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Abstract
We study a statistical manifold (N, g7, VA, V4*) of multivariate normal distributions, where
g’ is the Fisher metric and V# is the Amari-Chentsov connection and VA* is its conjugate
connection. We will show that it admits a solvable Lie group structure and moreover the Amari-
Chentsov connection V4 on (N, gF ) will be characterized by the conjugate symmetry, i.e., a
curvatures identity R = R* of a connection V and its conjugate connection V*.

Introduction

An n-variate normal distribution is determined by its covariance matrix, which is a pos-
itive definite symmetric matrix of order n, Sym*(n,R), and its mean vector, which is an
n-dimensional real vector, R". Therefore, the family N of n-variate normal distributions
can be identified with R” x Sym™(n,R). For tangent vectors X, Y, Z of the manifold N at
0 = (u,X) € R" x Sym™(n,R), we define a Riemannian metric gF and a symmetric tensor
field C* of type (0, 3) (cubic form) by

g (X, Y) = f p(x, 6)(X log p(x, 0))(Y log p(x, 6))dx,
Rn

C'(X.Y,2) = f p(x, 0)(X log p(x, 0))(Y log p(x, 6))(Z log p(x, 0)d.x,
Rll

where p(x, 6) is the probability density function of the n-variate normal distribution given
by

e Iy St
(0.1) mL®—W§V£§am(5x;02<xuﬂ

It is clear that C* is symmetric about all arguments. For a constant o, we define an affine
connection VA(@ by

0.2) g (VAVY, 2) = g (VyY.Z) - %cA(X, Y, Z),

where V is the Levi-Civita connection of the Riemannian metric g*. The metric g” is called
the Fisher metric and the torsion-free affine connection VA is called the Amari-Chentsov
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a-connection. In particular we call VA@ with a = 1 (resp. @ = —1) the Amari-Chentsov
connection (resp. Amari-Chentsov conjugate connection), i.e., Xg'(Y,Z) = gF(V;‘(Y, Z) +
g(Y, V4 Z) holds, and abbreviate it as V* (resp. V4*). The cubic form C* is called the Amari-
Chentsov cubic form. Then a quartet (N, g*', V4, VA*) becomes a statistical manifold, see
section 1 for a precise definition of statistical manifolds. We sometimes abbreviate VA* in
the definition of a statistical manifold, i.e., a statistical manifold is denoted by (N, gt vh,
because VA* is determined from the conjugate relation. Note that V4@ and VA are con-
jugate each other for any a € R.

In fact if we replace the probability density function in (0.1) by other density function,
then we obtain an another statistical manifold modeled on the distribution. An important fea-
ture of the probability density function of n-variate normal distribution in (0.1) is that it is an
exponential family and thus both V4 and VA* are flat and torsion free, i.e., (N, g, V4, V4*)
admits the dually flat structure, and it is important in information geometry, see [1]. Note
that the explicit form of the Fisher metric and the Amari-Chentsov a-connection of elliptic
distributions, which are generalizations of multivariate normal distributions, was computed
in [10].

Recently, in [3] it has been shown that the statistical manifold (N, g", V4) for n = 1,
i.e., in case of the normal distribution, admits a solvable Lie group structure: The manifold
N admits a solvable Lie group structure, and g and V4 are a left-invariant metric and a
left-invariant connection on N, respectively. Therefore the notion of statistical Lie groups
has been naturally introduced, see Definition 1.6. It is evident that for the solvable Lie
group with the Fisher metric (N, g©), an affine connection V such that (N, g*, V) becomes
a statistical Lie group is not unique. In fact it is easy to give many such examples, since
left-invariant connections are determined at one point and the statistical structure condition
is easily satisfied, see [6] for general construction about homogeneous statistical manifolds.
So a fundamental problem is how to characterize the Amari-Chentsov a-connection VA@
on (N, g"). An answer for (N, g"') for n = 1 was given in [3] by the conjugate symmetry,
i.e., if R = R* holds, where R and R* are respectively curvatures of V and V*, then V has to
be VA@ for some a € R. Note that (N, g7, VA@) clearly satisfies the conjugate symmetry
condition, and the notion of the conjugate symmetry was first defined in [9].

In this paper, we will generalize the results of [3] as follows: We will first show that the
statistical manifold (N, g*', VA@) admits a statistical Lie group structure, in particular N’
becomes a solvable Lie group and the Fisher metric g© becomes left-invariant, Theorem 2.3.
This is a straightforward generalization of [3] which has shown the same result in case of
n = 1. We will next show that the Amari-Chentsov a-connection VA® will be characterized
by the conjugate symmetry of (N, g*, V), Theorem 3.4. We emphasize that this result is
not a straightforward generalization of [3]. In case of n = 1, the covariant matrix X is just
a scalar matrix and it is easy to derive the conjugate symmetry conditions on coefficients of
a left-invariant connection, i.e., there are fewer linear equations among the coefficients. On
the other hand, our case is clearly more complicated, i.e., the covariant matrix X is a positive
definite symmetric matrix of order n and the conjugate symmetry conditions give a large
number of linear equations among the coefficients. We will therefore introduce a canonical
orthonormal basis on the Lie algebra of N, see section 2 and we will solve successfully
these equations and will show there exists exactly 1-parameter family of solutions which is
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the Amari-Chentsov a-connection, see section 3 in details.

As a matter of fact, we consider a special class of Riemannian manifolds, i.e., the n-
variate normal distributions N and the Fisher metric g*', and moreover, an affine connection
is assumed to be left-invariant with respect to the solvable Lie group structure of (N, g%).
These assumptions are essential: First if we replace (N, g*) by a general Lie group G with
left-invariant metric g, then the characterization is not true, i.e., there are many left-invariant
connections (depending on the dimension of kernel of linear equations) such that (G, g, V)
are conjugate symmetric. Moreover, it is not true even if we restrict g = g*, i.e., the metric
Lie group (G, g") comes from a certain probability distribution. There are many conjugate
symmetric statistical Lie groups (G, g*', V) which are V # VA@ for any a € R. The authors
would not know that this characterization holds for other particular statistical Lie groups
which are determined from probability distributions.

The paper is organized as follows: After some preliminaries in section 1, in section 2, we
will show that the statistical manifold (N, gF , V4) is a statistical Lie group, and in particular,
the manifold N admits a solvable Lie group structure. Moreover, we will introduce a special
orthonormal basis of the Lie algebra of N'. In section 3, we will first obtain the coefficients
of a left-invariant connection with respect to the basis. We will compute linear equations
among the coefficients, determined from the conjugate symmetry of the statistical manifold,
and finally prove that the left-invariant connection is the Amari-Chentsov @-connection.

1. Preliminaries

Let M be a manifold, g a Riemannian metric and V a torsion free affine connection on M.
We define a tensor field C of type (0, 3) by

(1.1) C(X.Y.Z2) = (Vxg)(Y., 2),

where X, Y,Z € X(M). If the tensor field C is symmetric, then this pair (g, V) is called a
statistical structure, and C is called the cubic form. A manifold M together with a statistical
structure is called a statistical manifold, and it will be denoted by a triad (M, g, V). Let v
be the Levi-Civita connection of the Riemannian metric g, and we define a tensor field K by
K(X,Y) = VxY — ’V\XY . We will call this tensor field K the difference tensor of (M, g, V).
In addition, we define a tensor field Kx of type (1,1) by KxY := K(X, Y). Since the affine
connections V and V are torsion free, K is symmetric, i.e., K(X,Y) — K(¥,X) = 0. The
conjugate connection V* of V with respect to the Riemannian metric g is defined by

(1.2) Xg(Y,Z) = g(VxY,Z) + g(Y. Vy2),

where X, Y,Z € X(M). Note that the Levi-Civita connection V is the mean of the affine
connection V and its conjugate affine connection V*, i.e.,

~ V+V
1.3 V= .
(1.3) 5
Moreover,
Vyx - Vi
(1.4) Kx = %

holds. It is easy to see that (Vyg)(Y,Z) = —C(X, Y, Z) holds and thus (M, g, V) is a statistical
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manifold if and only if (M, g, V*) is a statistical manifold. The following results are basic,
see [2, section 1].

Lemma 1.1. For a statistical manifold (M, g, V), the following identities hold:
(1) CX,Y,Z) = -29(K(X,Y),2),
(2) (VxCO)Y,Z, W) = =2g9((VxK)(Y, Z), W).

Remark 1.2. Suppose that a totally symmetric tensor field C of type (0, 3) is given on
a Riemannian manifold (M, g), and we define the tensor field K of (1,2) by C(X,Y,Z) =
-2g(K(X, Y), Z) and define the affine connection V by VyY = K(X,Y )—/V\XY . Then the triplet
(M, g, V) becomes a statistical manifold. Thus a Riemannian manifold (M, g) together with
a totally symmetric tensor field C of type (0, 3) can be identified with a statistical manifold
(M, g, V). Note that (g©, VA®) in (0.2) is thus a statistical structure on N'.

Let R be the curvature tensor field of the connection V, i.e.,
(1.5) R(X,Y)Z =VxVyZ - VyVxZ - Vixy|Z,

and let R* be the curvature tensor field of its dual connection V*. We define a conjugate
symmetry for a statistical manifold.

DErinition 1.3 (section 3 I [9]). If the curvature tensor fields R and R* satisfy R = R",
then a statistical manifold (M, g, V) is called the conjugate symmetric.

We define an affine connection V@ by
(1.6) V@ .=V + ok,

where « is a real constant. The triplet (M, g, V\®) is also a statistical manifold. We call the
set of the affine connections {V®},cr the a-connections. Note that the affine connection V®
is the conjugate connection of the affine connection V=%, Moreover, it follows that V() = V
and VOD = V*. Let R denote the curvature tensor of the affine connection V.

Lemma 1.4 (Proposition 2.8 in [7]). If a statistical manifold (M, g, V) is conjugate sym-
metric, then the statistical manifold (M, g, V'?) is also conjugate symmetric.

Remark 1.5. It is well known that if a statistical manifold is given by an exponential
family, the Fisher metric gF and the Amari-Chentsov connection V4, (M, gF , VA, VA as in
introduction, then the curvatures vanish, i.e., R = R* = 0 and it has a dually flat structure,
which is of course a special case of conjugate symmetric statistical manifolds. Moreover,
from Lemma 1.4, the statistical manifold (M, g©', VA@) given by the Amari-Chentsov a-
connection is conjugate symmetric for all @ € R. Note that the curvature R® = R®" does
not vanish for @ # +1 in general. Please see [1] for details.

We now recall notion of statistical Lie groups defined in [3].

DeriniTion 1.6. Suppose that G is a Lie group. If a triplet (G, g, V) is a statistical manifold
and both the metric g and the connection V are left invariant, then the statistical manifold
(G, g,V) will be called a statistical Lie group.
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2. The statistical manifold of multivariate normal distributions

In this section, we will show that the family of n-variate normal distributions admits a
solvable Lie group structure. Recall that the probability distribution function of the n-variate
normal distribution p is written as
2.1 (x4, T) 1 { Lx— =7 )}

. XU, E) = —————expy—=(x — x— ,

PR (2mr)yr det(X) P12 K a

using its mean vector u € R” and its covariance matrix £ € Sym*(n, R), where Sym™(n, R)
denotes the set of all positive definite symmetric matrices of size n. Let N' = R" x
Sym*(n,R). The Fisher metric g© and the Amari-Chentsov connection V4 on A given
in introduction can be computed as follows:

Lemma 2.1 (section 3 and section 4 in [10]). Let g" be the Fisher metric and C4 be the
Amari-Chentsov cubic form of N'. If u,v,w are coordinate vector fields in the u-direction
and X, Y, Z are coordinate vector fields in the X-direction, then the following identities hold:

g&#)(u, v) = ul =7y,

2.2) 95,1 X) = 0,
Gis,pX ¥) = 3 (' XE'Y),

and
C&’#)(u, v,w) =0,
A _ Ty-lyy-1
2.3) C(E’#)(X, v,w)=0v X XX 'w,

C&’”)(X9 Y’ w) = 0’
C(‘Z#)(X, Y,Z) =Xz lys"12).

We now define

2.4) R = {T € GLOLR) | T is an upper triangular matrix }

with positive diagonal entries.
and
Aff*(n,R) := R=<R".
Then the group Aff*(n, R) is solvable and acts transitively on N by the action
(2.5) (A,b)- (T, ) = (AZAT, Au + b),

where A € R and b € R". Moreover, the tangent action of (A, b) € Aff*(n, R) on the tangent
bundle TN is given by

(2.6) (A,b) - (X,v) = (AXAT, Av),
where (2, ) € N and (X,v) € Tz N .

Proposition 2.2 (section 3.2 in [4]). The action of Aff*(n,R) on N is simply transitive.
In particular, Aft*(n,R) and N are isomorphic as an Aff*(n, R)-manifold.

From now on, through this paper, we assume that N has the solvable Lie group structure
via the isomorphism ¢. Note that in Proposition 2.2, the isomorphism ¢ : Aff*(n,R) - N
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is given by
(2.7) ¢((A, b)) = (AAT, b),

and it follows that ¢ is a bijection from the uniqueness of the Cholesky decomposition £ =
AAT [5, Corollary 7.2.9]. With these preparations, we obtain the following theorem.

Theorem 2.3. The triplet (N, g*, C?) is a statistical Lie group.

Proof. From Proposition 2.2, the manifold N has the Lie group structure. Using Lemma
2.1, we see that

Girsar e Alt A0) = (Aw)" (AZAT) ™ (Av) = u" =70 = g5, (u, v),
and

1
g&w Au+b)(AXAT,AYAT) =5 tr((AZAT)'AXAT (AZAT)1AYAT)

|
= S uETXETY) = gis ) (X, V).

Thus the Fisher metric g is left invariant. Moreover, we see that

CA

Cisar A AXAT, Av, Aw) = (Ao)" (AZAT) ' AXAT (AZAT) ' Aw

=o'y xylw = Cé’ﬂ)(X, v, W),
and

CA

1
fsar Amb)(AXAT,AYAT,AZAT) =5 tr((AZAT) TAXAT (AZAT)'AYAT (AZAT)1AZAT)

1
=5 wE'X27'YE'2) = (X, Y. 2).
Thus the cubic form is left invariant. This completes the proof. m|
The statistical Lie group N = Aff*(n,R) can be realized with

Aff*(n,R) = R<R" = {T = (18 [17)

AeR,beR”},

where R is defined in (2.4). Note that for n = 1, A is the standard deviation and b is the
mean. Since an arbitrary element 7' € Aff*(n,R) is an upper triangular matrix with positive
diagonal entries, and therefore N is a solvable Lie group.

Let aff*(n,R) (resp. N) be the Lie algebra of Aff*(n,R) (resp. N'), that is, the tangent
space of Aff*(n, R) (resp. N') at the unit element (,,, 0), where I, is the n x n identity matrix.
It is easy to see that

U u

aff’(n,R) = {( 0 0

)‘ U e UT(n,R),uER"}.

Here, UT (n,R) denotes the set of n X n upper triangular matrices. For simplicity, we will

denote (g g) by (U, u). The differential of ¢ in (2.7) at (1,,0) is given by

(2.8) déq,0)(U,u) = (U + U, u), (U, u) e aff’(n,R).
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By the equation (2.8), we obtain the Lie algebra isomorphism aff’(n, R) = 9, and we will
identify aff*(n, R) and N. Considering g* and C* at (/,, 0), we obtain the inner product and
the symmetric tensor of type (0,3) on N. For simplicity of notation, we write g© and C4
instead of g, , and C{} .

Lemma 2.4. For (U,0),(V,0),(W,0), (0, u), (0,v) € N, the following identities hold:

(2.9) g"((0,u),(0,0) = u"v,

(2.10) g (U, 0),(V,0)) = tr(UV) + t(UVT),

(2.11) CA((U,0),(0,u), (0,v)) = u” (U + UM,

(2.12) CH((U,0),(V,0),(W,0)) = tr((U + UV + VYW + WT))

Proof. From Lemma 2.1 and the equation (2.8), we can see that
9" (0, 1), (0,0)) = g} o,(u,0) = u" I;'v = ",
and
g" (U, 0),(V,0) = g{, ( U+ U", V+V")= %tr([;l(U +UDL(V+ VT
= tw(UV) +tuw(UV"),

and then we obtain the identities (2.9) and (2.10). By a similar computatior, we also obtain
the identities (2.11) and (2.12). m]

We define a set of indices / by
(2.13) I={i|1<i<nieNyU{(i)|1<i<j<n,ijeN}
Moreover, we define (n + 1) X (n + 1) matrices e;, ¢;;, and e;; (i < j) by setting

e; : (i,n + 1)-th entry is 1 and O otherwise,
(2.14) e;j : (i, j)-th entry is 1 and O otherwise,
e;; . (i,0)-th entry is % and O otherwise.

Derinition 2.5. Fori € I and (i, j) € I, we refer to the (n + 1) X (n + 1) matrix e; as the
mean-direction vector and the (n + 1) X (n + 1) matrix e;; as the covariance-direction vector.

For simplicity of notation, we will denote e, by e;; when a = (i, j). Clearly, the matrices
{eq}aer are linearly independent and generate the Lie algebra 9, and thus these are the basis
of the Lie algebra 9. From Lemmas 2.1 and 2.4, it is easy to compute that

g" (e, e)) = 6ij,
g" (eiep) =0,
g" (e, ej) = 2tr(eze;) = bij,
9" (eijs ew) = 2 trleyjen) = V26385 = 0, (i < j),
9" (eij, en) = tr(ejen) + tr(e;ef)
= 5,’15]']( + 6ik5jl = 6ik6ﬂ, (l < jand k < l),
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where ¢;; is Kronecker delta, and thus the matrices {e,},c; are the orthonormal basis of the
Lie algebra 9. We now compute the value of the cubic form C# about the orthonormal
3 1 _ 1 . .
basis. We define g;; € {1, ﬁ} bya;j=1-6;+ %5”. Then using again Lemma 2.4, we can
compute
CA(eij exs €)) = 61{6581 + €] eijer = aij(8 k0 + 5 1),
and thus CA(eij, er,e) (i < jand k < 1) is non-zero if i = k and j = [, and zero otherwise.
Moreover, we can compute
CH(eijs exss ers) = tr((e]; + eij)(ef; + ex)(e]s + ers))
= a;jaars(0i10ksOrj + 010k 05 + 0 j1OksOyi
+ 6ik51s6rj + 6ik61r6sj + 6jl(5kr5si + 6jk61s6ri + 6jk5lr5si)’

and thus C*(e;j, ew, €,5) is nonzero if CA(e;;, ex, e,5) is equal to
A A A A
C(eij, eii i),  C"(eyj, €ij, eij), C (ejj, €ij» eij) or C (eijy € ks eik),

and zero otherwise. By the above and Lemma 2.1, the combination of indices, where the
Amari-Chentsov cubic form C# is non-zero, are

2.15) { Cheineine) = V2, CMeijene) =1, Cllei e ei) = 2V2,
CA(eii,eij, eij) = CA(ejj, €ij, eij) = ‘/i CA(eij, ejk,eik) =1L

3. A characterization of the alpha-connections on the statistical manifold of normal
distributions

In this section, we will prove the main theorem of this paper, i.e., we will give a charac-
terization of the Amari-Chentsov a-connections on the statistical manifold of normal distri-
butions. For a Lie algebra g with inner product ¢ , ), we define a bilinearmap U : g X g — g
as follows ([8, Chapter X.3]);

(3.1 UX,Y),Z) =(Z,X).Y) + (X, [Z,Y]).
It is easy to see that the bilinear map U is symmetric.

Lemma 3.1 (Chapter X.3 in [8]). Let G be a Lie group with a left invariant metric ( , ).
Then the Levi-Civita connection V for { , ) is given by

~ 1
(3.2) Vx¥ = SIXY]+UX.Y) forX.Y €.

From the form of the orthonormal basis {e,},e;, fOr i < j < k, the bracket is

1 1
le),eij] = —e, leii, eij] = —eij,

lei, eii] = —661', 75
1
leij, ejj] = 6% leij, ejx] = e,

and zero for the other index patterns.
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Lemma 3.2. Fori < j <k, the following holds and the other index patterns are zero;

1 1
Ulei,e)) = Eeii’ Ule;,eii) = _ﬁei,
1 1
Ulei.ej) = 5 Ulei,ej) = —5¢
U( ) : U( ) ! !
€ii, €ij) = ———¢€jj, eii €)= —ei;— —¢ejj,
is Cij 2\/5 ] 1> &1y \/E ! \/z JJ
1 1
Uleij, ejj) = ok Uleis ejr) = 5¢ijs

1
Uleij, eix) = —5Cik-

Proof. First, we obtain U(e;, ¢;). From the equation (3.1),
29" (U(ei, ei). e0) = g" ([ew, €il, €)) + g7 ([es, €], €) = 29" ([ew, €], €)

and {e, }qes 1S an orthonormal basis, and from the result of the bracket product, the right-hand
side is not zero only when e, = ¢;;. Therefore, we obtain

1
Uleiei) = 6%’-
The other patterns are also calculated in the same way. m|

From Lemmas 3.1 and 3.2, we obtain the following proposition.

Proposition 3.3. For indices 1 £ i < j < k £ n, the Levi-Civita connection V can be
computed as follows, and the other index patterns are zero;

Ve,-ei = %eiia Ve,-ej = Vejei = %eijy Ve,-eii = —%ei,
Ye,-ez] = _%ej, Ye,eij = —%ei, Ye,-jei = _%ej,
(3.3) Ve,€j = 3¢ Ve eii = —%e,-j, Ve,ejj = %ezj’
Ye[jejk = ieik’ Yejkeij = —%eik, €e[j€ik = €e[keij = _%ejk,
Veeji = Ve eix = %eij, Ve, eij = %eii - %ejj-

With these preparations, we prove the main theorem of this paper.

Theorem 3.4. Let N be the family of n-variate normal distributions with the Lie group
structure via Proposition 2.2, g the left invariant Fisher metric given by (2.2), V a tor-
sion free affine connection such that (N, g*, V) is a statistical Lie group, C the cubic form
and K the difference tensor with respect to V. Then the following properties are mutually
equivalent:

(1) The affine connection V is an Amari-Chentsov a-connection.
(2) The statistical manifold (N, g*', V) is conjugate symmetric.
(3) VC is totally symmetric.

“4) VC is totally symmetric.

4) VK is totally symmetric.

Here, V is the Levi-Civita connection of g* .
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Proof. First, note that the equivalence of (2), (3), (4), and (5) holds by Lemma 1 in [2].
(1) = (2): Since N is an exponential family, RY = R = 0 holds. Therefore, the
statistical manifold (N, g7, V) is conjugate symmetric from Lemma 1.4.

(5) = (1): For a, B,y € I, we define a family {KZ/;} of constants by

K(ea,ep) = ) Klgey.
yel

From Lemma 1.1 (1) and the fact that {e,}.e; is an orthonormal basis, we have
C(ea/a €, ey) = _2Q(K(em eﬁ)’ ey) = _2Kgﬁy
and from the symmetry of the cubic form C, the symmetry of K follows:

Y _ Y _ _ _ B _ B
Kaﬁ—Kﬁa—K’gy—K;‘ﬁ—Km—Kay.

From now on, we will use this symmetry of K without mentioning it. We will show that all
but six combinations

K:

(3.4) KD KD KD K& K L

(G ()l @G’ @)0k)? i@y
are zero. Then, we will show that the above combinations can be written in terms of a single
real parameter p, which gives the Amari-Chentsov @-connection.

RemARrk. We give a graphical explanation of whether KZB is zero or not. For any i < j,
let white vertices be indices i and black vertices indices (i, j), and if there are the same
characters between indices, the corresponding vertices are connected by edges. Here, we
assume that once the characters are chosen, they are no longer chosen. Then, a graph can be
obtained for each coeflicient Kgﬁ. If the white vertices have one edge, the black vertices have
two edges and the graph is connected, the corresponding coefficient is not equal to zero, and
otherwise zero. Figure 1 shows the graph where the corresponding coefficients are not equal
to zero, and Figure 2 shows the graph where the corresponding coefficients are equal to zero.
Since the graph of Figure is not connected and the graph of Figure has a black vertex which
has one edge, then the corresponding coefficients are equal to zero. Note that this is only an
intuitive explanation and is not to be used for the proof.

(b) The graph of K7

(a) The graph of K! G (k)

J(i,3)"
Fig.1. Examples of non-zero coefficients.

The actual proof of Theorem 3.4 will be divided into the five steps:
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/o

(a) The graph of Kl(J i)

(b) The graph of K(L. D)

Fig.2. Examples of coefficients which are equal to zero.

Step 1: We show K( oLm)

Step 2:  We show K’ =0.
Step 3: We determlne K((,'( f;(m o
Step 4: We determine K k)

Final Step: We determine all K in (3.4).

=0.

Note that in each step, we need to use the previous steps.

Step 1 (K(ij oim): We will show that the coefficients are equal to zero if the indices are

K First, we will show that the coefficients are equal to zero if the indices are K’

(tmy* - (k)"
From the condition (5), we have

(3.5) (Ve K)ejj en) = (Vo, K)eir ).
From Proposition 3.3, the following statement follows;
(3.6) all the derivatives in /V\eﬁ—directions are zero.

From now on, we will use the condition (5) and Proposition 3.3 without mentioning it. Then,
from the equation (3.5) and (3.6), we compute

0= (V,,K)ei ew) = (VoK) e, er)
= V. (K(ej;, ) — K(Veej; ene) — K(ejj Voers)
Z i)k, k)Ve[e(l - K(’V\L’[ejja exk) — K(ejj, ’V\e;ekk),
ael
and we can see that

(3.7 Z i)k, k) = K(’V\eiejja ew) + K(ejj7 ’V\e,-ekk)-

ael

Ifi# jandi # k, ’Vse[e jj = 0and €giekk = 0 hold, and thus the right-hand side of the equation
(3.7) is equal to zero. Moreover, the e;; component of the left-hand side of the equation (3.7)
is %Kfj’j)(k’k), and then

(3.8) KE”)(kk) =0 (#jandi#k)

holds. If i = j and i # k, it follows from the equation (3.7) that

D K i Vet = K(Voein ew) + Kein Ve ew) = —%K(ei,ekkx

ael
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and since the e;; component of the left-hand side is %K("i k) and the e;; component of the
1

right-hand side is — ﬁK(ii’i)(k’k), we can see that

(3.9) Klivwiw =0 (#k).

Moreover, if i = j = k, it follows from the equation (3.7) that
Z K&,‘)(i’i)/v\e,»ea = 2K(/V\e,~eii, ejj) = —\/EK(B,', eii),
ael

and since the e; component of the left-hand side is =

@Kéi D) and the e; component of the

right-hand side is —\/iKéi,i)(i,i), we can see that

(3.10) Kfl.’l.)(l.’l.) =

Thus, from the equations (3.8), (3.9), and (3.10), for any indices i, j and &,

0.

(3.11) K(’j’j)(k,k) =0

holds.
We next show that the coefficients are zero if the indices are K!

, . In a similar manner,
k)AD)
from (3.6), we compute

0 = (Vo K)eji€) = (Vo K)(ejis en) = Ve, (K(e s, en) — K(Ve,e s en) — K(e i, Voren),
and we can see that
(3.12) Vo (K(ejw en) = K(Voe i, en) + K(ejx, Ve en).

Ifi #1, ’ﬁeieu = 0, and then the second term of the right-hand side of the equation (3.12) is
equal to zero. Moreover,

(3.13) ’V\eie ik 1s equal to O or parallel to a mean-direction vector,

and then, from the equation (3.11), the ¢; component of the first term of the right-hand

side is equal to zero. In addition, the e; component of the left-hand side is % and

Ki
k(A0
therefore, we obtain

(3.14) Klioan =0 G#D.

If i = [, from the equation (3.12), we compute
— — — — 1
V.. (K(ejk,ei) = K(Veej, eii) + K(eji, Veeii) = K(Vee i, eii) — EK(ejk,ei)

From the equation (3.11) and (3.13), the ¢; component of the first term of the right-hand

side is equal to zero. Moreover, the e;; component of the left-hand side is %Ké} 0id) and the

e;; component of the right-hand side is —- and therefore, we obtain

ﬁKfj,kxw)’
(3.15) K o0 =0

Thus, from the equation (3.14) and (3.15), for any indices i, j, k and [, it follows that

(3.16) K pan =0
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Then we finally show that the coefficients are zero if the indices are K'. . Since K.
(k) (Am) (k) (l,m)

= 0 for j = k or [ = m from the equation (3.16), we suppose that j # k and [/ # m. From the
condition (5), we have

(Ve, K)er em) = (Ve K) (et em).
We compute

(LHS) =V, (K(ej, eim) — K(Vezei, eim) — K(ei, Ve yeim).

Since
3.17 ’V\e. e; 1s parallel to a mean-direction vector,
Jjk p
(3.18) /V\e_,-kelm is parallel to a covariance-direction vector,

and from the equation (3.16), the ¢;; and ey component of the second and third term are

o g
equal to zero. Then, the e;; component of the first term is %K Adm) and the ey, component

. _ L l
of the first term is ﬁK(j’k)(Lm).

We also compute
(RHS) = V,.(K(eji, eim)) — K(Ve,ejt, eim) — K(eji, Veemm),

and from (3.13) and the equation (3.16), the ¢;; and ey components of the second and third
terms are zero. Here, since j and k are different, i is at least different either j or k, so either
ej; or ey, component of the first term is zero. Therefore, compare the ¢;; and e, components
of both sides, we can see that

(3.19) Klioum =0 (j#kandl# m).
Thus, from the equations (3.16) and (3.19), for any indices i, j, k, [ and m, we obtain
(3.20) K iotm = O-

Step 2 (K ;k): We will show that the coeflicients are also zero if the indices are K ;k First,
we will show that K;.k = 0 for the case i < j < k. From the condition (5), we have

(Ve K)(ejs ex) = (Vo K)(er, ex),
and we compute
(LHS) = V,,(K(ej,e0) — K(Vee), e1) — K(ej, Vo)
=V, (K(ej e) — %K(ei,-, er) - %K(e,-, e,

and since the e; components of the second and third term of the left-hand side are equal to
zero from the equation (3.20), the only e; component of the left-hand side is %K j.k of the
first term. Moreover, we compute the right-hand side

(RHS) =V, (K(e, e)) = K(Ve, i, e) = K(ei, Ve, 1)
= 1 1
=V, (K(ei, ex)) — EK(eij, ) — EK(ei, €jk)s

and as in the left-hand side, the e;; components of the second and third terms are equal to
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zero, and the e; component is also equal to zero in the first term. Thus, we can see that
Ki=0 (i<j<h.
Moreover, by permutating i, j and k, we obtain
(3.21) Kj.k =0 (i, jand k are different).
Next, we will show that K;] = 0 for the case i < j. From the condition (5), we have
(322) (VeK)eje)) = (Ve K)(ere)).
We compute the left-hand side of the equation (3.22)
(LHS) = V,,(K(¢j, /) = 2K(Vo e} ¢)) = Ve (K(eje)) = Keyjae)),
and the right-hand side of the equation (3.22)
(RHS) =V, (K(ei, ) = K(Ve ei,e)) = K(ei, Ve e))

— 1 1
= Ve,-(K(eiaej)) - EK(eijaej) - 61((61',61'/')-

From the equation (3.20), the e;; component of the left-hand side is %K; i and the e; com-

ponent of the right-hand side is equal to zero, and thus we can see that
(3.23) Ki;j=0 (<))

In a similar manner, we have

(3.24) Ki=0 (i<)).

From the equations (3.23) and (3.24), we obtain

(3.25) Ki;=0 (i#))

At the end of this step, we will show that K]j:j = 0. From the equation (3.20) and (3.25),

the e;; component of the left-hand side of the equation (3.22) is equal to %K;j and the ¢;;
component of the right-hand side of the equation (3.22) is equal to zero, and then we obtain

(3.26) Kf-',- =0.
Thus, from the equations (3.21), (3.25) and (3.26), we can see that
(3.27) Ki =0.

Step 3 (K((]i’j))(m’s)): We consider the coefficients which are K((,i’j;(m’s). In this case, some
coefficients are equal to zero and other are not. First, we will show that K(e;;, ex) = 0 if

J # k. In the case of n = 2, it automatically follows that

(3.28) K((j']';)(k 5 is zero if either [ or m is different from both j and %,

since no such / and m can be taken.
Suppose thatn > 3, i # jand i # k. From (3.6), we compute

0= (Vo,K)eiern) = (Vo K)(ejj ew) = Vo (K(ejjew)) — K(Voe s en) — K(ejj, Ve,er)
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= V (K(e]]a ew)) = Z (”)(kk)
ael

Then, since /V\e,.elm is not equal to zero if i = [ or i = m, the statement (3.28) is satisfied.
When j < k, K(ejj, exr) may have only the e, e;;, and ey components from the equation
(3.20) and (3.28).
However, from (3.6), we compute
0= (Ve, K)erej)) = (Ve K)ejjej) = Vo (K(ejjej) — 2K (Ve e )

= Ve (K(ejp.ej) = Z K{ i Vesea:

a€l
By considering the e, component, we obtain K ((f]k))(j n= = 0. In a similar manner, we can check
that K((,i ,’{))(k o= = 0, and it follows that the e;; and ey components of K(e;;, ex) are equal to

Zero.
Moreover, from (3.6), we compute

0= (Ve,K) et ex) = (Ve K)ejjs ens)
= ’V\ejk(K(ejj, e)) — K(’V\e,kejj, ek) — K(ejj,’v\ejkekk)

— 1 1

= V., (K(ejj, ew) + —=K(eji, ex) — —=K(ejj, e i),
Jjk JJ] \/5 J \/z JI» =
and we can see that

1
—K(ejj, ejk).

(3.29) V., (K(ejj ew)) = — NG

K(eji, exr) +

V2

Then, the e, component of the left-hand side is — ‘/_K((j f))(k Py and the ey, component of the
right-hand side is _\}_K((li g(k ot TK((]’ f))(k ;- However, we can check that K((,z g(k ;) is equal

to zero. In fact, from (3.6), we compute
0= (Ve K)ej, exx) = (Ve K)(exks exx) = Ve, K(exr, exk) — K(V exk, exr) — K(exr, Ve, €rr)
= €€jK(ekk7 ei) = Z K(C;(’k)(k,k)’vsejea-

a€el
By considering the e, component we obtain K((,ﬁ g(k » =0 Then, the ey, component of the
right-hand side of (3.29) is K((f f))(k by and we can see that K((J’ J))(k k) is equal to zero.
Thus, we obtain
(3.30) K(ejj,en) =0 (j<k).
Interchanging j and k, we obtain
(3.31) K(ejj,ew) =0 (j # k).

Next, we will show that K(e;;, ex) = 0if j, k and [ are different. From (3.6) and the equation
(3.31), we can see that

0= (Vo K)ejjrerr) = (Vo  K)ejjr ) = Ve (K(ejjs ex)) — K(Veye o ers) — K€, Voyere)
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— 1
= —K(ejj, Veyen) = —=K(ejj, ex).

V2

Thus, it follows that

(3.32) K(ejj,er) =0 (j,k and [ are different).

Furthermore, if i, j, k and [ are different, then from (3.6) and the equation (3.32), we compute
0= (Ve,K)eij ) = (Ve K)ejjs ex) = Ve, (K(ejjoen)) — K(Veyej5 en) = K(ejj, V)

= 1

V2

and then, it follows that
(3.33) K(eij,ex) =0 (i, j, k and [ are different,i < jand k < ).
Thus, from (3.31), (3.32) and (3.33), it follows that

(3.34) K(eijew) =0 (i, i ik, 1} = 0).
That is, it follows that
(335)  Kyh.,, =O0if i, j) 0 (k. 1), (k. 1} O {m, s} or (m, s} O (i, j} is an empty set.

; : (i.)) (i.k)
Next, we will show that the coefficients K" are equal to zero except for K(l.’j)(j’k)

where i < j < k. Fori < j, from (3.6), we compute
0= (/V\e,-iK)(eija e;) = (’V\ein)(eii’eii) = ’V\e,-,-(K(é’ii, €ii)) — ZK(§eijeii,eii)
= /V\e,'j(K(eii, ei) + V2K (e, eij),

and since the e;; component of the first term is L gD and the e;; component of the second

N RN ()
term is ‘/EK((;z]))(z ;» it follows that

(3.36) Kb =0 (<))
In a similar manner, we can check that

(U ) s
(3.37) K(j’j)(j’j) =0 (@(<)).

Fori < j < k, from (3.6) and the equation (3.34), we compute
0= (€eiiK)(eija eix) = (/V\e,-jK)(eih eix) = /V\e,-j(K(eih eix)) — K(’V\ei_,eih eix) — K(eii,/vse,-jeik)
— 1 1
= Ve,-,-(K(eiia eir)) + —K(eij, eix) + =K(eii, ejr)
\/i J 2 J
— 1
=V, (K(eii ei)) + —=K(eij, eix),

V2

and since the e;; component of the first term is L g0 and the e;; component of the second

V23 ))
S () :
term is _\/iK(i,i)(i,j)’ it follows that

(3.38) K, =0 (i<j<k),
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In a similar manner, we can check that

(k) _ Gk _ ..
(3.39) K = Kiooan =0 (< j<h).

In addition, since the e;; component of the first term is equal to zero from (3.36), and the ¢;;

component of the second term is %Kéff))(z ;> We can see that

ik ..
(3.40) K5, =0 (<j<h.
In a similar manner, we can check that

) _ b gl _ b _ gk o
(3.41) Kinan = Kipip = Kingo = Kipin = Kiogn =0 (< j<h).

Moreover, from (3.6) and the equation (3.34), we compute
0= (€e,iK)(€ij, ejj) = (’V\ei_,-K)(eii, ejj) = ’V\eij(K(eii’ eij)) — K(ﬁe,,-eii, eij) — K(eii,ﬁe,-,-eij)
— 1 1 1
= Ve,-,-(K(eii, eij)) — —=K(eij, eij) — —=K(ei;, eii) + —=K(eii, ;)
: J \/i J J \/i \/5 JJ

— 1 1
= V., (K(eii, €5)) — EK(%, ejj) — @K(eiia eii),

and since the ¢;; components of the first and third terms are equal to zero from the equation
(3.36) and the e;; component of the second term is —%K((f:;))(i’j), and thus we can see that
(3.42) Kb =0 @<
Finally, for i < j < k < [, consider the equation
(Ve, K)(eirs en) = (Vo K)(eijs €.
From the equation (3.34), we compute the left-hand side
(LHS) =V, (K(ei. en) = K(Ve,eis ) — K(eis Ve, en)
= Ve, (Kew,ea)) + 5K(ejoea) + 5K, e) = Ve, (K, e,
and the right-hand side
(RHS) = V.., (K(eij, ) = K(Vo,eij, en) = K(eijs Vo)
= V., (K(eijs en)) + %K(e ko €il) + %K(e,- jrewt) = Yoy (K(eijs eq)).

Since the e;; component of the right-hand side is equal to zero and the e;; component of the
: ST I 2 (%)
left-hand side is ﬁK(i’j)(i’k), we can see that

(3.43) K D=0 (<j<k<D.

In a similar manner, we can check that

G _ gk _ gk _ s
(3.44) Kipin = Kingo = Kipgn =0 (<j<k<D.

From the above arguments, we can see that the coefficients K((]i’{))(m 5 are equal to zero except

(i) (i) (i) (i) o
for K iiiiy K Kiipiijy 204 Ky juy Where i < j <k.
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Step 4 (K’(k 1)) We consider the coefficients K k)’ As in Step 3, some coefficients are
equal to zero and other are not. First, we will show that K(e;,ey) = 0if i # kandi # L
From (3.6) and the equation (3.34), we compute

0 = (Y, K)eir err) = (Vo K) et exr) = Vo (K(eiis ex)) — K(Vo,eii, exr) — K(eiis Voerr)

— 1
= —-K(V,eii,en) = —=K(e;, ex).

V2

Then, we can see that
(3.45) K(ej,er)) =0 (i#kandi# ).

That is, there are four p0351ble non-zero combinations of K’ i) Kl.i(i i Kj(l i and K where

i < j. Note that K l(l i l(l i and K’ j‘(l j are equal to zero from the symmetry of K. At the end
of this step, we will show that K! = K/. . = 0. From (3.6) and the equation (3.45), we

{C%) I (W)
compute
0= (Vo,K)eirei)) = (Vo K)eiis €i) = Ve, (K(eirr €i))) — K(Vo,ei, i) — K(eii, Vo)

1 1
—K(ei, e5) + EK(ej, eii)

V2

1
—K(e;, e;),
V2
and since the e¢; component of the ﬁrst term is equal to zero from the equation (3.36) and the
e; component of the second term is =K' . . we can see that

=V, (K(ei, ei) +

= §ei(K(€ii, eij)) +

V2 i)
(3.46) Kl’(l N = =0.
In a similar manner, we can check that
J _
(3.47) Kj(l. = 0.

From the above arguments, we can see that the coefficients K

i
for Kl(l ) and K! i)

Final Step: Finally, we obtain an equality between the coefficients that are not equal to
zero. From the results of Step 1 to Step 4, there are only six possible non-zero combinations

() () () (i.k) . . . .
of K;iiiy K(, /)(1 i K Ki iy K. and Kj(, j» Where i < j < k. First, we will show

that Kl’(l )= for any indices i and j. From (3.6), we compute

sy are equal to zero except

0= (Vo K)ei ei) = (VoK) e, i) = Vo (K(ei e) — 2K(V i, €7)
= V.. (K(eii, ) + V2K(es, i),
and then considering the e; components, we can see that
((B) N i
(3.48) Kivii = 2Kigp-

Next, from (3.6), we compute

0= (Ve,K)eie)) = (VoK) er i) = Ve, (K(ei, ) — K(Vo e, i)
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= 1
= Vej(K(ei, €ii)) — EK(eij, eii),
and then considering the ¢;; components, we can see that

i _ (i)
(3.49) Kian = K-

In a similar manner, we can also show that

j _ G
(3.50) Kj(j,j) - K(i,j)(i,j)‘

Moreover, from (3.6) and the equation (3.45), we compute
0= (Ve,K)eje) = (Ve K)ej i) = Vo K(ej i) — K(Veejei) — K(ej, Veein)
1 1
= —=K(eij, e;)) + —=K(ej, e)),
2 J \/5 J

and considering the e;; components, we can see that

1 1 .
(i,1) _ i
(.51) 2 Ranin = 58
In a similar manner, we can also see that
Loy _ 1 i
(3:52) 2 Ranin = 5 R
From the equations (3.49), (3.50), (3.51) and (3.52), it follows that

(3.53) K. . =K

i@ = D"
That is, there exists some constant p such that
(3.54) Kiiy=r

for any index i. In addition, from the equations (3.48), (3.49) and (3.51), we see that
@n  _ (i,0) —_ ) _ i _ \/i
Kinio =20 Kipap = Kijpap =p and Kjgj ==
Finally, from (3.6) and the equation (3.34), we compute
0= (€ei;K)(eij’ eix) = (’V\ein)(eiia eix) = ’V\eij(K(eii, eix)) — K(/V\e,-,-eii, eix) — K(eiiaee,-jeik)

— 1 1
= V., (K(eii eix)) + @K(eij, eix) + EK(eii’ ejr)

= 1
= Ve,-j(K(eii’ eix)) + —K(eij, eix),

V2

and then considering the e ; component, we can see that

i) _ Aplib
ﬁK(i,k)(i,k) - 2K(i,j)(j,k)’

and eventually it follows that

AL
(3.53) Kiiin = 5P

Summarizing the above arguments, for i < j < k we have
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P Q) _ Q) _ eGh
Kiipy =P Kibii =20 Kijpip = Kijiy = P
; V2 i V2

Kiin==7P Kijow =3P

and the coefficients are equal to zero for other index patterns. Set the parameter p to be

p= —%. Then, from the Lemma 1.1, it follows that

Clej, ei,ei) = —2g(K(e;, €7), €ii) = —QK?(i,i) = V2,

i
Clei, eii, €ii) = —2g9(K(eii, i), €ii) = —2K((,'ij))(,<,i) =22,
Cleii, eij, eij) = —29(K(ejj, eij), eij) = —ZK((;:,!;(Z-J) =2,
Clejjreijs eip) = =29(K(ejj, ei), eij) = =2K(D = V2,
Cleirej,eij) = =2g(K(ei, €)), €;j) = =2K%; =1,
Cleij, ek eix) = —=2g(K(eij e i), eix) = —2K((f,’?))(j,k) =1
These equations coincide with the results of Amari-Chentsov cubic form in (2.15). This
completes the proof. m|
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