmR};, for the local components RY}, of the a-curvature tensor R of V.
Therefore, a conjugate symmetric statistical manifold has the following curvature: properties
[8, p. 185]

R(X.Y.Z.V)=—R(X.Y.V.Z); R(X.Y.Z,V)=R(Z. V.X.Y), (26

where %(K Y,Z, V)= g(}Xe(X, Y)Z, V) for any vectors X, Y, Z, V € T, M at each point
xeM.
On the other hand, Takeuchi and Amari showed in [52] that the sufficient condition for

a statistical manifold to be conjugate symmetric is that its connection % is equiaffine. If we
recall from [39, p. 14], [48, pp. 57-58] that a torsion-free affine connection % is called an
equiaffine or Ricci-symmetric connection if % @ = 0 for the volume form @ : x € M —
g)x = g)(Xl, Xo, ..., Xp), where Xy, X5, ..., X, € Ty M ateach point x € M, then we see
that the Ricci tensor RO;'c of % is symmetric. The converse is true.

Next, for « = 1 the a-curvature tensor Roz'c and Ricci a-curvature tensor RO;'c of the
connection % are called the curvature and Ricci tensors of a statistical manifold (M, g, T),

o
respectively [24,29,30]. The scalar a-curvature 5 = traceg Ric is called a scalar curvature
of a statistical manifold (M, g, T) if « = 1. Moreover, the statistical manifold (M, g, T) is
said to be of constant curvature if

1 1

Ry = ms -(gj18;, — &jkd)), (2.7)

1 1,
where R (0, 07)9; = lekl 0; for 0y = 8/8xk. In particular, a statistical manifold (M, g, T')

1
is said to be locally flat if R = 0.
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Finally we introduce the new class of statistical manifolds that we shall call as harmonic
statistical manifolds. Before we present two differential operators of order 1. Namely, the
operator 8* : C*S3M — C*°S*M such that [9, p. 35]; [45]

(& Triji = ViTiji + ViTjie + Vi Tiki + ViTxij
and its formal adjoint differential operator 8 : C*S*M — C*°S3M, which is defined by
OT)jx = —ViT},.

Then we can present the Laplacian Agyy, : C°S 3M — C*S3M acting on smooth covariant
symmetric tensor fields which is defined as Agyy = §*8 — §8* [9, pp. 52-54], [45]. The
operator Agyp, is related to a variational problem as follows: If we define the “energy” of
symmetric tensor field 7 by E(T) = 1/2(T, AgymT), then Agym T = O is the condition for a
free extremal of E(T') = 1/2(T, AsymT). Such tensor is called harmonic [45]. In accordance
with this definition, we shall call (M, g, T') a harmonic statistical manifold if Agy, T = 0.

In the Sect. 4.2, we shall consider a five-dimensional Riemannian manifold (M, g) with
a nearly integrable SO(3)-structure as an example of a harmonic statistical manifold.

2.3 Overview of the theory of irreducible SO(3)-structures

It is well known that a Riemannian metric g on an n-dimensional orientable manifold M
determines SO(n)-structures, where the tangent space 7y M at each point x € M behaves
as a representation for SO(n). An arbitrary subgroup G C SO (n) determines restricted
Riemannian G-structure, i.e., the tangent space T, M must behave as a representation for G.
Usually, the tangent space Ty M is regarded as an irreducible representation of a subgroup
G C SO(n). Following series of papers, some [2,10,13] consider an irreducible SO(3)-
structure on a five-dimensional Riemannian manifold (M, g). In particular, it was shown
that an irreducible SO(3)-structure on a five-dimensional Riemannian manifold (M, g) is a
structure defined by means of a smooth covariant completely symmetric and trace free tensor
field T of order 3 which satisfies on each chart U (x!, ..., x>) C M the following condition:

Tijm Ty + Timk T} + Toji Ty = ij&k1 + 8ikgjt + 8jk8il- (2.8)

For the tensor, T € C °°Sg M the identities (2.8) after contraction with g;; and T,,’{ , respec-
tively, imply

w1
TiaT;" = 5 8ij- 2.9)
mol n 3
it TinTim = =7 Tijk- (2.10)

A five-dimensional Riemannian manifold (M, g) with an irreducible SO(3)-structure was
r
obtained as (M, g, T). Further, authors in [10] define a characteristic V connection of
r r
(M, g, T) with skew-symmetric torsion tensor such that V g = 0; VT = 0 and prove that

r
an irreducible SO(3)-structure (M, g, T') admits a characteristic connection V if it is nearly
integrable, i.e., tensor field T satisfies §*T = 0.
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3 Conjugate symmetric and harmonic statistical manifolds
3.1 Conjugate connections on statistical manifolds

Let (M, g, T) be an n-dimensional statistical manifold. On each chart U (x!, ..., x") C M,

o o
the local components of the curvature tensors R of the connection V and R of the Levi-Civita
connection V are related by the equation [18, p. 33]

o . o .
Ry = Rjy + 5 (iTj, — VATl + o (]z e = T, 3.1)

where %(Xk, XDX; = %;MXI- and R(Xy, X)X ; = R;lei for Xy = B/Bxk. Contracting
with respect to the indices k and i in (3.1), we obtain the equalities

2
o o
Rji = Rji+ (VT — ViTh) + - 7 DTl = TR}, (3.2)

o o
which connect the Ricci curvature tensor Ric of the a-connection V and the Ricci curvature
tensor Ric of the Levi-Civita connection V. In addition, we can rewrite the equalities in the
form

,a w
Rji=Rji = 5 (iT; - viTh) + & (Tm =TT (33)

Equality (3.3) connects the Ricci curvature tensor Ric of the Levi-Civita connection V and
—
the Ricci tensor Ric of the connection V which is a conjugate to V relative to the metric g.

Using (3.2) and (3.3), we obtain the following identities:

;x?jl —}gﬂ =aWVT; — Vle) 3.4
Now we recall the definition of the Tchebychev form t [48, p. 58]. Namely, for conjugate
connections {%, g, 7Va} the Tchebychev form 7 has local components Ty = g/ T; jk for
Tijx = lq‘,'j,k — I"a,-j,k. Therefore, if }x?jl = }gﬂ then from (3.4) we have V;T; = V;T; and

hence % is equiaffine. This shows that the Tchebychev form 7 is locally an exact 1-form df
for some smooth scalar potential function f for T.

On the other hand, the Christoffel symbols F of an equiaffine connection V satisfy the
equalities [48, pp. 57-59]

o o

Fl,ij =0; (ln w12...n) .
But this time we know that the Christoffel symbols F; « of the Levi-Civita connection V
satisfy the following condition: Fl,jj = 0d;(In/detg), where v = \/detg dx' Ao Adx
the Riemannian volume form of g. Then using the above conditions for ?",ﬁ ; and F,’g » we can

transform equalities (2.1) into the differential equations dxlnwiz. , = dlny/detg + %8k f,

where f is a potential function for r. From this we can see that 3)12_“” = /detg, where
g= exp(c%"‘f) g for an arbitrary constant C.
Next, if we suppose that the Tchebychev form © = Tidx¥is locally an exact 1-form, then

from (3.2) and (3.3) we conclude that the «-connection % is equiaffine and its conjugate
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connection _Va is equiaffine, too. Next, multiplying by g// on both sides of (3.2) yields
2
o o
s=s+ (Tl =TI,

. . o L oa .
where s = gfkRjk is the scalar curvature of g and s = g',kRjk is the scalar o-curvature of

%. Hence, we have S= s [48, p. 60] and if the Tchebychev form t = 0 then? < s. Finally,
from the above considerations, we have the following.

Theorem 3.1 Let (M, g, T) be an n-dimensional statistical manifold. Assume that T =
o — o

trace T is the Tchebychev form of conjugate connections {V, g, V }, where V is a connection

of one-parameter family of affine a-connections on M. Then the following propositions hold.

—o o 2 o —o
1. =5 =5+ “7(||1:||2 —ITI%), where s and s are scalar o -curvature and (—a)-

curvature of % and 7Va, respectively.

2. If'the Tchebychev form t is locally an exact 1-form, then % and _Va are equiaffine for an
arbitrary .

3. If Roz'c = Iglqc, then the Tchebychev form t is locally an exact 1-form with potential
Junction f, % is an equiaffine connection and the volume form = \/@ for the Rie-

CHaf
Chafyg

mannian metric g = exp( where C is an arbitrary constant, which is conformal

1o g.
3.2 A conjugate symmetric statistical manifold

In this section, we consider a conjugate symmetric statistical manifold (M, g, T). This means
that F = VT is a covariant completely symmetric tensor field of order 4, i.e.,

ViTii; = ViTyij, (3.5)

where Ty;; are local components of T.
First, for a conjugate symmetric statistical manifold (M, g, T'), Theorem 3.1 implies the
following corollary.

o
Corollary 3.2 Each linear connection V of the one-parameter family of a-connections on an
n-dimensional conjugate symmetric statistical manifold (M, g, T) is an equiaffine connection

o o o —
such that the volume form w associated with V is defined by the equality v = ,/detg for

g = exp(%)g, where C is an arbitrary constant.

o
Now let us consider a projectively flat equiaffine connection V for a fixed number o on
a conjugate symmetric statistical manifold (M, g, 7). We recall that a torsion-free affine

o
connection V on manifold M is called projectively flat if there exists a flat affine connec-
tion V/ on M such that the pregeodesics (i.e., geodesics as curves without a distinguished

parametrization) of % and V'’ coincide [35, pp. 138-142], [44, p. 386].

The a-curvature tensor % of a projectively flat equiaffine connection % has the form [35,
pp. 138-142], [36, p. 169]

o 1 ;o ja
Rjkl = m (SkR.il - (S] Rjk) . (36)
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o
Therefore, using identities (2.6) and the definition of the Ricci tensor Ric, from (3.6) we
o o
deduce Rj; = %? gjk- On the other hand, the Ricci tensor Ric is a Codazzi tensor with

respect to a projectively flat equiaffine connection % [36, p. 169], i.e.,

a o a o

VkRjl = VjRik- (3.7

o o o
Then substituting R jx = %s gk into (3.7) we obtain s = const. Thus we have

. 1
K™ n(n—1)
In this case, we say that (M, g, T) is a statistical manifold of constant o-curvature. For the
case a = 1 see [24,29,30].

It is well known that any Codazzi tensor B of order 2 on a manifold M with a projectively

- o G i
R S((Skgjl _81gjk)-

flat equiaffine connection % has local components [36, p. 169]
o o o f «
Bij =VV,f+ p— lRij
for some smooth function f. On the other hand, we know that the metric tensor g is a Codazzi

o
tensor with respect to an arbitrary «-connection V. Thus, we have
o o o f o
8ij iVj non—1) 8ij

nn—1)

for § = const. It follows that gij = T %,% j f- We have now proved the following
nn—1)—s-

theorem.

Theorem 3.3 Let (M, g, T) be a conjugate symmetric statistical manifold. If there exists a

o
projectively flat a-connection V for some number o, then (M, g, T) is a statistical manifold of
nn—-1) & ¢

constant a-curvature and its metric tensor g has local components g;j = ViV f
nn—1)—s-f

o o
for some smooth function f such that (n(n — 1) — 5 ViV f is a positive definite sym-
metric 2-form on TM.

3.3 Compact statistical manifolds

First of all, we define a self-adjoint linear algebraic operator % : S2M — S$2M acting on
symmetric tensor fields of order 2 by the following identities:

R(B);j := RiijiB".

This operator is called the curvature operator or curvature operator of second kind [9, pp.
51-52], [26,38,40].

From the above definition, the curvature operator ) is a self-adjoint linear operator and
hence all its eigenvalues are real numbers. This curvature operator is called negative or
positive definite operator if its eigenvalues are negative or positive numbers, respectively.

It is well known [9, p. 45] that the vector space S2M of covariant symmetric tensor fields
of order 2 is irreducible with respect to the action of the orthogonal group O (n) at each
point x € M. We denote by SéM the vector space of traceless symmetric tensor fields of
order 2 over (M, g). Then the following pointwise O (n)-irreducible decomposition holds:
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M = SgM @® C®M - g. We note that if the eigenvalues of 9 restricted to S(%M are
A > 0, then the sectional curvatures at x € M are & > 0 [38,40]. Thus, we say that )i is
positive definite on S(%M ,or simply 9t > A > 0, if all eigenvalues of N restricted to S&M
are positive. It should be noted that 9 does not preserve the vector space SgM in general
[9, p. 52]. Moreover, easy calculations give that (M, g) is Einstein (i.e., Ric = nls. g)if
and only if ;R maps S(%M into itself at each point x € M. In particular, N is identical with
s/n(n — 1) X (theidentity map) on S(%S” for an n-dimensional Euclidean sphere S” with
standard metric go. Therefore, the curvature operator % is positive on an n-sphere (S”, go).

Next we consider a compact conjugate symmetric statistical manifold (M, g, T') and show
that there is a Weitzenbock formula for the skewness tensor T of (M, g, T). The following
lemma is simple computation.

Lemma 3.4 Let (M, g, T) be a compact oriented statistical manifold. Then the following
integral formula holds:

(Ric(T), T)+2(MN(T), T)+ 1—12(8*T, 8*T) — %(F, F)—(8T,éT)=0. (3.8)

Proof Let X be a vector field with local components T} VI Tk — T]? . Vi T"k_For this vector
field we have

divX = V,»T;kVITijk + T}k(v,-vlrifk) v T;'kvlTUk - T}k(v,»vlTUk)
= Ry TN T} + 2Ry T T30 + v, TV, T, — v, T, T
1 1
= §(Ric(T). T) +2g(N(T). T)+ 5 88T, 6" D)= 3¢ (F. F) =g (T.8T).  (3.9)

where we used the Ricci identities [28, p. 145]
+ T RE 4 TH"R! (3.10)

mij mij?

and defined g(Ric(T), T) and g(W(T), T) by the equalities g(Ric(T), T) = R;; T'X ka; and
gON(T), T) = (RijiT"™) T,¥/, respectively.

If we suppose that M is a compact manifold, then applying Green’s theorem [28, p. 281]
to (3.9) we obtain the integral formula (3.8). Here, we note that, to apply Green’s theorem, it
is necessary to assume M as orientable. If M is not orientable, then we only need to consider
an orientable double covering. The proof is complete. O

Next, using Lemma 3.4 we prove the following “vanishing theorem”.

Theorem 3.5 Let (M, g, T) be a compact oriented statistical manifold. If the curvature
operator N is positive definite on S(%M , then (M, g, T) cannot be a conjugate symmetric
statistical manifold with vanishing Tchebychev form. In particular, an n-dimensional (n >
3) Euclidean sphere (S", go) cannot be a conjugate symmetric statistical manifold with
vanishing Tchebychev form.

Proof Let (M, g, T) be a conjugate symmetric statistical manifold then follows the equality
8*T = 4F, where F is given by (2.5). On the other hand, from (3.5), we obtain (§7) = —Vt
for the Tchebychev form t of (M, g, T'). Therefore, if (M, g, T) is a compact conjugate
symmetric statistical manifold with vanishing Tchebychev form 7 then T € C 0058M and
we can rewrite (3.8) in the form

(Ric(T), T) + 2(W(T), T) = —(F, F) < 0. (3.11)
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If we suppose that the curvature operator ) is positive definite on S(%M ,l.e.,
RijuB’*B" > »B;;BY > 0 (3.12)

for an arbitrary symmetric tensor field B = (B;;) which belongs to S(%M and some positive
number A, then

gONT), T) = A||T|*> > 0.

Denoting by Y o X the symmetric tensor X o ¥ := 1/2(X ® Y + Y ® X) for any local
orthogonal unit vector fields X and Y, we can represent (3.10) as RijleiY-/Xk Y>>
0. This means that the sectional curvature sec(X A Y) > A > 0 if the curvature operator
R > > 0on SFM [38,40].

Next for the n — 1 local unit vector fields Y7, ..., ¥,_1, orthogonal to X and to each other,
we have sec(X A Y,) = RijuYiX/Xkyl > A > Oforalla = 1,...,n — 1, and hence
Ric (X, X) > (n — 1)A > 0 [40]. Then we claim that

g(Ric(T), T) = (n — DAT|? > 0.

So the left-hand side of (3.11) is positive, and this contradicts the inequality (3.11).

In particular, let (M, g) be a Riemannian manifold of constant sectional curvature then
the Riemann curvature tensor has the form R;;jx = K (gijgix — gik&i;)- In this case (3.8) can
be rewritten as

(n —3)K(T,T) = —(F, F) <O0. (3.13)

Forn > 3, K > 0and T # O the left-hand side of (3.13) is positive that contradicts the
inequality (3.13). In particular, for n = 3 from (3.13) we obtain F' = 0. In this case, the Ricci
identities (3.10) can be rewritten in the form (n + 1)K T;d =0for K >0and T # 0, and
this is a contradiction. This completes the proof of Theorem 3.5. O

We shall now consider a harmonic statistical manifold (M, g, T) and show that the fol-
lowing theorem is true.

Theorem 3.6 Let (M, g, T) be a compact oriented statistical manifold. If the curvature
operator N is negative definite, then (M, g, T ) cannot be a harmonic statistical manifold.
In particular, an n-dimensional (n > 3) compact hyperbolic manifold (H", go) cannot be a
harmonic statistical manifold.

Proof Let (M, g, T) be a compact harmonic statistical manifold. In this case the formula
(3.12) shows that

(Ric(T), T) +2(W(T),T) = %(8*T, §*T) + %(F, F) >0, (3.14)

because (AgymT, T) = (8T, 8T) — (6*T, §*T). If we suppose that the curvature operator it
is negative definite, i.e.,

RijuB/*B" < —p-B;;BY <0

for an arbitrary symmetric tensor field B = (B;;) and some positive number ., then
gR(T), T) < —pu - | T||*> < 0 and hence g(Ric(T), T) < —(n — D - |T||> < 0 [40]. In
this case the left-hand side of (3.14) can be rewritten in the form

(Ric(T), T) 4+ 2{N(T), T) = —(n + Du(T, T) < 0.

So the left-hand side of (3.14) is negative that contradicts the inequality (3.14).
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In particular, let (M, g) be a Riemannian manifold of constant sectional curvature [18, p.
84] then R;jjx = K(gijgix — gix&ij)- In this case (3.14) can be rewritten in the form

K(n=3)(T,T)+2t, 1)) = %(B*T, 8*T) + %(F, F)>0. (3.15)

Forn > 3, K > 0and T # 0 the left-hand side of (3.15) is negative, and this contradicts the
inequality (3.15). In particular, for n = 3 from (3.15) we obtain F = 0 and t = 0. In this
case the Ricci identities (3.8) can be rewritten in the form (n + 1)K TH = 0 for K > 0 and
T # 0. As a result, we have a contradiction. This completes the proof of Theorem 3.5. O

4 A five-dimensional Riemannian manifold with an irreducible SO(3)-structure
4.1 A conjugate symmetric statistical manifold with an irreducible SO(3)-structure

Let (M, g, T) be a five-dimensional statistical manifold with an irreducible SO(3)-structure,
this means that the skewness tensor T of (M, g, T) defines an irreducible SO(3)-structure
on (M, g). This shows that the skewness tensor T of (M, g, T') belongs to SSM (i.e., the
Tchebychev form t of (M, g, T) is zero).

Consider a one-parameter group of affine torsion-free connections % on (M, g) by
Eq. (2.1). Then using (2.8) and (2.9) we get the equations
() a m
V" Tijk = ViTijk + E(TijmTkl + Timk Tj7 + Tnjr T;/")

o
= ViTijr + E(gijgkl + gikgjl + &jk&il)- 4.1)

Then from Eq. (4.1), we obtain the following equality:
@ 105
IVTI? = IFII? + =, 4.2)
where F is given by (2.5), VT |2 = g(VT, VT) and | F||> = g(F, F). Then the tensor T
of an irreducible SO(3)-structure satisfies the following inequalities:

o o 105
IVTI? = IFI% IVTI? = —=a? > 0. 43)
On the other hand, from (3.2) we obtain the following identities:
o o 70(2
Rjk = Rjk = 5Vm fZ—T'gjk- (4.4)

o o o
In this case, Rjx = Ry; and hence V is an equiaffine connection for an arbitrary o. Next

.o o o o
from (4.4), we obtain s = s — 35/4 - «? and hence s < s for the scalar a-curvature s of V
and scalar curvature s of g. The next theorem is an immediate consequence of Theorem 3.1
and its proof.

Theorem 4.1 Let a five-dimensional Riemannian manifold (M, g) with an irreducible
SO(3)-structure be a stattstlcal manifold (M, g, T), then the one-parameter famzly of

affine a-connections V consisting of equiaffine connections and their volume forms 0=

Jdet(expC - g) do not depend on the parameter o.. Moreover, the scalar a-curvature 5 of V
o

has the form s = s — 35/4 - o2, O
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We consider a conjugate symmetric statistical manifold (M, g, T') such that the skewness
tensor field T defines an irreducible SO(3)-structure on (M, g). In this case, the skewness
tensor field T satisfies the following equations:

ViTiij = ViTwij; VT =0, 4.5)

where V¥ = g"'V;. In view of what we have told above, we can formulate the following
theorem.

Theorem 4.2 Let (M, g, T) be a five-dimensional statistical manifold with an irreducible
o
SO(3)-structure and V be a one-parameter family of affine a-connections on M. Then
o
(M, g, T) is conjugate symmetric if and only if V T is a covariant completely symmetric

tensor field of order 4. In particular, if (M, g, T) is a statistical manifold of constant a-
curvature, then it is a conjugate symmetric statistical manifold with Einstein metric g.

Proof From (3.5), we obtain the following identities:
o o
ViTijk — ViTijx = ViTijk — ViTjjk. (4.6)

In turn, from (4.6) we conclude that a five-dimensional Riemannian manifold (M, g) with
an irreducible SO(3)-structure is a conjugate symmetric statistical manifold if and only if the
condition V@ T is a completely symmetric tensor field of order 4.

In addition, we suppose that (M, g, T) is a statistical manifold of constant «-curvature
for some « then from (2.3), (2.8) and the Ricci identities [18, p. 30]

a «a a « a, a,
VikVigij — ViVig&ij = _giijlk — 8mj Rijk» 4.7

we obtain (4.5). In addition, from (4.4) we have Rj; = (%? + %az) - g jk- This means that g
is an Einstein metric. The proof is complete. O

Next we shall prove two “vanishing theorems” for conjugate symmetric statistical mani-
folds.

Theorem 4.3 Let (M, g, T) be a five-dimensional statistical manifold such that T be a struc-
ture tensor of an irreducible SO(3)-structure on (M, g). If the curvature operator X (M, g) is
positive definite on SgM ,then(M, g, T ) cannot be a (locally) conjugate symmetric. In partic-
ular, a five-dimensional Euclidian sphere (S°, go) cannot be a (locally) conjugate symmetric
statistical manifold with an irreducible SO(3)-structure.

Proof Let (M, g, T) be a conjugate symmetric statistical manifold. Then from the identity
(2.8) by straightforward computation we get
0= ViV;(TMT)) = ViV, T*) T + (v, T™)(V: 1)

: ‘ . , 7
= (T"M R} +T"™ R+ T " Ry DT+ FIP = S5 H28ONT), T)+ IFI%,  (4.8)

mij

where F' is given by (2.5). If we suppose that the curvature operator ) is positive definite on
SgM , then the scalar curvature s of (M, g) is positive, too [40]. Moreover, in this case, we
have g(N(T), T) > 0. Thus, we have the inequality %s +2g(N(T), T) + | F||?> > 0 which
contradicts to (4.8). The proof is complete. O
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The identities (3.1) for a conjugate symmetric statistical manifold (M, g, T') have the form

2
o o
Rijki = Riju + I(TmilT}’;c — TnjiTH), 4.9)

o am o
where Rjjk := gimR jki- From (2.6) we conclude that symmetry properties of R;jx; coin-
cide with the symmetry properties of the Riemann curvature tensor R;jy;. Therefore, we

can define the a-curvature operator S(;(t of an «-connection % as an analog of the curvature
operator N of (M, g). Then using (2.8), (2.9) and (2.10) from (4. 9) we get gN(T), T) =

(%(T) T) + 595 a . If we suppose that there is an «-connection V such that its curvature

operator %)1 is positive semi-definite then g(M(7), T) > 5965 2 > 0. Thus, as a consequence
of Theorem 4.3, we have the following corollary.

Corollary 4.4 Let (M, g, T) be a five-dimensional Riemannian manifold (M, g) with an
o
irreducible SO(3)-structure. If there exists an o-connection V such that its curvature operator

o
R is positive semi-definite then (M, g, T ) is not conjugate symmetric.

Finally, we present topological properties of a five-dimensional conjugate symmetric
statistical manifold with an irreducible SO(3)-structure. Namely, we have the following The-
orem.

Theorem 4.5 Let (M, g, T') be a conjugate symmetric statistical manifold such that (M, g)
is a five-dimensional compact, conformally flat Riemannian manifold and T is a structure
tensor of an irreducible SO(3)-structure on (M, g). Then the fundamental group (M) has
exponential growth unless F = 0. In particular, if w1 (M) is almost solvable, then (M, g)
is a flat manifold. Moreover, if F does not vanish anywhere on (M, g) then w1 (M) is a
non-amenable group.

Proof The Riemannian curvature tensor R of a five-dimensional conformal flat Riemannian
manifold (M, g) has the form [18, p. 92]

1 s
Rij = g(gilej — iRk + gijRix — gjkRir) + E(gjlgik — &jk&li)-

In this case from (4.8) we obtain s = —57 || F|? <0, where F is given by (2.5).

We know three things: First, if (M, g) is compact, conformally flat with non-positive
scalar curvature s, then the fundamental group 71 (M) has exponential growth unless s = 0
[31]. This proposition gives the first result. Second, if the fundamental group m; (M) of a
compact conformal flat Riemannian manifold (M, g) with non-positive scalar curvature is
almost solvable, then (M, g) is a flat manifold [31]. This proposition gives the second result.
Third, the fundamental group 71 (M) of a compact, locally conformally flat Riemannian
manifold (M, g) with negative scalar curvature is a non-amenable group [46]. That gives the
third result of the theorem. O

4.2 Manifolds with nearly integrable SO(3)-structures
In this section, we consider a five-dimensional Riemannian manifold (M, g) with a nearly

integrable SO(3)-structure as an example of a harmonic statistical manifold. In this case, we
have the following theorem.
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Theorem 4.6 A five-dimensional Riemannian manifold with a nearly integrable SO(3)-
structure is a harmonic statistical manifold such that its skewness tensor defines the first
integral of order 3 of the equations of geodesics.

Proof Let T be the tensor of a nearly integrable SO(3)-structure on a five-dimensional
Riemannian manifold (M, g). If the equation §*7 = 0 holds, then necessarily §T = 0
as is readily seen, and so Agyn7T := 6%6T — §6*T = 0, where Agyy is a Laplacian on
symmetric covariant tensor fields [9, pp. 52-54], [45]. In this case, the tensor field T is
harmonic [45] and hence, (M, g, T') is a harmonic statistical manifold.

On the other hand, a 1-dimensional immersed submanifold y of (M, g) is said to be a
geodesic if there exists a parameterization y : x' = x’(¢) forr € I C R satisfying Vi % = 0.

If each solution x’ = x/(¢) of the equations V;% = 0 of geodesics satisfies the condition

B(x, ..., x) = const for smooth covariant completely symmetric tensor field B of order p
. k . . . . .

and x = ‘% - Xk, then the equations V;x = 0 are said to admit the first integral of the p-th

order. The equation §* B = 0 serves as a necessary and sufficient condition for this [18, pp.
128-129].

It is easy to check that a five-dimensional statistical manifold (M, g, T) whose skewness
tensor T is a structure tensor of a nearly integrable irreducible SO(3)-structure on (M, g)
admits the first integral of order 3 of geodesics in the form T (x, x, X) = const. Thus, the
theorem is valid. O

Remark For a harmonic symmetric tensor, it was said in [45] that it does not have any
geometrical interpretation. It was also pointed out that symmetric tensors, whose covari-
ant derivative vanishes, are clearly harmonic, the metric tensor g being the most important
example. These tensors are trivial examples of a harmonic symmetric tensor. Now we can
say that the tensor T of a nearly integrable SO(3)-structure on a five-dimensional connected
Riemannian manifold (M, g) is a non-trivial example of a harmonic symmetric tensor.

Next, we prove a “vanishing theorems” for nearly integrable SO(3)-structures.

Theorem 4.7 Let the triplet (M, g, T) be a statistical manifold, where (M, g) be a
five-dimensional Riemannian manifold and T be a structure tensor of an irreducible
SO(3)-structure on (M, g). If the curvature operator N of (M, g) is negative definite, then
SO(3)-structure cannot be nearly integrable. In particular, there is no a nearly integrable
irreducible SO(3)-structure on a five-dimensional hyperbolic manifold (H, go).

Proof We consider a five-dimensional statistical manifold (M, g, T') such that its skewness
tensor T defines a nearly integrable irreducible SO(3)-structure on (M, g). In this case, from
the identity (2.8) by straightforward computation, we get

0= v,V (M1} = (Viv; T*")T) + (v; T*) (v, T))

— (kalRl '_’_Tlmle -+lemR[ /)Tk/[_gnF”z

mij mij mi,

7 1
75+ 26(N(T), T) — g||F||2. (4.10)

If we suppose that the curvature operator of second kind N is negative definite, then
gM(T), T) < 0 and the scalar curvature s must be negative, too. The above conditions
give rise to a contradiction with the formula (4.10).

In particular, if we consider a Riemannian manifold (M, g) of constant curvature K,
then from the formula (4.10) we can obtain K > 0. Hence there is no a nearly integrable
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irreducible SO(3)-structure on a five-dimensional hyperbolic manifold (H, go) [55]. This
completes the proof of the theorem. O

Finally, we consider a topological property of a five-dimensional conformally flat (M, g)
with a nearly integrable irreducible SO(3)-structure. Namely, we have the following corollary.

Corollary 4.8 Let (M, g) be a compact, locally conformally flat Riemannian manifold with
anearly integrable irreducible SO(3)-structure whose structure tensor T has a non-vanishing
covariant derivative VT on M. Then the fundamental group w1 (M) is hyperbolic in the sense
of Gromov.

Proof For alocally conformal flat Riemannian manifold (M, g) from (4.10), we obtain
4
s=—|F|>=>0.
S =5 IFI~ =

As a consequence of main theorem [25], we have that the fundamental group 71 (M) of
a compact, conformally flat manifold (M, g) with positive scalar curvature is hyperbolic
in the sense of Gromov. This proposition gives our result. In addition, we say that there
are other applications to geometry and topology of locally conformally flat manifolds with
positive scalar curvature, and hence to geometry and topology of locally conformally flat
Riemannian manifold with a nearly integrable irreducible SO(3)-structure [25]. In particular,
this is a “vanishing theorem” for cohomology groups of such manifolds. O
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