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Abstract

Information geometry emerged from the geometric study of a statistical model of prob-
ability distributions. A statistical model equipped with a Riemannian metric and a pair
of dual affine connections is called a statistical manifold. Various geometric aspects of
statistical manifolds were studied by many researchers. The main objective of this the-
sis is to explore certain geometric properties of statistical manifolds and the geometry of
estimation.

In Chapter 2, we discuss the geometry of immersions and statistical manifolds. In
Section 2.1, we discuss definitions and basic results related to affine immersions. In Propo-
sition (2.1) detailed proof is given for the result that a simply connected statistical manifold
can be realized in R™"! if and only if it is 1-conformally flat. In Section 2.2, we first
discuss about the statistical submanifolds and the fundamental equations associated with
it. Then in Theorem (2.4) we prove a necessary and sufficient condition for the inherited
statistical manifold structures to be dual to each other. Statistical immersion is defined and
in Theorem (2.5) we prove a necessary condition for a statistical manifold to be a statisti-
cal hypersurface. Also, we prove its converse in Theorem (2.6). Then, in Theorem (2.10)
a necessary and sufficient condition for a statistical immersion into a dually flat statisti-
cal manifold of codimension one to be minimal is obtained. Also, in Theorem (2.11) a
necessary condition is obtained for minimal statistical immersion of statistical manifolds
equipped with a-connections. In Section 2.3, centro-affine immersion into R"*2 and the
fundamental equations of it are discussed first. Also, in Proposition (2.3) and in Proposi-
tion (2.4) a detailed proof of 1-conformal equivalence and (—1)-conformal equivalence of
statistical manifold structures in the case of centroaffine immersions into R"*? are given,
respectively. We define centro-affine immersions of codimension two into a dually flat sta-
tistical manifold and in Theorem (2.13) we give a necessary and sufficient condition for the
inherited statistical manifold structures to be dual to each other. In Theorem (2.14) we show
that the inherited statistical manifold structure is conformally-projectively flat in the case
of non-degenerate, centro-affine, equiaffine immersion into a dually flat statistical mani-
fold of codimension two. In Section 2.4, we first discuss the affine fundamental form and
relations between curvature tensors for affine immersions of general codimension. Then,

we define the transversal volume element map for equiaffine statistical immersion of gen-
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eral codimension and certain properties are also proved in Lemma (2.3) and in Proposition
(2.6).

In Chapter 3, we discuss the geometry of submersions and statistical manifolds. In
Section 3.1, definitions of submersion and semi-Riemannian submersion and certain basic
results are given. We summarize the definition and basic results of affine submersions with
horizontal distribution in Section 3.2. Also, discuss the theorem by Abe and Hasegawa on
geodesics comparison for an affine submersion with horizontal distribution. In Section 3.3,
we first introduce the concept of a conformal submersion with horizontal distribution for
Riemannian manifolds, which is a generalization of the affine submersion with horizontal
distribution. Then, in Theorem (3.3) a necessary condition for the existence of such a
map is proved. In Theorem (3.6) a necessary and sufficient condition is obtained for 7 o
o to be a geodesic of B when o is a geodesic of M for a conformal submersion with
horizontal distribution. Then, in Proposition (3.5) we prove a necessary and sufficient
condition for the horizontal lift of a geodesic to be geodesic. Also, in corollary (3.3) we
give a necessary condition for the connection on B to be complete when the connection
on M is complete for a conformal submersion with horizontal distribution 7 : M —
B. In Section 3.4, we first discuss the affine submersion with horizontal distribution and
statistical manifolds. A statistical structure is obtained on the manifold B induced by the
affine submersion 7 : M — B with the horizontal distribution #(M) = V+(M). In
the case of conformal submersion with horizontal distribution in Theorem (3.9) we prove
a necessary and sufficient condition for (M, V, g,,,) to become a statistical manifold. Also,
in Proposition (3.7) we prove 7 : (M,V) — (B, V*) is a conformal submersion with
horizontal distribution if and only if 7 : (M, _) — (B, ﬁ*) is a conformal submersion

with horizontal distribution.

Chapter 4 deals with the statistical structures on tangent bundles, harmonic maps be-
tween statistical manifolds and between tangent bundles. In Theorem (4.3) of Section 4.1
we prove a necessary and sufficient condition for 7'M to become a statistical manifold
with the complete lift connection and the Sasaki lift metric. In Section 4.2, we first give a
detailed description of the harmonic map using tension field. In Theorem (4.4) we prove
a necessary and sufficient condition for the harmonicity of identity map for conformally-
projectively equivalent statistical manifolds. Then, conformal statistical submersion is de-
fined which is a generalization of the statistical submersion and in Theorem (4.5) we prove
that harmonicity and conformality cannot coexist. In Section 4.3, certain properties of the
differential of the tangent map is given first. For statistical manifolds, in Theorem (4.7) we

prove that a smooth map ¢ : M — B is harmonic with respect to V and V* if and only
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if it is harmonic with respect to the conjugate connections V and V*. Then, in Theorem
(4.8) given a necessary condition for the harmonicity of the tangent map with respect to
the complete lift structure on the tangent bundles. Also, in Proposition (4.8) we prove a
necessary and sufficient condition for the tangent map to be a statistical submersion.

In Chapter 5, estimation of parameters in statistical manifolds, exponential family and
its submanifolds, estimation of parameters in the curved exponential family and Fisher-
Neyman sufficient statistic for parametrized models are discussed. In Section 5.1, short
account of the statistical properties of an estimator is given. In Theorem (5.2) of Section
5.2 we show that if all V!-autoparallel proper submanifolds of a +1-flat statistical manifold
M are exponential then M is an exponential family. Also, in Theorem (5.3) we prove that
if submanifold of a statistical model is an exponential family, then it is a V'-autoparallel
submanifold. In the theory of estimation in curved exponential family we give a short ac-
count of Amari’s geometric conditions for the consistency and efficiency of an estimator
in a curved exponential family using ancilliary manifolds. Then discuss the MLE algo-
rithm for estimating parameters in the curved exponential family obtained by Cheng et al.
In Section 5.3 we show that the Fisher-Neyman sufficient statistic is invariant under the

isostatistical immersions of statistical manifolds in Theorem (5.5).
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Chapter 1

Introduction

1.1 Introduction and Summary

Information Geometry is the geometric study of a statistical model of probability distribu-
tions and its application 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 known as a statisti-
cal manifold. Amari and Nagaoka [1] introduced a conjugate structure or duality structure
in information geometry which lead to the development of more applications of information
geometry. The notion of dually flat structure was also introduced by Amari and Nagaoka
[1] when they studied information geometry on Riemannian spaces. By definition, a sta-
tistical structure can be viewed as a generalization of a Riemannian structure containing a
Riemannian metric and the Levi-Civita connection. So, it is natural to inquire whether the
results in Riemannian geometry still hold in the geometry of statistical manifolds. Various
geometric aspects of statistical manifolds were studied by many researchers. In this work,
our effort is also to explore certain geometric properties of statistical manifolds and the
geometry of estimation.

In Chapter 2, we discuss the geometry of immersions and statistical manifolds. Affine
differential geometry assumes a significant importance in the field of geometry. Affine im-
mersions were introduced by Nomizu and Sasaki [2]. Statistical manifold was originally
introduced by Lauritzen [3], later Kurose [4] reformulated this from the viewpoint of affine
differential geometry. Kurose [5] has given a necessary and sufficient condition for a sta-
tistical manifold to be realized by an affine immersion of codimension one. Dillen et al.
[6] proved a necessary and sufficient condition for realizing a simply connected statistical
manifold in R™*!. In Section 2.1, we discuss definitions and basic results related to affine

immersions [2]. A detailed proof is given for the result that a simply connected statistical



manifold can be realized in R"™! if and only if it is 1-conformally flat. Then, discussed
the theorems by Kurose [4] on affine immersions and statistical manifolds. In Section 2.2,
we first discuss about the statistical submanifolds and the fundamental equations associ-
ated with it [7]. Uohashi et al. [8] proved that a 1-conformally flat statistical manifold of
dimension n > 2 can be locally ralized as a submanifold of a flat statistical manifold of
dimension n + 1. We considered manifolds immersed in statistical manifolds and obtained
a necessary and sufficient condition for the inherited statistical manifold structures to be
dual to each other. Statistical immersion is defined and then proved a necessary condition
for a statistical manifold to be a statistical hypersurface. Its converse is also proved [9].
Furuhata [10] has proved a necessary and sufficient condition for minimal immersion of
a statistical manifold into R™™!. We prove a necessary and sufficient condition for a sta-
tistical immersion into a dually flat statistical manifold of codimension one to be minimal.
Also, a necessary condition is obtained for minimal statistical immersion of statistical man-
ifolds equipped with a-connections [11]. In Section 2.3, centro-affine immersion into R" 2
and the fundamental equations of it are discussed first [12], [13]. Then, dependence on the
change of transversal vector field and change in an immersion are discussed. Also, proof
of 1-conformal equivalence and (—1)-conformal equivalence of statistical manifold struc-
tures in the case of centro-affine immersions into R"*2 are given in detail [13]. Matsuzoe
[14] obtained conditions for a statistical manifold to be realized in R"*2 by centro-affine,
equiaffine immersions of codimension two. We define centro-affine immersions of codi-
mension two into a dually flat statistical manifold and give a necessary and sufficient con-
dition for the inherited statistical manifold structures to be dual to each other. Then, show
that the inherited statistical manifold structure is conformally-projectively flat in the case of
non-degenerate, centro-affine, equiaffine immersion into a dually flat statistical manifold of
codimension two. In Section 2.4, we first discuss the affine fundamental form and relations
between curvature tensors for affine immersions of general codimension [2]. Equiaffine
immersion of general codimension and the transversal volume element map were studied
by Koike and Takekuma [15]. We define the transversal volume element map for equiaffine
statistical immersion of general codimension and prove certain properties. Then discuss
the result by Matsuzoe et al. [16] on sufficient condition for a statistical submanifold of a

dually flat statistical manifold to be equiaffine.

In Chapter 3, we discuss the geometry of submersions and statistical manifolds. Rie-
mannian submersion is a special tool in differential geometry and it has got various appli-
cations. Notion of submersion is dual to the notion of an immersion. From a statistical

viewpoint submersions were first mentioned by Barndroff-Neilsen and Jupp [17]. O’Neill
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[18] defined a Riemannian submersion and obtained the fundamental equations of Rie-
mannian submersions for Riemannian manifolds. Also in [19], O’Neill defined a semi-
Riemannian submersion. In Section 3.1, definitions of submersion and semi-Riemannian
submersion and certain basic results are given. Comparison of geodesics by O’Neill for a
semi-Riemannian submersion is also discussed [18], [20]. We summarize the definition and
basic results of affine submersions with horizontal distribution in Section 3.2. Also, discuss
the theorem by Abe and Hasegawa [21] on geodesics comparison for an affine submersion
with horizontal distribution. In Section 3.3, we first introduce the concept of a conformal
submersion with horizontal distribution for Riemannian manifolds, which is a generaliza-
tion of the affine submersion with horizontal distribution [22]. Then, a necessary condition
for the existence of such a map is proved. A necessary and sufficient condition is obtained
for m o o to be a geodesic of B when ¢ is a geodesic of M for a conformal submersion with
horizontal distribution. Then, prove a necessary and sufficient condition for the horizontal
lift of a geodesic to be geodesic. Also, we give a necessary condition for the connection on
B to be complete when the connection on M is complete for a conformal submersion with
horizontal distribution 7 : M — B. In Section 3.4, we first discuss the affine submersion
with horizontal distribution and statistical manifolds. A statistical structure is obtained on
the manifold B induced by the affine submersion 7 : M — B with the horizontal dis-
tribution #(M) = V+(M). Abe and Hasegawa [21] obtained a necessary and sufficient
condition for (M, V, g,,) to become a statistical manifold for an affine submersion with
horizontal distribution 7 : (M, V) — (B, V*). In the case of conformal submersion with
horizontal distribution we obtained a necessary and sufficient condition for (M, V, g,,) to
become a statistical manifold. Also, we prove 7 : (M, V) — (B, V*) is a conformal sub-
mersion with horizontal distribution if and only if 7 : (M, V) — (B, V") is a conformal

submersion with horizontal distribution [22].

Chapter 4 deals with the statistical structures on tangent bundles, harmonic maps be-
tween statistical manifolds and between tangent bundles. In Section 4.1, we discuss the
work of Matsuzoe and Inoguchi [23] and Balan et al. [24] on obtaining the various sta-
tistical manifold structures on the tangent bundle 7M. Then, we prove a necessary and
sufficient condition for 7'M to become a statistical manifold with the complete lift connec-
tion and the Sasaki lift metric [22]. The motivation to study harmonic maps comes from
the applications of Riemannian submersion in theoretical physics [25]. Presently, we see
an increasing interest in harmonic maps between statistical manifolds [26], [27]. In Section
4.2, we first give a detailed description of the harmonic map using tension field. In [26],

Uohashi obtained a condition for the harmonicity on a-conformally equivalent statistical



manifolds. We prove a necessary and sufficient condition for the harmonicity of identity
map for conformally-projectively equivalent statistical manifolds. Then, conformal statis-
tical submersion is defined which is a generalization of the statistical submersion and prove
that harmonicity and conformality cannot coexist [28]. Harmonicity of the tangent maps of
tangent bundles endowed with the Sasaki lift metric were studied in [29], [30] for Rieman-
nian manifolds. In [30], Oproiu obtained conditions for the tangent map to be harmonic in
the case of tangent bundles equipped with the metrics obtained from the complete lift of
metrics and the vertical lift of appropriate tensor fields. In Section 4.3, certain properties
of the differential of the tangent map is given first. For statistical manifolds, we prove that
a smooth map ¢ : M — B is harmonic with respect to V and V* if and only if it is
harmonic with respect to the conjugate connections V and V*. Then, given a necessary
condition for the harmonicity of the tangent map with respect to the complete lift structure
on the tangent bundles. Also, prove a necessary and sufficient condition for the tangent

map to be a statistical submersion.

In Chapter 5, estimation of parameters in statistical manifolds, exponential family and
its submanifolds, estimation of parameters in the curved exponential family and Fisher-
Neyman sufficient statistic for parametrized models are discussed. In [31], Amari dis-
cussed the statistical properties of an estimator in a statistical manifold. In Section 5.1, a
short account of the statistical properties of an estimator is given. Amari and Nagaoka [1]
obtained a necessary and sufficient condition for a submanifold of an exponential family
to be exponential. In Section 5.2, we show that if all V!-autoparallel proper submanifolds
of a £1-flat statistical manifold M are exponential then M is an exponential family. Also,
we show that if submanifold of a statistical model is an exponential family, then it is a
V!-autoparallel submanifold [32]. In the theory of estimation in curved exponential family
we discuss Amari’s geometric conditions for the consistency and efficiency of an estimator
in a curved exponential family using ancilliary manifolds [33], [31]. Then given the MLE
algorithm for estimating parameters in the curved exponential family obtained by Cheng
et al. [34]. A statistical model is a family M of probability measures on a measurable
space () and the sample space can be finite or infinite. For the case of a finite dimensional
sample space the theory of statistical manifold structure with the dual connections is well
understood. Also a statistical manifold- a Riemannian manifold with each of whose points
is a probability distribution - can be embedded into the space of probability measures on
a finite set. Infinite dimensional families of probability distributions were first considered
by Pistone and Sempi [35]. To deal with infinite dimensional spaces of probability mea-

sures Ay et al. [36] developed a functional analytic framework. They introduced the notion
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of parametrized measure models and obtained the analogue of the structures considered
in the finite dimensional information geometry. In [36], Ay et al. have given a necessary
and sufficient condition for a statistic to be a Fisher-Neyman sufficient statistic. We show
that the Fisher-Neyman sufficient statistic is invariant under the isostatistical immersions

of statistical manifolds in Section 5.3.

1.2 Preliminaries

In this section, certain basic concepts regarding differentiable manifolds and statistical

manifolds are discussed, [37], [1].

Definition 1.1. A second countable Hausdorff topological space M is called an n-dimensional
topological manifold if it is locally Euclidean. That is, for every point p € M there exists
an open set U C M containing p and a homeomorphism ¢ : U — W, where W is an

open subset of R".

(U, p) is called a coordinate chart on M around p and ¢ = (z'),i = 1,--- ,n are
called local coordinates on U. The coordinate chart (U, ¢) is called a global chart when
U = M and in that case we have a global coordinate system.

Let (U, ¢) and (V, ) be two charts on M such that U NV # (), the composite map
o UNV) — (UNYV)is called the transition map. Two charts (U, ) and
(V, 1)) are said to be smoothly compatible if either U NV = () or the transition map 1o p~*
is a diffeomorphism.

A collection A of charts is said to be an atlas for M if its domains cover M. An atlas
A is said to be smooth if any two charts in .4 are smoothly compatible with each other, and
A is a maximal atlas if any chart that is smoothly compatible with every charts in A is in
A. A smooth structure on any topological manifold is a maximal smooth atlas on M. A
smooth manifold is a pair (M, .A), where M is a topological manifold and .4 is a smooth
structure on M. If M is a smooth manifold, a chart contained in the given maximal smooth

atlas is called a smooth chart.

Definition 1.2. Let M and B be smooth manifolds, a map f : M — B is said to be
a smooth map if for any smooth charts (U, ¢) on M and (V1)) on B the composite map
Yo foptissmooth from (U N f~1V)) to ¢ (V).

If B = R, then we call f a smooth function on M. Note that in this case ¢» = Id. The
collection of all smooth functions from M to R is denoted by C'*°(IM) which is a vector

space over R.



Definition 1.3. Let M be a smooth manifold and let p be a point in M. A linear map
X : C*(M) — Ris called a derivation at p if it satisfies

X(9192) = g1(p) X (92) + 92(p) X (1),

for g1, g, € C°(M).

The collection of all derivations of C'>°(M) at p is called the tangent space to M at p
and is denoted by 7,,M. An element of 7,,M is called a tangent vector at p.

Let (U, ¢ = (z')) be a smooth chart on M around p. Then {;Z|p,i = 1,--- ,n} form
a basis for 7,M. Let T7M denote the dual space of 7),M which is also an n-dimensional
vector space and {dz’|p,i = 1,--- ,n} form a basis, where dz‘|p is the differential of z* at
p- Elements of 77M are called the cotangent vectors at p.

The tangent bundle on M is denoted by 7'M which is the disjoint union of tangent
spaces at all points in M. That is,

™ = | J T,M.

peEM

Similarly, the cotangent bundle is

"M = | T;M.

peEM

Definition 1.4. A vector field X on a smooth manifold M is amap X : M — TM,
which associate each point p € M a tangent vector X,, € T,M. Vector field X is said to

be a smooth vector field if it is smooth as a map. The set of all smooth vector fields on M
is denoted by X' (M).

Let M be a smooth manifold of dimension n. A covariant k-tensor on M is a multi-
linear map
F:T,Mx---xT,M— R.

Vv
k copies

Similarly, a contravariant /-tensor is a multilinear map

F:T;M><-~-><T;M—>R.

Vv
£ copies
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Also we have tensors of mixed types, a tensor of type (¢, k) is a multilinear map

F:TM X - x TMXT,M x -+« x T,M — R.
Zczgies k copies

The collection of all tensors of type (¢, k) is denoted by 7}(7,M), we often denote collec-
tion of all covariant k tensors by T¥(7,M) and contravariant ¢ tensors by 7} (7,M). The
bundle of (¢, k)-tensors on M is denoted by T M, defined as the disjoint union

"M = | J T/(T,M).

peEM
A tensor field of type (¢, k) on M is a smooth section of the tensor bundle T} M.

Definition 1.5. A Riemannian metric g on a smooth manifold M is a tensor field of type
(0,2), such that

1. 9(X,Y) =g(Y,X), for X, Y € X(M) (Symmetric).
2. g(X,X) > 0if X # 0 (Positive definite).

Note that the Riemannian metric determines an inner product on each tangent space

T,M. A Riemannian Manifold is a smooth manifold equipped with a Riemannian metric.

Remark 1.1. A semi-Riemannian metric g on M is a map p — g,,, where g, is the non-
degenerate, symmetric inner product on 7},(M) and this map is smooth in the sense that for
X, Y €e X(M), p— g,(X,,Y,) is a smooth map on M. A smooth manifold M together

with a semi-Riemannian metric g is called a semi-Riemannian manifold.

Let f : M — B be a smooth map, for each point p € M define a map f, : T,M —
T, B, called the push-forward of f, by

(f*Xp)(g> = Xp(g of), for ge C*(B).

Note that f, X, is a derivation at f(p). Let F' be a covariant tensor of type (0, m) on B then
define the pullback f*(F’) of F under f as follows:

FE) X, - X)) (p) = F(fu(Xa)ps - (X)),
for X; € X(M), p € M and m is the dimension of B.

7



Definition 1.6. Let M be a smooth manifold. An affine connection on M, denoted by V,
is a map from X'(M) x X' (M) into X' (M) satisfying the following properties

(1) VyyZ =VxZ+VyZ,

Q) Vx(Y +2Z) = VxY + VxZ,
(3) VixY = fVxY,

@ Vx(fY) = fVxY + X(f)Y,

for XY € X(M) and f € C°(M). The torsion of the affine connection V is defined
as T(X,Y) = VxY — Vy X — [X,Y], for X, Y € X(M). The connection V is called

torsion-free or symmetric if 7 = 0.

Let (U, ¢ = (2*)) be a smooth chart in M. Then {0; = ;%;,i = 1,--- ,n} are smooth
vector fields on U called the coordinate vector fields. The affine connection V on M can

be locally determined by n? functions Ffj given by

Vo dj = Y Tk (1.1)
k

Ffj are called the Christoffel symbols of the affine connection V. The Christoffel symbols
are also written as I';;, = >, F?j grn = (V,0;,0h), these n® functions are called the

components of V.

Definition 1.7. Let M be a Riemannian manifold with Riemannian metric g. An affine
connection V is said to be compatible with g if it satisfies the following product rule for
XY, Z € X(M)

Vxg(Y,Z) = g(VxY,Z) + g(Y,VxZ). (1.2)

A compatible with g torsion-free affine connection is called the Levi-Civita connection

for g.

Note. Note that for a given metric g there exists the unique Levi-Civita connection V, for

it we have |
Lijr = §<aigjk + 0igki + Okgij),
where gij = g(al, 8j)
A connection on M is said to be flat if V,0; = 0 for some coordinate system (z) on

M. In that case (z°) is called an affine coordinate system for M.
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Definition 1.8. Let (M, g) be a Riemannian manifold, a smooth curve o : [a,b] — M is

said to be a geodesic in M if V ;o = 0, where ¢ is the tangent vector field.

Next we discuss certain basic concepts regarding statistical manifolds [1], [3], [36],
[38], [39]

Let (2 be the sample space associated with some random experiment and B be the o-
field of subsets of 2. Then a probability measure P on (£2,5) is a measure satisfying
P(Q2) = 1and (2, B, P) is called a probability space. Consider a family M of probability
distributions on (2. Suppose each element of M can be parametrized using n real valued
variables (6, --- ,0"), that is

M = {p(z,0): 0 = (6",--- ,0") € O,

where © is an open subset of R" and the map § — p(z,0) is injective. Such a family
M is called an n-dimensional statistical model or a parametric model or simply a model
on . Also, we write it as M = {py}. Note that these are finite dimensional parametrized
families of measures and in this case the theory of statistical manifold structure with the
dual connections is well studied. Infinite dimensional families of probability measures were
first considered by Pistone and Sempi [35]. To deal with the infinite dimensional spaces of
probability measures Ay et al. [36] developed a functional analytic framework.

We now state some regularity conditions in the case of statistical models (finite dimen-
sional) which are required for the geometric theory [31], [1].

Regularity Conditions

e O is an open subset of R" and for each = € €2, the map § — p(x,0) is a smooth

map.

e Let{(z,0) = logp(z;0) and 9; = -2;. Then the n functions {9;((z,6),i =1,--- ,n}

are linearly independent. These functions are knowns as scores.
e Assume that the order of integration and differentiation may be freely rearranged.
e The moments of scores exists upto necessary orders.

e Assume that the support of py, supp(py) = {z € Q : p(z,0) > 0}, does not vary
with respect to 6. In that case (2 can be redefined to be supp(pg). This is equivalent
to that p(x,0) > 0 forall # € © and all = € ().
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Definition 1.9. Let M = {p(z,0) : § € © C R"} be a statistical model, the mapping ¢ :
M — R" defined by (p(z, 0)) = 6 allows us to consider ¢ = [07] as a coordinate system
for M. Suppose we have a C'* diffeomorphism ) from © onto ¢)(©) C R™. Then by using
p = 1(0) as the parameter instead of 6 we get M = {p(z,v"(p)) : p € ¥(O)}. This
expresses the same family of probability distributions M = {p(z, 8)}. Then M is a smooth
manifold by considering parametrizations which are C*>° diffeomorphic to each other to be
equivalent and is called a statistical manifold. Note that (6°) is a global coordinate system
on M.

For the statistical manifold M = {p(z,0)} define ¢(x,6) = log p(z, ) and consider
the partial derivatives 0;¢ for i = 1,--- ,n. By regularity condition, {0;¢,7i = 1,--- ,n}
are linearly independent functions in z. We can construct following n-dimensional vector

space spanned by 0;/, fori =1,--- nas
T3 (M) = {A(x) : A(x) =) A0t}
=1
Define the expectation with respect to the distribution p(z, 6) as

Eolf] = / f(@)p(e, 0)da.

Note that Ey[0;¢] = 0 since p(x, 0) satisfies

/Qp(x,e)cm =1.

Hence for any random variable A(z) € T, (M) we have Fy[A(x)] = 0. This expectation

induces an inner product on M in a natural way
(A(2), B(x))o = Eg[A(x)B(x)]; for A(z), B(z) € Ty(M).
Then for basic vectors 0; and 0; we have

9i5(0) = (01,0500 = Ep[0:il0;¢]
= /BZ-E(J:;H)Gjﬁ(x;e)p(x,é’)dx. (1.3)
Q

Note that the matrix G = (g;;(#)) is symmetric (ze, g;; = g;;) and that G is positive definite.

Hence g = (.) defined in (1.3) is a Riemannian metric on statistical manifold M called the
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Fisher information metric. So statistical manifold is a Riemannian manifold with metric

as Fisher information metric.

Example 1.1. Let Q =R, n =2,0 = (u,0), © = {(p,0) : —00 < 1 < 00,0 < 0 < o0}.
The family of normal distributions

1 —(z—p)?

202 N 9 = 5 6 Rn .
N (1, 0) € R"}

This is a 2-dimensional manifold which can be identified with the upper half plane. The

N(p,0) = {p(x,0) =

log likelihood function is given by

l(x,0) = —_(x—_M)Q — log V270

202

Then, the tangent space T, (M) is spanned by 9; = % and 0, = %, here

31:@7 32:_(5”_3“’) 1
g o o

The Fisher information matrix G(#) = (g;;) is given by

= 0
0 2|

Statistical manifolds are abstract generalization of the statistical models. There are
three equivalent ways of defining a statistical manifold. One of them is to represent the
statistical manifold by (M, V, g), where M is a Riemannian manifold, V a connection and
¢ a Riemannian metric with Vg symmetric [4]. Then dual connections are introduced so
that the statistical manifold is represented as a quadruplet (M, V,V, g) [1]. Another way
is to define the statistical manifold by the triplet (M, g, C'), where C is the (0, 3)-tensor on
(M, g) [3]. The third way of introducing a statistical structure is to deduct the Riemannian
metric and the conjugate connections on a Riemannian manifold from a given divergence
function [40]. A divergence function is a distance like function (which is not symmetric in

general) defined on the manifold [1].

Definition 1.10. A semi-Riemannian manifold (M, ¢) with a torsion-free affine connection

V is called a statistical manifold if Vg is symmetric.
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For a statistical manifold (M, V, g) the dual connection V is defined by
Xg(Y,2) = g(VxY. Z) + g(Y,VxZ) (1.4)

for X,Y and Z in X(M). If (V,g) is a statistical structure on M, so is (V, g). Then
(M, V, g) becomes a statistical manifold called the dual statistical manifold of (M, V, g).

Let RY be the curvature tensor of V defined by
RY(X,Y)Z =VxVyZ —VyVxZ —VixyZ

for X, Y, Z € X(M). Similarly, RY be the curvature tensor of V. It follows from equation
(1.4) that
g(Rv(X>Y)Za W) = _g(Z7 RV(X,Y)W)’ (15)

for X,Y, Z and W in X (M). We say (M, V, V, g) has constant curvature k if
RY(X,Y)Z = k{g(Y,Z2)X — g(X, Z)Y}. (1.6)

A statistical manifold with curvature zero is called a flat statistical manifold and in that case
(M, V,V, g) is called a dually flat statistical manifold.

Definition 1.11. Two statistical manifolds (M, V,g) and (M, V, §) are said to be a-

conformally equivalent if there exists a real valued function ¢ on M such that

I(X,Y) = e%9(X.Y) (1.7)
o(TxY.Z) = g(VxY.2)~ L a0 2)g(X.Y)
A0V 2) H o)X, 2)), (9

where X,Y and Z in X(M) and « is a real number.

Note. Two statistical manifolds (M, V, ¢) and (M, V, §) are a-conformally equivalent if
and only if the dual statistical manifolds (M, V, g) and (M, V, §) are (—a)-conformally

equivalent.

Definition 1.12. Two statistical manifolds (M, V, ¢) and (M, V, §) are said to be conformally-
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projectively equivalent if there exist two real valued functions ¢ and 1) on M such that

IXY) = g(X,Y) (1.9)
VxY = VxY —g(X,Y)gradg +d(¢)(X)Y +d(¢)(V)X,  (1.10)

where X, Y and Z in X(M).

Definition of the statistical manifold given by Lauritzen [3] is

Definition 1.13. Let (M, ¢g) be a semi-Riemannian manifold, a triplet (M, g, C'), where
C:XM)x X(M) x X(M) — C>(M) is a trilnear map, is said to be a statistical
manifold if C'(X, Y, Z) is totally symmetric for X,Y, Z € X'(M).

Another way to look at statistical manifold is by considering the divergence functions
[40].

Definition 1.14. Let M be an n-dimensional manifold with coordinate system 6 =
(6',---,0™) = (#"). Let the coordinates of the points p, q be (0), (6" ), respectively. A
divergence function D : M x M — R is a smooth function satisfying the following

conditions

e D(p,q) > 0 for p,q € M with equality holding if and only if p = q.

e 9;0; D(p, q) |p=q is negative definite, where 0; = 22 and 0y = 8;,.

In [40], Eguchi defined the unique Riemannian metric g” and an affine connection V"

using the divergence function as follows

95 = (0:0;)§ = —8:0;D(p,q) lp=q
ng(g) = <vaDiaj8k>9D = —&-ajak/D(p, Q) |p:q :

Then, (M, g, V?) is a statistical manifold. The dual structure can be computed using the

dual D of the divergence function D, where D is defined as

D(p,q) = D(q,p), for p,q € M.

Note that ¢ = ¢” and V2 and V2 are conjugate with respect to ¢© [40]. In [41], Ma-
tumoto has proved that every torsion-free dualistic structure is induced from a globally

defined divergence.
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Chapter 2

Geometry of Immersions and Statistical
Manifolds

Affine differential geometry, a branch developing out from the classical differential geom-
etry, assumes a significant importance in the field of geometry and it was introduced in the
early 1920’s most notably by Blaschke [42]. Affine immersions were introduced by No-
mizu and Sasaki [2]. Statistical manifold was originally introduced by Lauritzen [3], later
Kurose [4] reformulated this from the viewpoint of affine differential geometry.

Kurose [4] has given a necessary and sufficient condition for a statistical manifold to
be realized by an affine immersion of codimension one. Dillen et al. [6] proved a neces-
sary and sufficient condition for realizing a simply connected statistical manifold in R"*!,
Matsuzoe [14] obtained conditions for a statistical manifold to be realized by centro-affine,
equiaffine immersions of codimension two. Uohashi et al. [8] proved that a 1-conformally
flat statistical manifold of dimension n > 2 can be locally ralized as a submanifold of a flat
statistical manifold of dimension (n + 1). Furuhata [10] has proved a necessary and suffi-
cient condition for minimal immersion of a statistical manifold into R"*1. In this chapter,
we consider affine immersions and immersions into statistical manifolds of codimension
one and two. Also, mention about the immersions of general codimension.

In Section 2.1, we give the basic definitions and results of affine immersion along with
the proof of simply connected statistical manifold realized in R™*! if and only if it is 1-
conformally flat. Then, discuss the theorems by Kurose [4] on affine immersions and sta-
tistical manifolds. In Section 2.2, a necessary and sufficient condition for the inherited sta-
tistical manifold structures to be dual to each other in the case of immersions to statistical
manifolds is obtained. Then, statistical immersion is defined and prove a necessary condi-
tion for a statistical manifold to be a statistical hypersurface. Its converse is also proved [9].

Also, we obtained a necessary and sufficient condition for the affine equivalence of non-
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degenerate equiaffine immersions of statistical manifolds realized in R"*!. Then, proved
a necessary and sufficient condition for a statistical immersion into a dually flat statistical
manifold of codimension one to be minimal. Also, a necessary condition is obtained for
minimal statistical immersion of statistical manifolds equipped with a-connections [11]. In
Section 2.3, we present a detailed proof of 1-conformal equivalence and (—1)-conformal
equivalence of statistical manifold structures in the case of centro-affine immersions into
R™*2. Then, defined the centro-affine immersions of codimension two into a dually flat
statistical manifold and given a necessary and sufficient condition for the inherited statisti-
cal manifold structures to be dual to each other. Also, we show that the inherited statistical
manifold structure is conformally-projectively flat in the case of non-degenerate, centro-
affine, equiaffine immersion into a dually flat statistical manifold of codimension two [9].
In Section 2.4, transversal volume element map is defined for equiaffine statistical immer-

sion of general codimension and certain properties also proved.

2.1 Affine Immersions

In this section, we give the basic definitions and results of an affine immersion along with
the proof of the result that a simply connected statistical manifold is realized in R™"! if
and only if it is 1-conformally flat [2], [5]. Then, discussed the theorems by Kurose [4] on
affine immersions and statistical manifolds.

Let M and M be two smooth manifolds of dimensions n and m (m > n), respectively
with the affine connections V on M and V on M. Let k = m — n.

Definition 2.1. An immersion f : M —s M is said to be an affine immersion if there
exists a k-dimensional smooth distribution N along f which assigns to every point p € M

a subspace N, of T(,)(M) such that the following equations hold

(D) = LT,00) DA, 21
(VxfY)y = (f(VxY)), +a(X,Y), 2.2)

where a(X,Y), € N, at each point p in M and X, Y are in X'(M).

Since the distribution p € M — N, is smooth, each p in M has a system of k& smooth
vector fields {&;, - - - , & } on aneighborhood U of p such that the span of {&;(q), - - - , & (q) }
equal to NV, for each ¢ € U. This distribution is considered as a bundle of transversal k-

subspaces. If M is a Riemannian manifold with positive definite Riemannian metric g, then
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for the immersion f : M — M we can choose the normal space at each point p € M,
namely,

N, = {€ € Tyy(M) : G(€,0) =0, forall v € T,(M)},
But, in general there is no natural choice of such transversal subspaces. Also, the map
(X,Y) e X(M) x X(M) — «(X,Y) defines for each point p € M a symmetric bilinear
map

Tp(M) X Tp(M> — j\[p-

This map « is called the affine fundamental form.

Example 2.1. Isometrically immersed hypersurface. Let (M, g1) and (M, g2) be Rie-
mannian manifolds of dimensions n and (n + 1), respectively with Levi-Civita connections
gVI on M; and gV2 on My. If f: (Mj,91) — (My, go) is an immersion with g; = f*go,
then f : M; — M, is an affine immersion with a transversal vector field £ which is given

locally as the unit normal vector field.

Example 2.2. Graph immersion. Let M be an n-dimensional manifold with a flat affine
connection V and ¢» : M — R" be an affine immersion. Since the dimension of M and
R™ are equal, locally v is a diffeomorphism that preserves affine connections. Consider R"
as a hyperplane H in R™*! and let £ be a parallel vector field transversal to H. For any
differentiable function F' : M — R, define f : M — R"*! by f(z) = ¥(x) + F(2)¢,
for x € M. We have

[Y) = . (Y) + (dF)(Y)E, forY € T,(M),
so f is an immersion. For X and Y in X'(M),

Vx[Y = VxY + Vx(YFE) = . (VxY) + (XY F)¢
= f(VxY)+(XYF — (VxY)F)E.
Hence f is an affine immersion with a(X,Y) = XY F — (VxY)F.
Now onwards in this section we consider the case of codimension &£ = 1.

Definition 2.2. Let M be an n-dimensional manifold with an affine connection V. An
immersion f : M — R""! is called an affine immersion of codimension one if there

exists a transversal vector field £ on M such that

Ty (R™) = £.(T.M) @D Span{&.}, (2.3)
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for x € M and

where D is the standard flat connection on R™ ",
The covariant tensor field & of type (0, 2) is called the second fundamental form.

The affine shape operator S and the transversal connection form 7 are given by
Dx¢ = —f.(SX) + 1(X)E. (2.5)

Definition 2.3. A torsion-free affine connection V on M is called equiaffine if there exists
a volume element w on M such that Vw = 0. Then, we say that (V,w) is an equiaffine

structure on M.

Consider an affine immersion f : M — R"*!. Let @ be a fixed volume element on

R™*! such that D& = 0. Now define an induced volume element # on M as
Q(Xla"' 7Xn> :(D(f*le 7f*Xna§)7 (26)

where € is the transversal vector field of the immersion f : M — R"*!. In [2], Nomizu
and Sasaki proved that the induced volume element ¢ satisfies, Vx8 = 7(X )0 for each
X € T,(M). As a consequence, V§ = 0 if and only if 7 = 0, that is, Dx& has only
tangential part for vector fields X on M.
An affine immersion f : M — R is said to be equiaffine if Dy ¢ has only the tangential
part, that is, the transversal connection form 7 = (0. An affine immersion f : M — Rt
of codimension one is called non-degenerate if the second fundamental form 7 is non-
degenerate.

Let f : M — R""! be an immersion of codimension one and ¢ be an arbitrary

transversal vector field on M. Then,
Ty (R™) = f.(T.M) @D Span{,}, 2.7)
for every x € M. Then, Dx f.Y is decomposed as
Dx .Y = f(VxY) + h(X,Y)E, (2.8)

for X, Y in X(M). Here f.(VxY') is the notation for the tangential part of Dy f.Y". Now,
a connection V is obtained on M defined by (2.8). This connection is called the induced

connection on M with respect to £. Immersion (f, ) is said to be totally umbilical if S is
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proportional to the identity operator and 7 = 0. Note that (f, ) is totally umbilical if and
only if the affine mean curvature L = %tmce(S ) is constant and  + Lz is constant along
M. Let (f, &) be another immersion of M, V and A be its induced connection and second
fundamental form respectively. We say that (f, ) is dual to (f, &) if h = h on M and V is
dual to V with respect to h.

For a non-degenerate totally umbilical immersion (f, ), the dual is constructed as fol-
lows.

The Legendre Transformation Let ( f, ) be a non-degenerate totally umbilical affine im-

mersion with L = 0. The local coordinates (u',u?,...u") of M and the coordinates

(z!, 2%, ...2"*1) of R"! be such that

o= v (1<i<n).
" = o(ut,u’..., u"), where ¢ : M — R.
¢ = (0,0..0,1).

Define the dual affine immersion (f, &) b

7 o= gfi (1<i<n).

7n+1 _ Zuzfz—gb
i=1

¢ = (0,0...0,1).

Conormal Transformation Let ( f, £) be a non-degenerate totally umbilical affine immer-

sion with L # 0. Denote the dual space of R"*! by R,,,,. Define the affine immersion
(f,€) of M into R, ; as follows

f(f.X) = 0 for Xe XM).
f©) = L.
& = —Lf.

Note that in both the cases (f, &) is dual to (f, €).

Let f : M — R™"! be an affine immersion of codimension one and ¢ be an arbitrary

transversal vector field on M. Let V be the induced connection on M and R denote the
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curvature of M with respect to V. Then, the fundamental equations are [2]

R(X,Y)Z = WY,Z)SX — h(X, 2)SY, (2.9)
(VxR)(Y,2)+ (X h(Y,Z) = (Vyh)(X,Z)+7(V)MX,Z),  (2.10)
(VyS)(X) —r(Y)SX = (ViS)(Y)—7(X)SY, 2.11)
dr(X,Y) = h(SY,X)—h(Y,SX). (2.12)

The equation (2.9) is called the Gauss equation, (2.10) and (2.11) are called the Codazzi
equations for h and .S, respectively. The equation (2.12) is called the Ricci equation.

Let f : M — R™"! be an affine immersion of codimension one and ¢ be an arbitrary
transversal vector field on M. Let V be the induced connection on M with respect to &. If

f is non-degenerate and equiaffine, from the fundamental equations
(Vxh)(Y,Z) = (Vyh)(X, Z) (2.13)

(M, V,h) becomes a statistical manifold. We call (M, V, h) the statistical manifold re-
alized in R"*!. In [6], Dillen et al. proved that a simply connected statistical manifold
(M, V, h) can be realized in R**! if and only if V is projectively flat connection with

symmetric Ricci tensor. As a consequence of this result we have

Proposition 2.1. [4] A simply connected statistical manifold can be realized in R"*! if and

only if it is 1-conformally flat.

Proof. A statistical manifold (M, V, h) is 1-conformally flat if and only if the dual con-
nection V is projectively flat with symmetric Ricci tensor. Then, the proposition follows

from the result mentioned above by Dillen et al. [6]. OJ

Now, we discuss two important theorems by Kurose [4] which describe the relation

between affine immersions and statistical manifolds.

Theorem 2.1. [4] Let (M, V,V, g) be a simply connected and connected statistical mani-
fold of dimension n. If (M, V,V, g) has constant curvature, then there exist affine immer-
sions (f,€) of (M, V) and (f,€) of (M, V) such that their second fundamental forms are
equal to g. Moreover each of them is uniquely determined up to an affine transformation
of R" and (f,€) is obtained from (f,&) by the Legendre transformation or conormal

transformation.
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Proof. Let (M, V,V, g) be a simply connected and connected statistical manifold with

constant curvature k. Define h, .S and 7 as follows:

h = g.
S = kI
T = 0.

Then, V, h, S, and T satisfy the equations (2.9), (2.10),(2.11) and (2.12). Then, there exists
a non-degenerate eqiaffine immersion (f, £) of (M, V) such that second fundamental form
equal to g. The corresponding dual immersion (f, E) can be obtained using the Legendre

transformation or Conormal transformation. ]

Theorem 2.2. [4] Let (M, V,V, g) be a connected statistical manifold of dimension n >
3. If there exists an affine immersion of (M, V) and an affine immersion of (M, V) such
that their second fundamental forms are equal to g, then (M, V,V, g) has constant curva-

ture.

Proof. Let (M, V,V, g) be a connected statistical manifold of dimension n > 3. Let (f, )
be the dual affine immersion of (f, £). Now, to show that S = LI. Since, V and V are dual

with respect to g
g(RY(X,Y)Z,W) = —g(Z, R¥(X,Y )W), (2.14)

for X, Y, Z and W in X'(M). Then,

g(Y,Z)g(SX,W)—g(X,Z)g(SY,W) = g(KW)g(§X7Z)
—g(X, W)g(SY, Z). (2.15)

Set L = L¢r(S) and L = 1¢r(S). Now, taking trace in X and W components in (2.15) we
get
nLy(Y,Z) = g(S(Y), Z) + g(SY, Z) — ng(SY, Z) = 0. (2.16)

Again, taking trace in Y and Z components,

L=L.

Also, from (2.16)
nLl =S+ (n—1)S. (2.17)
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Since equation (2.15) is symmetric in S and S
nLI =S+ (n—1)8S. (2.18)

Equations (2.17) and (2.18) imply S = LI for n > 3. Hence, (M, V,V, ¢g) has constant

curvature. O]

2.2 Immersions into Statistical Manifolds

In this section, we first discuss about the statistical submanifolds and the fundamental equa-
tions associated with it [7]. Uohashi et al. [8] proved that a 1-conformally flat statistical
manifold of dimension n > 2 can be locally realized as a submanifold of a flat statistical
manifold of dimension (n + 1). Then, we consider manifolds immersed in statistical mani-
folds and obtained a necessary and sufficient condition for the inherited statistical manifold
structures to be dual to each other. Statistical immersion is defined and then proved a nec-
essary condition for a statistical manifold to be a statistical hypersurface. Its converse is
also proved [9]. Furuhata [10] has proved a necessary and sufficient condition for minimal
immersion of a statistical manifold into R™™!. We proved a necessary and sufficient condi-
tion for a statistical immersion into a dually flat statistical manifold of codimension one to
be minimal. Also, a necessary condition is obtained for minimal statistical immersion of
statistical manifolds equipped with a-connections [11].

Let (M, g) be a submanifold of a statistical manifold (M, V, %, g) with the induced
metric g, that is, the metric g is the restriction of g onto the tangent space of M. Let V be

the affine connection on M defined by
VxY =7(VxY), (2.19)

where 7 is the orthogonal projection of TM onto 7M. That is, for each p in M, Tp
T,(M) — T,(M) is a linear map such that 7,(V)) = V, for all V' € T,(M). Then,
(M, V, g) becomes a statistical manifold called the induced statistical submanifold. Sim-
ilary, define the connection V induced by the dual connection V. In [7], Vos proved that

(V,g) and (V, g) are dual statistical structures on M.

Definition 2.4. Let M be a submanifold of M. The statistical manifold (M, V,V,g) is
called the statistical submanifold of (M, V, V., §) if g, V and V coincide with the induced

structures.
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The corresponding Gauss formulae are [7]

VxY =VxY +a(X,Y), (2.20)
VxY =VyY +a(X,Y), 2.21)

where o and @ are symmetric bilinear forms, called the affine fundamental forms (called
the imbedding curvature tensors by Amari [31]) of M in M for V and for V, respectively.
Let ¢ be a normal vector field on M, define the shape operators S and S by

9(SeX,Y) = §(a(X,Y),9), (2.22)
9(SeX,Y) = ga(X,v),e), (2.23)

where X and Y are in X'(M). The corresponding Weingarten formulae are given as follows

[7]

Vxé = —S:X +VyY, (2.24)
Vxé = —SX +VyY, (2.25)

where V+ and VL are affine connections on normal bundle 7M. In addition, the funda-

mental equations relating the curvatures are [7]

JRX,YZW) = g(R(X,Y)Z, W)+ j(a(X, Z),a(Y,W))
—9(@(X, W), (Y, 2)), (2.26)

(RX,Y)Z)* = Vxa(Y,Z)—a(VxY,Z)—a(Y,VxZ)
—{Via(X,Z) - a(VyX,Z)—a(X,Vy2Z)}, (227
GRNX,Y)Em) = GIR(X,Y)E ) + g[S, S,)(X),Y), (2.28)

where R is the Riemannian curvature tensor on M-, &, ) are normal vector fields on M
and [S¢, S,] = S¢S, — S,Se. The equation (2.26) is called the Gauss equation, (2.27) is
called the Codazzi equation and (2.28) is called the equation of Ricci.

In [8], Uohashi et al. introduced the statistical submanifold realized in a statistical
manifold, which is nothing but a statistical submanifold of (M, Vv, g) defined above. They
proved that, for a Hessian domain (2, D, g= Dd¢), n-dimensional level surfaces of ¢ are
1-conformally flat statistical submanifolds of (Q, D, § = Dd¢). Also,

Theorem 2.3. /8] An arbitrary 1-conformally flat statistical manifold of dimension n >
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2 with a Riemannian metric can be locally realized as a submanifold of a flat statistical

manifold of dimension (n + 1).

Proof. Let (M, V, g) be a 1-conformally flat statistical manifold of dimension n > 2 with
a Riemannian metric g. Then, by proposition (2.1) (M, V, g) can be realized in R"*! by
non-degenerate equiaffine immersion (f, ). Let U be a simply connected open subset of
M and € > 0, define a function ¢ on U = Uy {f(q) @ (—¢,€).&,} by

¢<p) = e_t for p= f(pO) + tfpoa Do € Uat € (_67 6)' (229)

It is enough to show that (U, V, g) is a statistical submanifold of the flat statistical manifold
(U, D, Dd¢). For X,Y € X(U), we have d(X) = 0, dp(£) = —1. Then,

(Dxdg)(Y) = X(do(Y)) — dp(DxY)
= —do(VxY +g(X,Y)§)

= —g(X,Y)do(§)
= g(X,Y).

Thus, (U, V, g) is a statistical submanifold of (U, D, Dd¢).
Let E be a vector field on U whose value is &,, at p = f(po) -+ t&,,. Then, on f(U)

and
(Dpd)(E) = 1.

Thus, (Dgdg) F(po) 18 positive definite for py € U. Since ¢ is continuous, Dd¢ is a Rieman-
nian metric on U for a small e. Hence, (U, D, Dd¢) is a flat statistical manifold. ]

Next, we discuss the geometry of an n-dimensional smooth manifold immersed into a
statistical manifold of dimension (n + 1), such manifolds are known as statistical hyper-
surfaces.

Let M be an n-dimensional manifold and (M, V, §) be an (n -+ 1)-dimensional statisti-
cal manifold. Let f : M — M be an immersion. The induced metric f*g and the induced

connection V on M are defined as

[aX,y) = g(f.X, 1.Y), (2.30)
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FaVxY,Z) = §g(VxLY.f.2), (2.31)

for X,Y, Z € X(M).

Note. The pullback f*g of g is called the induced metric. Also, V defined by (2.31) satisfies

all the properties of an affine connection.

Note that from the above definition (2.30) and (2.31),

(Vxf9(¥,2) = Xfa,2)— fa(VxY,Z) - f§(Y,VxZ)
= X§(t.Y, £.2) — §(Vx£Y, £.2) — §(£.Y,Vx f.Z)
= (Vx9)(£.Y. f.2).

Thus, (M, V, f*§) is also a statistical manifold.
Let M be an n-dimensional manifold and (M, V,V, j) be an (n + 1)-dimensional
statistical manifold. Let f : M — M be an immersion into a statistical manifold of

codimension one with the unit normal vector field £ along f. Then, for each p € M

Trpy (M) = f(T,(M)) + span{&p,}. (2.32)

Also, the equations connecting various tensors on M and M are

VxfY = f(VYY)+h(X,Y)E, (2.33)
VxfY = £(ViY)+Rh(X,Y)E, (2.34)
Vxé = —f(SX)+71(X)E, (2.35)
Vxé = —f.(5X)+7(X)E, (2.36)

for X,Y € X (M), where h(X,Y) and h(X,Y) are symmetric bilinear forms on tangent
space T,(M) for p in M, called the affine fundamental forms. The tensors S and S are
tensor fields of type (1,1) and 7,7 are 1-forms. The tensor S (S) is called the shape
operator and 7 (7) is the transversal connection form for f and the induced connections
\val (?T). The equations (2.33), (2.34) are called the Gauss formulae and (2.35), (2.36) are
called the Weingarten formulae [43], [7].

The connection V' induced by the Gauss formula coincides with the induced connec-
tion V defined by (2.31) on M. So, we write V instead of V. Thus, on M we have
induced connections V and V and the second fundamental forms 4 and h. Using the Gauss

and the Weingarten formulae we have the following observations.
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(a). The induced connections V and V on M are dual with respect to the induced metric
19

(b). For vector fields X,Y € X(M)

(@) h(X,Y) = f*4(X,Y).

(i) (X,Y)=fg(SX,Y).

(iii) 7(X) +7(X) =0.

Now, suppose (1\7[, V,V, g) has constant curvature k, then the fundamental equations are
[43], [7]

RY(X,Y)VZ = k{fqY,2)X — f*3(X,2)Y}+ h(Y,Z2)SX

—h(X, Z)SY, (2.37)

(VxR)(Y,Z) + (X h(Y,Z) = (Vyh)(X,Z)+7(Y)WX, Z), (2.38)
(Vx8)(Y) = 7(X)SY = (VyS)(X)—7(Y)SX, (2.39)
hX,SY) = h(SX,Y) = dr(X,Y), (2.40)

where RV denotes the curvature tensor with respect to V in M. Equation (2.37) is called
the Gauss equation, (2.38) and (2.39) are called the Codazzi equation for h and the Codazzi
equation for S, respectively. The equation (2.40) is called the Ricci equation. Similarly,

one can write the fundamental equations with respect to the dual connection also.

Definition 2.5. Let f : M — M be an immersion of codimension one. Then, f is said to
be non-degenerate if the second fundamental form A is non-degenerate and f is equiaffine

if the transversal connection form 7 is zero.

Remark 2.1. For a non-degenerate equiaffine immersion f : M — M with M has con-
stant curvature, from equation (2.38) we get (M, V, h) is a statistical manifold. Similarly,
(M, V, h) is also a statistical manifold, where V and h are the connection and the second
fundamental form obtained using the dual connection 6 of (1\7[, Vv, %, g)- Note that, in this

case an equation similar to equation (2.38) called the Codazzi equation for & can be written.

Definition 2.6. Statistical manifolds (M, V, h) and (M, V, h) are said to be dual to each

other if h = h and the connections V, V are dual with respect to h.

Now, we prove a necessary and sufficient condition for the inherited statistical mani-
folds (M, V, h) and (M, V, h) to be dual to each other.
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Theorem 2.4. Let M be an n-dimensional manifold and (M, V, §) be an (n+1)-dimensional
statistical manifold with constant curvature k. Let f"M— M be a non-degenerate,
equiaffine immersion of codimension one. Then, (M, V, h) and (M, V, h) are dual to each
other if and only if S = S = M for some constant \. Moreover h = \f*§.

Proof. Suppose S =S = \I for some constant \. From the above observation (b)

R(X,Y) = f3(SX,Y)
= Mg(X,Y).

Similarly, A(X,Y) = A\f*§(X,Y), thus h = h = A f*§. Since V and V are dual with respect
to f*, the statistical manifolds (M, V, k) and (M, V, h) are dual to each other.
Conversely, let (M, V, k) and (M, V, k) be dual to each other. Then h = h and V, V

are dual with respect to h. So
Zh(X,Y)=h(VzX,Y)+h(X,VzY). (2.41)
Now, consider

Z[*G(SX)Y) = [ g(VzSX,Y)+ [*G(SX,V,Y)
= f*3(VzSX,Y)+ h(X,VzY). (2.42)

Since h(X,Y) = f*3(SX,Y) = f*§(SX,Y) = h(X,Y), from (2.41) and (2.42) we get
V25X = S(VzX),

which implies (V2S5)X =0, then S = A\l for some constant .
Therefore S = S = AI. Also, note that the induced metric h = A f*3. ]

Remark 2.2. Let (M, V, §) be an (n+1)-dimensional statistical manifold. If f : M — M
is an immersion of codimension one, then (M, V, V, f*§) is a statistical manifold. For a
non-degenerate equiaffine immersion f : M — M of codimension one with M having
constant curvature, (M, V, V, h) is a statistical manifold if and only if S = .S = \I for some

constant A.

Definition 2.7. Let (M, V, j) and (M, V, g) be statistical manifolds. An immersion f :
M — M is called a statistical immersion if the metric g on M coincides with the induced

metric and the connection V on M coincides with the induced connection.

26



Note. Fundamental equations can be written for statistical immersions of codimension one.

In this case, the Gauss equation (2.37) reduces to

RY(X,Y)Z = kg(Y,2)X —g(X,Z)Y} + h(Y,Z)SX
—h(X, Z)SY, (2.43)

and all other equations (2.38), (2.39) and (2.40) remain the same.
Example 2.3. Let H = {(zy, -+ ,Zpy1) € R"™ ¢ 2,1 > 0} be the upper half space

of constant curvature (—1) with Riemannian metric § = (2,41) "2 >} (dz;)?. Define an

affine connection V on H by the following relations

~ 0 0 ~ 0 0
V_. = (Tps1) , V. = 205 (Tpi1) , (44
oy OTna (@) 5o — Vi 0 i@nn) g 249
~ 0 ~ 0
V.o = V_o — =0, (2.45)
oz 8xn+1 0Ty 41 &cj
where i,j = 1,--- ,n. Then, (H, @, g) is a Hessian manifold. For a constant y, > 0,

define the map fy : R® — H by fo ((x1,---x,)) = (1, - ,Tn,Y0). Then, fy is an
immersion, (V,g) be the statistical structure on R” induced by f; from (V,j). Then,
fo: (R",V,g) — (H,V,§) is a statistical immersion. Note that the transversal vector
field & = yo--2 = the second fundamental forms i = 2¢ and h = 0. Also, the affine shape

ax'rH»

operators S = 2[, .S = 0 and the transversal connection forms 7 = 7 = (.

Definition 2.8. An n-dimensional statistical manifold (M, V, g) is said to be realized in
an (n + 1)-dimensional statistical manifold (M, V, §) if there exists a non-degenerate
equiaffine immersion f : M — M such that the affine fundamental form A equal to

¢ and the induced connection coincide with V.
Now, we prove

Theorem 2.5. Let (M, V, v, g) and (M, @, %, g) be simply connected and connected sta-

tistical manifolds of dimensions n and (n + 1) with constant curvatures k and k, respec-
tively, then M is realized in M.

Proof. Define

h = g, (2.46)
S = (k—Fk)I, (2.47)
T = 0. (2.48)
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Note that V, h, S, 7 satisfy the fundamental equations (2.43), (2.38), (2.39) and (2.40).
Then, there exists a non-degenerate equiaffine statistical immersion (f,§) : M — M such
that h, S, 7 are the affine fundamental form, the affine shape operator and the transversal

connection of (f, &), respectively. Hence, M is realized in M. U

Also, we have

Theorem 2.6. Let (M, V, 6, g) be an (n + 1)-dimensional connected statistical manifold
with constant curvature k and (M, V,V, g) be a connected statistical manifold of dimen-
sionn > 3. If there exists a statistical immersion (f,€) : (M,V,V,g) — (M, @,%, J)
such that h = h = g, then (M, V, v, g) has constant curvature.

Proof. Since, by the Gauss equation

RV(X,Y)Z = gV, 2)X — g(X, Z2)Y}+ h(Y,Z)SX
—h(X, Z)SY,

it is enough to show that S = \I for some constant A\. Now, consider

RV(X, Y)W = k{g(Y,W)X — g(X, W)Y} +h(Y,W)SX
—h(X,W)SY.

V and V are dual with respect to g, so

g(Rv(X> Y)Za W) = _g(Z7 Rv(Xa Y)W)> (249)
for X, Y, Z and W in X (M). Then,

g(Y, Z)g(SX, W) — g(X, Z)g(SY,W) = g(Y,W)g(SX,Z)
—g(X,W)g(SY,Z).  (2.50)

Set L = L¢r(S) and L = 1¢r(S). Now, taking trace in X and W components in (2.50) we
get
nLg(Y,Z) — g(SY,Z) + g(SY, Z) —ng(SY, Z) = 0. (2.51)

Again, taking trace in Y and Z components,
L=L. (2.52)

28



Also, from (2.51)

nLl =S+ (n—1)S. (2.53)
Since equation (2.50) is symmetric in S and S

nLl =5+ (n—1)S. (2.54)
Equations (2.53) and (2.54) imply that S = LI for n > 3. Hence, (M,V,V,g) has

constant curvature. O]

Theorem 2.7. Let f : (M, V,g) — (M, V, §) be a non-degenerate equiaffine statistical
immersion of codimension one. If (M, V, h) and (M, V, h) are dual to each other, then
(M, V@, g) — (M, V®), §) is a statistical immersion of codimension one with the
Gauss equation ﬁg?)f*Y = f*(Vg?)Y) + (X, Y)E, fora € R.

Proof. Consider

f*(Vg?)Y) = Js (

l—«

()
_ (1 + O‘) (Vx .Y — h(X,Y)E) + ( ) (VxfY = h(X,Y)E)
() Oty (F52) Fary = (52 mxve

since (M, V, h) and (M, V, h) are dual to each other

LVOY) =V LY - h(X, V)€

Then
VLY = L(VRY) + (X, Y )¢ fora € R,

hence we get
WV LY 1.2) = 9(VY, Z)

So, f: (M, V@, g) — (M, V(@) §) is a statistical immersion of codimension one with

29



the Gauss equation
VLY = L(VY) + h(X,Y)E, foraeR

O

The notion of affine equivalence has been introduced by Dillen [44]. Two affine immer-
sions f; : (My, V') — (R""! D) and fy : (Mg, V?) — (R""!, D) are said to be affine
equivalent with respect a diffeomorphism F' : (M, V) — (My, V?) if F preserves the
connection and such that f; o F' = f;. He also proved that f; and f5 are equivalent with

respect to ' if the following conditions are satisfied.

1. There exists a diffeomorphism F' : (M;, V') — (M, V?) that preserves the con-

nection.
2. ho(FLX,FLY) = hi(X,Y).
3. 7HX) = T*(F.X).
4. rank(hy) = rank(hg) > 1.
Now, we have the following theorem for statistical manifolds.

Theorem 2.8. Let (M, V' hy) and (M, V2% hy) be two statistical manifolds realized
in R"™! with respect to two non-degenerate equiaffine immersions f; : M; — Rt
and fy : My — R with common transversal vector field €. Then, f, and f, are
equivalent with respect to a diffeomorphism F : (M, V') — (My, V?) if and only if F

is a statistical immersion.

Proof. Suppose f; and f, are equivalent with respect to F', then by definition F' is a dif-
feomrphism such that f, o F' = f; and V%, ,F.X = F,(V,X), for X, Z € X(M). Since,
Ji=f2oF

fuX = (f20 F).(X)
= fulF(X)),

for X € X(M;). Now, consider

= [ VXEY) + ho(F.X, FY)E. (2.55)
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Also,

Dx fi.Y = fl*(v_l)(y)+hl<X7Y)£7

= ful(F(VXY)) + (X, Y)E.

By equating the transversal part of (2.55) and (2.56) we get
ho(F. X, F.Y) = h(X,Y).
Hence,
ho(Vi Y, F.Z) = h(VyY,2).

So F': M; — M, is a statistical immersion.

Conversely, suppose there exist a statistical immersion F' : M; — M, then

ho(F.X,FY) = hi(X,Y).
ho(Vi xF.Y,F.Z) = h(VyY,2).

(2.56)

(2.57)
(2.58)

Also, by the definition of isometric immersion F' is a diffeomorphism. Now, it is enough

to show that F,(V4Y) = V% (F.Y.
From (2.57) and (2.58) we have

ho(V3 xFY,F.Z) = h(VyY,Z)

= ho(F.(VYY), F.Z),

for X,Y,Z € X(M). This implies F, (VYY) =V3% (F.Y.

Hence, f; and f> are equivalent with respect to F'.

2.2.1 Minimal Immersions

Statistical structure induced by the minimal affine immersions are studied by Furuhatha

[10]. He obtained a necessary and sufficient condition for a statistical structure to be real-

ized as a minimal affine hypersurface. In this subsection, we give a necessary and sufficient

condition for the existence of a minimal statistical immersion. Also, obtained conditions

for a statistical immersion to be minimal for statistical manifolds with «- connections [11].
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Definition 2.9. An affine immersion f : M — R""! is said to be a minimal affine
immersion if the affine mean curvature L = %tr(S ) vanishes identically, where S is the

affine shape operator.
Furhatha [10] proved that,

Theorem 2.9. Let M be a simply connected, oriented manifold of dimension n and (V, h)
be a statistical structure on M. A necessary and sufficient condition for (V,h) to be in-

duced by a minimal affine immersion of M into R"*! is the following:

1. VVol, =0
2. (V, h) is dual-projectively flat

3. The scalar curvature Scal™"" of (V, h) vanishes identically, where Scal V") = 2L.

Definition 2.10. Let f : M — M be a statistical immersion of codimension one. Then f

is called a minimal immersion if the mean curvature L = %trS vanishes identically.
Then, we have

Theorem 2.10. Lez f : (M, V, g) — (M, V, §) be a statistical immersion of codimension
one and (1\71, @, @, g) be dually flat. Then, f is a minimal immersion if and only if the

scalar curvature ScalV"") vanishes identically.

Proof. Since (M, V,V, §) is dually flat, we have & = 0. Then, the equation
RY(X,Y)Z = k{g(Y, 2)X — g(X, Z)Y'} + h(Y, Z)SX — h(X, Z)SY

reduces to
RY(X,Y)Z = h(Y,Z)SX — h(X, Z)SY.

Then,
RicY (Y, Z) = WY, Z)trS — h(SY, Z). (2.59)

From the definition of the scalar curvature
ScalV'M = oL,

where L = %trS. Then, f is a minimal immersion if and only if the scalar curvature

ScalV" vanishes identically. O
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Definition 2.11. Let (M, V, V, g) be an n-dimensional statistical manifold. Then the dif-
ference tensor K (X, Y) is defined by

K(X,)Y)=VyxY -VyX, for X,Y € X(M). (2.60)

Remark 2.3. From .
% - Q(V + V),

K(X,Y)=2(VyY — VyX) = 2(VxY — VyX), for X,V € X(M). Also,
g «a
VY = ViY = SK(X,Y),

with
g 1 J— g 1
VXY:VXY—iK(X,Y), VXY:VXY+§K(X,Y).

g
Here V is the Levi-Civitta connection with respect to g.

Note. The curvature tensor RV for the a-connection V¢ satisfies

Y (X,v)Z = “;O‘RV(X, Y)Z+ 2 RV Y)Z
L ;aQ(K(Y, K(X,2)) - K(X,K(Y, 2))).

In local coordinates
Vad; = > T50,
¢
RY(0:,0,)0, = > R0
k

with

mi— ij li+ mj

Rp; = 0L = o0 + ) (Dh,Li — THTh)

and

—k
K(0;,05) = 325, Kji0k = 32Ty — T) 0
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with
K(0:, K(9;,0)) = K(0:,)  Kjm)

= Y KK (0:,0m)

= Y KGKEO
m,k
Also
1 —|— a 1— a—k 1 —a?
()k m 1k k m
Ry = R&] 5 ——Ry; + T(Z Ky Ky, ZK K7y

. o )k .
The Ricci tensor RS, = 3, ng ]) gives

" 14+ 1—a— 1—a? m Km
R = — Mt Ryt T(Z KK, Z 7 Km)
k

and the scalar curvature Scal V") =37, h' Ry,

Proposition 2.2. [45] The scalar curvature Scal™¥*" for V is related to Scal’V'" as

% 1 -
Seal VM = SeqlVh) 4

K, (2.61)
where

K= > h(ERKL, — KJKE,). (2.62)

m,k,i,j
Proof. Consider h(RY(X,Y)Z,W) = —h(Z, RV(X,Y)W). Writing this equation in the
component form gives
> Rl + > haRy, =0
k k
Multiplying by A'™, h*¢ and sum over ¢, m indices,
> huRl+ Y h R, = 0. (2.63)
¢ m
Since V is torsion free

RY(X,Y)Z =VxVyZ —VyVxZ —VyywZ + Vv, xZ,
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in local coordinates
t t
Reij = _*Réji'

From (2.63) and (2.64)
Scal @M = Seal™M.

Now, consider

o 1ta l—a— 1-0a? m
RS = ——Ry+——Ry; + QKK Z K n)-
k

Multiplying by 2% and sum over 1, j,

(a 1 1-— < 1 —ao?
ScalVh) %Scal(v’m + T&Scal(v’h) + TaIC,

where
K= > h(ERK), - KJK,).
m,k,i,j
Since,
ScalV" = SealVM
we have
(V1) wa  1=a
Scal'y " = Scal'V"™ + 1 K.

(2.64)

]

Now, we prove a necessary condition for the minimal statistical immersion of statistical

manifolds equipped with a-connections.

Theorem 2.11. Let f : (M,V® g) — (M, V'®),§) be a non-degenerate statistical

immersion of codimension one. Then, f is a minimal immersion if f : (M,V,g) —

(M, V., §) is a minimal immersion and V xY = VY.

Proof. Since f : (M, V,g) — (M, V, §) is a minimal immersion, we have
Scal VM = 0.

Then, from the above proposition

2
Seal ™0 — 12 _20‘ K.
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Since VyY = VyY, we get ScalV*" = 0. Then, from the theorem (2.10)
f: (M, V@ g) — (M, V), 3) is a minimal immersion for o« € R. O

2.3 Centro-affine Immersion of Codimension Two

In this section, centro-affine immersion into R"*2 and the fundamental equations of it are
discussed first [12], [13]. Then, dependence on the change of transversal vector field and
change in an immersion are discussed [13]. Also, we give a detailed proof of 1-conformal
equivalence and (—1)-conformal equivalence of statistical manifold structures in the case
of centro-affine immersions into R"*2. We define centro-affine immersions into a dually
flat statistical manifold of codimension two and give a necessary and sufficient condition
for the inherited statistical manifold structures to be dual to each other. Then, show that
the inherited statistical manifold structure is conformally-projectively flat in the case of
non-degenerate, centro-affine, equiaffine immersion into a dually flat statistical manifold
of codimesion two [9].

Let M be an n-dimensional manifold and f : M — R"*2 be an immersion. Let D be

the standard flat affine connection on R"™2 and n = Z?;z mi% be the radial vector field
of R""2 — {0}, where {z!,--- , 2"} is the affine coordinate system on R™"2.

Definition 2.12. An immersion f : M — R"*2 is called a centro-affine immersion of

codimension two if there exists a vector field £ along f (at least locally) such that

TypR™? = f(T,M) & R{nsp} ® R{& )} (2.65)

where R{n} and R{¢} are 1-dimensional subspaces spanned by 7 and ¢, respectively. The
vector field ¢ is called the transversal vector field.

As a result of this decomposition the vector fields Dy f,.Y and Dx¢&, where X and Y

are vector fields on M, are written as follows

DxfY = fu(VxY)+T(X,Y)n+h(X,Y)E, (2.66)
Dx¢§ = —f(SX) 4+ pu(X)n+7(X)E, (2.67)

where V is a torsion free affine connection, 7', h are symmetric (0, 2)-tensor fields, u, T are
1-forms and S is a tensor field of type (1,1) on M called the shape operator. The affine
connection V is called the induced connection, h is called the second fundamental form

and 7 is called the transversal connection form.
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Since the connection D is flat the fundamental equations are

R(X,Y)Z = WY, Z)SX — h(X,Z)SY

~T(Y,Z)X +T(X, 2)Y, (2.68)

(VxT) (Y, Z) + w(X)h(Y, Z) = (VyT) (X, Z) + n(Y)h(X, Z), (2.69)

(Vxh) (Y, Z) + 7(X)h(Y, Z) = (Vyh) (X, Z) + 7(Y)h(X, Z), (2.70)

(VxS) (V) = 7(X)SY + p(X)Y = (Vy5) (X) = 7(Y)SX +p(Y)X,  271)
T(X,5Y) =T(Y,5X) = (Vxp) (V) = (Vyp) (X) + 7(Y)u(X)

— 7 (X)u(Y), (2.72)

h(X,SY) —h(Y,5X) = (Vx1)(Y)— (Vy7) (X). (2.73)

The equation (2.68) is called the Gauss equation, (2.69), (2.70), (2.71) are called the Co-
dazzi equation for 7', the Codazzi equation for h and the Codazzi equation for S, respec-
tively. The equations (2.72) and (2.73) are called the Ricci equations.

Now, to see the impact of the change in the transversal vector field and the immersion.

Lemma 2.1. [13] Let f : M — R"*2 be a centro-affine immersion of codimension two
with transversal vector field . Let \ be a non-zero scalar function, a be a scalar function

and U be a tangent vector field on M. Suppose the transversal vector field £ is changed to
A =& +an+ f.U. (2.74)

Then, the change in the induced connection, the affine fundamental form and the transver-

sal connection form are as follows:

VxY =VxY — h(X,Y)U, (2.75)
hX,Y)=A(X,Y), (2.76)
F(X) = 7(X) — X(log)\) + h(X,U). (2.77)

Proof. Since f is a centro-affine immersion of codimension two
Dx Y = f(VxY) + T(X,Y)n+ h(X,Y)E.
Then, from equation (2.74)
Dxf.Y = f(VxY — h(X,Y)U) + {T(X,Y) — ah(X,Y)In+ (X, Y)E.  (2.78)
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On the other hand,
Dxf.Y = f.(VxY) +T(X,Y)n + h(X,Y)E. (2.79)

Then, by comparing equations (2.78) and (2.79)

VxY = VxY — h(X,Y)U, (2.80)
h(X,Y)=A(X,Y). (2.81)
Similarly, the other equation is obtained by considering D x¢. [

Immersion f is said to be non-degenerate if / is non-degenerate. If / is non-degenerate,
we can choose a transversal vector field £ such that 7 = 0 because of equation (2.77). As
in case of codimension one, { f, ¢} is said to be equiaffine if 7 vanishes. In this case, from
(2.70) we get (M, V, h) is a statistical manifold. Then, we say that the statistical manifold

is realized in R""2 by centro-affine equiaffine immersion of codimension two.

Lemma 2.2. [13] Let f : M — R""? be a centro-affine immersion of codimension two
with transversal vector field . Let o be a positive function on M, change the immersion f
by f = o f. Then, the induced connections, the affine fundamental forms and the transver-

sal connection forms of (f,€) and ( f.€ ) are related as:

VxY = VxY + d(logo)(Y)X + d(logo)(X)Y,
hX,Y)=oh(X,Y),
7(X) = 7(X). (2.82)

Proof. Recall, f*(Y) =Y(o)f +of.Y. Then,

Dxf.(Y) = Dx(Y(0)f +0f.Y)
= X(Y (o)) f + X(0)f.Y +Y(0)f. X
+o{f.(VxY + T(X,Y)n+ h(X,Y)E)}. (2.83)

On the other hand

Dxf.(Y) = fu(VxY) + T(X,Y)n+ h(X,Y)¢
= (VxY)(0)f + 0 f(VxY)+T(X,Y)n+ h(X,Y)E. (2.84)
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Comparing equations (2.83) and (2.84)

VxY = VxY + d(logo)(Y)X + d(logo)(X)Y,
MX,Y)=oh(X,Y).

Similary, the other equation is obtained by considering D x¢. [

Remark 2.4. Note that from the equation (2.82) that (f, £) is equiaffine if and only if (f, &)

is equiaffine.

As a consequence of the above lemmas (2.1) and (2.2) we have the following proposi-

tions.

Proposition 2.3. [14] Let (M, V, h) be a statistical manifold realized in R" 2 by a centro-
affine immersion { f,£}. Take a transversal vector field € = X\"'{& + an + X 'grad,¢},
where a is a function, ¢ a positive function on M and grady¢ is the gradient vector field
of ¢ with respect to h. Then, the statistical manifold (M, Vv, ﬁ) realized by {f, é} is 1-
conformally equivalent to (M, V, h).

Proof. Proof follows from lemma (2.1) with U = grady¢. ]
Also,

Proposition 2.4. [14] Let (M, ¥V, h) be a statistical manifold realized in R"" by a centro-
affine immersion { f,&}. Change the immersion f by f = o f, where o is a positive function
on M. Then, the statistical manifold (M, ¥V, h) realized by {f,€} is (—1)-conformally
equivalent to (M, V h).

Proof. Proof is immediate from lemma (2.2). ]

In [14], Matsuzoe obtained a necessary and sufficient condition for a statistical manifold

to be realized by a nondegenerate equiaffine centro-affine immersion of codimension two.

Theorem 2.12. [ /4]

Let f : M — R"*2 be a nondegenerate equiaffine centro-affine immersion with in-
duced connection V and affine fundamental form h. Then, (M, V, h) is a conformally-
projectively flat statistical manifold. Conversely, suppose that (M, h) is simply con-
nected conformally-projectively flat statistical manifold of dimension n. Then, there exists
a nondegenerate equiaffine centroaffine immersion f : M — R"2 with the induced

connection V and the affine fundamental from h.
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2.3.1 Centro-Affine Immersion into Dually Flat Statistical Manifolds

In this subsection, we define the centro-affine immersion into a dually flat statistical mani-
fold of codimension two, which is a generalization of the centro-affine immersion of codi-

mension two [9].

Definition 2.13. Let (M, V, %, g) be a dually flat statistical manifold of dimension (n + 2)
and M be an n-dimensional manifold. Let v = Z?:lz Qia% be the radial vector field of M
with respect to the affine coordinate [6°] of V. An immersion f: M — Mis called a
centro-affine immersion of codimension two if there exists a unit normal vector field £ such
that

Ty (M) = f.(T,(M)) + span{&} + span{y}.

In this case the Gauss and the Weingarten formulae are

Vxf(Y) = £(VxY)+h(X, Y)E+T(X,Y)y, (2.85)
Vxé = —fu(SX)+7(X)E+0(X), (2.86)
Vxy = —f(X), (2.87)

where S is the affine shape operator, 7(X) and o(.X) are the transversal connection forms

and
h,T : Tp(l\/[) X TP(M) — R

are the second fundamental forms. The Gauss and the Weingarten formulae for the dual

connection can also be written similarly.

Letf:-M — M be a centro-affine immersion of codimension two. Then, f is said to
be non-degenerate if the second fundamental form A is non-degenerate and f is equiaffine

if the transversal connection form 7 is zero.

Remark 2.5. From the fundamental equations of centro-affine immersion of codimension
two we can show that (M, V, k) and (M, V, h) are statistical manifolds for non-degenerate

equiaffine, centro-affine immersion.

Now, we have
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Theorem 2.13. Let (M, V, 67 §) be a dually flat statistical manifold of dimension (n + 2)
and M be a manifold of dimension n. If f : M — M is a non-degenerate centro-affine,
equiaffine immersion of codimension two, then (M, V', h) and (M, V, h) are dual to each
other if and only if S = S = M for some constant \.

Proof. Proof is same as that of the theorem (2.4) O

Now, we show that for a non-degenerate centro-affine, equiaffine immersion of codi-
mension two into a dually flat statistical manifold the inherited structure (M, V., h) is a

conformally-projctively flat statistical manifold.

Theorem 2.14. Let (M, Vv, 6, g) be a dually flat connected statistical manifold of dimen-
sion (n + 2) and M be a manifold of dimension n. Let f : M — M be a non-degenerate
centro-affine, equiaffine immersion of codimension two. Then, the inherited statistical man-
ifold (M, V, h) is conformally-projectively flat.
Proof. Let f : M —> M be a non-degenerate, centro-affine equiaffine immersion of
codimension two. For p € M the affine coordinate of f(p) in M with respect to V is
denoted by 6 = [0"].

Letn=> """ Hia%_ be the radial vector field of f in M, ¢ be the normal vector field of

fin M. Then,

Ty (M) = f(T,(M)) + span{&p} + span{m,}.
Also,

VxfiY) = f(VxY)+h(X,Y)E4+T(X,Y)n.

Vx¢ = —fu(SX) +7(X)€ + a(X)n.

For a positive function ¢ : M — R, define .J(p) = ¥(p)0(f(p)). Then, J : M — M
is a centro-affine immersion of codimension two with the radial vector field 7 and the unit

normal vector field £. Then,

T3y (M) = J(T,(M)) + span{&,} + span{n,}.
Also,

@XJ*(Y) = J*(VXY)+B(X7Y)£+T<X7Y>7%
)§ +

Vxé = —JL(8X)+7(X)E+6(X)n,

>
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where V is the induced connection with respect to the immersion J. The tensors B, T are
the second fundamental forms, S the shape operator and 7, ¢ are the transversal connection
forms.

Then, (V, h,7) and (V, h,7) are related by

VxY = VxY +d(log)(Y)X + d(logi)(X)Y. (2.88)
h = oh. (2.89)
F o= T (2.90)

For each p € M, choose 1) in some neighborhood U, of p such that the coefficient of
n for the immersion J = 1 f is zero. Take a transversal vector field £ on U, with ¢
restricted to U, is ¢'. Since J,(T,M),n J(z) and &, are linearly independent for z € U,
there exists a positive function ¢, a function a and a tangent vector field V' on U, such that
G =& + anyy + LV

Now, consider the immersion (./, 5/, NE U, — M then T’ = 0. Also,

VY = VxY —h(X,Y)V, (2.91)
K = ¢h, (2.92)
7(X) = 7(X) = X(oge) + h(X,V). (2.93)

Since ¢ is parallel around p, Vx¢& = 0 which implies ' = S" = 7" = 0. Then, by the
Gauss equation RY (X,Y)Z = k' (Y, 2)S' X — (X, 2)SY —=T'(Y,2)X + T'(X, Z)Y,
where XY, Z are vector fields on U, we get V' is flat. That is, (U,, V', k') is a flat
statistical manifold.

Since &, and f; are equiaffine from (2.93)

~

h(X,V) = X(logp).

Then,

1
gradyo. (2.94)

V=_—
Py

From equations (2.88) to (2.94)

!

h = ¢h.
WVYY,Z) = h(VxY,Z)—d(logp)(Z)h(X,Y) + d(logy)(X)h(Y, Z)
+d(logy)(Y)h(X, Z).
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Hence, (M, V, h) is conformally-projectively flat. O

2.4 Affine Immersions of General Codimension

In this section, we first discuss the affine fundamental form and relation between curvature
tensors for affine immersions of general codimension [2]. Transversal volume element map
is defined for equiaffine statistical immersion of general codimension and certain properties
also proved. Also, we give a detailed proof of the sufficient condition given by Matsuzoe
et al. [16], for a statistical submanifold of a dually flat statistical manifold to be equiaffine.

Let M and M be two smooth manifolds of dimension n and (n + r) with torsion-free
affine connections V and V respectively. An immersion f : M — M is called an affine
immersion if there exists an r-dimensional smooth distribution N along f which assigns

to every point p € M a subspace N, of T(,)(M) such that the following equations hold

Tipn(M) = f(T,(M)) PN, (2.95)
(VxfY)y = (f(VxY)), + (X, Y), (2.96)

where «(X,Y), € N, at each point p in M and X,Y are in X(M). The (0, 2)-tensor
a(X,Y) is called the affine fundamental form, the choice of which is not unique in general.

The affine fundamental form defines a mapping
a, : T,(M) x T,(M) — N, for p € M.

Rank of this map is called the rank of the affine fundamental form. Also, the Weingarten
decomposition is
Vx€ = —fi(SeX) + Vi, (2.97)

where ¢ is the vector field on the transversal bundle N, f.(S¢X) € TM and V¢ € N.
This defines the shape operator S¢ and the transversal connection V.

In the general codimension case also we have equations relating the curvature tensors
[2]. Let the prefixes tan and nor denote the tangential and normal components of the vector

in Ty () (M) according to the decomposition (2.95).

tanR(X,Y)Z = R(X,Y)Z + Sax.2)Y — Sarv. X, (2.98)
norR(X,Y)Z = (Vxa)(Y,Z)— (Vya)(X, Z), (2.99)
tanR(X,Y)E = (VyS)e(X) — (VxS).Y, (2.100)
norR(X,Y)¢ = a(SeX,Y) —a(X,SY) + RHX,Y)E, (2.101)
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where X, Y, Z are in X(M) and R*(X,Y) is the curvature tensor of the transversal con-
nection. The equation (2.98) is called the Gauss equation, (2.99) and (2.100) are called the
Codazzi equations. The equation (2.101) is called the Ricci equation.

Now, we consider immersions of general codimension in the case of statistical mani-
folds. Let (M, V',Vl, g) and (M, @,6, g) be statistical manifolds of dimensions n and
(n + r), respectively. Let f : M — M be a statistical immersion, since (M, V, §) is a
semi-Riemannian manifold we can choose N'= TM. The connection V on M and M+
valued symmetric (0, 2)-tensor field a(X,Y") on M are defined by

Vxl.Y = f(VxY)+a(X,Y) forall X,V € X(M),

where f,(VxY) is the f,7M- component of V f,Y and (X, Y') is the T M- component
of Vx £.Y. Let {&,&...£,} denote the frame for TM* then

aX,Y) = D (X, V),
i=1

V)Lff = ZTij(X)gja
j=1

where V+ is the transversal connection form.
Since f is a statistical immersion observe that V coincides with V'. Also, for dual

connection V we have
. Vx£Y = £.(VxY)+a(X,Y) ¥ X,Y € X(M).
2. V€ = —f(SeX) + Vyk.
3.a(X,Y) =Y a(X,Y)E,.
4. V= > e T (X)E;.

Note that, in this case v/ coincides with V.
Let (M, V, V, §) be an (n+r)-dimensional statistical manifold and M be an n-dimensional
smooth manifold. Let f : M — M be an immersion of codimension r. We have the in-

duced metric f*¢ and the induced connection V on M defined by

FaVxY,Z) = §(Vxt.Y, f.2).
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Then, (M, V, f*3) is a statistical manifold and the induced connections V and V are dual

with respect to f*g.

Definition 2.14. Let § be the volume element on M and 6+ be the volume element on

TM-*. Then, the volume element on M is defined as

f*Xb f*X2> f*Xn7 517 6267‘)
0+(&1,&2.--&r) ’

where {£1, &...&, } is a frame of TM~. We call § the induced volume element for (M, ).

0(X1, Xs... X,,) = il (2.102)

Remark 2.6. 1f V6 = 0, then f is said to be an equiaffine immersion of (M, V) into (M, V)
and we say that (M1, 61) is equiaffine. f is said to be non-degenerate if « is non-

degenerate.

Proposition 2.5. [15] Let (1\7[, v, 9~) be an equiaffine manifold, then the condition V8 = 0

and V+0+ = 0 are equivalent.

Proof. Take an arbitrary point # € M and a local frame {¢;, &...&,} of TM™ on a neigh-
borhood U of x with 8+(&,&,...£,) = 1. Then,

(VxO)(f X1, o, o X, €1, &)
= X(O(fu X0, 00y X 1y &) = iy 0(f X0, N foXiy oo, fu X 1,6
— S 0(F X1, e fo X &1y, Vi o &)
= X(O(fe X1, oo fu X 61y o0y &) = oy O(Fu X0, o fu(Vx Xo)s oos foXons €, &)
— SO0 X e o X &y, VX, o &)
= X(0(X1, .., X)) = S0 0(X1, . VX, oo, X)) = S0 7a(X)O(X, 0y Xo)
= (VxO)(X1, . Vx X,y Xp) - S0 7a(X)O(X, ., X)),

for every X1, ..., Xy in X (M). Since (M, V, ) is equiaffine
(Vx0) (X1, . VxXi, ., Xo) = > 1 X)0(X0, o0, Xn).
=1
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Thus, V6 = 0 is equivalent to >\, 7;;(X) = 0. Now,
( LQL)(SI"”,g) = (9L 517"'a Zel glw-')V)L(giv"ng)
::._EjeLx&jm,v§&wwgg
i=1
i=1

Thus V6 = 0 is equivalent to V+6+ = 0. O

Now, we define the transversal volume element map in the case of statistical immersion
of general codimension and obtain certain properties of it. Let (M, V, §) be an (n + r)-
dimensional statistical manifold with equiaffine structure (V,6) and (M, V, g) be a statis-
tical manifold of dimension n. Let f : M — M be an equiaffine statistical immersion of

codimension 7.

Definition 2.15. The map v : M — A’ (TM) defined by kerv, = f.(T,M) and
Vp ’TPML KTyML . xTyM L = Gpl, for p € M, is called the transversal volume element map for
(TM, 64).

Lemma 2.3. For every X,Y € T,M and every frame (&1, &, ...&,) of TM* the following

relations hold

v (Y)(&1,6...6) = 0.
V*<Y)(f*X,) == —I/(Oé(X,Y),...).

Proof. Take a frame field (£;,&,,...€,) of TM™' on a neighborhood of p such that (fi)p
=¢, fori = 1,..r and V(él, &, é,.) is constant. By differentiating V(él, &, é,.) in the
direction Y

Y(y(élaé% ér)) = (@YV)(gla €2a 67") + Z V(gla (RS @Ygia "'757“)
=1

= V*<Y>(£17527 57“) + Z U(Sla ceey V#éﬂ ceey fr)
=1

:Wm@@wm+24&m2% )Eir o &),
i=1
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This implies
V*(Y)(£17 527 fr) + Z Tii(Y)I/(fl, ceny 62', e fr) = 0.
i=1

Since (TM+, 61) is equiaffine

ve(Y)(&1,62...6) = 0.

Similarly, we can prove the other equation. 0
Proposition 2.6. If f is non-degenerate, then v is an immersion.

Proof. Take apointp € Mand Y € T,(M) with Y # 0. Since f is non-degenerate, there
exists X € T,(M) with a(X,Y’) # 0, then from the above lemma v.(Y)(f.X,...) # 0. In

particular, v, (Y') # 0 and this implies v is an immersion. O

In [16], Matsuzoe et al. discuss about the equiaffine structure on a dually flat statistical
manifold in the case of general codimension. Let (1\71, Vv, 6, g) be a dually flat statistical
manifold of dimension n. Let M be a manifold of dimension m (m < n) embedded in
M . Then, (M, V,V, g) is a statistical manifold, where ¢, V, V are induced from g, Vv, 6
respectively. Let {£,}, for A\ =m + 1, ..., n be a basis for the normal space of M, then

ViV = Vx¥V+ > oMX, V).
A=m-+1

Vx& = =Si(X)+ Y (X

k=m+1
Since V is dually flat the fundamental equations are
1. RY(X,Y)Z =% \_, 1[a*Y,2)5X — X, Z)S,\Y].
2. (Vxo) (Y, 2) 4> p s Te(X) " (Y, Z)=(Vy o) (X, Z2)+> s T (V)R (X, Z).
3. (VxSn)(Y) + 2 TR S X = (VySi)(X) + Y01 THX)S,LY.

4. a5 (X, 8)Y) = (Vxm)(Y) = o (V)7 (X) = o (Y, S3X) = (Vy ) (X) —
2 X (X)T(Y).
From (1) and (4)

Ric(Y,Z) = oMY, 2)trSy —a*(S\(Y),Z), (2.103)
MX,S\(Y)) = (Vxr)(Y) = (Y, 5:(X)) — (Vy7)(X). (2.104)



Proposition 2.7. [16] The following statements are equivalent.

1. Ric is a symmetric tensor field.
2. 30, aMSa(.), ) is a symmetric tensor field.

3.4, ) =0.
Proof. Suppose Ric is symmetric, then from the equation (2.103) we get a*(Sy\(Y), Z) is
symmetric. So (2) holds. Assume >, a*(S\(.),.) is a symmetric tensor field. Then, from
the equation (2.104) we get (Vx73)(Y) — (Vy73)(X) = 0. This implies (3). Let d(>", 73)
= 0. Then, from the equation (2.104) we get o*(X, S\(Y)) is symmetric. Thus from the

equation (2.103) Ric is a symmetric tensor field. 0

Let (u',u?,...u™) be a local coordinate system on M such that the coordinate on M
is {(u!,u? .u™) | umtt = ™2 = u" = 0}, then §(9,,0) = 0 on M, for a =
1,..m and X\ =m+1,...n where {u*} form a basis for the normal space of M. Now, we

have the following equations

@aﬁj — ZF%&I—#— Z Fz)}a)\
a=1

A=m+1

Vord; = irgaﬁ i % 0.
a=1

k=m+1
Proposition (2.7) can be written as
Proposition 2.8. [16] The following statements are equivalent.

1. Ric is a symmetric tensor field.
n m A n m A
2‘ Z)\:m+1 Za:l F?)\Faj - Z)\:m+1 Za:l F?)\Fai'

3. 5j(2§:m+1 F?A) = @(Z?:mﬂ F?A)-

Let C' denote the cubic form with respect to g, that is

Similarly, the cubic form with respect to § is denoted by C'. Set 9(&xn, &) = Oxp, for A Kk =
m + 1, ..n. In [16], Matsuzoe et al. proved that

ZTAA(X) = (-1/2) Zé(fmf,\,X),
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that is, if 3, C'(&y, &4, X) = 0, then Ric is symmetric.

Theorem 2.15. [16] Let (V, &) be an equiaffine structure on M, set

CL)(Xl,XQ,...Xm) = Q(X17X27'-~Xm>£m+17€m+2w-§n)'
T(X) = tr,C(x,x*,X).
T(X) = tryC(x,*, X).
IfT =T on M, then (V,w) is an equiaffine structure on M.

Proof. Consider,

A
Also,
(_Q)ZT)/\\(X> = Z 5/\75)\7
A A
= gé’(* %, X) — tryC(x*, %, X)
= T(X)-T(X).
Now, if T'= T on M, then (V,w) is an equiaffine structure on M. O

Note. The equiaffine immersion of codimension one as well as the non-degenerate equiaffine
centro-affine immersion of codimension two induces statistical structures. In both the cases
we obtained a torsion-free affine connection and the semi-Riemannian metric. There is a
natural choice of semi-Riemannian metric that is independent of the choice of transversal
vector field. However, in the case of immersions of general codimension the affine funda-
mental form is a TM* valued symmetric (0, 2)-tensor. Defining a suitable metric on M
and realizing a statistical manifold in an affine space or in a statistical manifold are open

problems.
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Chapter 3

Geometry of Submersions and Statistical
Manifolds

Riemannian submersion is a special tool in differential geometry and it has got applica-
tion in different areas such as Kaluza-Klein theory, Yang-Mills theory, supergravity and
superstring theories, statistical machine learning processes, medical imaging, theory of
robotics and the statistical analysis on manifolds. Riemannian submersions from a sta-
tistical viewpoint were first mentioned by Barndroff-Neilsen and Jupp [17]. O’Neill [18]
defined a Riemannian submersion and obtained the fundamental equations of Riemannian
submersions for Riemannian manifolds. Also in [19], O’Neill defined a semi-Riemannian
submersion. Abe and Hasegawa [21] defined an affine submersion with horizontal dis-
tribution and obtained the fundamental equations. For the semi-Riemannian submersion
7: (M, gn) — (B, g5), Abe and Hasegawa [21] obtained a necessary and sufficient condi-
tion for (M, V, g,,) to become a statistical manifold with respect to the affine submersion
with horizontal distribution 7 : (M, V) — (B, V*). Conformal submersion and the fun-
damental equations of conformal submersion were also studied by many researchers, see
[46], [47] for example. Harmonic morphisms between Riemannian manifolds of arbitrary
dimensions and horizontally conformal submersions were introduced by Fuglede [48] and
Ishihara [49] independently. Harmonic morphisms are nothing but harmonic and horizon-
tally conformal maps. Their study focuses on the conformality relation between metrics
on the Riemannian manifolds and the Levi-Civita connections. Our interest is on confor-
mal submersion between Riemannian manifolds M and B and the conformality relation
between any two affine connections V and V* (not necessarily be the Levi-Civita connec-
tions ) on M and B, respectively.

In Section 3.1, we discussed certain results regarding submersion and semi-Riemannian

submersion for Riemannian manifolds. In Section 3.2, affine submersion with horizontal
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distribution for Riemannian manifolds is considered. In Section 3.3, we define the concept
of a conformal submersion with horizontal distribution for Riemannian manifolds, which
is a generalization of the affine submersion with horizontal distribution. Then, a necessary
condition for the existence of such a map is proved. A necessary and sufficient condition
is obtained for 7 o o to be a geodesic of B when ¢ is a geodesic of M for a conformal
submersion with horizontal distribution. Then, proved a necessary and sufficient condition
for the horizontal lift of a geodesic to be geodesic. Also, we give a necessary condition for
the connection on B to be complete when the connection on M is complete for a conformal
submersion with horizontal distribution 7 : M — B. In Section 3.4, we discuss affine
and conformal submersion with horizontal distribution and statistical manifolds. A statisti-
cal structure is obtained on the manifold B induced by the affine submersion7: M — B
with the horizontal distribution #(M) = V(M)* [21]. In the case of conformal sub-
mersion with horizontal distribution we obtained a necessary and sufficient condition for
(M, V, g,,) to become a statistical manifold. Also, we prove 7 : (M,V) — (B, V*)isa
conformal submersion with horizontal distribution if and only if 7 : (M, V) — (B, V")

is a conformal submersion with horizontal distribution [22].

3.1 Semi-Riemannian Submersion

In this section, definitions of submersion and semi-Riemannian submersion for Riemannian
manifolds and certain basic results are given. Comparison of geodesics by O’Neill for
semi-Riemannian submersions is also discussed [18], [20].

Let (M, g,,,) and (B, g;) be smooth Riemannian manifolds of dimension m and n (m >

n), respectively.

Definition 3.1. A smooth onto map 7 : M — B is called a submersion if 7, : T,M —
T B is onto for all p € M.

For a submersion 7 : M — B, 771(b) is a submanifold of M of dimension (m — n) for
each b € B. These submanifolds 7! (b) are called the fibers.

A vector field on M is called vertical if it is tangent to the fibers and is horizontal
if it is orthogonal to the fibers. Set V(M), = ker(m,,) for each p € M, then V(M),
coincides with the tangent space of 7 '(b) at p, where 7(p) = b. V(M), is called the
vertical subspace at p. There is a corresponding smooth distribution V(M) to the foliation
of M determined by the fibers of 7, called the vertical distribution. Note that the vertical
vector fields are nothing but the sections of V(M). The distribution #(M) = V(M) is
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the complementary distribution of V(M) determined by the Riemannian metric g, and is
called the horizontal distribution. Then, for p in M we have the orthogonal decomposition
T7,(M) = VM), & H(M),, where H(M), is called the horizontal subspace at p. For a
submersion 7 : M — B, let H and V denote the projection of the tangent space of M

onto horizontal and vertical subspaces, respectively.

Definition 3.2. Let (M, g,,,), (B, g») be semi-Riemannian manifolds of dimensions n, m,
respectively (n > m). A submersion 7 : M — B is called a semi-Riemannian submer-
sion if all the fibers are semi-Riemannian submanifolds of M and 7, preserves the length

of horizontal vectors.

Note. For a semi-Riemannian submersion = : (M, g,,) — (B, g), the map ,, deter-

mines a linear isomorphism between H (M), and 77, B. Then,
(9m)p(X,Y) = (g)r(p)(m X, 7.Y), X,Yfore H(M), and p e M. (3.1)

Definition 3.3. A vector field Y on M is said to be projectable if there exists a vector field
Y, on B such that 7, (Y),) = Y., for each p € M, thatis, Y and Y, are 7 related. A vector
field X on M is said to be basic if it is projectable and horizontal. Every vector field X on
B has a unique smooth horizontal lift, denoted by X, to M.

Proposition 3.1. [25] Let 7 : (M, g,,) — (B, g») be a semi-Riemannian submersion. Let
X andY in X(M) be 7 related to X' and Y in X (B), respectively. Then,

(1) gn(X,Y) =g(X' Y )om
(2) H[X,Y] is a basic vector field and is T related to [X',Y"].
(3) ’H(%TXY) is a basic vector field and is 7 related to %X/Y,.
(4) [X, V] is vertical, for any vertical vector field V.

gm 9

V and V are the Levi-Civita connections of M and B, respectively.

Proof. Since X' = 7, X and Y’ = 7Y, property (1) follows from (3.1). Moreover, [X, Y]

’ ’ . gm o e e .
is 7 related to [ X, Y | and (2) follows. Since V is the Levi-Civita connection on M,

2n(VxY,Z) = Xgu(V,Z)+ Y gu(X, Z) — Zgn(X,Y)
+9m([X, Y], Z) + g2, X],Y) = gul([Y, 2, X),  (32)
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for X,Y,Z € X(M). Since X,Y, Z are the horizontal lifts of the vector fields X, Y, Z',
we get Xg, (Y, Z) = X' g(Y', Z') o and ¢,,([X,Y],Z) = go([X',Y'], Z") o m. Now,
from equation (3.2)

9b

9m , ’ /
G(m(HVXY), Z Yom = g(VY ,Z)om.

. . ! . . .
Since 7 is onto and Z is arbitrarily chosen,

b ,

o (H(V V) = VY.

Hence, the property (3) follows. Finally, for any vertical vector field V, [ X, V] is 7 related
to [X', 0], where X is a basic vector field 7 related to X . Since [ X, 0] is vertical, property
(4) follows. O

Definition 3.4. Let 7 : (M, g,,) — (B, g,) be a semi-Riemannian submersion. Then, the

fundamental tensors 7" and A are defined as

ToF = H(VyeVF) + V(VyutF), (3.3)
m gm
ApF = V(VyugHF) + H(V s VF), (3.4)

am
for E, F'in X(M). Here V denote the Levi-Civita connection of (M, g, ).

Note that these are (1, 2)-tensors and these tensors can be defined in a general situation,
namely, it is enough that a manifold M has a splitting TM = V(M) @ H(M). The
following properties of 7" and A are often used in the subsequent calculations.

(1) Tg and A are, at each point, skew-symmetric linear operators on the tangent space

of M; each sends horizontal vectors to vertical, and vertical to horizontal.
(2) T'is vertical and A is horizontal. Thatis, Ty = Ty(g) and Ap = Ayp.

(3) For vertical vector fields V' and W, Ty W = Ty, V; for horizontal vector fields, X
andY, AxY = JV[X,Y] = —Ay X, [18].

Let R be the Riemannian curvature of (M, g,,,) defined by

gm dm JGm

gm
R(E, F)G = V[Xy]G — VeVrG+ VeVEG,

for £, F,G € X(M). Let R* denote the (1, 3)-tensor field on X'(#(M)) with values in
X(H(M)). Thatis, toany X,Y,Z € X(H(M)) and p € M the tensor R* associates the
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horizontal lift R*(X,Y, Z), of R;,(p)(ﬂ'*p<Xp), Tup(Yp), Tap(Z,)), where X' (H(M)) denote
the collection of all horizontal vector fields and R’ is the Riemannian curvature of (B, g;).
Then,

m.(R*(X,Y,2)) = R (. X, m.Y, 1. 7).

Asin [50], for E, F, G, H € X(M)
R(E,F,G,H) = gn(R(G,H,F),E).
Then, using the above notation

R(X,Y.Z,H) = gn(R(Z,H,Y),X)
= R/(W*X,W*Y,W*Z,W*H)OTF.

The fundamental equations are [25], [18].

N

RUV,F,W) = RUV,F,W) + gu(TuW, Ty F) — g(TyW, Ty F),  (3.5)

RUV,W.X) = gu((VyD)(UW), X) = gu(VoD)(V,W),X),  (3.6)
RIX,Y.ZV) = gul(VZA)(X,Y),V) + gu(AxY. T 2)

—9n(Ay Z, Ty X) — gm(Az X, TvY), (3.7)
RX,Y,Z,H) = R'(X,Y,Z H)—2g9,(AxY,AzH)

+9m(AyZ, AxH) — gn(AxZ, Ay H), (3.8)
RXLY.V,W) = gul((VyA)(X,Y), W) = gn((Viw A)(X,Y), V)

+gm(AxV, Ay W) — gm(AxW, AyV)

—gm(Tv X, TwY') + gm(Tw X, TvY'), 3.9
RIX,V,Y,W) = gu((VxT)(V,W),Y) + gu((Vy A)(X,Y), W)

+9m(AxV, AYW) — gm(TVX, TwY), (3.10)

for vertical vector fields U, V, W, F' and horizontal vector fields X, Y, Z, H. Here R stands
for the Riemannian curvature of the fibre (77!(b), g;). Note that g, is the Riemannian

metric induced by g,, on the submanifold 7= (b) of M.

In [20], O’Neill compares the geodesics for a semi-Riemannian submersion. Let M, B
be Riemannian manifolds and 7 : M — B be a semi-Riemannian submersion. Let F be a

vector field on a curve ¢ in M and the horizontal part 7 (F) and the vertical part V(E) of

54



E be denoted by H and V/, respectively. Let m o o be a curve in B and F, denote the vector
field 7, (F) = m,(H) on the curve 7 o o in B. E, denote the covariant derivative of F, and
is a vector field on 7 o o. The horizontal lift to o of E, is denoted by E.. O’Neill [20] has

shown that

HE) = E. + Ag(U) + Ax(V) + Tp(V), G.11)
V(E) = AxH+TyH+V(V'), (3.12)

where X = H(o') and U = V(o) and A, T are fundamental tensors.

Acceleration o of o is the covariant derivative of o . Then,
Proposition 3.2. [20] Let o be a curve in M with X = H(c') and U = V(c"). Then,

H(o") = o +24xU + TyU, (3.13)
V(') = TuX+V{U), (3.14)

", .
where o, is the acceleration of 7 o 0.

Proof. From property (3) of the fundamental tensors mentioned above, Ax X = 0 for the
horizontal vector field X. Now, by setting H = H(c') and V = V(') in equations (3.11)
and (3.12)

H(o") = o + 245U + TyU.
V(') = TyX +V(U).

]

Remark 3.1. From equations (3.13) and (3.14) it can be observed that, if o is a geodesic of
M, then 7 o ¢ is a geodesic of B if and only if 2AxU + Ty U = 0. In particular if o is a
horizontal geodesic (U = V(c') = 0), then 7 o ¢ is a geodesic.

Definition 3.5. Let 7 : (M, V, g,,) — (B, V*, g,) be a semi-Riemannian submersion and
o be a smooth curve in B. Let o’ be the tangent vector field of  and (') be its horizontal

lift. Define the horizontal lift of the curve « as the integral curve o in M of (o).

Proposition 3.3. [20] Let 7 : (M, g,,) — (B, gy) be a semi-Riemannian submersion.
Then, every horizontal lift of a geodesic of B is a geodesic of M.
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Proof. Let o be a geodesic of B and o be the horizontal lift of . Then, m 0 0 = « and
o (t) = (a'(t)). Let X = H(o'(t)) and U = V(o' (t)), clearly X = (a'(t)) and U = 0.
Then, from (3.13) and (3.14)

Ho) = «
V(O_//) _
Since « is a geodesic we get o = 0. Hence o is a geodesic of M. [

Remark 3.2. O’Neill [20] proved that for a semi-Riemannian submersion 7 : M — B, if
v is a geodesic of M that is horizontal at some point, then -y is always horizontal (that is,

m oy is geodesic of B). Hence, B is geodesically complete if M is geodesically complete.

3.2 Affine Submersion with Horizontal Distribution

In this section, we give the definition and basic results of an affine submersion with horizon-
tal distribution for Riemannian manifolds. Also, discuss the theorem by Abe and Hasegawa
[21] on geodesics comparison for an affine submersion with horizontal distribution.

Suppose M and B are smooth manifolds of dimensions m and n (m > n), respectively.

Definition 3.6. A submersion 7 : M — B is called a submersion with horizontal distri-
bution if there is a smooth distribution p — #(M),, such that

T,M = V(M), P H(M),, (3.15)

where V(M), = ker(m.,) for each p € M.

Note. Projectable and basic vector fields are defined as in the case of semi-Riemann sub-
mersion. A vector field X on B has a unique smooth horizontal lift, denoted by X, to
M.

Definition 3.7. Let V and V* be affine connections on M and B, respectively.

m: (M,V) — (B, V") is said to be an affine submersion with horizontal distribution
if 7 : M — B is a submersion with horizontal distribution and satisfies H(V ¢Y) =
(ViY), for X, Y € X(B).

gm 9
Note. If m : (M, g,,) — (B, gp) is a semi-Riemannian submersion and V and V are Levi-

gm gm
Civita connections on M and B, respectively, then 7 : (M, V) — (B, V) is obviously
an affine submersion with horizontal distribution H (M) = V(M)=.
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Theorem 3.1. [2]] Assume that m : M — B is a submersion with horizontal distribution
and V is an affine connection on M. If H(V Xf/) is projectable for all vector fields X and
Y on B, then there exists a unique affine connection V* on B such that 7 : (M,V) —

(B, V*) is an affine submersion with horizontal distribution.

Proof. Setting VY = m,(VzY'), we show that V* is an affine connection on B. Since

(fX)=(fomX,

Vi(fY) = m(Vg(fom)¥V)=m((X(fom)Y + (fom)VgY)
= (Xf)Y + VLY.

The other conditions for the affine connection can be proved similarly. The uniqueness is

clear from the definition. O]

Note. A connection VVV on the subbundle V(M) is defined by (VVV)gV = V(VgV),
for any vertical vector field V' and any vector field £ on M. For each b € B, VVV induces
a unique connection V? on the fiber 7n~1(b). Hereafter we often omit the superscript b.
In [21], Abe and Hasegawa observed that if V is torsion-free, then V? and V* are also

torsion-free.

As we mentioned in the previous section, to define fundamental tensors, we only need
to split the tangent bundle 7M = V(M) €@ H(M). The fundamental tensors for an affine
submersion with horizontal distribution are defined as follows.

Definition 3.8. Let 7 : (M, V, g,,) — (B, V*, g;) be an affine submersion with horizon-
tal distribution 7 (M). Then, the fundamental tensors 7" and A are defined as

TpF = H(VypVE) +V(VygHEF),

for F and F' in X(M). Also, the fundamental tensors corresponding to the dual connection
V of V are denoted by 7" and A.

These are (1, 2)-tensors. Also, T and A reverses the horizontal and vertical subspaces
and TE = TVEa AE = A"HE
The inclusion map (7~ (b), V?) — (M, V) is an affine immersion [2]. The following

equations are corresponding to the Gauss and the Weingarten formulae. Let X and Y be
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horizontal vector fields and V' and W be vertical vector fields on M. Then,

VyW = TyW + VyW. (3.16)
VvX = H(VvX)+TyX. (3.17)
VxV = V(VxV)+ AxV. (3.18)
VxY = H(VxY)+ AxY. (3.19)

Let R be the curvature tensor of (M, V). Denote the curvature tensor of V* (respectively
V) by R* (respectively R). Define (1, 3)-tensors RF*-P2Fs for affine submersion with hori-

zontal distribution by

RPWEP(E PG = P3Vippp,rPsG — PsVpp(PsVp,r PsG)
+P3VP2F(P3VP1EP3G)7

where P, = Hor )V fori = 1,2,3 and F, F, G are vector fields on M. The fundamental

equations for affine submersion with horizontal distribution are [21].

VR(U, V)W RYWY(U VYW + Ty TyW — Ty Ty W,

HR(U, V)W H(VyT) oW — H(VuT)vW — TroreoywinyW,

VR(U, V)X H(VyT)uX = V(VuT)vX = Trorwywvin X,

HR(U, V)X RYWHU WX + Ty Ty X — TyTy X,

VR(U, X))V RVM™WV(U, XV — Ty AxV — AxTyV,

HR(U, X))V H(VxT) gV — H(VuA)xV — As oV + Tr,xV
~Trorvyu,x)V — Arorvyv.x)V,

VR(U, XY V(VxT)yY —V(VuA)xY — As oY + TryxY
~Trorvyu,x)Y — Arorevyw,x)Y,

HR(U,X)Y RVMLU X)Y — Ty AxY + AxTyY,

VR(X,Y)U R™Y(X, YU + Ay AxU — Ax Ay U,
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HRX, YU = H(VyA)xU — H(Vx AU + Ty U — Ta, xU
~Trorvyx U — Arorewyx U,
VR(X,Y)Z = V(VyA)xZ —V(VxAyZ + TaryZ — TayxZ

~Tror(vyxy)Z — Aror(v)(x,v) 4,
HR(X,Y)Z = R™MN(X Y)Z+ AyAxZ — AxAyZ,

where XY, Z are horizontal vector fields and U, V, W are vertical vector fields.

In the previous section, the comparison of geodesics for semi-Riemannian submersion
is discussed. In [21], Abe and Hasegawa compared the geodesics of M and B for affine
submersion with horizontal distribution. Let 7 : (M,V) — (B, V*) be an affine sub-
mersion with horizontal distribution. Let £ be a vector field on a curve ¢ in M and the
horizontal part #(E) and the vertical part V(E) of E be denoted by H and V/, respectively.
mooisacurve in B and F, denote the vector field 7.(E) = m.(H) on the curve 7 o ¢ in
B. E; denote the covariant derivative of E, and is a vector field on 7 o o. The horizontal
lift to o of E. is denoted by EN’; In [21], Abe and Hasegawa have shown that

H(E) = E,+HTor(V)(U,H)+ AU + AxV + Ty V, (3.20)
V(E) = AxH+TyH+V(V), (3.21)
where X = H(o') and U = V(o). Here Tor(V) denote the torsion of V.
Proposition 3.4. [2]] Let o be a curve in M with X = H(c') and U = V(o). Then,
H(o) = o, +HTor(V)(U,X)+2AxU + Ty U,
V') = AxX+TyX +V(U),
where o, denotes the covariant derivative of (o o).
Proof. By setting H = 7-[(0/) andV = V(a') in equations (3.20) and (3.21)

o, + HTor(V)(U, X) 4+ 2AxU + TyU
V(") = AxX +TyX +V(U),

=
)
Il

]

Remark 3.3. From above proposition it can be seen that if ¢ is a geodesic, then m o o is a
geodesic of B if and only if HTor(V)(U, X) 4+ 2AxU + TyU = 0. In particular, if o is a
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horizontal geodesic (ie, U = V(¢ ) = 0), then 7 o ¢ is a geodesic.

Corollary 3.1. [2]] Let 7 : (M, V) — (B, V*) be an affine submersion with horizontal
distribution H(M) such that Ax X = 0 for all horizontal vector X. Then, every horizontal
lift of a geodesic of B is a geodesic of M.

Proof. Proof follows from the proposition (3.4). 0

Remark 3.4. In[21], Abe and Hasegawa proved that for an affine submersion 7 : (M, V) —
(B, V*) with horizontal distribution (M) such that A;Z = 0 for all horizontal vectors
7z, V* is geodesically complete if V is geodesically complete.

3.3 Conformal Submersion with Horizontal Distribution

In this section, we introduce the concept of a conformal submersion with horizontal distri-
bution for Riemannian manifolds, which is a generalization of the affine submersion with
horizontal distribution. Then, a necessary condition for the existence of such a map is given.
A necessary and sufficient condition is obtained for 7 o o to be a geodesic of B when o is
a geodesic of M for a conformal submersion with horizontal distribution. Then, proved a
necessary and sufficient condition for the horizontal lift of a geodesic to be geodesic. Also,
we give a necessary condition for the connection on B to be complete when the coneection

on M is complete for a conformal submersion with horizontal distribution 7 : M — B.

Definition 3.9. Let (M, g,,) and (B, g;) be Riemannian manifolds. A submersion 7 :
(M, g.,) — (B, gp) is called a conformal submersion if there exists a ¢ € C'°°°(M) such
that g,,(X,Y) = e**g, (7. X, 7.Y"), for horizontal vector fields X, Y € X(M).

For 7 : (M, V) — (B, V*) an affine submersion with horizontal distribution,
m.(ViY) = V&Y, for X,Y € X(B). In the case of conformal submersion we prove
the following theorem, which is the motivation for us to generalize the concept of an affine

submersion with horizontal distribution.

gm g,
Theorem 3.2. Let 7 : (M, g,,) — (B, g) be a conformal submersion. If V on M and Vb

on B are the Levi-Civita connections, then

(. (VeV),2) = a(VxV,Z) - dé(Z)g(X,Y)
+H{do(X)go(Y, Z) + do(Y)gy(Z, X))},

where X,Y,Z € X(B) and X.Y, Z denote the unique horizontal lifts on M.
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Proof. We have the Koszul formula for the Levi-Civita connection,

2m(V iV, 2) = Xgn(V,2)+ V(2. X) — Zgn(X,T)
—gn(X, [V, 2]) + gn(Y, [Z, X]) + gm(Z, [ X, Y)).

Now, consider

Xgm(f/v Z) - X(€2¢gb(Y, Z))
= X(e2¢)gb(Y7 Z) + 62¢X(gb(y7 Z))
= 26°%dg(X)gp(Y, Z) + € X gy (Y, Z).

Similarly,

Yogn(X,2) = 26*°d6(Y)g(X, Z) + €Y go(X, Z).

ng(XaY/) = 262¢d¢(2)gb(XaY)+62¢Zgb(X’Y)'

Also, g (X, [Y, Z]) = e2gy(X, [V, Z]), gm(Y,[Z, X]) = e**gy(Y,[Z, X]) and
gm(Z,[X,Y]) = €2?g,(Z,[X,Y]). Then, from the equation (3.22) and the above equations

2m(V V. 2) = 2dd(X)eXgy(Y, Z) + 2d6(V)e* gy(X, Z)
—2d¢(Z)e* gy(X, Y)+262¢gb(VXY Z).

This implies

(@ (V39).2) = a(VxY,2) - dp(Z)g(X,Y)

+{do(X)gp (Y, Z) + do(Y)gu(Z, X)}.

Now, we generalize the concept of an affine submersion with horizontal distribution as

follows:

Definition 3.10. Let 7 : (M, g,,) — (B, g5) be a conformal submersion and let V and
V* be affine connections on M and B, respectively. Then, 7 : (M, V) — (B, V*) is said
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to be a conformal submersion with horizontal distribution H (M) = V(M)= if

w(m(VY),2) = g(ViY.Z) - dp(Z)g(X,Y)
+H{do(X)gp(Y, Z) + dp(Y)gy(Z, X))}, (3.23)

for some ¢ € C°>°(M) and for X, Y, Z € X(B).

Note. If ¢ is constant, it turns out to be an affine submersion with horizontal distribution.

Also, the equation (3.23) can be written as
H(ViY) = (ViY)+X(0)Y +Y ()X — H(grad:8)gm(X,Y).

Example 3.1. Let H" = {(z1,...,2,) € R" : , > 0} and § = x%g be a Riemannian
metric on H", where ¢ is the Euclidean metric on R™. Let 7 : H" — R"~! be defined by
T(21, . @) = (21, ..., Tno1). Let ¢ : H® — R be defined by ¢(z1, ..., z,) = log(=).

Then, we have
(D DN e (00
9 8@’8% N g 8ZEZ"8$]' ’

Hence, 7 : (H",§) — (R"! g) is a conformal submersion. Then, by theorem (3.2),

g g
7: (H", V) — (R"', V) is a conformal submersion with horizontal distribution, where

g g
V and V are Levi-Civita connections on H" and R" ™!, respectively.

Now, a necessary condition is obtained for the existence of a conformal submersion

with horizontal distribution.

Theorem 3.3. Let 7 : (M, g,,) — (B, g1) be a conformal submersion and NV be an affine
connection on M. Assume that m : M — B is a submersion with horizontal distribution.
IfH(V Y) is projectable for X, Y in X (B), then there exists a unique connection V* on B
such that m : (M, V) — (B, V*) is a conformal submersion with horizontal distribution.

Proof. Setting VY =, (VY) = X()Y =Y ()X + e, (grad.¢)gy(X,Y), we show
that V* is an affine connection on B. Since ( f~X) = (f om)X, we have

Vi(fY) = m(Vg(fomY)—X()fY — (fY)(9)X
+62¢7T*(gmd7r¢)gb(X, fY). (3.24)
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Now, consider

T(Vi(fon)Y) = m((X(fom)Y +(fom)VzY)
= X(NY + VY + X(&)fY + fY(¢)X
—e*m, (grad.¢) fgu(X,Y). (3.25)

From (3.24) and (3.25)
V(YY) = X(f)Y + fVyY.

The other condition for affine connection can be proved similarly. The uniqueness is clear
from the definition. O

Note. From the definition of conformal submersion with horizontal distribution we get if

V is torsion-free, then V* and V are also torsion-free.
Fundamental tensors 7" and A for conformal submersion with horizontal distribution
m: (M,V) — (B, V*) are defined for F and F in X' (M) by
TpF = HVyp(VE) + VVye(HEF)
and
AgF =VVyp(HF) + HVye(VF).

Note that these are (1, 2)-tensors.

Let R denote the curvature tensor of (M, V), denote the curvature tensor of V* (re-
spectively V) by R* (respectively R). Define (1,3)-tensors R™-"2s for the conformal

submersion with horizontal distribution by

RP17P27P3 (E’ F)G — PSV[PlE,PQF]P?)G — P3VP1E(PSVP2FP3G)
—|—P3VP2F(P3VP1EP3G)7

where P, = HorV (1 = 1,2,3) and E, F, G are vector fields on M. Then, the follow-
ing fundamental equations for the conformal submersion with horizontal distribution are

obtained.

Theorem 3.4. Let X, Y, Z be horizontal vector fields and U, V, W be vertical vector fields.
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Then,

VR(U, V)W RYWY(U VYW + Ty TyW — Ty Ty W.

HR(U, V)W H(VyT)uW — H(VuT)wW — Tropwywny W

VR(U, V)X H(VvT) v X —V(VuT)v X — Trorwywi)X.

HR(U, V)X RWYHU WX + Ty Ty X — TyTy X.

VR(U, X))V RVY(U, XV — Ty AxV — AxTyV.

HR(U, X))V H(VxT) gV — H(VuA)xV — AsV + Ty xV
~Trorvyw,x)V — Arorevyu.x)V-

VR(U, XY V(VxT)rY —V(VyA)xY — As oY + TryxY
~Trorvyw,x)Y — Arorvyv,x)Y-

HR(U, XY RVMM(U, XY — Ty AxY + AxTyY.

VR(X,Y)U RMY(X YU + Ay AxU — Ax Ay U.

HR(X, YU H(Vy A xU — H(VxA)yU + TayU — Ta, xU
~Trorvyx U — Arorcwyx,y)U.

VR(X,Y)Z V(VyA)xZ —V(VxAZ +Ta vy Z — TayxZ
~Tror(vy(x, )2 — Aror(vy(x,y) 2.

HR(X,Y)Z RMYMU(X YVZ + Ay AxZ — Ax Ay Z.

3.3.1 Geodesics

In this subsection, for a conformal submersion with horizontal distribution we prove a
necessary and sufficient condition for moo to be a geodesic of B when o is a geodesic of M.
Then, obtained a necessary and sufficient condition for the horizontal lift of a geodesic to be
geodesic. Also, we give a necessary condition for the connection on B to be complete when
the connection on M is complete for a conformal submersion with horizontal distribution
m: M — B.

Let M, B be Riemannian manifolds and 7 : M — B be a submersion. Let F be a
vector field on a curve ¢ in M and the horizontal part #(£) and the vertical part V(E) of
E be denoted by H and V/, respectively. 7 o ¢ is a curve in B and E, denote the vector
field 7, (E) = m,(H) on the curve 7 o o in B. E, denote the covariant derivative of F, and
is a vector field on 7 o . The horizontal lift to o of E_ is denoted by E~;

Letm: (M, V,g,) — (B, V* g) a conformal submersion with horizontal distribution
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H(M). Throughout this section we assume V is torsion-free. A curve o is a geodesic if
and only if #(c") = 0 and V(¢") = 0, where ¢ is the covariant derivative of o . So, first
we obtain the equations for #(E’) and V(E') for a vector field E on a curve o in M for a

conformal submersion with horizontal distribution.

Theorem 3.5. Let 7 : (M, V,g,,) — (B, V* gy) be a conformal submersion with hori-
zontal distribution and let E = H + V be a vector field on a curve o in M. Then,

/

m(H(E)) = E,+7m.(AxU + AxV + TyV) — ¥ n,(grad6)gy(m. X, 7. H)
+X(¢)m.H + H(p)m. X,
V(E) = AxH+TyH+V(V'),

where X = H(o ) and U = V(o).

Proof. Consider a neighborhood of an arbitrary point o(¢) of the curve o in M. By choos-
ing the base fields W, ...., W,,, where n = dimB, near m(c(t)) on B and an appropriate
vertical base field near o(t), we have

(E;>t = Z /( 7r0(t +Z VWkW> (o(6))s (3.26)

i

T (H(E D)) = Y (W, +Z (H(V45, W) )n(ot0)

i

+m((AnU) + (AxV) + (TuV ) r (o), (3.27)

where W is the horizontal lift of W;, fori = 1,2, ...n and 7 (t) ( respectively s*(t)) are the
coefficients of H (respectively of X ) in the representation using the base field W restricted
to o.

Since 7 is a conformal submersion with horizontal distribution
T (H(VuX)) = Vi, nymX + X (¢)mH + H($)m X — 01, (grad.¢)gy(m. X, m H).
Hence,

/

T (H(E)) = E,+m(AxU+ AxV +TyV) — €®m,(grad.¢)gy(m X, 7. H)
+X(¢)mH + H(d)m X.

Similarly we can prove V(E') = AxH + Ty H + V(V'). O
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1
For 0 we have

Corollary 3.2. Let o be a curve in M with X = H(c') and U = V(c"). Then,

"

m.(H(e")) = o, +m2AxU + TyU) — ¥, (grad,d)gy(m. X, 7, X)
+2X (o), X, (3.28)
V(o) = AxX +TuX +V(U), (3.29)

!/

" . . .
where o, denotes the covariant derivative of (T o o)

Now, for a conformal submersion with horizontal distribution we prove a necessary and

sufficient condition for 7 o o to become a geodesic of B when o is a geodesic of M.

Theorem 3.6. Let 7 : (M, V,g,,) — (B, V*, g,) be a conformal submersion with hor-

izontal distribution. If o is a geodesic of M, then m o o is a geodesic of B if and only

if
1. (2AxU + TyU)) + 2X (¢)m. X = m.(grad.o) || X ||?,

where X = H(o' ) and U = V(o) and || X ||*= gm(X, X).
Proof. Since o is a geodesic of M from (3.28) we get

"

o, = m(grad,) || X | —m.(2AxU + TyU) — 2dp(X) 7. X.

*

Hence, 7 o 0 is a geodesic of B if and only if
T.(2AxU + TyU)) + 2X (¢)m. X = m.(grad.¢) || X ||* .

]

Remark 3.5. If o is a horizontal geodesic (that is, o is a geodesic with V(¢') = 0), then
7 o o is a geodesic if and only if 2X (¢)m, X = 7.(grad,¢) | X ||

Now we have,

Proposition 3.5. Let 7 : (M, V, g,,) — (B, V*, g,) be a conformal submersion with hori-
zontal distribution such that Az 7 = 0 for all horizontal vectors Z. Then, every horizontal
lift of a geodesic of B is a geodesic of M if and only if 2X (¢)m. X = m.(grad,¢) | X ||
where X is the horizontal part of the tangent vector field of the horizontal lift of the geodesic
of B.
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Proof. Let o be a geodesic of B and o be the horizontal lift of aw. Then, m 0 0 = « and
o (t) = (a'(t)). Let X = H(o'(t)) and U = V(o' (t)), clearly X = (a'(t)) and U = 0.
Then, from (3.28) and (3.29)

1

m(H(0") = o —m(grad:¢) || X ||> +2X (¢)m. X,
V(O’) = AxX

Since, a is a geodesic and AxX = 0 we have, o = 0 if and only if 2X(¢)m, X =
m.(grad,¢) || X ||>. That is, every horizontal lift of a geodesic of B is a geodesic of M if
and only if 2X ()7, X = m.(grad,¢) || X ||*. O

Corollary 3.3. Let 7 : (M, V,g,) — (B, V* ) be a conformal submersion with hori-
zontal distribution such that AzZ = 0 for all horizontal vectors Z. Then, V* is geodesi-

2 where

cally complete if V is geodesically complete and 2X (¢)m. X = m.(grad,¢) || X
X is the horizontal part of the tangent vector field of the horizontal lift of the geodesic of
B.

Proof. Let o be a geodesic of B and & be its horizontal lift to M, by Proposition (3.5) &
is a geodesic of M. Since V is geodesically complete, & can be defined on the entire real
line. Then, the projected curve of the extension of & is a geodesic and is the extension of

«, thatis V* 1s geodesically complete. 0

3.4 Affine and Conformal Submersions with Horizontal
Distribution and Statistical Manifolds

In this section, we first discuss the affine submersion with horizontal distribution and statis-
tical manifolds. A statistical structure is obtained on the manifold B induced by the affine
submersion 7 : M — B with the horizontal distribution #(M) = V+(M). Abe and
Hasegawa [21] obtained a necessary and sufficient condition for (M, V, g,,,) to become a
statistical manifold for an affine submersion with horizontal distribution = : (M, V) —
(B, V*). In the case of conformal submersion with horizontal distribution we obtained a
necessary and sufficient condition for (M, V, ¢,,,) to become a statistical manifold. Also,
we prove 7 : (M,V) — (B, V*) is a conformal submersion with horizontal distribu-
tion if and only if 7 : (M,V) — (B,V") is a conformal submersion with horizontal
distribution [22].
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3.4.1 Affine Submersion with Horizontal Distribution and Statistical
Manifolds

In this subsection, we discuss the affine submersion with horizontal distribution for statis-

tical manifolds.

Definition 3.11. Let 7 : (M, V) — (B, V*) be an affine submersion with horizontal dis-
tribution V(M) and g be a semi-Riemannian metric on M and H(V Xf/) be projectable.
Define the induced semi-Riemannian metric § and the induced connection V' on B as

IX)Y) = g(X)Y), (3.30)
VY = m(ViY), (3.31)

where X, Y are in X(B).

Now, we show that (B, V', §) is a statistical manifold.

Theorem 3.7. Let (M, V, g) be a statistical manifold and 1 : M — B be an affine
submersion with horizontal distribution H(M) = V(M) and H(V 3Y) be projectable.
Then, (B, V', §) is a statistical manifold.

Proof. Let X,Y, Z be in X(B), then

(V) (Y. Z) = Xg(¥,Z

= Xg(Y,2) —g(VzY.Z) - g(Y.VZ)
= (Vx9)(Y.2)
Since (M, V, g) is a statistical manifold, (B, V', §) is also a statistical manifold. O

Let (M, g,,) be a semi-Riemannian manifold with affine connection V and V denotes
the conjugate connection of V with respect to g,,. Let (B, g;) be another semi-Riemannian
manifold with affine connection V* and V* denotes the conjugate connection of V* with

respect to gy.

Proposition 3.6. [2]] Let m : (M, g,,) — (B, gy) be a semi-Riemannian submersion.
Then, m : (M, V) — (B, V*) is an affine submersion with horizontal distribution H(M) =
V(M) ifand only if 7 : (M, V) — (B, V*) is an affine submersion with the same hori-

zontal distribution.
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Proof. Let X , Y and Z be the horizontal lift of vector fields X ,Y and Z on B. Now,

XY, Z2) = Xg(Y,2)
= a(VXY, 2) + g(Y,Vy2). (3.32)

On the other hand,

Xgm({/vz) = gm<v)?}772)+gb(§~/av)~(2)
= gb(m.(VY), 2) + gV, 7. (V5 2)). (3.33)

Now, from the equations (3.32) and (3.33) we get
9(m(VY) = VY, Z2) = (Y, Vi Z = m.(V 2)).

Hence, 7 : (M,V) — (B, V") is an affine submersion with horizontal distribution
H(M) = V(M)* if and only if 7 : (M,V) — (B, V*) is an affine submersion with

the same horizontal distribution. O]

Lemma 3.1. [2]] Let 7 : (M, g,,) — (B, gy) be a semi-Riemannian submersion and
7w : (M,V) — (B,V*) be an affine submersion with horizontal distribution V(M)=,

then for horizontal vectors X,Y and vertical vectors U, V, W,

(Viom)(X1,X2) = (Vig) (X1, Xs) o, (3.34)
(Vvgm)(X)Y) = —gn(SvX,Y), (3.35)
(Vxgm)(V.Y) = —gn(AxV,Y) + gn(AxVY), (3.36)
(Vxgm) (VW) = —gu(SxV, W), (3.37)
(Vvgn) (X, W) = —gn(Ty X, W) + gu(Tv X, W), (3.38)
(Vogm)(V.W) = (Vuign)(V, W), (3.39)

where X; are the horizontal lift of vector fields X; on B, g is the induced metric on the
fibers and Sy X = Vy X — Vy X.

Proof. Now,

(V)zgm)(Xl,X2) = Xgm(XhXQ)_gm(vXleX2)_gm(XlavXX2)
= Xg(X1,Xo) — go(m(VgX1), Xo)
— (X1, T (V¢ X2))
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= Xg(X1, Xo) — go(Vx X1, Xo) — g(X1, Vi Xo)
= (Vi) (X1, Xp) o

Similarly, we can prove the other equations. [
Using the lemma (3.1), Abe and Hasegawa proved the following theorem.

Theorem 3.8. [2]] Assume that Tor(V) = 0. Let m : (M, g,,) — (B, gy) be a semi-
Riemannian submersion and 7 : (M, V) — (B, V*) be an affine submersion with hor-
izontal distribution H(M) = V+(M). Then, (M, V, g,,) is a statistical manifold if and
only if

1 H(SyX) = AxV — AxV.

2. V(SxV) = Ty X — Ty X.

3. (7 N(b), VP, gb) is a statistical manifold for each b € B.
4. (B, V*, gp) is a statistical manifold.

Proof. Suppose (M, V, g,,) is a statistical manifold, then Vg, is symmetric.

So (Vygm)(X,Y) = (Vxgm)(V,Y), where X,Y are horizontal vector fields and V is a
vertical vector field. Then, from (3.35) and (3.36) of the above lemma g,,(Sy X,Y) =
Im(AxV,Y) — gn(AxV,Y). This implies, H(Sy X) = AxV — AxV. Similarly from
(3.37) and (3.38) of the above lemma, we have V(SxV) = Ty X — Ty X.

Since Vg,, is symmetric, from (3.39) of the above lemma, we get V?’ is symmetric,
so (m71(b), V?, %)) is a statistical manifold. Also from (3.34) of the above lemma, we
get (Vgm)(X1, Xa) = (Vig) (X1, X2), where X; are the horizontal lift of the vector
fields X; on B. Since, Vg, is symmetric V*g, is also symmetric. Hence, (B, V*, g;) is a
statistical manifold.

Conversely, if all the four conditions hold then from the above lemma
VEgm(F,G) = Vegn(E,G), for E, F and G in X(M). That is, Vg,, is symmetric on M
and hence (M, V, g,,,) is a statistical manifold. O

3.4.2 Conformal Submersion with Horizontal Distribution and Statis-
tical Manifolds

In this subsection, we discuss the conformal submersion with horizontal distribution for
statistical manifolds [22].
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Let (M, g,,) and (B, g,) be semi-Riemannian manifolds with affine connections V and

V*, respectively. First, we prove the following proposition.

Proposition 3.7. Let 7 : (M, g,,) — (B, gs) be a conformal submersion. Then, m :
(M, V) — (B, V*) is a conformal submersion with horizontal distribution if and only if
7: (M, V) — (B, V*) is a conformal submersion with horizontal distribution.

Proof. Now,

Xgn(Y,2) = 2e*°dp(X)go(Y, Z) + ¥ X gy(Y, Z)
= 2e™dp(X) (Y, Z) + € {go(VXY, Z) + g5V, V*x Z)}

and

Xgn(YV,2) = gu(VY.Z)+ gu(Y,VZ)
= X (m.(ViY), Z) + g (Y, m.(V2)). (3.40)

Since,

w(m(VY), Z) = g(VXY.Z) — do(Z)gy(X,Y)
+{do(X)gp(Y, Z) + do(Y ) gs(Z, X )} (3.41)

From (3.40) and (3.41) we get

(T (V:2),Y) = g(V'xZ,Y) —dop(Y)g(X, Z)
+{do(X)gy(Y, Z) + dp(Z)gy(X, Y)}.

Hence, 7 : (M, V) — (B, V*) is a conformal submersion with horizontal distribution.

Converse is obtained by interchanging V, V* with V, V* in the above proof. O

Lemma 3.2. Let 7 : (M, g,,) — (B, g») be a conformal submersion and 7 : (M, V) —
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B, V*) be a conformal submersion with horizontal distribution V (M), then
(B,

(Vigm)(X1, Xa) = €*(Vig) (X1, Xa), (3.42)
(Vvgn)(X,Y) = —gn(SvX,Y), (3.43)
(Vxgm)(V,Y) = —gn(AxV,Y) + gn(AxVY), (3.44)
(Vxgm)(V, W) = —gn(SxV,W), (3.45)
(Vvgm)(X, W) = —gu(Ty X, W) + gm(Ty X, W), (3.46)
(Vugm)(V, W) = (Vugm)(V, W), (3.47)

for horizontal vector fields X,Y on M and vertical vector fields U, V., W on M. X, are the
horizontal lift of vector fields X; on B, § is the induced metric on the fibers and Sy X =
Vv X - Vi X.

Proof. Now,

(VXgm)(Xl>X2) = Xgm(Xl,X2) - gm(vXXbXZ) - gm(X17vXX2)
= Xe¥g (X1, Xo) — 2 gy(m (V£ X1), X))
—*gy(X1, (V£ X5))
= 2edo(X)gy(X1, Xo) + €* X gp( X1, X>)
—e2 gy (1, (V£ X1), Xa) — €2 g,(X1, m (V5 X3)).

Since

(T (VXi), X;) = g(ViXi, X)) — do(X;)g(X, X)
+{dp(X) go(Xi, X;) + do(Xi)go(X;, X))},

where i, j = 1,2 and 7 # j, we get
(vfcgm)(j(hjﬁ) = €2¢(V§<gb)(X1,X2)-

Similarly, we can prove the other equations. [

Now, we prove a necessary and sufficient condition for (M, V, g,,) to be a statistical

manifold for a conformal submersion with horizontal distribution.

Theorem 3.9. Let 7 : (M, g,,) — (B, g») be a conformal submersionand 7 : (M,V) —
(B, V*) be a conformal submersion with horizontal distribution H(M) = V(M) and V
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be torsion-free. Then, (M, V, g,,,) is a statistical manifold if and only if
1. H(SyX) = AxV — AxV.
2. V(SxV) =Ty X — Ty X.
3. (7 N(b), VP, §b) is a statistical manifold for each b € b.
4. (B, V*, gp) is a statistical manifold.

Proof. Suppose (M, V, g,,,) is a statistical manifold, then Vg, is symmetric. So
(Vvgm)(X,Y) = (Vxgn)(V,Y), where X, Y are horizontal vector fields and V' is a ver-
tical vector field. Then, from (3.43) and (3.44) of the above lemma g,,(SyX,Y) =
Im(AxV,Y) — gu(AxV,Y). This implies, H(SyX) = AxV — AxV. Similarly, from
(3.45) and (3.46) of the above lemma, we have V(SxV) = Ty X — Ty X.

Since Vg, is symmetric, from (3.47) of the above lemma, we get @bf]b is symmetric,
so (w7 1(b), V?, g% ) is a statistical manifold. Also from (3.42) of the above lemma, we
get (Vggm) (X1, Xo) = €2¢(V¥g5) (X1, X3), where X are the horizontal lift of the vector
fields X; on B. Since, Vg, is symmetric V*g, is also symmetric. Hence, (B, V*, g;) is a
statistical manifold.

Conversely, if all the four conditions hold then from the above lemma
Vegn(F,G) = Viegn(E,G), for vector fields F, F' and G on M. That is, Vg, is sym-
metric on M and hence (M, V, g,,) is a statistical manifold. ]
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Chapter 4

Tangent Bundles and Harmonic Maps of
Statistical Manifolds

Geometry of tangent bundles is a fruitful domain of differential geometry that gives a clear
insight into the classical theory and provides many new problems in the area of differential
geometry. Let M be a Riemannian manifold and 7 : M — M be the tangent map. Mat-
suzoe and Inoguchi [23], have shown that the tangent bundle 7'M has got various statistical
manifold structures using complete, vertical and horizontal lifts of metric, connection and
the cubic form. In [24], Balan et al. have proved that (TM, V. g*®) is a statistical manifold,
where ¢° is the Sasaki lift metric.

Harmonic mapping provides a natural way of mapping two manifolds by minimizing
distortion induced by the mapping. A systematic study of harmonic maps was initiated by
Eells and Sampson [51]. Presently, we see an increasing interest in harmonic maps between
statistical manifolds [26], [27]. In [26], Uohashi obtained a condition for the harmonicity
on a-conformally equivalent statistical manifolds. Oproiu [30] obtained conditions for
the tangent map to be harmonic in the case of tangent bundles equipped with the metrics
obtained from the complete lift of metrics and the vertical lift of an appropriate tensor field.

In this chapter, statistical manifold structures on tangent bundles and harmonic maps
between statistical manifolds and tangent bundles were discussed. Note that the tangent
map can be considered as a submersion and we used the results in the geometry of sub-
mersions to obtain geometric structures on tangent bundles. In Section 4.1, we prove a
necessary and sufficient condition for 7'M to become a statistical manifold with the com-
plete lift connection and the Sasaki lift metric. In Section 4.2, we first look at the definition
of the harmonic map using tension field. Then, prove a necessary and sufficient condition
for the harmonicity of the identity map for conformally-projectively equivalent statistical

manifolds. The conformal statistical submerion is defined which is a generalization of the
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statistical submersion and proved that harmonicity and conformality cannot coexist [28].
In Section 4.3, for statistical manifolds we proved that a smooth map ¢ : M — B is
harmonic with respect to V and V* if and only if it is harmonic with respect to the conju-
gate connections V and V*. Then, given a necessary condition for the harmonicity of the
tangent map with respect to the complete lift structure on the tangent bundles. Also, prove
7 (M,V,g,) — (B, V* gp) is a statistical submersion if and only if 7, : (TM, V¢, ¢¢,)
— (TB, V*©, g5) is a statistical submersion.

4.1 Statistical Structures on Tangent Bundle

In this section, we discuss the work of Matsuzoe and Inoguchi [23] and Balan et al. [24]
on obtaining the various statistical manifold structures on 7M. Then, proved a necessary
and sufficient condition for 7'M to become a statistical manifold with the complete lift

connection and the Sasaki lift metric [22].

4.1.1 Vertical, Complete and Horizontal Lifts on Tangent Bundles.

In this subsection, we first look at the concept of vertical, complete and horizontal lifts of
vector fields, functions, tensors, metrics and connections. Then, various ways of getting
the statistical manifold structures on the tangent bundle 7'M are discussed [23], [24].

Let M be an n-dimensional manifold and 7'M denote the tangent bundle on M, 7 :
TM — M be the natural projection defined by X, € T.M — 2 € M. Taking a
local coordinate system (U;x!,...,2™) on M, the induced coordinate system on 7 *(U)
is denoted by (z!,..2";u!,..u™). Let (x;u) be a point on TM, denote the kernel of
Titz) Lz (TM) — T, M by V(;..) (TM) called the vertical subspace of T{,.,)(7M)
at (z; u). Note that the vertical subspace V., (TM) is spanned by {521, 525, ...53% }- The
two linear spaces 7, M and V,.,,)(TM) have the same dimension, so there is a canonical
linear isomorphism v : T,M — V(,.,,(TM) called the vertical lift. That is, for any tan-
gent vector X, on M with local expression X, = X fc% =» the vertical lift X} to TM
is defined by X! = X! 2.

+5, |lu- This definition is independent of the choice of the local

coordinate system.

Definition 4.1. Let f : M — R be a smooth function on M and 7 : TM — M be
the natural projection. The vertical lift of f is denoted by f* and is defined as f¥ = f o 7.
For a vector field X = X*-2; on M the vertical lift is denoted by X" and defined as

' ox?
XV — (Xl)U%

75



Note. The definition of vertical lift of a vector field is independent of the choice of local
coordinate system. Note that, for any X, Y € X(M), [X",Y"] = 0.

Let f be a smooth function on M. Then, the vertical lift of df is defined by (df)" =
d(f?), in particular for local coordinate functions z?, (dz*)” = d(z")". The vertical lift of a
1-form w with local expression w = w;dx’ is defined as w’ = (w;)?d(x")". The definition
of w" is independent of the local coordinate system.

The vertical lift operation can be extended to the whole tensor algebra 7 (IM) using the
law (P ® Q)" = P" ® Q" for any tensor fields P and () on M.

Now we discuss the complete lift operation to T'M. [52, 53, 54]

Definition 4.2. Let f : M — R be a smooth map, the complete lift f¢ of f on TM is
defined as f¢ = i(df) = u’ g 9{ The complete lift X on TM of the vector field X on M is
characterized by the formula X¢(f¢) = (X f)¢, for all f € C°°(M). In local coordinates,

the complete lift X of X = X i% has the local expression

0 00Xt 0
X¢ = (X")Y— S
(X" ox’ tu oxd Jut

Remark 4.1. From the above formula note that for any point v = (z;u) in TM other than
zero, the set { X¢ | X € X(M)} is the whole tangent space of TM at w.

Definition 4.3. The complete lift to 1-from w is defined as

More generally, the complete lift to the full tensor algebra 7 (M) is given by the rule
(PRQ)=Po0Q"+P ®Q",
for tensor fields P and () on M.

Now, we state certain important formulae related to the vertical and the complete lifts
[55].

1. Let P be a tensor field of type (7, s), 7 = 0,1 on M. Then,
Pe(XT, - ,Xg) = (P(Xy, -+ ,X))", PYXY,--- ,X;’) =0. “4.1)
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2. Let g be a tensor field of type (0,2) on M. Then,
g(XY) =g(X,Y), ¢°(X9Y")=g(X,Y)", ¢9(X",Y")=0. 4.2)

In particular, if g is a semi-Riemannian metric on M then ¢¢ is a semi-Riemannian metric

on T'M. The metric g¢ is called the complete lift metric on 7'M.

Now, we discuss the complete lift operation of a linear connection.

Definition 4.4. Let V be a linear connection on M, then the complete lift V¢ on TM is
defined as V§.Y¢ = (VxY), forevery X,Y € X(M).

Proposition 4.1. /23] Let (M, V) be a manifold with linear connection V. Let T' and R be
the torsion and the curvature tensor of V, respectively. Then, the torsion and the curvature
of V¢ are T and RS, respectively.

Proof. By definition of complete lift 7°(X°, Y°) = (T(X,Y))c. Since,

(TX,Y) = (VxV = Vy X - [X,Y]),
- VY- VX [X5 Y7,
= TorVe(XY°),

where the T'orVe is the torsion of V€. Then,
T¢(XY) =TorVe(Xe Y.

That is, torsion of V¢ is T°. Similarly the curvature relation can be proved. [

Proposition 4.2. [23] Let (M, V,g) be a statistical manifold. Then (TM, V¢, ¢°) is a

statistical manifold, moreover the conjugate connection of V¢ is (V¢) = (V)°.

Proof. Since V is torsion free, V¢ also torsion free by proposition (4.1). Now, by the

definition of the complete lift

(Vieg) (Y 2% = {(Vxg)(Y, 2)}° = {(Vyg)(X, 2)}* = (Vyeg") (X, Z°).
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Hence V°g° is symmetric. That is, (T M, V¢, ¢¢) is a statistical manifold. Now,

9o (Yo (Vo) Z29) = XY, Z°) — g (V&Y Z°),
= XY, 2)} = {9(VxY, Z)}",
= {Xg(Y,2) — g(VxY, Z)}¢ = {g(Y,Vx 2Z)}*,
= (Y (V)% Z°).

Hence (V¢) = (V). O

Now, we look at the horizontal lifts on the tangent bundle. Let M be a smooth n-
dimensional manifold and V be a torsion free linear connection on M. The vertical sub-
space V(z.u)(TM) of Ty, (TM) at (;u) defines a smooth distribution V on TM called
the vertical distribution. Also, there exists a smooth distribution  — H(7TM), depend-

ing on the linear connection V such that
Ty (TM) = H(TM)z & Viasu) (TM).

This distribution is called the horizontal distribution.

Definition 4.5. Let X be a vector field on M, then the horizontal lift of X on TM is the
unique vector field X" on M such that 7, (X[ ) = X)) for all (z;u) € TM. In

(z5u)
local coordinates if X = X* a?ci , then

1\ v a 1\ v 7 a
X" = (X% i (X7) ukrj,kaui.

Here F; « 18 the connection coefficient of V.

Definition 4.6. Let g be a semi-Riemannian metric on M, then the horizontal lift " on M is
defined as ¢" (X", Y") = ¢"(XV, V") = 0 and ¢"(X", V") = g(X,Y), for X,Y € X(M).
The horizontal lift V" on TM of linear connection V on M is defined as V%,Y"? = 0,
Vi Yt =0,Vh, Y = (VxY)", Vi, Y= (VxY)" for X, Y € X(M).

Remark 4.2. Note that ¢ can be characterized by
Iy (X,Y) = go(m. X, KY) + g, (KX, 7.Y). (4.3)
Here the map K : T(TM) — T'M is defined by
K. XP=0, KX’ =X,,
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called the connection map [56]. Also, note that even if V is torsion-free its horizontal lift

V" may have non trivial torsion.

Definition 4.7. Let g be a semi-Riemannian metric on (M, V). The semi-Riemannian met-
ric g°* on TM is defined as, g, (X Yh) = g, (X,Y), Ilwu) (XM Yv) =0, I (X7, Y)
= ¢-(X,Y’). The metric ¢° is called the Sasaki lift metric.

Note that the Sasaki lift metric g° has the following representation.

Triy (X, Y) = go(m. X, 1Y) + g2 (KX, KY). (4.4)

T;u)

Remark 4.3. In [55], Yano and Ishihara introduced the v operator for defining the horizontal

lift from the complete lift. Let X be a vector field on M, with local expression X = X i a?pi ,

VX = Xi-2 @da!, where Xi = 25+ X*Ti | Define 7(VX) = uw/ X2 with respect to
the induced coordinate (x!, ...,z u!, ..., u™). Then, X" = X¢—~(VX), note that v(VX)

is the vertical part of X°.

The horizontal lift operation can also be extended to 7 (M) by the rule
(PRQ)"=P'2Q"+P'aQ"

for tensor fields P and Q on M. Now, we discuss certain properties of horizontal lift
operations connecting covariant derivatives of tensor fields [55]. Let (M, V) be a manifold
with affine connection then for X € X' (M)

1. V& PY = (VxP), Vi Pt=(VyP)"
2. Vh,P'=0, Vh,Ph=0.

Remark 4.4. As a consequence of the above properties, Matsuzoe and Inoguchi [23] proved
thatif (M, V, g) is a statistical manifold, then (TM, V", ¢%) or (T'M, V", g") is a statistical
manifold if and only if Vg = 0.

Definition 4.8. Let (M, V, g) be a statistical manifold. Define the tensor field K of type-

(1,2) by
9(K(X)Y,Z)=C(X,Y,Z) = Vxg(Y, Z),

for X, Y, Z in X(M). This tensor field K is called the skewness operator of (M, V, g).

Since C'is symmetric, K (X ) is symmetric with respect to g.
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Note. The difference tensor defined in Chapter 2 and the skewness operator defined above

are same. For, consider
KxY =VxY — VyY.

<l

g
Since V = V%,
g

KxY =2(VxY — VyY).
g
Then Kx = 2(Vx — V) is a tensor of type (1,1) that maps Y € T, M to KxY € T, M.
g
Since Vxg = 0, we get

(Vxg)(¥,2) = —5(Kxg)(Y.2)

1
= S((KxY, Z) + g(Y, KxZ)). (4-5)

We know that (V xg)(Y, Z) is symmetric in X, Y and Z and that g(KxY, Z) is symmetric
in X and Y. This implies g(Y, Kx 7)) is symmetric in X and Y. Since V and V are torsion
free, we get g(Y, KxZ)) is symmetric in X, Z, and therefore in X, Y, Z. Then from (4.5)

Weget

Hence the difference tensor is same as the skewness operator.

Now let (M, ¢, C') be a semi-Riemannian manifold with the trilinear form C' and the skew-
g g

ness operator K. Define a linear connection V by V =V — %, where V is the Levi-Civita

connection. Then, V is torsion free and Vg = C. Hence (M, V, g) becomes a statistical

manifold.

Definition 4.9. Let (M, V, g) be a statistical manifold with skewness operator /. The
horizontal lift of K, denoted by K h_is defined as

KMXMY" = (K(X)Y)", KMX")Y'=0,
EMNXMY" = KMX")Y' = (K(X)Y)",

for X, Y € X(M).

Theorem 4.1. [23] Let (M, V, g) be a statistical manifold with skewness operator K.
Define a linear connection Von TM by
V=V- K"
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where gV is the Levi-Civita connection of the Sasaki lift metric g°. Then, the triplet (T M, Vv, g°)

is a statistical manifold.

Proof. Consider the cubic form C' defined by

Hence by definition of K"

C(X,Y,2) = g(K(m,X)m.Y, 7. 2Z) + 29(K(KX)KY,KZ).

Since (M, V, g) is a statistical manifold, ¢(K (7, X)7,Y, n,.Z) and g(K(KX)KY,KZ) are
symmetric. This implies C'(X,Y, Z) is totally symmetric, hence (TM, V, ¢g°) is a statistical
manifold. 0

Proposition 4.3. [23] Let (M, V, g) be a statistical manifold. Then (TM,C", ¢°) is a
statistical manifold, where C" is the horizontal lift of the cubic form C of (M, V, g).

Proof. By definition of horizontal lift (C'(X,Y, Z))" = C"(X", Y", Z"). Since C is sym-

metric, C" is also symmetric, hence (7'M, ch, g*®) is a statistical manifold. O]

Remark 4.5. Note that the statistical structure on 7'M obtained in theorem (4.1) is different
form the statistical structure on 7'M obtained in proposition (4.3), in fact the cubic form C
in the proof of the theorem (4.1) is different from C”.

Theorem 4.2. [23] Let (M, V, g) be a statistical manifold. Then, (TM, K", g") is a sta-

tistical manifold.

Proof. Let C be the corresponding cubic form of K with respect to ¢g". That is,

C(X,Y,2) = "(K"(X)Y,Z), for X,Y,Ze X(TM).

Now from equation (4.3) we have

C(X,Y,2) ={C(m.X,mY,KZ)+C(x,X,KY), 1. 2)+C(KX,m.(Y), 7. 2Z)}", (4.6)
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where C'is the cubic form with respect to (V, g). Since (M, V, g) is a statistical manifold
C'is totally symmetric, then from (4.6) C is totally symmetric. Hence (TM, K" g™). O

Remark 4.6. Since the horizontal lift C* of C' is symmetric, the tangent bundle (TM, C*, g")
is also a statistical manifold. Note that this statistical structure is different from the statis-

tical structure obtained in theorem (4.2), in fact the cubic form C is not equal to Cch.

Let (M, g) be an n-dimensional Riemannian manifold, 7 : 7M — M be the natural

projection. Consider a local coordinate system (U;z!,...,2™) on M, then the induced

coordinate system on 7~ H(U) is (2!, ..2";u!, ™). If X = X* a -, then
0 9 9
XU = (X)) X Xz v X] v kl—\z
( ) aul? ( ) 33}1 ( ) ]ka i

where 1%; .. are the Christoffel symbols of the Levi-Civita connection % Also, we have
XU, V"] =0, [X'Y"]=(VyY)', [X"V"=[X Y]~ (RX,Y)Z)" &7

for XY, Z ¢ X (1\/[) Here 1 denotes the Riemannian curvature of V.
Let {% | (z30) Bul \@uw)}» for i = 1,2,--- n, be a basis for T{(z;,))(TM), then the
horizontal subspace H ((,..)) is spanned by {g

(w:u) }» Where

J 0

0
kz
5o |@w= 55 lew

Jkaz|$“'

To simplify the notations, we use J;, d; and 0; instead of 6‘91 , 551 and aal ,
xX

represent the equations in (4.7) using local coordinates as

respectively. Now,

(95, &J] 0, [0:0]= ﬁ;,kaka [0:,65] = —uTRk O

T
Also, represent the Sasaki lift metric g° as
gs((siv 5]) = Gij, gs<5i7 a{) =0, gs(a; a;) = Gij-

Let V be any torsion-free affine connection on 7M. Then, with respect to {6;, 0:} we

have

Vsd; =TEép + TEdr,  Vs0; = Thoy + Thop

i ij ij ko
Vob; =T% Ok + rwag, Vo.0; = r;ijak + F%@E,



where fgb, a,b,ce€{1,--+,n,1,--- ,m} are smooth functions on 7M.
Lemma 4.1. [24] The symmetry of V has the following local alternate form:
i) TE =Tk, LT =%
ii) Fk = F?Z, fg — fﬁ = —u’"RZT

iii) F’i] =Tk Tk =Tk

J? (%) J
Proof. Since V is torsion-free

Vi,0; — Vo.0; = [6;,0] = I

Then, from the above local representation of V we get (7). Similarly, we can prove (ii) and
(i4). 0

Lemma 4.2. [24] Let (M, V, g) be a statistical manifold. Then, applying the Codazzi
equations for (TM, V., g°)

i) 0igie — L5590% — Dingri = 0390 — Ui = Thigon = Ogis — LrsGri — Ly gri
i) L5900+ Tregir = Uigri + Dhiger = U590 + T g1
iii) Qigin — U9k — Ly = —Tg0 = I g = —17.0r5 — Thgar,
iv) TZgo + 17005 = T7g0i + Tgo = Tigry + T grie

Proof. Consider
(V5,9°)(05,08) = 0igjx — U9k — UigGrj-

Then by the Codazzi equation
(651'98)(5]" 6k) - (651'95)(5197 52) - (651@98)(62'7 6j)7

we get (). Also, the equations

(V6igs>(5j’ aE) = _fjjgrk - f;ggjr
(Vs,9°) (05, 6;) = —f?ggm' —T7.9kr
(Vaggs)(@, 6]) = Fr ;9ri — Fr gm



and the Codazzi equation
(V5,9°)(85,95) = (V5,0°) (05, 0:) = (Vorg*)(8:,0;),

imply (é¢). Similarly, (i7i) and (7v) can be computed. O

Proposition 4.4. [24] Let (M, V, g) be a statistical manifold. Then, (TM,V,¢°) is a
statistical manifold if and only if

(= Ti)gny = (f§k—F§k)gm (4.8)
g = Tigm, (4.9)
fgggjr_uméijmk = fgggm', (4.10)
(T = Tigp = Dhege, (4.11)
IZ0m = Trgr, (4.12)

[0 = T, (4.13)

g g
where Rjyi = Rfjmgm.

Proof. Since (M, V, g) is a statistical manifold, from Codazzi equation of (V, g)

0i9ik — 0igki = Ui grj — Uk Gri- 4.14)
Also from (i) of lemma (4.2),

0igin — Oigri = Tigri — Uy (4.15)

Now from (4.14) and (4.15) we get (4.8). Also from the first equality of (ii) in lemma (4.2)
and from second equality of (i) of lemma (4.1), we get (4.10). From (i) of lemma (4.2)

U590k + Ui = Trigrs + Ty g0 (4.16)

and from (7) of lemma(4.1),
e =Tk, (4.17)

%] 7t
Then, we get (4.9) from (4.16) and (4.17). Now from the second equation of (7) in lemma
(4.1) and first equality of (i7¢) in lemma (4.2),

9igjk — Ui9me = Tizgjr — Tins. (4.18)
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Since % is the Levi-Civita connection of the metric g,
? T g '
Digjx = Lok + Liggir 4.19)

From (4.18) and (4.19) we get (4.11). Also, (4.12) is obtained from the last equation (i)
of lemma (4.2) and form first equation in (i77) of lemma (4.1). From (iv) of lemma (4.2)

and from the second equation of (7i) of lemma (4.1) we get (4.13). U]

Remark 4.7. We discussed various results regarding the statistical manifold structure on
TM. Matsuzoe and Inoguchi [23], have shown that (TM, V¢, ¢¢), (TM, V", g°),

(TM, V", "), (TM, V, ¢°), (TM, C", ¢°) and (TM, K" ¢") are statistical manifolds. In
[24], Balan et al. have proved that (7'M, v, g°) is a statistical manifold. In the next sec-
tion, we give a necessary and sufficient condition for (TM, V¢, ¢°) to become a statistical

manifold.

4.1.2 Affine Submersion with Horizontal Distribution and Statistical

Manifold Structure on the Tangent Bundle

In this subsection, we obtained a necessary and sufficient condition for 7'M to become a
statistical manifold with respect to the Sasaki lift metric and the complete lift connection,
using affine submersion with horizontal distribution [22].

Consider the submersion 7 : TM — M. Let V be an affine connection on M. Then,

there is a horizontal distribution H such that

for every (z;u) € TM.
Now, we show that the submersion 7 of 7'M into M with the complete lift of affine con-

nection is an affine submersion with horizontal distribution.

Proposition 4.5. The submersion w : (TM, V) — (M, V) is an affine submersion with

horizontal distribution.
Proof. We need to show that

H(VSY) = (VxY)"
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We have X" = X¢ — v(VX), then

Vg(th = _CXCf'y(VX)Yc - ’Y(VY%

= Vg(cf'y(VX)Yc - Vg{cﬂ(vxﬂ(vy)v

Using V5. Y = 0 ([23]),
Vi Y" = (VxY)' = [Viex) Y + Vier(VY)]. (4.20)
By definition
(VxY)* = (VxY)" +4(V(VxY)). (4.21)
From (4.20) and (4.21)
H(VS YY) = (VxY)

Hence the submersion 7 : (TM, V°¢) — (M, V) is an affine submersion with horizontal
distribution. U

Proposition 4.6. The submersion w : (TM, g°) — (M, g) is a semi-Riemannian submer-

sion.

Proof. Clearly 7=*(p) = T,M for all p € M is a semi-Riemannian submanifold of 7M

and by definition of g* we have
g (XM Y") =g(X,Y).
Hence 7 is a semi-Riemannian submersion. L]

Now, we give a necessary and sufficient condition for the tangent bundle to be a statis-

tical manifold with the Sasaki lift metric and the complete lift connection.
Theorem 4.3. (TM, V¢, g°) is a statistical manifold if and only if

1. H(SyX) = AxV — AxV, where Sy X = VX -V, X.

2. V(SxV) =Ty X — Ty X.
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3. (T,M, @C, §°) is a statistical manifold for each p € M, where §° and V¢ are the

induced metric and connection on the fibers.
4. (M, V, g) is a statistical manifold.
X is a horizontal vector field and V' is a vertical vector field.

Proof. From propositions (4.5) and (4.6) we get that 7 : (TM, V¢, ¢°) — (M, V,g) is
an affine submersion with horizontal distribution. Since ¢*(X#,Y") = 0, take H(TM) =
V(TM)+. First we show that the following equations hold for horizontal vectors X, Y and

vertical vectors U, V, W.

(Vig)(X,)Y) = —g°(SvX,Y), (4.22)
(V&g )(V,Y) = —g*(AxV,Y) + g*(AxV)Y), (4.23)
(Vg )V,W) = —g*(SxV, W), (4.24)
(Vi) (X, W) = —g*(TvX, W) + ¢*(Tv X, W), (4.25)
(Vig )V, W) = (Vig*)(V, ), (4.26)
(V%9 ) (X1, X2) = (Vxg)(X1, Xa), (4.27)

where X'i are the horizontal lift of vector fields X; on M and Sy X = V{ X — vf,X . To
see (4.22) consider

(V@'QS)(Xa Y) - VgS(X, Y) - gs( €/X7 Y) - gs(Xv V;Y)a
= gs(v;)g Y) _gS(X7 Vg/Y%
= _gs(SVXa Y)

Similarly, we can prove the other equations. Now, suppose (TM, V¢, ¢°) is a statistical
manifold, then V¢g® is symmetric. From (4.22) and (4.23)

H(SyX) = AxV — AxV.
From (4.24) and (4.25)
V(SxV)=Ty X —TyX

and from (4.26) @Cgs is symmetric, so (7,M, @C, g°) is a statistical manifold for each
p € M. Also from (4.27) the triplet (M, V, g) is a statistical manifold.
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Conversely, if all the four conditions hold then from the above equations V¢g* is symmetric,
so (TM, V¢, g°) is a statistical manifold. O

4.2 Harmonic Maps Between Statistical Manifolds

The motivation to study harmonic maps comes from the applications of Riemannian sub-
mersion in theoretical physics [25]. Harmonic maps formulation of field theories lead to a
geometrical description in the unified field theory program. Presently, we see an increas-
ing interest in harmonic maps between statistical manifolds [26], [27]. In [26], Uohashi
obtained a condition for the harmonicity on a-conformally equivalent statistical manifolds.
In this section, we first look at the definition of the harmonic map using tension field.
Then, prove a necessary and sufficient condition for the harmonicity of the identity map for
conformally-projectively equivalent statistical manifolds. The conformal statistical sub-
mersion is defined which is a generalization of the statistical submersion and proved that

harmonicity and conformality cannot coexist [28].

4.2.1 Harmonic Maps

In this subsection, we discuss the basic ideas to define the tension field and then the defini-
tion of a harmonic map is given [57].

Let (M, g,,) and (B, ¢;) be Riemannian manifolds with dimensions n and m, respec-
tively and let {z!,--- 2"} be a local coordinate on M. Then, the Riemannian metric g,
induces the natural linear isomorphisms, b : 7,M — T,M* and § : T,M* — T,M
defined by

n n

206 =X, = 3 (Ll 0) ) @), @28)

=1

" Hwp) = Z(Zg ) ai) (4.29)

where X, w denotes the vector field and the 1-from on M, respectively. Note that b and
f are inverses of each other, that is 7, M and 7,,M* are isomorphic. Now define a metric
(97 )p o0 T,M" by

(g0)p(wp, 0,) = (gm)p(wf?, 92) for wy,0, € T,M". (4.30)
Since { is linear, g, is a metric. Also, g = g% (dz’, dz"), where g% is the inverse of (g, );-
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*

gm gm
Let V denote the Levi-Civta connection on M, define an affine connection V. on TM*

using isomorphisms b and f, as follows

*

Vywlt) = (Vb (y)
(g )p(Vxet, Y)
= X((gn)p@, V) = (gn)p(wh, VxY)  (using Vg, = 0)
— Xw(Y) - w(VyY), 4.31)

*

where X and w denote the vector field and 1-form on M. This connection gﬁ is called the
dual connection of %n.

Let ¢ : M — B be a smooth map and 7 : E — B be a vector bundle. Consider
the bundle over M whose fibre over p € M is E(;), the fibre of E over ¢(p). This bundle
is denoted by 7! (E), called the pullback bundle over M. In particular, if 7 : 7B — B

is the tangent bundle, then 7! (7B) is a subbundle of 7M, whose fibre over p € M is

Ty B. Let {y', -+ ,y™} be the local coordinates on B, then at each point p € M
0 0
oG 4.32
{(ayl °6)(p). ,(8ymo¢><p>} (4.32)

form a basis for the fibre Ty, B of ¢~'(T'B) over p.

Definition 4.10. Let (M, g,,) and (B, g,) be two Riemannian manifolds with local coor-

dinates {z',--- 2"} and {y',--- ,y™} , respectively. For a smooth map ¢ : M — B,
- g

define an affine connection V on ¢~!(7B) from the Levi-Civita connection V on B as

follows

- 0 % 0
Vo (a_m 0¢) = v@(%)a—yw. (4.33)
From equations (4.32) and (4.33) we have
- 0 NGNS o)
Valgmod =2 ( %(mw(sé(p))) (5,5 °9): (4.34)

a=1 *g=1

where %gv are the Christoffel symbols of the Levi-Civita connection ng on B.
Now, define an affine connection V on the manifold TM* ® ¢~!(TB) using V*and V
as follows
Vilw@ W) = (Vw)@W +we (Vil), (4.35)
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where w is a 1-form on M, W € X (¢ '(TB)) and X € X(M). The linearity property

can be verified, also

Vi(fw@W) = (V'fw)@W + fu® (VW) (4.36)
_ ( X(f)w+ f%“;w> OW+ fue (VW) @437)
= X(HlwaW)+ fVx(we W), (4.38)

proves that V is in fact a connection in the tensor product TM* ® ¢~ (TB).

Consider the smooth map ¢ : M — B, then d¢,(= ¢.,) defines a linear map
between 7,M onto T}, B, Since Hom(7,M, T}, B) is isomorphic to 7,M* @ Ty, B
we can consider d¢ as a smooth section on the vector bundle TM* ® ¢~ '(7TB). Here
Hom(T,M, T}, B) denotes the set of all linear maps between 7, M and T}, B.

Definition 4.11. Let ¢ : M — B be a smooth map, then the second fundamental form
of ¢ is defined as the covariant derivative of d¢ with respect to the affine connection V on
TM* ® ¢~ *(TB). That is, Vd¢ is called the second fundamental form of ¢.

Lemma 4.3. Let ¢ : M — B be a smooth map and X, Y € X (M). Then,
Vdg(X,Y) = V.Y = 6.(VxY), (4.39)

where V is the affine connection on TM* ® ¢~ '(TB).

Proof. Consider

(VwaW)(X,Y) = (ViwaW +we VW) (Y)
= (Xw(Y) - w(VyY)) @ W +w(Y)® VxIW by @31)
— Vx(w@W)(Y) = (e W)(VyY),

where w is a 1-form on M, W € X(¢~'(7B)) and X € X(M). Then,
Vdp(X,Y) = Vxdd(Y) — dp(VY).

That is,
Vdp(X,Y) = Vxd.Y — ¢.(VxY).

Hence proved. This may be regarded as another definition of the second fundamental

form. ]
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Let {ey, - ,e,} be alocal orthonormal frame of the tangent space 7,M, p € M. Trace
of the second fundamental form Vd¢ of a smooth map ¢ : M — B is defined as

traceVdg(p Z Vdo(p)(e;, e:). (4.40)

The tensor field 7(¢) = traceVd¢ on ¢~ TB is called the tension field of ¢.

Definition 4.12. . Let (M, g,,) and (B, g,) be two Riemannian manifolds of dimension
n and m, respectively. A smooth map ¢ : M — B is said to be a harmonic map if its

tension field 7(¢) is identically zero; namely,
7(¢) = traceVdep = 0 (4.41)

holds in M. Equation(4.41) is called the equation of harmonic maps.

Now, we look at the coordinate representation for the equation of harmonic maps. Let
{z',---  z"} and {y', - - ,y™} be the local coordinate systems in M and B, respectively.

With this coordinate, express ¢ as
P(x) = (d)l(xl,--- NIRRT UL (R ’xn))

and the tension field 7(¢) of ¢ as

- 0
() =D T(0) g 00 (4.42)

a=1

where

n .. 82¢a’ gm aqbb a¢c
a § i . E

ij=1

a 7 a a¢b a(bc
= Ao + Z Z ¢ir he(B)5 5 (4.43)

2,j=1b,c=1

gm )
where Iy, and T’y represents the connection coefficients of the Levi-Civita connection in

M and B, respectively. Therefore, from (4.41) and (4.43) we get the coordinate equation
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of the harmonic maps as

a 1, (I a¢ba¢c
Ag +ZZ7£LI,C )origs =0 1<a<m

4,j=1b,c=1

4.2.2 Harmonic Map between Statistical Manifolds

In this subsection, we first discuss Uohashi’s result on harmonicity of the identity map for
a-conformally equivalent statistical manifolds [26]. We obtained a necessary and sufficient
condition for the harmonicity of the identity map for conformally-projectively equivalent
statistical manifolds. Then, defined the conformal statistical submersion which is a gener-
alization of the statistical submersion and proved that harmonicity and conformality cannot
coexist [28].

Let (M, V,g,,) and (B,V', g) be two statistical manifolds of dimensions n and m,
respectively. Let {z', 2%, ....2"} be a local coordinate system on M. We set (g,,,)i;; =

gm( Gk a?w) and [977’%] = Kgm)z‘j]*l-

Definition 4.13. A smooth map 7 : (M, V, g,,) — (B, V', g;) is said to be a harmonic
map relative to (g,,, V, V') if the tension field T(gm.v.v) () of 7 vanishes at each point

p € M, where 7, () is defined as

0 0
SRS LN D) R G

4,7=1

where V is the pullback of the connection V' of B to the induced vector bundle 7~ 1(TB) C
- 2\) _ )
T(M) and V% (m(3%)) = Vm( 5 )ﬂ*(aﬂ ).

z?

Note. Note that we are considering the general affine connections here, not necessarily the

Levi-Civita connections as in the Riemannian manifold theory.

Let (M, V, g,,) and (M, V, §,,) be statistical manifolds. Then, the identity map id :
(M, V, gm) — (M, V, §,,) is a harmonic map relative to (g,,, V, V) if

0
Tigmw.9) Z GI(Vo — —V o —) (4.45)

dxl 8$J P 837]

3,7=1

vanishes identically on M. For a-conformally equivalent statistical manifolds Uohashi

proved the following.
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Proposition 4.7. [26] Let (M, V, g,,) and (M, V, §,,) be a-conformally equivalent sta-

(n—2)
- (n+2)
M, then the identity map id : (M,V, g,,) — (M, V, G,) is a harmonic map relative to

(gm: V, V).

tistical manifolds of dimension n > 2. If a = or ¢ is a constant function on

Proof. By the definition of a-conformally equivalent statistical manifolds and from the

equation (4.45), fork =1,2,..n,
-9 o\ o
2 9 < 250~ Vi ak)

o (T 0.0, ) = 9 (”1
_1§;U{ 12“¢<5§)%n@£~;;>
+1;a{w<;;> ij51>+'¢< >%nQi“;;)}}

noo 1 0 1- 0 0
= Z g%{ - _gaai;;(gmﬁj + Ta <8¢Z(gm)]k+ 8é(gm)zk> }

ij=1
- (5t o
. ;«n+%a+m—2»§i
Therefore, if (V. 9) (¢d) = 0, it holds that o« = — gz;g; or ¢ is a constant function on M.
Hence proved. 0

Now, we have the following theorem.

Theorem 4.4. Let (M, V, g,,,) and (M, V., §,,) be conformally-projectively equivalent sta-
tistical manifolds of dimension n. Then, the identity map id : (M, V, g,) — (M, V, G)

is a harmonic map if and only if ¢ = 51 + ¢, where c is some constant.

Proof. By the definition of conformally-projectively equivalent statistical manifolds and
from the equation (4.45), fork = 1,2,.n

w00 = 2 93 (Va@a Vm)

ij=1

no ) 0\ 9 939
= &4 - Oz;

i,7=1
B 9 0 0y O
_U;%<%W%W+%+%%J
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oy, - 0x; p= 8:cj
oY 2%
= —n 42 4.4

From the equation (4.46), id is harmonic if and only if g—i = gaa;z; forall k € {1,2,..n}.

Hence, id is harmonic if and only if ¢ = %1/} + ¢, where c i1s some constant. O]

Now, we define the conformal statistical submersion which is a generalization of the

statistical submersion.

Definition 4.14. Let (M, V, g,,,) and (B, V', g;) be two statistical manifolds of dimensions
n and m, respectively (n > m). A submersion 7 : (M, V, g,,) — (B, V', g3) is called a

conformal statistical submersion if there exists a smooth function ¢ on M such that

gn(X,Y) = g (m.X, 1Y), (4.47)
m(VxY) = V. mY + X(@)mX +Y(¢)mX — m(grad.0)gm(X,Y),(4.48)

for basic vector fields X and Y on M.
Note. If ¢ is a constant, then 7 is a statistical submersion. Also, note that conformal
statistical submersions are conformal submersions with horizontal distribution.

Next, we prove that harmonicity and conformality cannot coexist.

Theorem 4.5. Let 7 : (M, V, g,,) — (B, V', g) be a conformal statistical submersion.

Then, 7 is a harmonic map if and only if ¢ is constant.

Proof. Assume that ¢ is a constant, then by equations (4.48) and (4.44) we get 7 is a

harmonic map. Conversely, assume 7 is harmonic. Now, consider the equations

() = ng{v (W*%O (V £>}

i,7=1
0¢ i 0

= nm.(grad,o) —22 B, I 8—%). (4.49)

i,j=1
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and

0 — —2¢ 0 —2¢ - 8(;5
go(T(7), s azk) = ne “gm(grad,e, a9%) 2e Z;a 9% G

= ne (gradﬁgzﬁ a 2e7% <Z or; )
_ —2<Z> (b e~ 2¢
= (Z 8%) (4.50)

Since 7 is harmonic, from (4.50) we get

a¢ .y "L 0¢
8xk i1 8:):2-’

(4.51)

for each k € {1,2,..n}. That is, we have the system of equations

2-mn 2 2 ... 2 g_g 0

2 2-n 2 ... 2 20 0
T2 —

) 2 2 ... 2—n g’% 0

Since for each fixed n the above n X n matrix is invertible we get % = 0 for all k. Hence,

¢ is a constant. Thus, 7 is a statistical submersion. O]

4.3 Harmonic Maps between Tangent Bundles of Statisti-
cal Manifolds

Harmonicity of the tangent maps of tangent bundles endowed with the Sasaki lift metric
were studied in [58], [59] for Riemannian manifolds. In [30], Oproiu obtained conditions
for the tangent map to be harmonic in the case of tangent bundles equipped with the metrics
obtained from the complete lift of metrics and the vertical lift of appropriate tensor fields.
In this section, certain properties of the differential of the tangent map is given first. For
statistical manifolds, we proved that a smooth map ¢ : M — B is harmonic with respect
to V and V* if and only if it is harmonic with respect to the conjugate connections V and
V*. Then, given a necessary condition for the harmonicity of the tangent map with respect

to the complete lift structure on the tangent bundles. Also, prove 7 : (M,V,g,,) —
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(B, V*, gp) is a statistical submersion if and only if 7, : (TM, V¢, ¢¢,) — (B, V*°, g5)

1s a statistical submersion.

4.3.1 Harmonic Maps between Tangent bundles

In this subsection, we first discuss certain properties of the differential of the tangent map.

Then, the result of Oproiu [30] on harmonicity of the tangent map is discussed.

Let (M, g) be an n-dimensional Riemannian manifold with the natural projection map
7 : TM — M. Let (U;z!,...,2") be the local coordinates on M with the induced
coordinate system (z',..2"; u', ..u") on 7~ (U). Note that the vector fields 3 = (aii)h,
fori =1,---,n define alocal frame in the horizontal distribution 7 (7'M) on 7'M defined

(2

by % and the vertical fields 821- = 8‘301- , fori = 1,---  n define a local frame in

the vertical distribution V(TM) = ker m,. The system of local 1-froms (dx?, du’) for

ozt Out ’

1 =1,---,n onIT'M defines the local dual frame of the local frame (i 0 ) where

. . g . . .
ou' = du' + T ;u'da’.

Let ¢ be a symmetric tensor field of type (0,2) on M. Then, define a semi-Riemannian

metric G on TM as follows
GX"YM =¢X,)Y), GX"X")=GY", X" =¢g(X,Y), GX"Y") =0,

for X,Y € X(M).
Let g = g;;dz'dz? and ¢ = ¢;;dz'dz? be the local coordinate expressions of g and ¢,

respectively. Then, G can be represented in local coordinates as
G = 2g;;0u’dx’ + c;jdx'dx’.

Thus, the semi-Riemannian metric G = ¢¢ + ¢”, where ¢¢ is the complete lift of g and
G
c is the vertical lift of c. In [30], Oproiu computed the Levi-Civita connection V of the

semi-Riemannian metric GG as follows.
G G h G g v
VY’ = 0, Vx.Y"=0, ,VxnV" = (VXY> ,
G g h
VY = <VXY> + AX" Y, for X,Y € X(M),
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where A is a bilinear map from #(7'M) to V(7'M having the local coordinate expression

o 0 0
(5—$i, M) = Afa— Al = ij+ (vc +Vjck —chw) (4.52)
gk gk gk
Here R, ﬂhu R, 18 the local coordinate expression of the curvature tensor field R

of V and Vzcj denotes the covariant derivative of the components of the tensor field c.

Let (B, ¢’) be a Riemannian manifold with dimension m. Consider a smooth map
¢ : M — B and ¢~ !(TB) be the pullback bundle of the tangent bundle 7B over M

by ¢. We denote V the pullback of the Levi-Civita connection gV on B (cf. Definition

(4.10)). Follow the convention that the indices h, 7, j, k, [ run over the set {1,--- ,n} and
the indices «, 3,7, o run over the set {1 - ,m}. Let (V y“) be a local coordinate on B,
for simplicity use the same notation a_w for a=1,---,m, for the local frames in 7B

and the corresponding local frames in ¢~ !(TB). Let
=¢*(2t,--- 2", for a=1,---,m

be the local coordinate expression of ¢. Then,

O <i> = O»‘i where gb;?‘: aﬁa

0z’ 7 Oy~ oxJ
and 5 6

where [ are the Christoffel symbols of qV

Consider d¢ = ¢¢dz' ® % as a smooth section of the vector bundle TM* ® ¢~ (TB).
From Lemma(4.3) the second fundamental form

Vdo(X,Y) = Vxb.Y — . (VxY).
Also from definition (4.12), ¢ is harmonic map if
7(¢) = traceVdep = 0. (4.53)
In local coordinates 7(¢) can be expressed as

7(¢)* = g7 (Vde)3;, (4.54)
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where
(Vdo)s, = ¢>ar’f + r LD, (4.55)

Here ¢f; = %.

Let (M, g) and (B, ¢’) be two Riemannian manifolds of dimensions n and m, respec-
tively. Consider the tangent bundles 7'M and 7'B endowed with the semi-Riemannian met-
rics G = g° + ¢’ and H = ¢"“ + d”, respectively, where ¢ = ¢;;dx"dx’ and d = dapdy®dy”®
are symmetric tensor fields of type (0, 2) on M and B, respectively. Let V V be the Levi-
Civita connections of G and H. Denote by (z%;u’) for i = 1---n the local coordinates
on TM induced from the local coordinates (') on M and by (y; v*) fora = 1---m the
local coordinates on 7B induced from the local coordinates (y*) on B. Let ¢ : M — B
be a smooth map and ¢, : TM — T'B be the differential d¢ of ¢, called the tangent map.

The following lemma is on certain properties of the differential of ¢..

Lemma 4.4. [29] Let ¢ : (M, g) — (B, ¢’) be a smooth map and ¢, : TM — TB be
the induced tangent map. Then, for all vector fields X € X (M), we have

qﬁ**(X”) = (qb*(X))v (4.56)
%(Xh) = (¢*(X))h+<qu§(u,X)), (4.57)

9 is considered as an element in TM.

whereu:uaz

Proof. Let (x*) and (2, u') be local coordinates on M and TM, respectively. The local

frames of vector fields on M and 7'M are given by {— 1=1,--- ,n} and {(%; %) :

v

0 _ ki and = <8.> CIF (y?)

o ]ka i

i =1,---,np, where &% = (a)h -

ozt ox? aul ox*

and (y*,v®) are local coordinates on B and T'B respectively, then the local frames of

5.0

Jy* ) dve F=

vector fields on B and 7B are given by {8% ra=1,--- ,m} and {(

v
5 o _ (o _ o _ ple o o _ [ 0 B _
1, ,m},where 5 (aya) = gy — U Faﬁa and 575 = (8y0‘) . Here v* =

i 0¢P i B
JEL_ — aJ
uw! 55 = uw ¢;. Now, we have

0 09® 0 0o, o

o((G)") = Goag v edge 6
d \o B,

qﬁ**((%)) = b5 (4.59)
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Since

from (4.59) we get

o)) = (05 )

Hence (4.56) holds. Now consider

dp* 0 8¢"(
ort oy Ozt “y

Substitute this into (4.58) we get
5’ h a h : aqb*;/ ﬁ(?gzﬁﬂ o k a v
o ((5)") = (0n5m)) +w (G + 090 T0, - Hhod) ()"

_ <¢*(%)>h+ (w(;b(ugxg)”.

Hence (4.57) holds. O

Remark 4.8. Using the equations (4.56) and (4.57) of above lemma Oproiu [30] proved
that ¢ : (M, g9) — (B, ¢’) is an isometric immersion if and only if ¢, : (TM,G) —

(TB, H) is an isometric immersion.

Let ¢, : (M, G) — (TB, H) be the tangent map and V denotes the pullback con-
H
nection of the Levi-Civita connection V. Then, the second fundamental form of ¢, is
denoted by @d(b* and is defined as,

Vdé, (B, F) = Vo F — 6, (ViF),

for vector fields E, F' € X(TM).
Using equations (4.55), (4.56) and (4.57) @dqb* is represented in local coordinates as

o 0 - J 0

(©d¢*)(@7@):0, (Vd¢*)(az 5=V dgb*)( .,a—u) (V dqs)wa -
(4.60)
2 b 6 5 1 9
(Vd¢*)(@?5x]) (Vd¢> 57 |: \I/O‘ +V()(Vd¢)% 87
where

0 G G
Vo(Vde)j; = { B (VAP + ol8,(Vdo)], — T4 (Vde)s; — Tl (Vdo)s,

99



and
mg:Cmﬁ+ww—vw@ﬁ@—ﬁ(%é+wf—V%O-

In [30], Oproiu has proved that

Theorem 4.6. [30] The map ¢, : (TM,G) — (TB, H) is harmonic if and only if
¢: (M, g) — (B,g') is harmonic.

Proof. Consider the matrix of G with respect to the local frame (%, azi ), That is
(G = |7 ).
gij 0

Then, )
<Gm*=w@w:[9 gjl

1,
g7 =

Then, by the equation (4.60) the tension field of ¢ is written as

7(62) = 27(6))" g = 2(+(6))"
Hence ¢, is harmonic if and only if ¢ is harmonic. [

4.3.2 Harmonic Maps between Tangent bundles of Statistical Mani-
folds

For statistical manifolds we prove that a smooth map ¢ : M — B is harmonic with
respect to V and V* if and only if it is harmonic with respect to the conjugate connections
V and V*. Then, give a necessary condition for the harmonicity of the tangent map with
respect to the complete lift structure on the tangent bundle. Also, prove 7 : (M, V, ¢,,) —
(B, V*, gp) is a statistical submersion if and only if 7, : (TM, V¢, ¢5) — (TB, V*“, g;)

18 a statistical submersion.

Definition 4.15. Let (M, V, g,,) and (B, V*, g;) be two statistical manifolds. A smooth
map ¢ : M — B is called harmonic with respect to (V, V*) if the tension field 7y v+)(¢)
defined with respect to V, V* vanishes everywhere.

Now, we have
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Theorem 4.7. Let (M, V,V, g,,) and (B, V*,V*, g) be two statistical manifolds and ¢ :
M — B be a smooth map. Assume that ¢ is harmonic with respect to the Levi-Civita
connections 96 and ng of M and B, respectively. Then, ¢ is harmonic with respectto V,V*
if and only if it is harmonic with respect to ¥V, V*.

Proof. Since,

V—i—V:%n and Mzgvb (4.61)
2 2
we have
9b gm 1 1 R —
VoxoY —0.8x¥) = L |3 g0, - gb*(vXY)} ‘ [V*¢*X¢*Y - @(VXY)] |
(4.62)
Then,
2T ¥%) (@) = T(w,v9(9) + w77 () (4.63)
Since ¢ is harmonic with respect to %1 and ng we have
Tv,v)(9) = —Tw59)(0)- (4.64)

Hence, ¢ is harmonic with respect to V, V* if and only if it is harmonic with respect to
Vv, V* O

Consider a statistical manifold (M, V, g,,,), we have (T M, V¢, g¢,) is also a statistical
manifold (cf. Proposition (4.2)), where V¢ and ¢, are the complete lift of V and g,,,
respectively. In the following theorem we prove a necessary condition for the harmonicity

of the tangent map with respect to the complete lift structure on the tangent bundles.

Theorem 4.8. Let (M, V, g,,) and (B, V*, gy) be two statistical manifolds and ¢ : M —
B be a harmonic map. Then, the tangent map ¢, : (TM, V¢, ¢¢) — (TB,V*, gf) is
harmonic with respect to V¢, V** if ¢,..(X¢) = (¢.(X))° for X € X(M).

Proof. By the definition of complete lift

V:;i*XCQS**YC - Qb**( g(cyc) = V:&i*xcqb**yc - Cb**((VXY)C)' (4.65)
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Since .. (X¢) = (¢.(X))®, we get

V;;i*chﬁ**Yc - (b**( _CXCYC) = ?ngS*X)C (¢*Y)C - (¢*(VXY))C (466)

— (V;‘)*X@Y — gb*(VXY)) . (4.67)

Now, since ¢ is harmonic we get T(ye v+c)(¢.) = 0. That is, ¢, is harmonic with respect to
Ve, v, O

Recall the definition of the statistical submersion.

Definition 4.16. Let (M, V, g,,) and (B, V*, g,) be two statistical manifolds. Then, a

semi-Riemannian submersion 7 : M — B is said to be a statistical submersion if
T (VxY)p = (VY )ag),s
for basic vector fields X, Y on M which are 7-related to X' and Y on B and p € M.

Remark 4.9. Note that every statistical submersion is a harmonic map.

Now, we have

Proposition 4.8. Ler (M, V, g,,,) and (B, V*, g,) be two statistical manifolds and 7 : M —
B be a smooth such that ,,(X¢) = (m.(X))". Then w is a statistical submersion if and

only if m, : (M, V¢, gt,) — (I'B, V" gf) is a statistical submersion.

Proof. Assume that 7 is a statistical submersion. Now, by the definition of the complete
lift

Tee(ViY) = ma((VxY)9).
Since, .. (X¢) = (m.(X))° we get
T (V&Y€) = {W*(VXY)l

C
= {V; Xﬂ'*Y:| (since, 7 1s a statistical submersion)

Vi xeTu Y
Hence, 7, is a statistical submersion.

102



Conversely, assume that 7, is a statistical submersion. Then
T (VGY©) = VI° em,Ye
Since, T, (X¢) = (m.(X))¢ from (4.68) we get
Te((VxY)) = (Vi xmY)"
That is,
(m(VxY))© = (Vo xmY)".

Then 7. (VxY) = Vi .Y, hence 7 is a statistical submersion.
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Chapter 5

Geometry of Estimation in Statistical Man-
ifolds

In [31], Amari discussed the statistical properties of an estimator in a statistical manifold
and the geometry of exponential and curved exponential family. Amari [31] proved a neces-
sary and sufficient condition for a submanifold of an exponential family to be exponential.
Amari has obtained geometric conditions for the consistency and efficiency of an estimator
in a curved exponential family using ancilliary manifolds [33], [31]. Cheng et al. [34] ob-
tained an MLE algorithm for estimating parameters in the curved exponential family. The
estimator belongs to the gradient-based methods that operate on statistical manifolds.

A statistical model is a family M of probability measures on a measurable space (sam-
ple space) 2. In the case of a finite dimensional parametrized families of measures, the
theory of statistical manifold structure with the dual connections is well studied. Also a
statistical manifold - a Riemannian manifold with each of whose points is a probability dis-
tribution - can be embedded into the space of probability measures on a finite set. Infinite
dimensional families of probability measures were first considered by Pistone and Sempi
[35]. To deal with the infinite dimensional spaces of probability measures Ay et al.[36]
developed a functional analytic framework. They introduced the notion of parametrized
measure models and obtained the analogue of the structures considered in the finite dimen-
sional information geometry.

In this chapter, estimation of parameters in statistical manifolds, submanifolds of ex-
ponential family, estimation of parameters in the curved exponential family and Fisher-
Neyman sufficient statistic for parametrized model are discussed. In section 5.1, short
account of the statistical properties of an estimator is given. In section 5.2, we show that if
all V- autoparallel proper submanifolds of a £1- flat statistical manifold M are exponen-

tial then M is an exponential family. Also, we show that if a submanifold of a statistical
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model is an exponential family, then it is a V'-autoparallel submanifold [32]. We prove
that the Fisher-Neyman sufficient statistic is invariant under the isostatistical immersions

of statistical manifolds in section 5.3.

5.1 Estimation of Parameters in Statistical Manifolds

In this section, a brief description of the statistical properties of an estimator in a statistical
manifold is given [1].

Let M = {p(x;0) : 6 € © C R"} be an n-dimensional statistical model parametrized
by 6 = [¢7], for i = 1,2, ...n. This may be viewed as an n-dimensional statistical manifold

under appropriate regularity conditions.

Definition 5.1. Let M = {p(z,0) : 6 € © C R"} be an n-dimensional statistical manifold
and g = (.) be the Fisher information metric. Let o € R.

Define n3 functions
a l1—«
T = Eol(0i0its + —5—0140;9)ts]

Then an affine connection V* on M is defined by (V§.0;,0k) = I'f;, known as Amari’s

- connection.
Note. If o = 1, then V! is called an exponential connection or e-connection. Also, note
that V¢ is flat if and only if V¢ is flat.

Letzy = (x',--- ,2") be N independent and identically distributed random variables
drawn from p(x; #). Then, the joint density of z is
N
Py(en;0) = [[p(="0).

t=1

Also, the log-likelihood of the density is
log Py(xn;0) = ) logp(a';6).
t=1

By viewing xy as a random variable, consider My = {Py(zy;0) : 6 € © C R"} as

an n-dimensional statistical manifold with € as the coordinate system. Then, the Fisher
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information and Amari’s a- connection of M in local coordinates are

g;(0) = Ngi;(0),
(N _ (@)
Dk = NDijg
where g¢;;(6) is the component of Fisher information metric on M and FE;‘L is the compo-
nent of a-connection. Note that the geometry of My is the same as that of M scaled by a

factor N. So the natural basis for the tangent vectors 9.V of My are given by 9N = /N9,

_ 0
06t

One of the main objective of the estimation problem is to select an appropriate estimator

where 0;

such that its sampling distribution is concentrated around the actual value of the unknown

parameter #. An estimator O is defined as a function of the data point x given by

éN = éN(.TN) = éN(ml,xQ, .I'N)

Note that the estimator & ~ depends on /N, but for the notational convenience we denote 0 N
by 3

Estimation error is given by e = 6 — 0 and bias of the estimator is given by b(6) =

A

Ey[0] — 0, where Ej is the expectation with respect to the distribution Py(zx;6). An
estimator is said to be unbiased if (/) = 0. The mean square error of an estimator is

expressed as the matrix

MSE(0) = |Ep[(0" — 0') (67 — 67)]|.

~

The accuracy of an estimator is measured by the variance-covariance matrix Vj(0) =

~

(v (0)], where
vi(0) = Eu[(6; — E6:])(0; — E[6;))].

Note that, if the estimator 0 is unbiased then the mean square error is the variance-covariance

A~ ~

matrix of the estimator. That is, M SE(0) = V().

The Cramer- Rao inequality [v}(0)] > L[g”], where g¥ is the inverse of Fisher in-

formation metric and 6 is an unbiased estimator, gives a bound of accuracy. An unbiased

estimator § which achieves Cramer-Rao equality [v (§)] = +[g"] is called the finite sam-

ple efficient estimator.

So far, we have described the properties of an estimator obtained by a sample of size

106



N. The asymptotic theory studies the behaviour of an estimator when N is large. For
describing the finite sample theory the estimator Oy is denoted by 6. Let {é NN =12 .}
denotes the estimator for asymptotic analysis.

An estimator {éN, N = 1,2,....} is said to be consistent if for all  the estimator
Ox () converges in probability to # (denoted by Oy (zx) = 6 ) as N —» oo. That is, for
all 6 and for every € > 0,

lim Prg{| Oy — 6 |> €} = 0.
N—o0

The concept of mean consistency is a far more powerful condition than the usual notion of
consistency. An estimator O is said to be mean consistent if

lim E@[éN] = 9, th ang[éﬁv} = 8392 = (Sl]

N—o0

This type of estimator is often known as an asymptotically unbiased estimator.

Remark 5.1. In [33], Amari proved that the coordinate system (6;) of the statistical model
M = {p(x,0)} has an efficient estimator if and only if M is an exponential family and ¢

is m-affine. For more details about asymptotic analysis on statistical manifolds refer, [33],

[1].

5.2 Exponential Family and Estimation Theory

In this section, we first discuss about the geometry of exponential family. In [1], Amari and
Nagaoka obtained a necessary and sufficient condition for a submanifold of an exponential
family to be exponential. We show that if all V!-autoparallel proper submanifolds of a
+1-flat statistical manifold M are exponential then M is an exponential family. Also,
we show that if submanifold of a statistical model is an exponential family, then it is a
V1-autoparallel submanifold [32]. Then a brief account of Amari’s geometric conditions
for the consistency and efficiency of an estimator in a curved exponential family using
ancilliary manifold is given [33], [31]. Also, discussed the work of Cheng et al. [34] on an
iterative maximum likelihood estimator in a curved exponential family.

Let (2, B, 1) be a measure space. A parametrized model M = {p(x;0) : 6 € © C R"}

is called an n-dimensional exponential family, if
p(x,0) = exp(>_ 0 Fi(x) + C(z) — 4(6)), (5.1)
i=1
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where 0 = {0',--- 6} is an n-dimensional vector parameter called natural parameter,
{C, F;} are functions on (). Here v corresponds to the normalization factor. The expecta-

tion parameter 7); is defined as

0 = Eo|F) = /Q Fy(x)p(a; B)d. (5.2)

This is also called the dual parameter of 6. In [31], Amari proved that M is a dually flat
space with dual coordinate systems ¢ and 7. Note that the n functions Fy(z) - - - F,,(x) are

random variables, rename the n random variables as follows

Now, define the probability density function on the random variable z = {x1, xs, .....7,,}

with respect to the dominating measure
du(x) = exp{C(x)}dx.

Then, the equation (5.1) can be written as

p(z,0) = exp(z O'x; —(0)).

Collection of these distributions is referred as the standard exponential family. Note that

the exponential family is an n-dimensional statistical manifold.

Note. In [31], Amari proved that the exponential family is =1-flat, (that is, flat with respect
to V*! connection). Also, note that the parametrized model which is flat with respect to

+1 connection need not be an exponential family.

Example 5.1. Let ¢ be a smooth probability density function on R and ¢* be the £ inde-

pendent and identically distributed extension. Then, for

y= "yt ) (5.3)

we have
(V) = qy"aw)ay?), ..ay). (5.4)

For a regular matrix A € R¥** and a vector v € R¥, define the probability density function
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on R” by
¢“(A"}(z —v))
| det(A) |

which gives the probability distribution for the random variable AY + v when Y is dis-

p(A,v,z) = (5.5)

tributed according to ¢*(y). Now, define a statistical model

S = {p(A,v,z):veR}. (5.6)

Olog(p(A,v,x))
ov;

«a-connection, F%k = 0 and it implies that S is a-flat for all a. But in general S is not an

Then we can easily see that is constant. So from the definition of Amari’s

exponential family.

Definition 5.2. Let (M, V, g,,) be an n-dimensional statistical manifold. A submanifold
S of M is said to be V-autoparallel if VxY € X(S) for X, Y € X(S).

I-dimensional autoparallel submanifolds are called geodesics.
Remark 5.2. A necessary and sufficient condition for S to be autoparallel is that V,0b €
X (S) holds for a,b =1, --- ,m, where m is the dimension of S.

Let (M, V, g,) be an n-dimensional statistical manifold and S be an m-dimensional
submanifold of M then T,,S C T,M for p € S. Now, consider the orthogonal projection
mp 2 TS — T,M and 7,(D) = D, for all D € T,S. Define a connection V™ on S as

(VXY), = WP(VXY)ZH
for all p € S. Also, define
H(X,)Y)=VyxY - VLY.

H(X,Y) is called the second fundamental form or the embedding curvature. Now for each
p € M, let {(0,),;1 < a < m} be abasis for T,,S and let {(Jx),;m+1 <k <n}bea

basis for T,S*. Then, define m?(n — m) functions { H,} in the following way

Hupie = gm (H(aa, Ob), ak) = Gm (Vaa,ab, ak) :

It follows that H = 0 if and only if H,y, = O for all a, b, k. Also, note that H(X,Y") =0 if
and only if S is V-autoparallel submanifold of M.

Remark 5.3. In [1], Amari and Nagaoka proved that a submanifold S is autoparllel in a flat
manifold M if and only if S can be expressed as an affine subspace of M with respect to

an affine coordinate system. Also proved that if S is autoparallel, then it is also flat.
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Amari and Nagaoka has proved a necessary and sufficient condition for a submanifold

of an exponential family to be exponential.

Theorem 5.1. [ /] Let M be an exponential family and S be a submanifold of M. Then, S
is an exponential family if and only if S is V'-autoparallel in M.

Proof. Assume that S is autoparallel with respect to V! in M. Then by remark (5.3), S

is an exponential family. Conversely, assume that S is an exponential family. Let M =
{p(z,0) : 0 € ® C R"} and S = {¢q(z,u) : v € U C R™}. By definition of the

exponential family,

p(z,0) = exp(Z 0'F;(x) + C(x) — ¥(6))

and
g(z,u) = p(x,0(u) = exp{>_u"G,(z) + D(z) — ¢(u)}.
Then
Go(x) — 0agp(u) = 0Onlog(q(z,u))
= (0a0")u0;log(p(x, 0(u)))
= (aaez)u{ﬂ(m) - aﬂﬁ(Q(U))},
and hence

(0,0)  Fy(x) + No(u) = Go(w),

where \,(u) is constant with respect to x. Since G, (z) does not depend on u and since
{F,...., F,, 1} are assumed to be linearly independent, (9,0°),, is constant with respect to
u for all ¢ and a. Then, from remark (5.3) we get S is autoparallel with respect to V* in
M. O

Now, we show that if all V!-autoparallel proper submanifolds of a 4-1-flat statistical

manifold M are exponential, then M is an exponential family.

Theorem 5.2. Let M = {p(x,0) : 0 € O} be a parametrized family which is flat with
respect to V' and V1. If all V'-autoparallel submanifolds of M are exponential, then M

is an exponential family.

Proof. Let M = {p(x,0) : 0 € ©}, be an n-dimensional statistical manifold with dually
flat structure (g, V!, V1), where g is the fisher information metric. Let 6 = [6"] and 7 = [n;]
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be the coordinate systems of M with respect to V! and V™! respectively. Now, subdivide
the range of index ¢ = 1,2, ...n into two indexing sets [ = {i = 1,2, ...k} and
IT={i=k+1k+2,..n} Let M(C;) be the set of points whose coordinates [0"] in I]
are fixed to the constants C;; = (C%;) fori = k + 1,k + 2, ..n. That is,

M(Cp) ={peM: 0" = Cpft, 02 = C%,.0m = Oy, (5.7)

where C;; € R**. Then, this is an affine space with respect to #-coordinate system, which
implies M (Cy;) is a V'-autoparallel submanifold of M. Also, if C;; # C;, then

M(Crr) N M(C};) = ¢ and Ue,, M(Cir) = M. Now, by our assumption M (Cy) is an
exponential family for all Cy;. If p(x,0) € M, then p(z,0) € M(C}y) for some constant

C71, this implies that
k

plx,0) = exp(> 0"z — % (0)), (5.8)

i=1
where ¢)%(0) defined on ©° = {# € © | OF+! = O} 0F+2 = CF2 0" = O, }. Now
define ¢(0) = ¢?(0) if @ € ©°. Then, we have

k
p(z,0) = exp(z 0'x; — ¢(0)) (5.9)
= exp Zem+ Z Cla; — ZCHx, - (5.10)
i=k+1
= e:z:p(z 0'z; + F(x) — ¢(0)), (5.11)

=1

where F(z) = — ¥ Ci,z; for p(x,0) € M(Cyr), then M is an exponential family. []

Now, we show that if submanifold of a statistical model is an exponential family, then

it is a V'-autoparallel submanifold.

Theorem 5.3. Let M = {p(x,0) : 6 € O} be a statistical manifold with V' connection

and S be a submanifold of M. If S is an exponential family, then S is V'-autoparallel
submanifold of M.

Proof. Let M = {p(z,0) | 6 € ©} and S = {q(x,u)} be a submanifold of M. Let [¢’] and
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[u,] be coordinates of M and S, respectively. Suppose S is an exponential family, then

q(z,u) =p(x,0(u)) = exp{z u,G(z) + D(z) — ¢(u)}. (5.12)

We have,
Paps = Eel(0a04lo)rlo),

where (g =log(p(z,0)). Then

D¢
0,0l = — :
o 8ua8ub
Therefore, F}Lb’k = 0 which implies (Vé@@b, Ok) = 0, for all k. Hence, H,, = 0, which
implies that S is a V!-autoparallel submanifold of M. O

Note that in the above theorem we are not assuming that the ambient manifold M is an

exponential family. Next, we discuss the estimation theory in exponential family.

Let vy = {z*, 22, ...z} be independent and identically distributed random variables
drawn from p(z, 6) € M. Then

P(zy;0) = []»@"0)

n

= [expd 0zl —v(6))

=1

= exp(N{0-7T —¢(6)}),

where T = (71, -+ ,T,) is the arithmetic mean given by

al 4 al
T ="
This shows that {py(xy;60)} is also an exponential family with the natural parameters
(6"). Also, note that the joint probability density py(zy; 6) depends on the N observations
{x', ... 2N} through Z. Thus the statistic T is a sufficient statistic for § and is called the

observed point.
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Now take 7y = T as an estimator for 7. Then,

B )@~ )] = 10u(0)

Therefore, 7y = 7 is an unbiased and efficient estimator for 7. As a result, a finite dimen-
sional standard exponential family has a sufficient statistic and an efficient estimate [1],
[38].

Definition 5.3. Let M = {p(x;0) : § € © C R"} be an n-dimensional exponential family.
A subfamily S = {p(x;0(u)) : u € U C R™} of M is called a curved exponential family

with parameter w if
p(a;0(u)) = exp (Z 0 (u)z; — w(e(u))) .

Let 2y = (2',22,....2") be N independent and identically distributed observations
drawn from p(z;0(u)) € S. This gives an observed point T = (Zy,- - - ,T,) in the expo-
nential family M and defines a distribution in M whose 1 coordinate is given by 1y = .
But this point need not be in S. Now the estimate of « is obtained by mapping 7y to S.
That is, fx(7x) = Uy is the estimator for u, where fy : M — S. This map fy is known

as the estimator. Note that this estimator is depending upon the sample size N.

Definition 5.4. Let fy : M — S be an estimator. Define

An(u) = {neM: fx(n) =u},

which is an (n — m)-dimensional submanifold of M. It is called an estimating submanifold

or an ancillary manifold.

Let
A(u) = lim Ay(u).

N—00
Assume that each fy is a continuous function from M to S and f be the limiting estimator

function which determines the limiting estimating submanifold A(u).

Remark 5.4. Let S = {p(z;0(u)) : w € U C R™} be an m-dimensional curved subfamily
of M. In [60], Amari’s geometric conditions on consistency and first order efficiency of an

estimator in a curved exponential family are given as
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e Anestimator {Gy, N = 1,2,...} for u € S is consistent if and only if n(u) € S is in
the estimating submanifold A(u).

e A consistent estimator {Gy, N = 1,2, ...} for u € Sis first order efficient if and only

if A(u) is orthogonal to M at the intersecting point 7(u) in S.

Let M = {p(z;0) : 6 € © C R"} be an n-dimensional exponential family and
S = {p(z;6(u)) : w € U C R™} be an m-dimensional curved exponential family of M.
The Kullback-Leibler divergence, D(. || .), on M is defined as

Dip(as0) || a(a:0)) = [ plast)1og (ggxg;)d

Let 7y be the observed point with respect to the independent and identically distributed
sample zy = (z!,---,2") drawn from p(z;0(u)) € S. Then the Kullback-Leibler diver-

gence from the observed point 7) to a point n(u) in S is,

Dl || n(w)) = 6(0(w) + (3) ~ 6 (u)i
= plin) ~  log Pr(ax:u).

where 1) and ¢ are potential functions of the exponential family with g;@ =n; and g—rf =0,

respectively.
Remark 5.5. In [60], Amari proved that the point which minimizes the divergence was the

orthogonal projection of the point 7 onto S along a V~!-geodesic.

Definition 5.5. Let M = {p(z;6) : # € © C R"} be an n-dimensional statistical manifold.
Consider N independent and identically distributed random variables zny = {z!,...2"V}

drawn from p(z; 0). Then, the likelihood function L" () is given by

N
LN(0) = Py(xx:0) = [ [ (=" 0). (5.13)
t=1

Since log function is a strictly increasing function, maximizing the likelihood function
LN (0) is equivalent to maximizing log(L" (0)). The estimator @ is said to be the Maximum
Likelihood Estimator (MLE) denoted by 0 v if

0= LN(9) = 1 0))
arg max (0) =arg max Z og(p(z";
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Proposition 5.1. /1] The maximum likelihood estimator Uy, of the parameter u of the
curved exponential family S = {p(x;0(u)) : w € U C R™} is an asymptotically efficient

estimator.

Proof. Since

D(iy | n(w)) = ¥(0(w)) + (i) — 0" (u)in:

~

1
= o(n) — Nlog Pn(zn;u).

The point which minimizes the divergence with point 7y is the point which maximizes
the likelihood Py (xy;w), and this is the maximum likelihood estimator ;7. Hence from
remark (5.5), the estimating submanifold A(u) of 4y, is autoparallel with respect to V1

and orthogonal to S. Hence from remark (5.4) i, is asymptotically efficient. [

In [34], Cheng et al. developed an algorithm to obtain the maximum likelihood estima-
tor for the parameter u of the curved exponential family S using natural gradient descent

on statistical manifolds. Now, we discuss the geometry of this algorithm in detail.

Let S = {p(z;0(u)) : w € U C R™} be a curved exponential family. That is,
pr;u) = p(x;0(w) = exp{Y_ 0'(u)Fi(x) + Cx) — ¥ (0(u))},
=1

where z is a random variable, § = {6',--- 6"} is the natural coordinates or canonical
parameters, u denote the local parameter and F'(x) = {Fi(x),---, F,(z)} are sufficient
statistics for § = {6,---,0"}. Let £(6(u),z) = logp(z;0(u)) be the log likelihood of
the curved exponential family and 76 the Jacobian matrix of the natural parameter ¢ as a

function of local parameter u. Then,

J((O(u),x)) = J(Z9i(U)Fi(x)—w(9(U)))

= J{0" (W) F(z) — ¥ (0(w))})
= J(O" (w{F(z) —n(u)}),

where 7)(u) = E[F(x)] and J(0(u)) = T07 (u) Tpo(6) = T0" (w)n(u).

The maximum likelihood estimator 1, of the curved exponential family satisfies the
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following likelihood equation.
T ine) = T logp(x,u) = T (anr)[F(z) — n(iare)] = 0. (5.14)

Here /(1) is an objective function to be maximized with parameter u. In [61], Amari
suggested the use of natural gradient updates for the optimization on a Riemannian mani-
fold. That is,

U™ = u+ MG Hu) T(u), (5.15)

where ) is a positive learning rate that determines the step size and G/(u) denote the matrix
of Riemannian metric of the manifold. Here G is the Fisher information matrix which can

be represented as

G(u) = J0T (u)G(0)T0(u),

where G(6) is the Fisher information matrix with respect to the natural parameter 0. A

recursive MLE of curved exponential family is obtained as follows

u* ) =y ® L AGT (W) T (M)

= u® + NG HuPH T (uP) {F(az) - n(u(k))] : (5.16)

where 0(u) and 7(u) are the natural parameter and the expectation parameter of the distri-
bution, respectively and F'(z) is the sufficient statistics. Now, the algorithm is summarized
as follows [34].

The natural gradient based iterative MLE algorithm

1. Distribution reparameterization

plaiu) = p(x; 6(w)) = exp{311, 0" (u) Fi(x) + C(x) — ¥ (0(u))}.

Identify the natural parameter 6(u), sufficient statistics '(x) and potential function

$(6(u)).

2. Find expectation parameter 7 and Fisher information metric GG for the curved expo-
nential family p(x; 0(u)).
n(u) = E[F(z)] = Jot(6).
G(0) = o T v(0).
G(u) = J0T (w)G(0)TO(u).

3. Input initial conditions
u?, Gu®) = J07 (u®)G(Ou®)T0(u®)
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4. Set step size e¥) > ¢ > 0, k =0,
while e®) > ¢
Loop for the (k + 1) iteration

G( k+1)) jQT( (k+1) )G(@(u(kH ))jﬁ( (k+1) )
Update step size
elk+1) — H(u(k) _ u(kz—s—l))H

end

Continue this process until it converges.

Remark 5.6. The natural gradient estimator updates the underlying manifold metric, the
Fisher information matrix GG at each iteration, which evaluates the estimate accuracy. For
the cases where the underlying parameter spaces are not Euclidean but are curved the stan-
dard gradient does not represent the steepest descent direction in the parameter space. The
natural gradient updates in the equation (5.15) improve the steepest descent update rule by
taking the geometry of the Riemannian manifold into account to calculate the learning di-
rections. In fact, it modifies the standard gradient direction according to the local curvature
of the parameter space in terms of the Riemannian metric matrix G(u), thus offers faster
convergence than the steepest descent method. The natural gradient approach increases the
stability of the iteration with respect to Newton’s method through replacing the Hessian by
its expected value, that is, the Riemannian metric matrix G(u). In the proposed iterative
MLE algorithm in equation (5.16), an alternative parametrization of the curved exponential
family in terms of the natural and expectation parameters are employed. Through such a
reparametrization, the implementation of the natural gradient updates is facilitated by the

relevant statistics of a curved exponential family.

Now, we discuss the geometrical explanation of the convergence of the non-linear it-
erative estimator in terms of the information geometry [34]. In figure (5.1), let A be the
natural parameter space and B3 be the dual space. The curved exponential family be rep-
resented by the curve F4 = {f(u) : v € R™} in A and Fg = {n(u) : v € R™} in
the dual space . Starting from an initial parameter u(¥), the algorithm constructs a vec-
tor Lo = {A(u®) = F(x) — n(u*)} from the current distribution represented by its

expectation parameter 7(u(*)) to the measurement F'(x). The projection of 7j(u*) to the
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tangent vector J6(u*)) of the natural parameter 6(u*) with respect to the metric G'(u(®)
gives the steepest descent gradient (natural gradient) to update the current estimates (where
JO(u®) is represented by the dashed arrow in both A and 13, while the natural gradient is

represented by the solid arrow in B ).

> T0(u)
——) natural grradient

TO(uD)

Fa /4 Qg

je-(;l(k)) O(tnrr)

n(anre)

natural parameter space .
expectation parameter space

Figure 5.1: Convergence of the iterative maximum likelihood estimator algorithm [34].

The iteration continue according to the equation (5.16) until the two vectors 7j(u*) and
JO(u®) are orthogonal to each other. Then, the algorithm achieves convergence with
the steepest descent gradient G~ (u*) 767 (u®)7j(u*) vanishes and a solution to the MLE
equation (5.14) is obtained by projecting the data F'(x) onto Fp orthogonally to [76(u).

5.3 Parametrized Measure Models and Fisher-Neyman Suf-

ficient Statistic

In this section, we discuss the Fisher-Neyman sufficient statistic for a parametrized measure
model. We show that the Fisher-Neyman sufficient statistic is invariant under isostatistical
immersions of statistical manifolds.

Let (€2, X) be a measurable space, denote

P(Q) = {u:p is a probability measure on §}.
M(Q) = {p:pis a finite measure on Q}.
S(Q) = {p:pis a signed finite measure on Q}.
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Clearly P(2) € M(Q2) C S(£2) and note that S(€2) is a real vector space. Define, for
ne S(Q),

I lrv=sup > | p(A:) |,
=1

where the supremum is taken over all the finite partitions 2 = A; U Ay U ... U A,, with
disjoint sets A; € X. Then, S(2) is a Banach space with respect to || . ||7y. Note that
P(2) ={pn e M(Q):| ul|rv=1}. Asubset A C 2 is called the null set of a measure
wif p(A) = 0. Let pq and o be two non-negative finite measures on €2, then i is said to
dominate jo (denoted by, po < ;) if every null set of 14; is also a null set of .

Fix a measure ;0 € M((2), then define

P, o) = {neP(Q): pn< po}.
M(Q o) = {peM(): p<puo}
S Q) = {peSQ): p< ot

We identify S(€, o) with L*(€, o) by the canonical map

ZS(Q7ﬂ’O> — Ll(QmuO)

1% — TR

where d% is the Radon-Nikodym derivative of ;4 with respect to oy ([62]). Using this

identification M (2, p19) = {dpo : ¢ > 0} and P(Q, po) = {dpo = [ o0 = 1}. Also,
note that

| & |21 )=l P10 |7v

Definition 5.6. Let VV and W be Banach spaces and U C V be an open subset. A map
¢ : U — W is called differentiable at x € U, if there exists a bounded linear operator
d,¢ € L(V,W) such that

o 16+ 1) = 6(2) = () I

h—30 | Ay

=0.

In this case, d, ¢ is called the differential of ¢ at x. Moreover ¢ is called continuously

differentiable or shortly a c!—map, if it is differentiable at every x € U and the map

119



d¢ : U — L(V,W) defined by x — d,¢ is continuous. Furthermore, a differentiable
map ¢ : (—¢,e) — W is called a curve in I.

Note. Let X C V be an arbitrary subset and let xp € X. Then v € V is called a tangent
vector of X at zo if there is a curve ¢ : (—e,e) — X such that ¢(0) = zo and £(0) = v.
The set of all tangent vectors at x is called the tangent space of X at x( and is denoted by
T,,X.

Remark 5.7. In [63], Ay et al. proved that the tangent space of M (2) and P(f2) at u are
S(9, 1) and Sp(2, 1) respectively, where So(Q, p) = {p € S(Q, ) : u(2) = 0}.

5.3.1 Fisher-Neyman Sufficient Statistics and Isostatistical Immer-

sions

In this subsection, we discuss the Fisher-Neyman sufficient statistic for parametrized mea-
sure models. Also, we prove invariants of Fisher-Neyman sufficient statistic under isosta-

tistical immersions.

Definition 5.7. Let (Q, B) and (Q', B') be two measurable spaces. A measurable map k& :
Q0 — Q' is called a statistic. For a statistic there is an induced map k, : S(Q) — S(Q)
defined by k,pu(A) = pu(k=(A)), for A in the o-algebra B of .

Note that k, : S(Q) — S(Q) is a bounded linear map which is monotone. That
is, it maps non-negative measures to non-negative measures. Using Jordan decomposition
theorem ([62]) of measures, k,(P(Q)) C P(Q). Also, from the definition of k, we get if
1 << fig, then kypy << k5. Hence, k, : S(Q, 1) — So(Q, k, 1) is a bounded linear
map.

The elements of S(€2, p) are of the form ¢pu for ¢ € L' (2, 1) and if we write k. (¢pu) =
¢ kypufor ¢ € LY(Q, ko), then ¢ is called the conditional expectation of ¢ given k. This
gives a bounded linear map k# : L'(Q, 1) — L'(Q, k) defined by k*(¢) = ¢'.

The pullback of a measurable function ¢ : Q' — R is defined as k*¢ = ¢ o k.
IfA c Qand A = k7'(A") we have x4 = k*x, and thus k,pu(A) = u(k~'(A))
is equivalent to x 4 kit = ki(xap) = kio(k*x 4 p). By the linearity it extends to the
step functions on ' and by the density of step functions in L'(Q', k, 1) we have, for any

¢ € LN, k.p)
k(K¢ 1) = ¢ ks
and hence k*(k*¢') = ¢'.
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Definition 5.8. Let k :  — Q' be a statistic and /' € M(Q). A k-congruent embedding
is a bounded linear map K., : S(Q', ') — S(Q) such that

e [, is monotone.
o k(K1) =v forallv € S(Q',u).

Furthermore, the image of a k-congruent embedding K, in S(1?) is called the k-congruent

subspace of S(€2).

Example 5.2. Let k£ : Q — Q' be a statistic and ;1 € M(Q) be with ;' = k. €
M(Q). Then, the map K, : S(Q', ') — S(, uu) defined by K,(¢' 1) = k*¢ p for
¢ € L'(Q', ) is a k—congruent embedding, since

k(K (o) = k(™9 1)
= ¢k (5.17)
= o

Definition 5.9. A Markov kernel between two measurable space (2,3) and Q',B') is a
map K : Q — P(Q) associating to each w € € a probability measure on " such that for
each fixed measurable A" C Q' the map

Q—1[0,1], w-— Kw)(A)=K(wA)
is measurable for all A" € B'. The Markov morphism induced by K is the linear map
K, :8(Q) — S(Q), KuA) = [,K(w;A)duw).

Use the notation K, (u; A') = K,u(A"). Since K (w) € P(Q), it follows that K (w; Q') =
1, for all w € Q, hence K, u(€') = (). Thus,

| Kot lzv=|l gt [lzv.  forall € M(Q).

In particular, a Markov morphism maps probability measures to probability measures. For
a general measure i € S(Q), we have | K, (11; A)| < K, (|u|; A") forall A" € B’ and hence,

| Kiplrv < [ K | plllev=| pllrv, forall p € S(Q)

so that K, : S(Q) — S(€') is a bounded linear map.
Note that the Markov kernel K can be recovered from K, using the relation

K(w) = K., forw € (),
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where §“ denotes the Dirac measure supported at w € ().

Note. From the definition of Markov morphism it is immediate that K, preserves the dom-
inance of measure, that is, if y; << o, then K,y << K,pus. Thus, for each € M ()

there is a restriction
K, :8(Q,p) — S, ),
where 1 = K, . This induces a bounded linear map
Kt LN p) — LNQ W), ¢ — ¢,

where ¢ is given by K, (¢u) = ¢ 1 and ¢’ is called the conditional expectation of ¢ given
K.

Definition 5.10. A Markov kernel K : Q" — P() is called k-congruent for the statistic
k:Q— QifkKw) =6 forallw € Q.

Remark 5.8. Let k : Q —> ' be a statistic, then there is an induced Markov kernel
K*: Q — P(Q) defined by K*(w) = 6*“), so that K*(w; A") = X} -1(4y(w). In this
case, Markov morphism induced by K* coincides with k, : S(Q2) — S(€2'). Also note
that if K is a k-congruent Markov kernel, then (K*K), is an identity map on S(£').

Definition 5.11. Let €2 be a measurable space, a parametrized measure model is a triplet
(M, Q, p) where M is a Banach manifold and p : M — M(Q) C §(Q) is a ¢'-map.

The triplet (M, €2, p) is called a statistical model if the image of p is contained in P(2).
Such a model is said to be dominated by y if the image of p is contained in M (2, o). In
this case the notation used for this model is (M, €, o, p).

Remark 5.9. If a parametrized measure model (M, €, 19, p) is dominated by ., then there
is a density function p : 2 x M — R such that p(§) = p(.; £) . The density function p
is said to be a regular density if for all V' € T;M the partial derivative Oy p(.; {) exists and
lies in L' (9, 110).

Definition 5.12. Let (M, Q, p) be a parametrized measure model and k : O — Q' be
a statistic. Suppose that there is a 1 € M(Q) such that p(¢) = p (k(.); €)u, for some
p € LY, 1) and hence,

P (&) =kp)=p(;&u, (5.18)



where ¢ = k,u. Then, k is called a Fisher-Neyman sufficient statistic for the model
(M, Q,p).

Proposition 5.2. [36] Let (M, ), po, p) be a parametrized measure model given by the
density function p(€) = p(w; &) and let k : Q — Q' be a statistic with the induced
parametrized measure model (M, Q) , 1o, p'), where p' (€) = k., P(€) and gy = k. 1o, given
by p' (€) = p (w';€)uy. Then, k is a Fisher-Neyman sufficient statistic for (M, Q, ju, p) if
and only if there is a function v € L'(S2, o) such that p,p can be chosen such that

’

p(w; &) =r(w)p (k(w);§). (5.19)

Proof. Let £ € M be arbitrary, define
Ac={w e Q:pw;€) =0} and By = {w e Q:p (k(w); &) = 0}.

Then P(£)(B:) < P(€)(k'k(Be)) = P'(€)(k(B¢)) = 0, last equality follows from the
definition of Be. Thus, P(£)(B¢) = 0 and hence, B, \ A in (2 is a null set with respect to
fo- Set p(w; §) = 0 on B \ A, so that we assume that B \ A¢ is empty. That is, B C Ae.
Use the convention (9) =: 1 to define the measurable function

p(w; &)
P (k(w); &)

r(w; &) =

Now, it is enough to show that r is independent of & and has a finite integral if and only if
k is a Fisher-Neyman sufficient statistic.

Assume that % is Fisher-Neyman sufficient statistic. Then, there is a measure ;1 € M (€2, o)
such that p(&) = p' (k(w); &)p for some p : Q' x M — R with 5 (.;€) € L'(Q, ) for
all £&. Then,

/

P'(¢) = kP(€) = k. (K (7 (:)n) =5 (;€)n

by (5.18). Since P(¢) is dominated by both p and p, assume without loss of generality
that 12 is dominated by /i and hence, ;¢ is dominated by ug. Denote

!/

d ’ d / !
¢0 = —H c LI(Q,/L()) and ¢0 = i/ € Ll(Q 7:“0)‘

dpo dpg
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Then

_dP(§) _ dP(¢) dp
dpo dp dpo

p(w;€) (w; &) = P/ (k(w); §)ho(w),

and similarly,
P, €) = p'(w'; ().

Therefore,

Lo\ p(w; ) - Yo(w)
M8 = S0~ Bk

This implies r is independent of £. Now

o = [ iyt~ [ (o)

1
= ——dy' = dply, = po(Q .
/Q/ w(,)(w/) 2 // Ho #0( )<OO

Sor e LY, up).
Conversely, assume that equation (5.19) holds and » € L'(Q, o) then for u = rpy €
M(Qv MO)

P(&) = p(:§po = p'(k(): . (5.20)

Hence the proposition follows from the definition of the Fisher-Neyman sufficient statistic.
[

Theorem 5.4. [36] Let (M, ), 119, p) be a parametrized measure model given by the reg-
ular density function p(&) = p(w; €)po and let k : Q — Q' be a statistic. Then, k is a
Fisher-Neyman sufficient statistic for the parametrized measure model if and only if there
exists a function s : Q' x M — R and a function t € L*(Q, juy) such that for all ¢ € M
we have s(w', &) € LYY, ko) and

p(w; &) = s(k(w); §)t(w) (5.21)
Proof. If (5.21) holds, let pu = t(w)po € M(S2, o). Then for all £

P(&) = p(.; ) po = s(k(w); &u, (5.22)



hence k is a Fisher-Neyman sufficient statistic for P.

Conversly, if & is a Fisher-Neyman sufficient statistic for P, take t = r and s = p’ in
(5.19. Then (5.21) follows. U]

Let (M, g, C) be a statistical manifold. A smooth family of probability distributions
p(z; &) on a sample space {2 with parameter £ € M is called a probability density for g and
Cif

9§V, Ve) = Ee (ilogp(-;ﬁ)ibgp(';é))

ovy oV,
0 0 19)
C(&V, Ve, Vs) = Eg a—vllogp(-;ﬁ)a—vg10gp(';€)a—%logp(.;§) 7

where V; € T:M fori = 1,2, 3.

Definition 5.13. A smooth map f from a statistical manifold (M;, g1, C) to a statistical
manifold (M, go, C) is said to be an isostatistical immersion if f is an immersion of M
into M, such that g; = f*(g2), C1 = f*(C5).

Note. Let f : (My,V,g) — (Ms,V,§) be a statistical immersion and C}, Cs be the
cubic forms on M; and M, respectively. Then,

Ci(X,Y,Z) = (Vxg)(¥,Z)
= X9V, 2)—g(VxY,Z) —g(Y,VxZ)
= LXG(FY, £.2) = g(Vyx £, £.2) — g(£.Y, Vix . Z)
= Oo(f.X, LY, f.2).

Hence f is an isostatistical immersion. Conversely if f is an isostatistical immersion, then f
is a statistical immersion for the statistical structures induced from cubic forms. Thus, the
isostatistical immersion defined above and the statistical immersion (cf. Definition(2.7))

are the same.

Lemma 5.1. [36] Assume that f : (My, g1,C1) — (Ma, go, Cs) is an isostatistical im-
mersion. If there exists a measure space ) and a function p(w; &) = 2 x My — R such
that p is a probability density for the tensors g, and Cs, then f*(p)(w;&1) = p(w; f(&1)) is
a probability density for g, and C'.
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Proof. Since f is an isostatistical immersion we have,

91(53‘/17%) gZ(h(£)7f*(‘/1>>f*(%)>a

_ / O og(p(w: F(€))) =20 log(p(a: (€)))p(a: F(€))d,

ofVi Af.Va
Broip (507 108 £ (0)(5 )50 o8 1 (p) ()
This implies f*(p) is a probability density for g;. Similarly we can prove that f*(p) is a
probability density for C}. [

Let f : (My, g1,C1) — (Ma, g2, C5) be an isostatistical immersion with parametrized
model (My, Q, i, p). That is, p(&2) = p(.;&)n where p(w; &) : 2 x My — R is the
density function. Then, there is an induced parametrized model given by f, denoted by
(M, Q, i1, p), where p is given by p : M; — P(2) defined as p = p o f. That is,
p(&) = p(f(&)) = p(w; f(&))p. Define f*(p)(w; &) = p(w; f(&1)), then f*(p)(w; &)
) x M; — R is the density corresponds to the induced model.

Now, let k :  — Q' be a statistic then we have two models induced by & and they are
(My, ', i, p')and (M, Q' /', ), where i’ = ki, p (&) = kyp(&)and P =p o f.
Also, if p'(&) = p'(w; &)y, then P (&) = f*(p)(w; &)’ . Now, we have the following

theorem.

Theorem 5.5. Let k : Q@ — Q' be a statistic and | - (My, g1,C1) — (M, g2, C5) be
an isostatistical immersion with parametrized model (My, ), 1, p). Suppose k is a Fisher-
Neyman sufficient statistic with respect to (Mg, Q, 1, p) and (Mg, Q' , 1, p'). Then, k is a
Fisher-Neyman sufficient statistic with respect to (My, Q, 11, D) and (M1, Q' , 1/, P ).

Proof. Given that k is a Fisher-Neyman sufficient statistic with respect to (Mo, 2, i, p)
and (M, )’ i/, p'). By the definition of the Fisher-Neyman sufficient statistic

pwié) = p(k(w);&).

This implies

S~ —
~

) (w; &) = plw; f(&

= p(k(w); f(&
= [ (p)(k(w);
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Hence, k is a Fisher-Neyman sufficient statistic with respect to (M, 2, 1, p) and (M1, ', i/, P ).
O

5.4 Concluding Remarks

Here we first summarize certain significant results that we have obtained and then give a
list of topics to be explored further. In the case of immersions into statistical manifolds
a necessary and sufficient condition for the inherited statistical manifold structures to be
dual to each other is obtained. Then, statistical immersion is defined and proved a nec-
essary condition for a statistical manifold to be a statistical hypersurface. Its converse is
also proved. A necessary and sufficient condition for a statistical immersion into a dually
flat statistical manifold of codimension one to be minimal is given. Also, a necessary con-
dition is obtained for minimal statistical immersion of statistical manifolds equipped with
a-connections. A necessary and sufficient condition for the inherited statistical manifold
structures to be dual to each other is proved for a centro-affine immersion of codimension
two into a dually flat statistical manifold. Then proved that the inherited statistical mani-
fold structure is conformally-projectively flat in this case. We introduced the concept of a
conformal submersion with horizontal distribution for Riemannian manifolds, which is a
generalization of the affine submersion with horizontal distribution. A necessary condition
for the existence of such a map is proved. Then compares the geodesics for a conformal
submersion with horizontal distribution. A necessary and sufficient condition for the hor-
izontal lift of a geodesic to be geodesic is obtained. In the case of conformal submersion
with horizontal distribution, proved a necessary and sufficient condition for (M, V, g,,) to
become a statistical manifold.

We obtained a necessary and sufficient condition for TM to be a statistical manifold
with the complete lift connection and the Sasaki lift metric. Then, proved a necessary and
sufficient condition for the harmonicity of the identity map for conformally-projectively
equivalent statistical manifolds. The conformal statistical submersion is defined which is a
generalization of the statistical submersion and proved that harmonicity and conformality
cannot coexist. Then, given a necessary condition for the harmonicity of the tangent map
with respect to the complete lift structure on the tangent bundles. Also, proved a necessary
and sufficient condition for the tangential map to be a statistical submersion. We show that
if all V'-autoparallel proper submanifolds of a 4-1-flat statistical manifold M are expo-
nential then M is an exponential family. Then, proved that if submanifold of a statistical

model is an exponential family, then it is a V!-autoparallel submanifold. Also, we obtained
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that the Fisher-Neyman sufficient statistic is invariant under the isostatistical immersions

of statistical manifolds.
We would like to continue our study in the following topics:

e Geometry of immersions into statistical manifolds in the general codimension case.
e Statistical manifold structures on the cotangent bundles of statistical manifolds [64].
e Harmonic maps between cotangent bundles.

e Estimation theory in the context of submersions.
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