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ON THE STATISTICAL LIE GROUPS OF NORMAL DISTRIBUTIONS

JUN-ICHI INOGUCHI

ABSTRACT. The a-connections (other than the Levi-Civita connection of the Fisher metric)
on the statistical Lie group of the normal distributions can not be the Levi-Civita connection
of any left invariant semi-Riemannian metrics.

1. INTRODUCTION

The set N of all normal distributions is identified with the upper half plane (as a smooth
manifold). The Fisher metric ¢g© is regarded as a Riemannian metric of constant curvature
—1/2 on the upper half plane N'. Moreover there exists a one-parameter family {V(®}, g
of torsion free linear connections on N. In Information Geometry, the linear connection
V(@ is referred as to the Amari-Chentosov a-connection. The connection V¢ = V) and
V™ = VD are called the exponential connection and mixture connection, respectively.
The connection V(© coincides with the Levi-Civita connection of the Fisher metric gF. The
triplets (A, g7, V(@) are statistical manifolds. Here recall the notion of statistical manifold.

A smooth manifold M equipped with a pair (g, V) consisting of a Riemannian metric g and
a torsion free linear connection V is said to be a statistical manifold if C' = Vg is totally
symmetric. In particular a statistical manifold M = (M, g, V) with flat V is called a Hessian
manifold. More generally a statistical manifold M is said to be conjugate symmetric if the
curvature tensor field R* of the conjugate connection V* coincides with the curvature tensor

field R of V.

A statistical manifold (M, g, V) is said to be homogeneous if there exits a Lie group G acting
transitively, isometrically with respect to ¢g and affinely with respect to V on M [1, 2].

One can see that (N, g%, V(@) is statistical for any «. In particular V(Y and VY are
flat. Thus (N, g7, VED) are Hessian. In our previous work [1], we proved that (A, g7, V()
is a homogeneous statistical manifold for any a. Moreover we showed that (N, g%, V() is
identified with the orientation preserving affine transformation group GA™ (1) of the real line
R equipped with a one-parameter family of left invariant statistical structures. It should be
emphasized that V(®) is flat when and only when o = +1.

On the other hand, Wolf [6] proved the existence of flat left invariant Lorentz metrics on
GA™(1). Nomizu [4] proved that every left invariant Lorentz metric on GA*(1) is of constant
curvature. From these facts one may expect that the connections V*# are Levi-Civita
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connections of some left invariant Lorentz metrics on GA™*(1). The purpose of this letter is
to give a negative answer to this question.

Theorem 1. The a-connection of the statistical manifold N of normal distributions can be
the Levi-Civita connection of some left invariant semi-Riemannian metrics on GA™(1) if
and only if a« = 0 and the metric 1s homothetic to the Fisher metric.

Corollary 1. The e-connection and m-connection of the statistical manifold of normal distri-
butions can not be the Levi-Civita connection of any left invariant semi- Riemannian metrics.

The author would like to thank professor Hiroshi Matsuzoe for his critical comments to this
work. The author would also like to express his sincere gratitude to the anonymous reviewers
for their careful reading of the original manuscript.

2. PRELIMINARIES

The set N’ = {N(z,y?) | z,y € R, y > 0} of all normal distributions is identified with the
orientation preserving affine transformation group

ovio-{(5 )

of the real line R. The Lie algebra ga(1) of GA™(1) is given by
vou
0 0
01 10

n=(00) 7o)

of ga(1). Then, by performing left translations to E; and FEs, we obtain left invariant vector
fields

z,y € R, y>0}

u,UGR}.

Take a basis

0 0
Ey =Yg Ey =Y,

on GA*(1). For any positive constant \, we set
1
el = El, €y = XEQ

Then we obtain a left invariant Riemannian metric

_da? + Ndy?

=g

The left invariant frame field {ei, es} is orthonormal with respect to gx. The Levi-Civita

connection *V of g, is described as

1 1
A A A A
Velel = | €9, Veleg = — <€, V@el = VGQGQ = O
A 2)\

gx



The metric g7 := 9.3 1s the blueFisher metric of the normal distribution. It is of constant
curvature —1/2. The Amari-Chentsov a-connection of N is extended to the following one-
parameter family of left invariant connections on GA™(1) (see [1]):

1 -« 1+

s, Vi¥ey = — e;, Ve =——e;, VWey=—""e,.

N e €2 N e €1 Z o &y €2 Y\
Obviously V© =AY, When \ = \/5, Ve =V and V™ = VD are called the e-connection
(exponential connection) and m-connection (mixture connection), respectively.

Ve, =

3. LEFT INVARIANT METRICS
Let (-,-) be a scalar product on ga(1l). We denote by g the left invariant semi-Riemannian
metric on GA™ (1) induced from (-, -). We set
Gij = <€iaej>7 Z)] = ]-72

By using the Koszul formula and [e;,e3] = —ei/A, the Levi-Civita connection V9 of g is
computed as

<V51€1, 61) = 0, <V5161, €2> = gn//\7
<V~Zleg, 61> = —gll/)\, <Vg1€2, 62> = 0,
<V‘ZQ€1=€1> =0, <V‘ZQ€1, e2) = gi2/ A,
<v52€2, 61) = —912/)\, <v52€2, 62> =0.
Thus we obtain
gi1
VI =T (_
e €1 )\det(gij)( gi2€1 + griez),
g11
V9 ey=—— I _ ,
6162 )\det(g”) (92261 91262)
g12
VI =—T2  (_ ,
6261 )\det(gw)( g12€1 + 91162)
g12
A —L - _ ,
6262 )\det(g”) (92261 91262)

Ezxample 1. Let us take a scalar product g1 = €1 = %1, g1o = 0 and g9 = €5 = +1. Then
we have

Vier= 2o Vie = —%el, V9 e = V9 ey =0.
Then the Riemannian curvature RY of g is given by
RI(ey,eq9)ea = —% ey.
Hence the sectional curvature K of ¢ is computed as
P (R9(eq,e9)es, 1) _ &
det(gi5) A2

Thus we obtain

e Riemannian metric (da? + AN2dy?)/y* : K = —1/)\%
e Lorentz metric (—dz® + N2dy?)/y?: K = —1/)2%
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e Lorentz metric (dz? — N2dy?)/y*: K =1/)\2

Nomizu [4] proved that every left invariant Lorentz metric on GA™(1) is of constant curva-
ture.

Ezample 2 (Wolf’s example). Let us take a scalar product g3 = g0 = 0, g12 = € # 0. Then

we have

1 1
Vglel = Vgleg = O, V§261 = €1, V'22€2 = ——€7.

A A
The Riemannian curvature RY of g is given by
Rg(el, 62)62 =0.
Hence the the metric

2\
g= —;dxdy
()

is flat. The Lorentz metric g with e = A = 1 is due to Wolf [6, p. 58, Corollary].

4. PROOF OF THEOREM 1

Let us consider (GAT(1), gy, V(®). Assume that V(® = V9 for some left invariant semi-
Riemannian metric g on GA™(1). Then we obtain the system:

2
Ve, = VI ¢ < =0 ()" _
el 61 6161 911912 ) det(gw) 057
g11922
V@, — V9 0, s _0 =1
el 62 6162 911912 ) det(gw) + a?
g12)?
Vga)el = V‘g €1 <= gJ11912 = 0, ( = o,
’ ’ det(g;)
V(a)€2 =V €y <= (12922 = 0 (912)2 = —2a.
e = Ve - detlgy)

From this system we deduce that V(® = V9 holds when and only when
a=0, gn=gn==Fk g¢g2=0,

for some non-zero constant k. Hence the metric g is kgx. Thus in case A = V/2, g = kg" for
some non-zero constant k. Note that V9 = Y+ = V9 0

5. CONCLUDING REMARKS

5.1. Flat metrics. It should be emphasized that the left invariance of the assumption in
Theorem 1 can not be removed. Indeed, there exists a Riemannian metric ¢¢ on N whose
Levi-Civita connection is V¢ but not left invariant.

Let us take the so-called natural coordinate system (see e.g., [5, Example 6.1]):
1 x

0, — — _
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of V. The coordinate system (61, 60) defined on the right half plane
{(91,02) € R2 ’ 01 > 0}

is an affine coordinate system with respect to e-connection. With respect to the natural
coordinate system (61, 0s), the probability density function

p(tiz,y) = 21 — exp (—(t_x)2>

Y 2y?
of the normal distribution N(z,y?) is rewritten as
(5.1) p(t;01,02) = exp (F1(£)01 + Fo(t)0y — 1(604,6)) ,
where 02
Fi(t)=—1?, F(t)=t, (61,6;) = 491 log R

The formula (5.1) implies that A is an exponential family. The Fisher metric is rewritten

as
2 2
R 1 ) 1 26
F_ d6; d; = 2 — | d6? — =2 d6, db, + db?
9= 22 56,00, 26, {((91 Ty | T dh

0 20 30 0 _ 20
or Yoy 00, Y o

is not left invariant under the solvable Lie group structure. Let us introduce a flat Riemann-

ian metric ) )
d dx — 2zd

Then the Levi-Civita connection of ¢¢ coincides with the e-connection. Although the e-
connection is left invariant, but the metric ¢¢ is not.

5.2. Moduli problem. Kito [3] studied the moduli problems of Hessian structures on the
Euclidean n-space E™ and the hyperbolic n-space H" of constant curvature —1 with n > 1.
More precisely he studied the set

H(M,g)={Cel(IT"MT*MoT*M) | (M,g,C)is Hessian }

for M = E™ and M = H". Here we interpret a Hessian structure on a manifold M as a
pair (g, C) consisting of a Riemannian metric g and a symmetric covariant tensor field C' of
degree 3. By suitable modification, Kito’s result is rephrased for N as follows:

Theorem 2. The set H(N, gF) has at least the freedom of one functions on R.

On the other hand, in our previous work [1] we studied left invariant statistical structures
on . We proved the following characterization of a-connections.

Theorem 3. The only left invariant linear connections on N' compatible to the Fisher metric
g" which are conjugate symmetric are Amari-Chentosov a-connections.

Motivated by Theorem 2 and Theorem 3, here we propose the following problem:
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Problem 1. Classify all the left invariant linear connections on the Lie group of normal
distributions which is compatible to the Fisher metric gF, especially flat ones.

By virtue of Ambrose-Singer theorem [7] and Sekigawa-Kirichenko’s theorem [8, 9], the local
statistical homogeneity of a statistical manifold (M, g, V) is characterized as follows.

Theorem 4. A statistical manifold (M, g,V) is locally homogeneous if and only if there
exists a pair (S,C) where S is a tensor field of type (1,2) and C is a section of I'(T*M ©
T*M © T*M) satisfying the following conditions:

(1) g(S(X)Y, Z) +¢(Y,5(X)Z) =0,
(2) (VXR)(Y, Z) = —[S(X), RO(Y, Z)] + R(S(X)Y, Z) + R(Y, 5(X)2),
Ei; (V4S)(Y) = [S(X), S(Y)] - S(S(X))Y and

(VLONY, Z,W) = —S(X)C(Y,Z, W)+ C(S(X)Y,Z,W)
+C(Y,S(X)Z, W) + C(Y, Z,S(X)W),

where V9 and RY are the Levi-Civita connection and the Riemannian curvature of g, respec-
tively.

Such a pair (S,C) is referred as to a homogeneous statistical structure [2]. We close this
report with the following problem:

Problem 2. Classify all the homogeneous statistical structure on (A, gF).

REFERENCES

[1] Furuhata, H., Inoguchi, J., Kobayashi, S.-P.: A characterization of the alpha-connections on the statis-
tical manifold of normal distributions. Inf. Geom. 4 (1), 177-188 (2021)

[2] Inoguchi, J., Ohno, Y.: Homogeneous statistical manifolds. arXiv:2408.01647v1 [math.DG].

[3] Kito, H.: On Hessian structures on the Euclidean space and the hyperbolic space, Osaka J. Math. 36
(1), 51-62 (1999)

]

5] Shima, H.: The geometry of Hessian structures. World Scientific. 2007.

6] Wolf, J. A.: Isotropic manifolds of indefinite metric. Comment. Math. Helv. 39, 21-64 (1964)

7] Ambrose, W., Singer, I. M.: On homogeneous Riemannian manifolds. Duke Math. J. 25, 647-669 (1958)

8] Kirichenko, V. F.: On homogeneous riemannian spaces with invariant tensor structure. Sov. Math.,
Dokl. 21, 734-737 (1980)

[9] Sekigawa, K.: Notes on homogeneous almost Hermitian manifolds. Hokkaido Math. J. 7, 206-213 (1978)

[
[
[
[
[

DEPARTMENT OF MATHEMATICS, HOKKAIDO UNIVERSITY, SAPPORO, 060-0810, JAPAN

Email address: inoguchi@math.sci.hokudai.ac.jp



